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. ABST\tCT. A simple merhod to calcutare rhe interfacial tension between two inmiscible mouenpolyrners has been devetoped. Tle theory is based on the sisnificant srrlcture tt"o.r oi r;q,;a,.The energy of adhesion is eapressed as a seomerric nean of the cohesion enersies mlttillied bycorrection factor (aI), ze,"=o,",1V66;,. rn rhe calculation ot,rEt andtE,,, a q*.itatti"e
of polymer chains has leeD assumetr Ir is assured rhat, lesides the dispersion f...", tl," p.ru,force interactions berreen polymer constituent groups should be considered in rhe .alculatlon ofthe inte*acial rensions.

I

TNTRODUCTION
(nos'1edge of surface and interfaciat tension

can provide infolmations on the inrernolecular
forces and structural characrerestics oI condensed
mtte.s. The surface tension o{ molten polyners
ae.iDsr .ir hrs beer a subjecr of botb exper..
mcnt l l  ind ( l l .orer icr l  s .udiesrs,  gnd ,he
interfaci rens;on betrveen two immiscible
nolten polymers h.s te€n measured ior vrrious

polympr ic  marer i r l+ . '0 .  W" have.  recenrt r ,
exshined rhe sur face rension of  amorphous
polymers based on the signifcnnt srrucrure
rheory of liquidsrr Usins rhe $me frxmeworl,
w" now evaluare the inrer iac ia l  rensior  berwee, ,
two molten polymers.

Since the inrerfacial tension is the difierence
letween the {ree energy of the intefacial layer
and that of rhe lutk, boih the energy and
entropy terms nust be considered if one is b
ol ts in a .oaple,e p ic ture ot  rhe inrer fac lat
region. The energy term is attlibuted to rhc

'Jl;'i]"" ur'" s'r' i*" c.r-utt sarr2,

- 2 1 0 -



!

++ f+: ! ,J i  j€dq4 . ] iJ  qe. t  c t+ 211

,ren

A di rgram of  the pro.es.  Ior  t \erm.dynamic
dennir ion ot  JE\ ,  JE.z.  and /Ep arc
illustrated in al!:. 1. It has been recognized by
Girifalco and Goodl? that the energy of adhesion
is given by the geotnetric nean of the energy
olcohesion nultillied by a corlection factor Ou,

/\ .-a),QtE.aE,,)t ,  \2)
And they derived the expression for rf11 using
a qlasi-{ontinuum model of condensed phase,

irct tirat a molecule (or chain constitrenr
sroup\  exper ien. 's  J  Todi f red cor f isur"r i^nr l
enersv due to Lhe r .p l1.em"1,  ot  "ome f rscr iun
of its near neighbors by different nolecular
species at the interface. And a1so, a nolecule
for  r \e  chi in  .onyi 'uprr  groupl  . r  rhe inrerr
face occupies a nodified free volurne due to tie
replaced consrra:nrnc nFishbors.  rhus rhc enr-ory

In the calculation of the interfacial tensiotr
for nolten polyners. the t\ro main asstrmptions

(i) the boundary between two phases is shalp,
lnd the t\vo different llat nonomolecular
layen at the boundary only contribute to the
inte{acial tension:

( i i lhe f r .e  volune ot  a chain const i tuenL
grorp in the bolndary layer is equ3l to !h€
one in the interior.
Assumption (i) is based on the analogy of the

monol iyer  sppro\ imir lon in  cs lcu lo i ion of
surface tension for simple liquids,1 For the
liquid-ai! interfacial system (i.e., the liquid
surfscel. surface moleculcs .or chain consriruent
sroups) experience enbanced freedom of nove
ments due to the loss of some fractioD of
consrrl;nins near.r neighbo.r. i Fo' rle
holecules at rhe liquid-liqt1id inlerface, lhe
f.€edon oI novements is not enhanced so much
3! the surface nolecules dr:e to the nev con-
stlainins neishbols in one direcrio!, th8 the
asumption (ii) is introduced.

Isnoring the entropy effect accordins ro the
r3sumltion (ii), the inrdfacial tension rr $
etpressed in terms ol the .nersy of adhec:on
per unit area for the interface between thc
plDsrs I ind 2. /8r,. aod rh" eDercy of
cohcaion p.r unit aea for each pha.es. .dE
rnd ,E?,

lEr  .  /8 , ,  ._f t ,=-  2 +-  2*  
_tLt2 r t )

'"-Gh* +P
Here, .41 and Az a.e the inverse sixth power
dispersion coe$cients for molecular species 1
god 2 respectively. A1, is the dispersion
coefieient for the interaction of molecular species
l and 2t dr, dzt a . d1, are rhe equilibriun
selararion dn,rnc€s berween rh. nvo semi-
inGnire bodi .s  ot  ind iv idual  phases respecr ive\
Tlrc problem is, tlien, reduced to the calculation
ot .4Ly and /E. ,  for  rhe molren polymer ic
systems throush an approprirte model.

TEEORY
The sisnifcant structure lheory of liquids13,r.

has been widely applied- In this theoly, the
liquid is resarded as luviry a quasi-lartice
structule in which the sites xre occupied by

(3)

, 9 " : + T
+{"t LJ,l

: -lg.E^l 2i
rsJ" I  +d

,,f liquids.
jrriPiied by

,cial lay€r
.rsY and

inte.facial
I to the

I Err -tr-1E,.  L .  l

,1E,, i--- --
2 i

Its,l. A diagrrmrr;c detini ion of eneryy of
cohBion snd adhsion,

E
n
E



? t 2 !r!f . Joerh D An&.dd . iiirfi
molecules o. br ttu izcd vacancies. Because
rhcse 4u;d i r .J  f r rd" . i "s  r re mored abour
cooperatively lr neishborins noiecules junpirs
into them, r vacancy confers sas_tike desrees
ot lrecdom on three vibrationat desrees of
hccdom. Il I/ is the motar votu,ne of rhe nuid
syster  r rd I  mer.ure.  rohr  votume occupied
br molecules, then a vibratins molecule moves
,nro i vrcancy .. r- .r irs ercusions,
conferrins sas-like prolerries on this fraction
ol rhe Jegrees o' he.dom. T!us, r note or

r< thor  g i  \ rere made up of

moteculps and .V:y sot :d_l ike.

