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FULL PAPER

D O I :  1 0 .1 0 0 2 /c h e m .2 0 0 ( ( ....... ))

A  t h r e e - e n z y m e  c a s c a d e  r e a c t i o n  v i a  p o s i t i o n a l  a s s e m b l y  o f  e n z y m e s  in  a  

p o l y m e r s o m e  n a n o r e a c t o r

S t i j n  F . M . v a n  D o n g e n ,M  M a d h a v a n  N a l la n i ,t b] J e r o e n  J .  L .  M . C o r n e l i s s e n ,  M R o e la n d  J .  M . N o lt e ,  

tal J a n  C . M .  v a n  H e s t *  M

A b s t r a c t :  P orous po lym ersom es b ased  

o n  b l o c k  c o p o l y m e r s  o f  

isocyanopeptides and  styrene have b ee n  

u se d  to  a n c h o r  e n z y m e s  a t  th re e  

d iffe ren t lo ca tio ns, nam ely  in  th e ir  

lum en  (G lucose O xidase, G O x), in  the ir 

b ilay e r m em brane (C and ida  an tarc tica  

lipase B , CalB ), and  o n  th e ir  surface 

(H orserad ish  P eroxidase , H R P). The 

la tte r coup ling  w as ach ieved  v ia  ‘c lic k ’ 

c h e m i s t r y  b e t w e e n  a c e t y l e n e  

func tiona lised  anchors  o n  the surface o f  

the po lym ersom es and  azido  functions 

o f  H RP, w hich  w ere  in troduced  u sin g  a 

d irec t d iazo  tran sfe r reac tio n  to  lysine 

residues o f  the enzym e. To determ ine

th e  e n c a p s u la t io n  a n d  c o n ju g a tio n  

efficiency  o f  the  enzym es, they  w ere 

d ecorated  w ith  m etal io n  labels and  

ana lysed  b y  m ass spectrom etry . This 

r e v e a l e d  a n  a l m o s t  q u a n t i t a t i v e  

im m o b ilisa tion  efficiency  o f  H R P  o n  

the surface o f  the  po lym ersom es and  a 

m o re  th a n  s ta t is tic a l in c o rp o ra tio n  

efficiency  fo r  CalB  in  the m em brane, 

a n d  f o r  G O x  i n  t h e  a q u e o u s  

com partm ent. T he enzym e decorated  

p o l y m e r s o m e s  w e r e  s t u d i e d  a s  

nanoreacto rs in  w h ich  g lucose acetate 

w as converted  b y  CalB  to g lucose, 

w h ich  in  a  second  step  w as ox id ised  by 

G O x to  g luconolactone. T he p roduced

h yd rog en  perox ide w as u sed  b y  H R P  to 

o x id ise  A B T S  to  A B T S + .  K in e tic  

analysis revealed  th a t the reactio n  step 

ca ta ly sed  by  H R P  is the fa s te s t in  the 

cascade reaction .

K e y w o r d s :  cascade reactions • 

enzym e im m obilisa tion  • 

m acro m o lecu lar chem istry  • 

nanom ateria ls • po lym ersom es

I n t r o d u c t i o n

Com partm entalisation is one o f  the techniques that cells adopt to 

enable a high level o f  control over (bio-)chem ical processes, for 

instance the order in  w hich enzym es react. In  m any cases, the 

com partm ent also serves to protect the cell from  the action o f  its 

degrading contents, as is the case w ith  lysosom es. It furtherm ore 

serves as a scaffold for the precise positional assem bly o f  enzymes 

that w ork together in a m ultistep cascade reaction. Positioning o f 

enzym es on the surface o f  a compartm ent, in its interior, its 

membrane, or any com bination thereof can be found, fo r instance in 

m itochondria for the enzym es involved in the citric acid cycle.
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In  an  effort to m im ic these com plex enzyme systems, many 

studies concerning enzyme encapsulation or assembly have been 

reported in the literature.[1-5] The focus o f  this research initially w as 

on phospholipid  liposomes,[6, 7] w hose bilayer m em branes are rather 

sim ilar to those o f  naturally occurring cells. H owever, the relative 

fragility o f  liposom es lim its their potential applicability. Increased 

m echanical and therm odynamic stability has been  achieved by 

preparing vesicles v ia  layer-by-layer deposition m ethods.[8, 9] 

Com partm entalisation based on sol-gel chem istry has also been 

reported,!1- 3] although this approach parts w ith  the  notion o f discrete 

vesicular objects.

