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Init iation-Cessation Control of an Enzyme Reaction using pH-Sensitive Poly{styrene}
Microcapsules with a Surface-coating of Poly(iminoethylene)
Etsuo Kokufuta,* Touru Sodeyama, and Takeshi Katano
lnstitute of Applied Biochemistry, University of Tsukuba, Sakura-mura, Niihari-gun, lbaraki 305, Japan

Hydrolysis of  maltotr iose in an aqueous suspension of  poly( iminoethylene)-coated poly(styrene) microcapsules
containing B-amylase is in i t iated at  pH 5.5 and stopped at  pH 6.5;  the i , r i t iat ion and cessatton can be repeated
because of  a pH-induced reversible al terat ion in the permeabi l i ty  of  the capsules by the substrate.

Since enzvme-loaded microcapsules were prepare d b-v
Chang, l  manv al lempts have been unclertaken to encapsu-
late aqueous solut ions of  enzyme withtn polvmer membranes.
Recent ly.  Okahata c l  a/ . r  have demonstraleci  several  merhods
for regulat ing pernreation through capsule membranes ol
water-soluble substances by outside st imul i  such as tempera-
ture.  pH, l ight .  and so forth.  This prompted us to srudv a nerr
type of microencapsulated enzvme in which capsules sert 'e as a
'cel l '  having the abi l i ty '  to control enzvnratic processes hr
external  st imulat ion.

In order to use microcapsules for regulat ing enzvme
react ions.  i t  is  necessarv to control  their  permeabi l i tv  br
substrates using an appropriate external lv appl ied signal
which has no irrt ' luence on the activi t t  of the encapsulated
enzyme. Here we report that an aqueous suspension of
B-amylase-loaded poly(styrene) (PSt) microcapsules. surface-
coated with polv( iminoethylene) (PIE).  can be used to control
reversibly the init iat ion-cessation of enzvmatic hvdrolysis of
maltotr iose by changing the amhient pt l .  this is because rhe
permeabil i ty of the capsules is dramatical lv altered in responsc'
to smal l  d i f ferences in pH (-(1.5 uni ts) .

Slable PSt microcapsules (mean diarneter 9.71um). as
semipermeable membranes. were prepared b;- depositrng thc
polymer around emulsif ied aqueous droplets r. ' in the fol low,ing
three procedures: ( i)  primarv emulsif icat ion of cn aqueous
solut ion (20 ml)  of  lq i  sodium dode*, lbenzenesulohonate
(SDS: as emulsi f ier)  in dichloromethanc (- l t )  ml)conteininq
4 g PSt (weight-average molecular weieht 1.76 x l ( ) :  unirs)
wi th a homoblender for  5 min.  ( i i )  secondarv e mulsi f icat ion ol
the obtained water/organic-tvpe emulsion in an aqueous l ' r i ,
SDS solut ion (600 ml)  under v igorous agi tat ion for  10 min.
and ( i i i )  complete removal of dichloromethane from the
result ing (water/organic)/water-tvpe complex emulsitrn
according to the l i terature.3 To encapsulate the enzvme. the
primary emulsif icat ion was carr ied out on 20 ml of (1. I  rr
phosphate buffer containing both 20 mg srveet potato []-anrr l-
ase (Sigma) and 200 mg Tr i ton X-100 (as emulsi f ier  and also
as stabi l izerr for the enzvme). The prepared microcapsules
were centr i fuged. thoroughlv rvashed s i th dist i l led water. rnd
then subiected to the oolvmer coat ins nrocedure.  in n,hich the

capsules were st i r red in () .  I  r t  phosphatc huffer (pl l ,8:  l (X) ml1
containing 1 s of  f ract ionated PIEs (branchinc t lpe hrrr . rnu
pnmarv.  secondarr .  andtert iarr  n i l r r r -qcns in the rat io I  : l  :  . l  :
weighl-aver l -gt--  nrolecular u 'e ight I . l l )  x l l i  unt l r l  u l  roonr
lempetature for  I l )  h.  The polvnrer- i ( ratr , r l  cupsules l  e rr '
recovered bv centrr fugat ion i rnd prrr i t reJ br r . '1r . - '1,1gi1 su:hing
with 0.1 v phosphate buffer (pFl  N) . rncl  r ) .  I  r r  acetate buffer
(pt I  - l t  unt i l  no PIE was detected i r r  the srshing cxtract \  l \
determined bv col lo id t i t rat ion.s Thc anr.runt ot  polrmer
coat ing was 23. j  t r -qrcrnl .  as est imated from the .rmount of  PIL.
remaining in the supernatant l iquic l .