LeL ur  cons;der  .  sur t r .e  or  rhe l iqu id,  \hor
.red is r. I{ h" surtJce is composed of fu taliLc
{ 'es.  -1/ - l  s i res ar  o.cup; .d by molecutes.nd
the lemaining sires are occupieat !y luidized
vacancies. Si'ce rhe tlidized vftancies confer
s, rc- i :ke propprr ies o1 r \e nc:shbol ins motes
r1-y:  molecul4 in  rhe -ur iace behave as thoucr

rhey \crP nrdc !D o l  U i . '  '  . - : '  " , .  - " t "

I ,_  so d_J,ne,  Fer  unr !  1r€a

of the surfrce, tr'*" -"a -I-' t' .!' ^.,,y l/ ..Lre-

cures o l  sas l j re .  rnr l  '  I  i .  l  mo'e. r ;q o lt \ v  I
-  /  a ) \sond-r 'ke.  where r \  .  

i ; /  ;s  rhe eeioccup:ed

r l  ordef  ro rDptv Lr"  rodel  ot  s ieni f lcan
liqujd si ctures io the polyme.ic s]stems, \!e
r ,s6rd 3 .h i in  r 'o l "c : te rs  bc iq:  bui t r  up o.
idenl ic . i  rcpe ins car"r  i -uenr  gfouts neslpcr ins
end gloup el{ect. The size of a .epeatins
.onstituenr sroup js tdten ,s a principal
st.uctural unit (i. e.. qDioFer unit), aid
assumed to !e a na$ Irinr. Each repeatins
constituent grorp co:iriblt:s to the laftice modes

with its one-dimensional degr€e of freedom
independently and contribdes to the interDal
rib.ations (1.a., stierching and tendins node,
of lhe chain skeleton) Nith its remainins tFo
di:rlensional desees of fleedomri. Thereforc,
the tuidized vacaDcies confer one dimensional
gas-like degree of freedon oD tLe neighhoring
chain constirrent group.

Assumrns fhrr  ihe sx: - l iLe properr ies ofchr in
conshtuent sroup in tLe surface (or ihe interface)
are not differedt fron that jn rhe bulk, rhe
number of repeating constituent group in the
surface, rvhich are practically imlorranr to ur€
inre- lac ia l  rcnsion.  i .  ,1""  . l  r l_ . ) ' * r . , " , "  -
rs the area occupied b}' one monomer unit at
tie surface. Thus, the energy of cohesion can

rE|= 3 l  ; - - '  j  !1r '  .  r i  t r&)

JEr,= l l  - r  I  lJ ,  - \ '^ t  (4b)

Here, lr' dd 4i r€presents the confsurarional
energy ol a consrltuent group in the sudace
and in the bulk respectively, tbe subscriprs 1
and 2 denorcs rhe differenr pl;mer s6cies.

CALCULATION
The experiments of neuiron scatterirgr6 and

light scatterinsl? from amorplous polymers have
sho\.n the persistence t.lgth (10-15A) of
charn sesmenrs and the existence of sholr range
corel l  :ons due ro packing u .hr in  aotp.ute!
although no evidence of loDs r.nse orientatiorat
order has been Iound. But tirc equilihir:n
Droperties of a condensed rmoryhous system
depend inherently on rhe interaction en€rsy
bct\reen the objects Nhjch constitute ihe sysr€m,
Since the interaction climirisles rapidlv as the
oljects arc distant aprrt froDr eich other, oDe
should consider a slort range nructure of rhc

in the I
(see Fn

Henc.
(5c),
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.(.ce of fteedom
i 10 tirc interral
rd bendins modes

r Ihe ne;shborhs

the bultr, the

(aa)

(4b)

coD6gurational

oLjects to evahrte to interaction energy. Thtrs,
r  h t icc r r - r rg r " rL o l  so l id- l ik .  chr i r ,  ,on-
sr i ruent  sroup.  "  h ich lo l low.  p l ro l le l  a l isnmer,
in the bulk and slrface siate, can be assumed
Gee F s. 2. ). from the assumed lattice nod€],
and rsuming rF^ L.nnxrd Jooes 16^12) po.
tentiat, we hale obtained the follolvings'l,

-s+ ! i : r t  L : t  11.144. I  q+ qE4 q l+

(54)

(5b)

/ E,= A, 3 /, llv ML.,1 ro7 2 p,s /,
-3.2324,8,rn) (6b)

u,=w'
The dimensionlcss parameter, pr, has the
same n€anins of the Askadskii's packing
coef f ic ienr '3  o l  thc soLid- l ikc.  f l -e  !a lue p,=
0.98 test fits the experimental sufac€ tensioDs
of  var ious mol . 'n  pol rmen o 'er  a r ide range

An approx;m6t-  mFr l 'od o l  est ;m.r ing rhe

u!rz I  poFn ar  p l r .nere!s,  I
polrm-r cons iruenr group has becn propo,ed
by Daviss. His empirical fornulas correlate the

rn.  poranaDrLry d n ld dr l

masnetic susceptbility r as folloyrsl

lnrd?-5.  l \ -  l .416 i  0 .79?ln\dt  102a I  t la)

i n l ; : r J :  0 . 1 4 4 5 + 1 . 1 1 4 8

ln(_drx10ro)  (7b)

The polar i ,ab; l : t ies.nJ J: !masner ic  suscepi-
bilites.r€ obtainable by addins rtonic or
partisl sroup conLribuLions from rables sjven
by Van Kreveleni'g. In Tarl. 1, the sroup

varues or d, x,

On rhc ba. is  ot  thc funeLional  Jependence of
Eq. (7b) and the Kirkwood-Mnller eqatiotr.
the €xprcssion for Or, also, is proposed by
Dariss, t..,

r,:a",(fr) fr ress(ri)"-t: ffi (e)']
(5c;

e" = a., (f . ) [2. :rsv (:')1' - 4. 220\!!\6]
(5d)

rvhere ar: the ncai€st neishborins distance
be' r "en rh-  "o l . .m 

-  .hx in.  d0, :  d i rmn.e Ler
' teen 'he n. ighbor iqg n 'onomer uni ts  in  t l ,e
slle chain, e, and d,: Lennard-Jones(6-12)
potenhal parameters.
Hence, by substituiing the Eqs (5a), (5b),
(5c), ald (5d) i,rio the Eqs (4ll) and (ab)

rhe cnere)  o l  cohesion is  sr i r ten immediare l l

7 I , , '=  6 ' - t tz  . ,o !4. , .^  
" '17 

672P,st2
\ v  t l N  ) "

-3 2324p1n/\ (6a)

r0-t5A) of

eq'ritibdurl

I'jdll as the

a,"= d':r:, | 2,' "'b'nlli!l tst4)2- | \arl2+d2alt) )

A lahice rrangenent of solidlike polyner

For the equilibriun .h, d2,
the follo\\'inssi

,  ^d, +d- (9r)

Ft. 23,



du =!t

where C is a prolortional consLanr. Ar frst
sisht, one hight expect tl:e ralue of C
to be lnitt. Io\yeye., rhe iDcomparibility
of tire two clemicalty dissimilar poiyners
suggests rhat the p.oportioral constant must be
, o m c $ h . r  l _ r e " r , i - . n  u r i , ! .  f h e  E q .  , 8 )  j s ,

a "= l)\' Js'_l 4steu_t"*, t t  \ o r + 0 2 ) .  |  ( o r h + a , x r )  l
r l0)