Like liposomes, polym ersom es are spherical aggregates that 

contain a bilayer architecture. They are form ed by the self-assembly 

o f  am phiphilic block copolym ers in an aqueous environm ent.[10] 

Their polym eric bilayer shows a greater stability, m ainly due to the 

lo w e r  c r i t ic a l  a g g re g a tio n  c o n c e n tra t io n  o f  a m p h ip h ilic  

m acrom olecules.[10] The large chem ical versatility w hich  is possible 

in  block copolym er synthesis allow s one to tune the properties o f 

polym ersom es.[11-13] A  draw back o f polym ersom e m em branes is 

their low  perm eability even to water, w hich ham pers application as 

nanoreactors.[10] To overcom e this problem , the diffusion o f  solvent 

and substrate m olecules has been  enabled by the inclusion o f 

channel proteins[14] or proton pum ps[15] in the polym eric bilayer.
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F ig u re  1. P o s itio n a l a ssem bly  o f  en zym es in  a  po ly m ersom e. A  m ix tu re  o f  PS -P IA T  and  

an ch o r 1 is  ly o p h ilised  w ith  Candida Antarctica lipase  B  (C alB ) a nd  th en  d is so lv ed  in  

THF. T h is m ix tu re  is th en  in jec ted  in to  an  aqueous b u ffer c o n ta in in g  G lu cose  O x id ase  

(G O x), encap su la tin g  it  in  th e  in n e r com p artm en t and  su b sequen tly  trap p in g  C alB  in  the  

po ly m eric  b ilaye r. A  th ird  enzym e, H o rserad ish  P ero x id ase  (H R P ), is  im m o b ilised  on 

th e  p o ly m erso m al pe rim e te r v ia  cov alen t lin kage  to  a ncho r 1, c rea tin g  an  ou te r she ll o f  

enzy m es.

S chem e 1. S tructu re s  o f  b lo c k  cop o ly m er ‘a n c h o r’ 

la be llin g  com p o u n d  3 and  g lu cose  ace ta te  (G A c) 4.

1, d ia zo  tra n sfe r re a g en t 2 , R u-

A  more convenient method to prepare perm eable polymersomes 

is the use o f a block copolym er that gives an intrinsically porous 

bilayer w hen se lf assembled. One such copolym er is polystyrene4o- 

6 -po ly (L -iso cy an o a lan in e(2 -th io p h en -3 -y l-e th y l)am id e)5 o  (PS- 

PIAT). It is a rod-coil type o f amphiphilic copolymer consisting o f a 

rigid polyisocyanide block and a flexible polystyrene block.[16-18] On 

dispersal in w ater it forms porous polymersom es that possess a 

relatively high degree o f diffusion. Small m olecules can move 

across their m em branes w hile larger m olecules, such as proteins, 

cannot.[19, 16]

the lumen o f  the polymersome, w hile Horse Radish Peroxidase 

(HRP) was em bedded in its bilayer. The activity o f these two 

enzymes w as studied as part o f a three-enzym e cascade system, 

w hich also involved the enzyme Candida antarctica lipase B (CalB). 

The latter enzyme w as added separately to the polym ersome 

dispersion . In th is  cascade system , 1 ,2 ,3 ,4 -tetra-O -acety l-b - 

glucopyranose (GAc4) was deprotected by CalB to produce free 

glucose, w hich w as subsequently oxidised by GOx. This in turn 

produced hydrogen peroxide, w hich was the substrate for H RP using 

it to convert 2 ,2 ’-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) 

(ABTS) into ABTS+.

In the system described above, only two out o f three enzymes 

w ere linked to the polymersome. Recently we have developed 

m e thodo log ies to  anchor an enzym e to  the surface o f  a 

polym ersom e,[21, 22] one o f w hich is based on the 1,3-dipolar 

cycloaddition betw een an azide and an alkyne. To this end a block 

copolym er ‘anchor’ w ith an acetylene-functionalised hydrophilic 

term inus (1, scheme 1) was admixed w ith PS-PIAT to introduce 

surface-functionalities while m aintaining m embrane porosity, i.e. 

the ability o f the polym ersom e to let small m olecules diffuse 

through its m embrane. We have now  used this anchoring approach 

to develop an enzyme cascade system in w hich all enzymes 

involved are associated w ith one single polymersome via a 

controlled spatial positioning procedure, as shown in figure 1. This 

system therefore extends our ability to create complex cascade 

biom imetic systems. A  practical advantage o f this approach is that 

all catalytic enzym e species can be rem oved from solution by a 

single filtration. The system also features a more controlled spatial 

positioning o f the enzymes. In this report the construction o f the 3- 

enzyme polymersom e reactor is described (Figure 2), together w ith 

the quantification o f the efficiency o f enzyme incorporation into the 

polymersom e membrane, the lumen, and the efficiency o f surface 

conjugation.

Finally, in order to be able to prepare this three-step reactor, 

azido groups needed to be introduced in HRP. To realise this, we 

applied a diazo transfer reaction directly on the amines o f the lysine 

residues and the amino terminus o f HRP.[23] This facile diazo 

transfer reaction uses im idazole-1-sulfonyl azide hydrochloride (2, 

scheme 1).[24]

In a previous paper w e described the use o f PS-PIAT 

polym ersomes as scaffolds for the positional assembly o f two 

different enzym es.[20] G lucose Oxidase (GOx) was encapsulated in
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F ig u re  2. S chem atic  re p re sen ta tio n  o f  th e  m u ltis tep  reactio n . 1: M o n o -ace ty la ted  

G lu cose  (4 ) is dep ro tec ted  b y  C alB , w h ic h  is em b ed d ed  in  th e  po ly m erso m e m em brane . 