The pt l -dependence of  the pernreir t i ( )n con\trrnt  (P) for
n-propvl  a lcohol  (PA) 

"r 'as 
f i rst  invest isrr ted to detcrnl ine the

pH range rvhich caused a change in the pcrmclbi l in of  the
PIE-coated capsule membrane. The P raluc rrus calculuted
from studies of  the t ime-dependent decrease in PA af ter  quick
mixing of  8% r"r '  aqueous PA ( :O ml)  lncl  90", ,  r ' r '  capsule
suspension (20 ml) .  rvhich rvere previouslv kcpt at  the same
temperature (25 'C) and adjusted t() the same pH (.3-8) $' i th
0. I  u acetate rrr  phosphate buffer.  The concentratrr . rn of  PA
was determined bv h.p. l .c.  rv i th 20 Lr l  of  each sample ({) . I  ml)
separated through a 0.  I  prnr f i l ter  at  surt i ib le t i rne rntr ' r ra ls.
Frgure l (a)  shows the curves of  P r ' -s.  pt l  to l  PlE-coated and
uncoated PSt microcapsules.  In thc '  casc t r f  the uncoated-
or ig inal  capsule membrane, P is independcnt of  pH and
remains constant (3.1 ' l  + 0.10 r  l0 i  cnt  sr) .  ln the
poh'mer-coated capsules, horvever. ir  rel lrr lklhlr '  di f fr ' rc 'nce
between the P Values at  pH 5 5.-5 (1.-17 I  0. .1 x l ( l -5 cm s r)

andatpH >6.5(5.01 2.0 x l ( l  -cms r) isobserrcd.ThepH

ranse that causes a pronounced changc- in the nermcubi l i t r  is
verv narrow compared to that (p[ l  I  tr l  l ]  ()r | l .e |r ,r .ra) of
pH-sensi t ive czrpsules alreadl ' reptrr tct l . l  This is rerr  desirable
for the regulat ion of  B-amvlase-catulvscd hr t l ro lvr i : .  : ince i ts
starch-hvdrolvsing act iv i t r '6 is kept appror i rn:r te l r  c(rnst i rnt  in
the pH ranqe where the permeahi l i t )  i r  control l r rh lc.

Included in Figurc I  (b and c) for  conrplr ison are the
previously obtained resul tsr  of  r isconretr ic und eleclro-
phoret ic mei isurements for  PII : . .  A nrpid incrcase in the
viscosi tv u i th decreasing pFl  coul t l  int i ic l r tc l  confrrrnmtionul
t ransi t ion of  PIE from a t ieht lv coi let l  chain (pl l  . - l  6.5)to an
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Figure l .  Dependence of  P on pH (a) for  PSt microcapsules coated
with PIE (O) and uncoated (O).  and the comparisons of  the pH curves
with thoser of  intr insic v iscosi tv (b) and l imi t ing mobi l i t l  (c)  for  PIE.
The viscosi tv and mobi l i ty  were measured at  25 'C using phosphate or
acetate buffer adjusted to ionic strength 0.  i .

extended one (pH < 5. ,s) ,  which takes place via a quick change
of the poly ion charges as character ized b,v the mobi l i ty  curve.
Since pH-induced al terat ion of  the conf igurat ion of  PIE on the
membrane surface seems to be analogc- lus to that  in the
conformat ion in aqueous medium, the polymer coat ing would

seem to be present in a f lat layer at pH > 6.5 and in a looped or
extended layer at pH = 5.5 (see Scheme 1). This could
function as a kind of permeation valve to reduce and to
enhance the permeabil i ty towards PA as required. This can be
supported by the fact that the pattern of the P vs. pH curve for
the PlE-coated capsules shows a st i iking resemblance to those
of the viscosity and mobil i ty curves.

Figure 2 shows typical t ime courses of maltose formation via
the enzyme-catalysed hydrolyt ic degradationt of maltotr iose
at pHs 5.5 and 6.5, using the PlE-coated or uncoated capsules
into which B-amylase was loaded. The maltose concentrat ion
was measured by h.p. l .c.  anal l ,s is,  af ter  mixing a substrate
solut ion (100 ml) containing 8 mmol maltotr iose with an
aqueous 20"k vlv suspension ( 100 ml) of the capsules including
17.8 mg of the enzyme. Uti l iz ing the uncoated capsules. the
encapsulated enzyme catalyses the reaction not only at pH 5.5
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Figure 2. Formations of maltose from maltotr iose in an aqueous
suspension of PlE-coated (O, O) or uncoated ( A .   )  PSt microcap-
sules containing B-amy' lase at  pHs 6.5 (O. A)and 5.-5 (O. A).  The
arrows show the pH control.  which was made bv quick addit ion of a
small  amount of 2 n HCt or NaOH into the capsule suspension
adjusted to ionic strength 0.1 rvith phosphate salts and thermostated at
37 'C.

but also at pH 6.5, to form maltose in the same yield. In
contrast, when the PlE-coated capsules were employed at pH
6.,5. the catalyt ic act ion of the loaded enzvme is almost or
entirely depressed (maltose concentrat ion < 0.0t)-5 mN{), but
the maltose formation is ini t iated bv adjusting the pH of the
outer medium to 5.5. Such init iat ion-cessation control could
be repeated reversibly throughout a single run ofthe measure-
ment, and also reproduced over at least 10 runs which were
carried out with a freshly prepared substrate solut ion. The
relat ive activi ty of the enzvme loaded into the PIE-coated
capsules was cd. 95% of that in the uncoated capsules, as
estimated from comparing the init ial  rates of maltose forma-
t ion with both encapsulated enzymes.

In addit ion. PIE-coated PSt microcapsules were found to be
useful for control of trypsin-catalysed hydrolyses of ol igo-
peptides.
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