\ v r r l ,  r h e  r i d <  o l E q " .  r t r . L 2 r ,  6 a l , r C b ) . ( t 0 r
fid 'he ralre p, -0. t8, ,he e.luarion foL
interfacial tension is rewrirtefl as

r,,=r. ecsl*+ / €r)+ .ga. /EJ, ) /1\'?\ . t r  \ \ R  t  2 v 2 . \ , k  /  \ , c /

ldto, _f2tunpt/nt l / ,  r  na
\o t+02t .  t  d r t2+d2/ I  ),++(+)""crn""l

Here, dis iD Angstrohs, and '-;s

Iarlr l. Constitlent sroup
laradetcrs, dilole noDenrs,

PolrDer connitucnrs reements

mole. Calcllatiols a.e carried our for 19-pa1ts
of 

,molten. lolymers in order ro set the opdmum
value or tbe parameter C lVhen the value

\e/ 
=0.96 is talen, ttre Eq. (t1) predicts

the interfacial tensions at l50oc withinf2.g
dyne/cm. In the calcuiations the obsened
molar volumes of molten polyners, rvhJch are
sho\\n in TabIeI, are used. ?he results are
eiye in Tdbte 2.

. 
Olviously, rve have consldered only dispersion

lnteractions fo! the polyhers Nhose constitlen!
soups have pe[nanent dipole moments A
r jsorous r rearmenr ot  rhe potar  jnLerac- ,on r
the polyneric system is quire diticuk due to
tlle conplexiry of the restrictjDs force on d,e
dipolar rotations N€verrhtess, one can consider
tle simllified trealment of rte polar fo.ce cox-
tribltions ro the interfacial tension asslrmirg a
lree rotalion of dipoles In rhe case of freely
rot f l ins d ipolcr .  rnv f i "ed of ;e1,dr ion ot  r le
drpole persisrs for a very short period of t;ne

E4S Jcepn D

(eb)

(11)

22.a
34.1
45.4
75.9

48.5

5€,5

92-6

27.3
47.0

Poly(s!r
Poly(vi:

Poty(di

Poly (d

PolY (r
Poly(

?oly(

Poly(
Poly(ri

PolY'

Poly(.

PoltC

dipol

-cI{,-cHr-
-cH (cH3) _crr,_
-{(cHr)._cHr
-cH (c6t{J_cH,_

o
i_c!t (occro _cH,_

-c (coc&) _cH,_
I
ctl,

o
I-c(coclHr_cH,_

ct13
-cII3-CIJr-O-
-si (cr r,) r_o-

".:iTil"1i,""':X1t'i*1":orar 
dia'asnetic su*eptibirities (6-12) potenrial

3.68
5_ 49
7.32
r3 .4

8.01

9- 81

4 . 1 9
4.70
5 - 1 3
6.27

5.29

5.65

225
275
306
321

54.0
66.3

104,9

79.4

88.5

'Cal
(13)

377

15.3

4 . U
7.39

4.38

351

25L
316

1 . 3 0
4 . 2 4

rvith

(6-
folk

and
'Referemes (6), (8) aid (e).
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{ o'rr tor lg-?airs
:o ger the oprjmlrm
\\'heD rhe vatue
!q. (Il) predicts

-r l .C wjrhint2. g

dificult due to

54.0
66.3

104,I

79,4

88_ 5

++ a+,i19 , l€+q.l 4;J q+4 q+
T,rt 2. Conprnon ol.alcutared i.teltacial ensio

qrn erp. ! ,men,J l  .3  ue! .  "  r , , -  t .  gs l l$ t {  ' l  
+r .s3 t0 '1: ; )t z v f \ E  o f t t

Polr(mdhrl nerhaffylat€)
Poly(, buryl dethelylare)
Polyctlrlcne oiide)
Poly(dincthll siloxane)

Poly(dim€tb'l siloxane)

Poly(dinethrl siloxane)

Poly(netlyl ndh,crrlar€)
Poly (dioethyl- siloxatre)

Poly( nyl a@tate) 
"r.loly('-brtyl dethaciyl.te)

Poly(dimeth]'1 siloxane)
Poly(netlyl neth.crylate),r.

Poly(,-butyl b€rhacrylate)
Poly (e$ylene oaide) 's.

Poly(dinetlrl siloxane)
Poly (dinethyl siloxale) u.

Poly(r lutyl methacrylate)

4 , 5
8 . 1
6 , 0
6 . 5

10_ 1

7 . 2

5 . 5
4.7

4 . 0

4 . 2
3.8
5 . 2

3.9
3.2

4.0

3 . 3

3.5
7 . 1
7 . 2
6 , 5
9 . 6

4.6

5 . 2
3 . 7

4 . 2

6 . 6

2 . 4

1 , 1
5 . 7
9 . 8

5 . 2

5 . 1
3 . 0

7 . 4
4 . 3

3 . ?
1 . 6
6 , 0

2 . 4
7 . 4

1 . 8

9 . 8

3 . 8

4 . 7

+-s+l++1.s3> ro'-1i)
z f z - \ P  d f t  I

-(L)' a'a. ",:41( +\"'(t \"'\ w /  t o t + t J r ) .  v t v 2 t \ h 1  \ k /

/  2rorx la,x , ) r2\ r ' 'k3+,  ^ .  , ,n ,  p,"p, ,  l \
\  d i r2+d,xL |  -  " " '  ' " ; f iFTJl

(13)

Here. dis sre in Anesroms. a, s rre in Debye\
v '  s  ar"  in  cmYmore,  aDd I  i i  rhe absoluE
rempererure. Tle perame,e C is readjuned,

.nd the varue l i /  
-  0 .97 prcdic 's  the inrer .

fac is l  tension at  t50oC \ \nhin:2.3d)ne/cm.
The dipole rnom€nts of chain consrituenr groups
are taken as the values of saseous monomq
mol.cules. and are s\oun in Tobte r. Tl.c
resulrs are s;!Fn in Tablp2. rrd are compared
\cith the exlerinental values.

DISCUSSION

The present $'ork provides a seni-qualitative
n€thod {or p!€dictins the inre acial tension
letrveen tno difierent polyner liquids. The
model of signincant liquid srructures is enp-
toyed to formulate rhe intelacial tension-
equation. If the additioial plar lorce interac-
rions beides the disoersion lorce in,eracrioDs
are included, letter agreements berNe€n the
calolated and obscted values are achieved as
shown in Tarre 2. This fact imllies that the
lolar lorce inreraciors should be considered
in the calculations ofintelacial tensions {or the
polyne* having permanent dipole moments in
their constituent group, as well as the
dispersion force interaction.

I t  mr)  seems surpr is ins L l , . r  r f i "  vs lues of
r r*  and a evr luat"d by r  very crude nethod
and the assumption of freely rotating dipoles
predict the interfacial tensions so well. In the

'Calculateii fion [q. (11)i lcalculared lron Eq.
(13)i 'Relerences (8), (s) and (10).

and the a"ersge irreracrion enelgl bFtween 'wo
dipoles is,o

,,/"=-#4"; 112)

145.9
sith conventional notations. Inclusion of this
term of  d i lo l1r  inref rcr jon to rhe Lennrrd lonq
(6-12) polenLiil enere] expression resuls the
l o l l o * i n g  i r t e r r a r ' r l ' p n s ' o n  e q u B l i o n ' L i , f .
tk rame procedure described iD the ref. (11)
.d p.c.€ding section.

tia r-'4 ris

42.8
85.4
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clsc \Lhere the hydrogen bonding occ&q the
term Nhich represents the hydrosen bonding
effect is to be add€d.
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L IVING CERAMICS
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313O4 Via Colinas, Ste. 102, Westlake Viuage, CA 91362.

K.  Braun,  M.  Van Hi r tum,  C,  M,  Petefson
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2219 Bath St Sarta Barbara, CA 93705.
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2480 Meffill Engineering Bldg., Salt Lake City, UT 841 12

ABSTRACT

Var ious l ive .n icroorganisms and mammal ian t issue ce l ls  can be
encapsulated in  porous inorganic  ge ls  for  such poss ib le  appl icat ions
as sensors, pharmaceutical bioreactors, and artificial internal organs.
For example, saccharomyces cerevisiae has been encapsulated in a
transparent matrix of porous, gel-derived silica, After gelation,
aging, and prolonged storage at soc, S. cerevisiae bioactivity could
be triggered. Bioactivity was followed by evolution of alcohol within
the S. cerevisiae as a function of time during incubation by the
molecular  probe molecule pyranjne us ing f luorescence
spectrophotometry. ln addition, mammalian tissue cells, such as
pancreatic islet cells, adrenal celis, and hepatocytes, have all been
encapsulated in to  s i l ica ge ls .  Encapsulated mouse is le ts  have been
transplanted into diabetic mjce with success. Described also are
other potential applications of this new class of biocomposite
mater ia l  incorporat ing a " l lv ing"  second phase.

*to whom correspondances should be addressed,
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INTRODUCTION

ln this report, l iving microorganisms and mammalian tissue cells
have been incorporated into a transparent, porous silica gel matrix
while preserving their bioactivity. Because the cells are
approximately three orders of magnitude larger than the average
pore diameter of the gel matrix, they are effectively immobilized.
The fine porosity of the gel, however, permits nutrients to reach the
l iv ing ce l ls  and byproducts  to  escape.  I t  may be poss ib le  to
encapsulate many other  microorganisms and t issue ce l ls  in  a  s imi lar
man ner .

The sol-gel route enables the preparation of a wide range of porous,
inorgan ic  so l ids  f rom l iqu id  so lu t ions  a t  tempera tures  near  ambien t
\1  ,2 ] , .  Porous  s i l i ca  ge ls  possess ing  h igh  t ransparency  can be
prepared f rom a lkox ide-based so lu i ions  w i th  poros i t ies  as  low as
on ly  a  few percent  to  as  h igh  as  99  percent  (3 ) .

ln recent years, numerous research groups have demonstrated the
successful incorporation of a wide range of organic molecules into
gel -der ived mater ia ls ,  inc lud ing microst ructura l  probes (4 ,5) ,  laser
dyes(6-9) ,  nonl inear  opt ic  dyes (6 ,1O),  enzymes {11} ,  and
microorganism-der ived molecules(12) .  The nanometer  leve l  poros i ty
of  the ge l -der ived host  a l lows the encapsulated dopant  to  be both
chemica l ly  and opt ica l ly  access ib le(13) .  The immobi l izat ion of  yeast
spores and cer ta in  bacter ia  in  s i l lca has been demonstrated {14-21) ,

S. cerevisiae has been the subiect of recent studies into the
fundamental nature of various proteins on cellular processes (22)
and the genet ic  processes occur ing dur ing meios is(23-28) .  Other
microorganisms, such as genetically modjfied E Coli and
Streptomyces bacteria, have emerged as highly promising
" factor ies"  for  a  wide range of  therapeut ic  enzymes{29) .
Genetically engineered Pseudomonas putida has been demonstrated
to metabolize polyhalogenated compounds,
pentac hloroetha ne and tetrachloroethane, into envi
friendly by-p rod ucts (30). lt has been recently observed

sucn as
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DNA in bacteria manifest l iquid crystal mesophases which exhibit
s ign i f i can t  op t ica l  po la r iza t ion  e f fec ts  i31) .

The m icroe nca psu lation of living cells, not microorgansisms, such
as lslets of Langerhans, hepatocytes, and parathyroid cells "have
the potentiai to be used clinically for the treatment of diabetes,
hepatic failure, and parathyroid insufficiency, respectively (32)".
The separatlon of the cells from the immune system of the patient
by a semi-permeable membrane, in the case of islets, permits the
free migration of glucose and insulin while excluding direct contact
with antibodies 133). These are a few examples of possible
scientific, medjcal, and technological benefits of this novel class oJ
male fl a rs,

S.  CEREVIS'AE

The encapsulation of a living microorganism, saccharomyces
cerevisiae, in porous, transparent silica gel, in which the bioactivity
of the organism is preserved, is presented. The bioactivity has
been studied by staining the S. cerevisiae with a molecular probe,
ovra n ine,

Saccharomyces cerevisiae is a singie cell ascomycete fungi(34).
Used in the fermentation of beers and whiskeys, and the raising of
breads, it is one of the oldest cultured plants or organisms by man.
The chief result of its bioactivity is the conversion of sugars and
carbohydrates to ethyl alcohol and CO2. Hence, bioactivity can be
followed by measurement of ethanol produced. 8-hydroxy-1,3,6-
trisulfonated pyrene trisodium salt, henceforth refered to as
pyranine,  has been demonstrated as an excel lent  molecular  probe
for  water  content  o f  reverse mice l les(35,36) ,  pH changes in
phosphol ip id  ves ic les(37,38) ,  and the s tudy of  the chemica l
evolut ion of  a luminos i l icate so ls  and gels  (39,40) ,  Pyranine can
exist in both a protonated, PyOH, and deprotonated, PyO-, form,
depending upon either pH or water content of solution. The
protonated form exhibits a strong blue luminescence at -430 nm,
whi le  the deprotonated for rn  f luoresces at  -515 nm(4O),  The
relative ratio of alcohol to water, for example, can be easily

.,:. ' i
, ,,i.
: r i  '
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Fig. 1: Photomicrograph {400X) of pyranine-stained saccharomyces cerevisiae
on a glass mrcroscope sl ide. Individual saccharomyces appearto be
approx ima ie l y  10 .0  m ic rons  i n  Jeng th  and  8 .0  m ic rons  i n  w id th .

Fig. 2:  Photograph of s i l ica gel encapsulated, pyanine-srained
brocompositer A) und€r  incandescont l ight;  B) under UV (36b
Safrple lchgth approximately 7.0 cm, diamer€r  approxrmarety

S, cerev
nml i l
1 . 0  c m .  '
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followed by measureing the
fluorescence (40). Pyranine
molecu la r  p robe to  document  S ,

relative ratio of PyOH to PyO-
was selected {or this study as a
cerevisiae bioactivity.

Prior to usage, S. cerevisiae was stained by pyranine in the
following manner. 0,5 gm S. cerevisiae (SIGMA Chemical
Company) was dispersed in 20 cc distil led water by gentle mixing,
after which 2.O cc oI pyranine {Eastman Fine Chemicals) solution {1
x 1O'3 M in distil led water) was added. The stained S. cerevisiae
can then be stored for future use or used directly. A
photomicrograph of stained S. cerevisiae on a microscope slide is
presented in figure 1, The dye molecule is readily absorbed by the
fung us.

Due to the pH sensitivity ot S. cerevisiae silica gels were prepared
by the two-step method of  Br inker  (41) ,  in  which hydro lys is  o f the
silicon alkoxide precursor is achieved under acidic conditions and
gelation is induced through the addition of base. Tetraethoxysilane
(TEOS).  purchased f rom Morton Thiokol ,  A l fa  Products ,42.0 cc,
was v igorous ly  mixed wi th  1O.0 cc 0.1 M HCI so lu t ion.  Af ter  30
minutes of stirring, the initially turbid mixture became a clear
solution due to the hvdrolvsis of TEOS and the associated evolution
of ethanol. The solution was then chilled in an ice bath to reduce
the rate of polycondensation upon the addition of base. 15.0 cc
0,1 M ammonium hydrox ide so lu t ion was rap id ly  added.  Af ter  one
minute of stirring, 20.0 cc of prestained S, cercvisiae dispersion
was introduced and the gel forming solution was cast in capped
polyethylene test tubes. Gelation occured within a few minutes,
The pH immediately prior to gelation was measured to be
approximately 5.0. The gels were then stored at soc. A
photograph of the resulting silica gels doped with stained S.
cerevisiae is presented in tigure 2. The gels appear biege under
normal  room l ight  and f luoresce br ight  green under  365 nm UV
i l luminat ion.  In  f igure 3,  a  photomicrograph ot  a  smal l  ge l  f ragment
is presented under both transmission and UV illumination, The gel is
transparent except for The indiv:oual and clustered S. cerevlsiae.
The average pore diameter of the silica gel phase was calculated to
be 1O.O nr ,  based rpon sur face area Jnd poros i ty  measurements
t42\ .  .
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Fj!.3: Photom;crographes {100X) ofa transparent J.agment of saccharomyces
encapsulated in si l ica gelr A) under transmitted l ighl; B) under UV (365 nm) side
ii lumination Lndividual and clustered sacclrarornvces cerevisiae are the dark spots
n  iA l  and  the  b r i gh t  spo ts  i n  1B) .

i i . ,  L r i r  I  r r !O  [ r . l  !

2C! .  ,4oO 600 a1 la  1000 1200 1400 1600
l n c u b a t i o f  l i f e  ( n r  n s )

Fie 4i  Rat io oi  the protonated to deprotonated f luorescence
pyranine vs. incubat ion t ime at 45oC for fr€e S. ce.evis;ae in
!r lacior i rannan polysaccharides, sucrose, and water.

peaks of
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In order 10 promote fermentation, a food formula consisting of 25
gm of  ga lactomannan polysacchar ides (SIGMA Chemical  Co.) ,  50
gm of sugar, mixed with 1O00 cc. of distil led water was preparec.
henceforth refered to as "food formula", An initial test of the
bioactivity of the S. cer.evislae was preformed. 30.0 cc. of food
formula was mixed with 20.O cc of prestained S. cerevisiae
emulsion and incubated at 45oC in a sealed glass sample vial, ln
figure 4, the ratio of the fluorescence peaks of protonat€d to
deprotonated pyranine is plotted vs, incubation time. The
bioactivity ot the S, cerevisiae peaks at approximately 20O minutes
after incubation was initiated, indicating the production of ethanol
within the fungus. Fermentation was also confirmed by the
format ion of  " foam" at  the top of  the sample v ia l ,  a  pressure bu i lo-
up ins ide the v ia l ,  and the appearance of  a  s t rong oder  commonly
associated with fermentation processes. As the biological activity
of the fungus decreases, the concentration of ethanol byproduct
within the bacterja declines due to diffusion into the surrounding
liquid. In figure 5, the fluorescence spectra of pyranine stained S.
cerevisiae is presented. Curve "A" is the fluorescence emission
spect rum pr ior  to  incubat ion and curve "8"  is  the spect rum at  the
peak of  b ioact iv i ty .  Pr ior  to  incubat ion,  on ly  a  smal l  shoulder
corresponding to  the protonated pyranine is  present ,  As ethanol  is
produced within the S. cerevisiae, a much stronger peak at about
443 nm appears. By plotting the ratio of the intensities of
PyOH/PyO'vs.  vo lume percent  e thanol  in  aqueous so lu t ions,  the
peak alcohol concentration within the S, cetevisiae was estimateo
to be approx imate ly  40 vo lume percent .

ln order to test for the bioactivity ot the S. cerevisiae -doped silica
gels, gel samples were solvent exchanged in distil led water twice
for  24 hours at  5oC to  remove res idual  a lcohol  produced dur ing the
initial hydrolysis. The washed gels were then impregnated with
food formula containing galactomannan polysacharides, sugar, and
water for 24 hours at 5oC. Prior to incubation, the gel samples were
removed from the food furmula solution and quicky rinsed in distil led
water to remove surface deposits of food formula and any stray S.
cerevisiae. The fully impregnated gel samples were then incu...b,gjgd 
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Fig. 5:  Fluorescence spectra of pyranine stained sacchaaomyces
c€revisiae from f igure 4 at i  A) 0 minutes incubat ion t imej B) 200 minutes
incubat ion t ime,
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Fig. 6:  Rat io o{ the protonated to deprotonated f luorescgnco pea
pyranine vs, incubation t ime at 45oC for si l ica gel encapsuLaled S,
impregnated with a formula ot galactomannan polysacil iarides, i t
water. 1



PyOH /  PyO-  Fa l io
O.2  r

o . 1 5

,,.tf'o . 1  i

n'
o.o5 i.

I

10000100 t000
Incuba t ion  T ime  (m ins )

Fig. 7: Ratio of rhe protonated to deprotonated fluorescence poaks ot
pyranine vs. logarithm of incubation ime at 45oC foa silica g€l encapsuiated S

sucrose, and water.

PyOH/PyO-
0 . 2  -

100 200 300
Incubation Time (mins)
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in a sealed glass vial at 45oC and the emission spectra measured at
various time intervals. A plot of the ratio of PyOH/PyO- as a
function of incubation time is presented in figure 6, following a
pattern similar to that ol Itee S. cerevisiae shown in figure 4. The
peak bioactivity also occurs at approximately 2OO minutes aft€r
incubation was initiated. The peak alcohol content within the gel-
encapsulated s. cerevisiae was calculated to be approximate 30
volume percent ,  about  10 vo lume percent  less than in  the case of
ltee S. cerevisiae. ln Jigure 7, the PyOH/PyO'ratio is plotted vs. the
logar i thm of  incubat ion t ime, ,showing a logar i thmic r ise and fa l l  in
ethanol content within the S- cercvisiae. To the unaided eye, there
was no observable change of appearance of the gel samples, There
was/ however, a pungent oder produced by the fermentation, similar
to that observed for the case oJ trce S. cerevisiae.

To determine if the observed bioactivity could be repeated, or
cyc led,  by the same samples,  the samples descr ibed above were
"reprocessed"  by so lvent  exchange in  water  tw ice for  24 hours,  to
remove fermentation byproducts, and then lmpregnated for 24
hours with fresh food formula. Samples were then incubated at
45oC and spectra measured at various time intervals. In figure 8,
the second cycle bioactivity is plotted vs incubation time, No
significant change over time was observed, suggesting that
bioactivity in this system could not be sustained for repeat cycles.
The causal  mechanisrn of  the inh ib i t ion in  second cyc le  b ioact iv i ly
is  the subject  o f  fur ther  s tudy.

BOVINE HEPATOCYTES

In order to investigate the morphological consequences of
encapsulating mammalian tissue cells, fresh bovine hepatocyte
tissue (beef liver) was enzymatically dispersed by the method of
Ouis tor f i ,  D ich,  and Grunnet  (43) ,  us ing an enzymat ic  so lu t ion of  60
mg.  co l lagenase and 60 mg,  d ispase in  120 mL Hank 's  Balanced
Sal t  Solut ion (HBSS) under  gent le  ag i ta t ion at  37oC for  2  hours.
The resulting supernatent of isolated hepatocytes was decanted and
used fo r  encapsu la t ion .  S imi la r  to  the  method descr ibed
cc. hepatocytes solution was added to the silica solution.,t
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Fig. 9r Photomlcrooraph of bovine hepatocytes encapsulated in porous si l ica gel
(4  00  x ) .

Table I I  Insulin secretory response fol lowing soFgel encapsulation,

S o u r c e  T i m e  P o s t
Encapsu la l i on

FSR/hour '

Conlrol fetalpancreas
Control  adult  is lels
C 5 7  B l l e l a l  p a n c r e a s .

C57 Bl adu t  is lets

C57 I  adu t  is els

1 week
I L/Je€l<

1 week

3 weeks

3 !{eeKs

3 .63
1 . 4 3
1 . 5 5
2 . 1 4't.2
1 . 4 6
1 . 5 8

1 . 7 5
4 .36
2 .7
4 .27

4 .38
3 .36

aonlro adu t  lsLels
3 weeks
3 weeks

' lractlonal st im!latory ratio
"loss dire to inJeciion
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gelation. ln figure 9, isolated bovine hepatocytes encapsulated in
s i l ica ge l  is  shown at  X1O0 magni f icat ion.  The major i ty  o f  ce l ls
appear round and their structure js well-preserved. No test of
bioactivity was performed on these cells, inasmuch as they were
not  l ive t issue ce l ls .

MOUSE ISLETS

Working in collaboration with the Sansum Medical Research
Foundat ion,  pancreat ic  ce l ls ,  is le ts  o f  Langerhans,  have been
encapsulated in  porous s i l ica ge l ,  In  f igure 10,  a  typ ica l  mouse is le t
culture is shown, Unlike the hepatocytes, islets are obtained from
surgically removed whole pancreas and minced into sub-millimeter
cell clusters. Fetal mouse islets and adult mouse islets encapsulated
in s i l ica ge l  produced insu l in  in  response to  g lucose chal lenge.  In
table 1, preliminary insulin secretory response data are presented for
cont ro l  cu l tures and encapsulated cu l tures of  both adul t  and fe ta l
rnouse islets in vitro, Atter 3 weeks. both fetal and adult islets
per formed wel l  to  g lucose chal lenge,  whi ie  cont ro l  cu l tures
per formed poor ly  due to  in fect ion.  S i l ica ge l  encapsulat ion ma, ,
have prevented bacterial overgrowth,

Transplantation of encapsulated islets into a diabetic mouse was
recent ly  per iormed.  The d iabet ic  mouse s t ra in  (see f igure 11)  a t
Sansum has been des ignated Smrf  by the Nat ional  Research Counci l
Institute of Laboratory Animal Resources. After one month of
t ransplantat ion,  the surg ica l ly  removed t ransplant  showed no
evidence of flbrosis. Further /, y/yo transplant studies are in
progress. Life span in vivo and host/implanted tissue immunologic
and/or fibrotic responses are currently under investigation
Transplanted islets of Langerhans, it viable for extended lengths of
time, could emerge as a viable treatment for diabetes(44),

RAT PC.12 CELLS

At  the Depar t rnent  o f  B ioengineer ing,  Univers i ty  o f  Utah,  an
aggressive research prog.am, under the direction of Dr, Pat Tresco.
is underway to develop encapsulated cells for
neurotransmitter delivery to the central nervous s
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tr

Fig, 10: Photomjcrograph of a typical cujture of minced fetal islgts, Larg€st
cluste.s are approximately 1.0 mm in diameter lC.M, peterson, et al.,  ,*uman
f€tal pancreas traosplants",J. Diabetic Comolications, 3 {19g9) 27-34.

Diaberic Smrf Jaboratory mice.

.:r'
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Fio. 12i Photomjcrograph of rat  pC
spheroid.

1 2  a d r e n d l  c e t t s  e n c a p s u l a l e d  i o  a  s i t i c a  g e l

F i s .
9 e l

13r Photomicrograph (X1OO) of an indi\iduat p. Iunuta encapsu
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lmplantable, bioartificial prosthesis may find therapeutic usefulness
in treating central nervous system disorders, such as Parkinson's
disease (45). PC 12 cells, isolated from rat pheochromocytoma,
were d ispersed in  s i l ica ge l  sphero ids,  based upon the so lu t ion
chemistry described for S. cerevisiae {20,21). Upon gelation,
samples were immersed in growth media and incubated at 37oC
under 5% carbon dioxide. A photomicrograph of the dispersed PC
12 containing spheroid is shown in figure '12. Preliminary tests with
vjtal dye staining indicate cell viability after encapsulation. Further
tests to determine dopamine secretory response are in progress.

BIOLUMINESCENT MICROORGANISMS

The bioluminescent species of dinoJlagellate, Pytocystis lunula, is a
photosynthetic algae which live within the top 100 feet or so of
most of the earth's oceans{46). At night, upon agitation, such as
wave action or the movement of fish, they luminesce bright blue. lt
has been speculated that this luminescence is related to predator
aversion. P. lunula lPrctein Solutions, lnc,, Salt Lake City, Utah)
were encapsulated in the same manner as s, cerevisiae, except that
all solutions used in gel hydrolysis and formation contained 2.9 %
NaCl by weight. In figure 13, a silica gel encapsulated P. Iunula is
shown. Thus far, however, no bioluminescence in encapsulateo
dinoflagellates has been observed. This does not necessarily
indicate a lack of bioactivity. The "trigger" for the bioluminescence
is agitation. Confined within a rigid silica matrix, it may be
impossib le  to  induce b jo luminescence.  Ul t rasonic  v ibrat ion,  sample
fracture, and other means of creating shock waves within the
mater iaL have,  thus far .  a l l  fa i led to  achieve detectab le
luminescence, Current efforts are directed towards bioluminescent
oacrefla,

SUMMARY

ln th is  repor t ,  l iv ing microorganisms,
cerevisiae and Pytocystis lunula, have
t ransparent ,  poroUs s l l ica ge l  r fa t r ix

such as Saccharolnyces
been incorporated into a
while preserving th€ir
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bioactivity. Mammalian tissue, such as mouse islets of Langerhans
and rat  PC 12 adrenal  ce l ls ,  have a lso been encapsulated,
Pre l iminary resu l ts  suggest  that  long term immunoiso la t ion and
pathoisolation for the transplantation of cells is promising. Because
the cells are approximately three orders of magnitude larger than the
average pore diameter of the gel matrix, they are effectively
immobilized. The fine porosity of the gel, however, permits
nuirients to reach the cells and byproducts to escape. lt may also
be possible to encapsulate a wide range of other microorganisms
and mammalian tissue cells in a sjmilar manner for scientific study,
medica l  and indust r ia l  appl icat ions.  The encapsulat ion of  pancreat ic
islets, adrenai cells, and hepatocytes for transplantation into animal
hosts appears promising for bjoartificial organs.
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Abstract  Various solution additives affect the solubility and macro- 
aggregation of insulin in buffered aqueous solutions a t  physiological pH. 
The solubility of insulin may he improved with the addition of small 
amounts of aspartic acid, glutamic acid, EDTA (ethylenediaminete- 
traacetic acid), lysine, Tris buffer, or bicarbonate buffer. In addition, the 
propensity of dissolved insulin to reaggregate and precipitate may be 
inhibited by such additives. Buffered physiological (pH 7.4) saline so- 
lutions containing 0.001-0.003 M lysine in the presence of 0.005 M EDTA 
or 0.01 M lysine in the absence of EDTA improve insulin solubility and 
are effective in minimizing aggregation. Solutions thus prepared may be 
suitable for application in intravenous insulin infusion devices and may 
be useful commercial insulin preparations. 

Keyphrases 0 Insulin-minimizing aggregation, neutral solutions, ly- 
sine, solubility 0 Aggregation-minimization, solubility of neutral insulin 
solutions, lysine solubility Lysine-minimizing aggregation of neutral 
insulin solutions, solubility 0 Solubility-minimizing aggregation of 
neutral insulin solutions, lysine 

The tendency of insulin solutions to form macroaggre- 
gates is an obstacle in the development of long-term insulin 
delivery systems (1-5). The macroaggregation of the in- 
sulin molecule often limits prolonged infusion to a few days 
unless the device is regularly flushed during the test period. 
This problem, as well as a desire to characterize the ad- 
sorption of insulin, have led us to search for a physiological 
solvent or additive that will stabilize insulin solutions. 
Insulin solubility and prolonged prevention of macro- 
aggregation has been achieved by addition of various 
agents to dilute insulin solutions (4-8). 

EXPERIMENTAL 

The Tris buffer contained 0.1 M NaC1, 0.005 M EDTA (ethylenedi- 
aminetetraacetic acid) (Tris-HC1 14.04 ghter ;  Tris, 1.34 ghiter)’. The 
phosphate-buffered saline solution was prepared using 1.36 g of 
Na*HP04,0.22 g of KH*P04,0.005 M EDTA, and 8.5 g of NaClhiter (0.01 
M phosphate and 0.145 M NaCI). The pH of both solutions was adjusted 
to 7.2-7.4, as needed, by addition of 0.1 M HCl or 0.1 M NaOH. Bicar- 
bonate buffer was prepared using 1.428 g of NaHC03 and 8.070 g of NaCl 
diluted to 1 liter. A mixture of 5% COz and compressed air was bubbled 
through the solution to adjust the pH to 7.4. Amino acids and other ad- 
ditives were added to the buffered solutions in varying concentrations 
as desired. 

Crystalline insulin2 at a potency of 25.2 U/mg was used in an attempt 
to regulate solution additives. Many other studies have used commercially 
available insulin preparations which usually contain additives that in- 
fluence solubility and aggregation. 

Solutions of 1 ml were sealed with paraffin film in 16-ml glass tubes 
(16 mm X 100 mm) and continuously agitated in a shaking water bath 
a t  100-200 cycles/min and 37”. Solution turbidity was evaluated twice 
daily. The degree of aggregation of the solution was assessed visually on 
a five-plus scale: (+) meant clear, no observable particles, and (+++++) 
meant large aggregates or cloudy. Initially instrumental turbidity mea- 
surements were used to assess the degree of aggregation, but because of 
the macroscopic nature of the aggregate, this method did not accurately 
reflect the amount of aggregation. “First day” results indicate apparent 

Chemicals were obtained from Sigma Chemical Co. 
Obtained from Calbiochem Behring Corp., La Jolla. Calif.; lot number 

003622. 

solubility of insulin after 2-4 hr. The “ 5 4  day” results indicate degree 
of aggregation present a t  that time. 

RESULTS 

Additives tested were aspartic acid, EDTA, glutamic acid, bicarbonate 
buffer, ethanol, glycerol, leucine, lysine, and Tris buffer. When increased 
solubility or prolonged prevention of aggregation was observed, an at- 
tempt was made to determine the minimum amount of the additive re- 
quired to produce the observed result. This was done by serially diluting 
the additive in the buffered solution while other buffer conditions were 
held constant. Results are given in Table I. 

Ethanol, Glycerol, and  Leucine-These three compounds proved 
to be very unsatisfactory as additives in the concentration range tested 
(0.001-0.1 M ) .  None of the compositions demonstrated delayed onset 
Table  I-Effect of Additives on Insulin Aggregation 

Insulin 
Concen- 

EDTA tration, 
Major Additive Buffer” pH (0.005 M )  mg/ml 

0.1 M) 

0.1 M )  

0.1 M )  

0.1 M )  

(O.ooOo5- 
0.05 M) 

(O.ooOo5- 
0.05 M)  

0.05 M )  

(0.00005- 
0.05 M )  

Lysine (0.0005- PBS 7.4 + 6-10 

6 Lysine (0.0005- PBS 7.4 

Lysine (0.001- PBS 9.0 + 6 

6 Lysine (0.001- PBS 9.0 

Aspartic Acid PBS 7.4 + 6 

- 

- 

6 Aspartic Acid PBS 7.4 - 

Aspartic Acid PBS 3.5 + 3-6 

Aspartic Acid PBS 3.5 - 3-6 

(O.oooO5- 

Glutamic Acid PBS 7.4 
(0.00005- 
0.05 M )  

Glutamic Acid PBS 7.4 

Glutamic Acid PBS 7.4 
(0.00005- 
0.05 M )  

Glutamic Acid PBS 7.4 
(O.ooOo5- 
0.05 M )  

(0.00005- 
0.05 M )  

(O.ooOo5- 
0.05 M )  

0.1 M )  

1.0 M )  

Glutamic Acid PBS 3.5 

Glutamic Acid PBS 3.5 

Leucine (0.001- PBS 7.4 

Glycerol (0.001- PBS 7.4 

Ethanol (0.001- PBS 7.4 
0.1 M )  

Buffer A (0.005- PBS 7.4 
0.1 M)“ 

Buffer A (0.005- PBS 7.4 

Buffer A (0.005- Tris 7.4 
0.1 M )  

0.1 M )  
Sodium Bicarbonate NaHC03 7.2- 

7.4 

t 6 

6 - 

+ 3-6 

3-6 - 

+ 6 

+ 6 

+ 6 

+ 6 

6 

+ 6 

- 

+ 0.5 

Effective 
in Blocking 
Aggrega- 

tion? 

Yes 

Slight 

Yes 

Slight 

No 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

No 

Yes 

Yes 

a Key: (PBS) phosphate-buffered saline; (Tris) Tris buffer in 0.1 M NaC1. 
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TRIS CONCENTRATION, moles 
Figure 1-Comparison of aggregation of insulin in phosphate-buffered 
saline as a function of Tris concentration. Solution conditions: phos- 
phate-buffered saline, p H  7.2-7.4, temperature 37', and insulin con- 
centration, 6 mglml. Key: Degree of aggregation of solutions with 0.005 
M EDTA at  1 (A) and 5 (A) days; aggregation of solutions without 
EDTA a t  1 (0) and 5 (a) days; (A) point overlap. 
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LYSINE CONCENTRATION, moles 
Figure 2-Concentrations of 0.0014.01 M lysine in 0.005 M EDTA and 
phosphate-buffered saline, p H  7.4. Key: degree of aggregation of solu- 
tions with 0.005 M EDTA at  1 (A) and 5 (A) days; (A) point overlap. 

of aggregation. 
Tris Buffer-Phosphate-buffered saline solutions were prepared with 

and without 0.005 M EDTA, at various Tris concentrations (0.001-0.1 
M). Figure 1 summarizes the aggregation of insulin as a function of Tris 
concentration in the presence and absence of EDTA, demonstrating that 
both additives are important in delaying the onset of insulin aggrega- 
tion. 

Lysine-Phosphate-buffered saline solutions containing lysine showed 
rapid dissolution of insulin, with the dissolution time decreasing as the 
pH was raised to 8.5-9.0. Solutions containing lysine at  pH 7.2-7.4 
maintained a clear, unaggregated appearance for 5-6 days. Higher lysine 
concentrations (0.1-0.01 M in 0.005 M EDTA) tended to aggregate more 
than those solutions containing lower lysine concentrations (0.01-0.001 
M). Lysine (0.001 M in 0.005 M EDTA) is effective in minimizing 
aggregation (Fig. 2). However, when 0.005 M EDTA was eliminated from 
the phosphate-buffered saline solution, 0.01 M lysine was required to 
significantly minimize aggregation. Solutions of 0.01 M lysine and 0.005 
M EDTA maintained at  4' without agitation remained not aggregated 
for periods up to 3 weeks. 

Aspartic and Glutamic Acid-Earlier studies in other laboratories 
(5) showed that glutamic and aspartic acids were important in delaying 
the onset of aggregate formation. Our studies confirm the results of 
Bringer et al. (5) wherein aggregation was prevented for 6-7 days; how- 
ever, serial dilution resulted in a decrease in the aggregation time. As- 
partic acid proved to be more successful than glutamic acid at  blocking 

insulin aggregation (Table I). It is important to note that due to the acidic 
nature of these amino acids, the pH of these solutions was 3.5 rather than 
7.4. If the solutions were adjusted to pH 7.4, the aggregation was lost. This 
observation was also noted by Bringer et al. (5). 

Bicarbonate-Two-milliliter solutions of sodium bicarbonate satu- 
rated with insulin were titrated to pH 6.3 with 0.1 M HCl, resulting in 
insulin precipitation. If solutions were back-titrated to pH 7.4 with 0.1 
M NaOH the insulin remained undissolved. However, if a 5% COT 
compressed air mixture was bubbled through the solution until pH 7.4 
was reached, the insulin redissolved. A similar observation was noted by 
Lougheed et al., where dissolution times were monitored as a function 
of bicarbonate concentration (8). 

DISCUSSION 

These results support the findings of previous researchers that agita- 
tion, additives, temperature, pH, and insulin concentration influence the 
solubility and macroaggregation of insulin. Recent work by Sat0 et al., 
demonstrates that urea is effective in minimizing aggregation (9). 

Several mechanisms for the prevention of aggregation have been 
proposed including the possibility of a serum substance (4) that prevents 
aggregation [newly published data from this group suggests that the bi- 
carbonate concentration is the major factor in mediating insulin solubility 
(8)]. The chelation effect of the carboxyl groups of amino acids for zinc 
is believed to block aggregate formation by resulting in a more soluble 
form of insulin. This data is somewhat supported by the improvement 
of solubility and prolongation of aggregation time observed in solutions 
containing EDTA. As a chelating agent, EDTA may compete with insulin 
for zinc and, therefore, slow aggregate formation (10). Another possible 
mechanism for minimizing aggregation is that amino acid additives, 
especially lysine, may interact with the insulin molecule by hydrophobic 
and ionic means, thereby decreasing insulin-insulin interactions and 
preventing or slowing the formation of aggregates. More definitive work 
should be done with detailed analysis of the types of interactions and the 
conformation of the insulin molecule in these solutions. 

Buffered physiological saline solutions containing 0.001 M lysine and 
0.005 M EDTA improve insulin solubility and are effective in delaying 
the onset of macroaggregation. In the absence of EDTA, 0.01 M lysine 
solutions improve initial solubility and minimize the degree of aggrega- 
tion. One advantage of the lysine additive is that the solutions are 
maintained at pH 7.4. A second advantage is that lysine is a common 
amino acid and is therefore not a synthetic additive. 

Results summarized in this study emphasize the importance of addi- 
tives in improving the solubility and stability of insulin solutions. It 
should be remembered that the type of insulin and additives used in 
various insulin preparations influence the properties discussed above, 
so a comparison of these results with other studies must be done with 
caution. The only way to accurately assess the contribution of each ad- 
ditive as to its solubility and aggregate-blocking properties is in a study 
such as this which minimizes the contributions of other solution variables 
or insulin additives. 
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