2 : In  the  in n er aqueous com p artm en t G O x ox id ises  g lu cose  to  g lu cono la c to ne , 

p ro v id in g  a  m o le cu le  o f  h y d ro g en  pe rox id e . 3: H y d ro g en  pero x id e  is u sed  by  H R P  to  

co n v ert A B T S  to  A B T S + . H R P  is te th e re d  to  th e  po ly m erso m e su rface.

R e s u l t s  a n d  D i s c u s s io n

and the resulting m ixture was analysed by electron microscopy 

(figure 4), revealing the presence o f polym ersom es w ith diameters 

ranging from 90 to 180 nm . This shows that the tw o enzymes and 

anchor 1 do not prevent the PS-PIAT polymersom es from being 

formed.

P re p a ra tio n  o f az ido-H R P. To expand this tw o-enzym e system 

into a three-enzym e one, H RP needed to be equipped w ith azide 

moieties. A lthough azido-m odified amino acids can be introduced 

by single site or m ultisite  pro tein  engineering replacem ent 

strategies,[25] the level o f control provided by these laborious 

m ethods is not needed for m ere im m obilisation o f enzyme 

molecules. This led us to apply the m ild and generally facile diazo 

transfer reaction to amines, carried out with im idazole-1-sulfonyl 

azide hydrochloride (2, scheme 1) as reagent and catalysed by 

Cu(II)[24], w hich has been shown to be suitable for protein 

m odification in aqueous solution.[23] To this end, an aqueous 

solution o f HRP, K 2 CO 3 and Cu(II)SO 4 was treated w ith water- 

soluble 2 for tw elve hours, after w hich the enzyme was purified 

using centrifugal filter devices. ESI-TO F analysis o f the treated 

enzyme showed that an average o f four amines w ere transform ed 

into azides. This is a satisfactory result, given the fact that in 

principle only one azide per enzyme is required for surface 

im mobilisation.

D esign o f the  th ree-enzym e cascade system : The objective o f this 

study w as to position enzymes at three specific locations w ithin or 

on a polymersome: G Ox in its lumen, CalB in its m embrane and 

H RP on its surface (see figure 2). Since G Ox is a rather large 

tetram eric enzyme (160 kDa), it w ould disrupt PS-PIAT m embranes 

w hen em bedded in it;[20] hence it w as decided to include this 

enzyme inside the more spacious lumen. H RP and CalB have lower 

m olecular w eights (~43 kD a and ~33 kDa, respectively) and both 

enzym es have been successfully incorporated in a PS-PIAT 

membrane before.[19, 20] O ur choice to embed CalB in the bilayer o f 

the vesicles was primarily m otivated by the fact that it is more 

hydrophobic than HRP. In order to enable the effective use o f anchor

1, any enzyme that was to be positioned on the surface o f the 

polymersom e needed to be functionalised w ith azido-moieties. To 

realise this, we decided to apply a diazo transfer reaction directly on 

the amines o f the lysine residues and the amino term inus o f the 

enzym e.[23, 24] Given our intent to m odify the prim ary amines, the 

lower density o f amines present in HRP as opposed to CalB w ould 

reduce the risk o f polym ersom e aggregation due to cross-linking via 

bridging enzymes. Furthermore, the risk o f decreasing enzymatic 

activity is lowered w hen a m odified enzyme more closely resem bles 

its native state. These considerations led us to position G Ox in the 

lumen, CalB in the bilayer and H RP on the outer surface, 

necessitating the synthesis o f azido-HRP.

Po lym ersom es loaded w ith  tw o enzym es: As a first step 

tow ards the three-enzym e cascade system, polym ersomes loaded 

w ith  CalB in their m em branes and G O x in their aqueous 

com partments were prepared. It was also investigated w hether this 

system w ould be compatible w ith the presence o f anchor 1. To this 

end, PS-PIAT w ith 10 w t.-%  anchor 1 was dissolved in THF and 

injected into an aqueous solution o f  CalB (2 mg m L-1), after w hich 

the dispersion was im mediately flash frozen in liquid nitrogen and 

lyophilised. The resulting CalB -polym er hybrid [20] w as then 

dissolved in THF and gently dripped into a phosphate buffer 

containing 0.25 mg m L-1 GOx. A fter ha lf an hour o f equilibration, 

non-encapsulated enzymes and THF w ere rem oved via filtration,

F ig u re  3. P ro g ress  curv e  fo r G O x po ly m erso m es  w ith  su rface-co n ju g a ted  H RP. Tw o 

ty p es  o f  po ly m erso m es  are  in cu b a ted  w ith  g lu cose  and  A B T S , and  th e  appearance  o f  

A B T S  + is m e a su re d  as a  fu n c tio n  o f  tim e. A fte r a  sho rt in itia l in cu b a tio n  period , 

p o ly m erso m es  th a t on ly  c on ta in  G O x do n o t show  any  in c rease  in  a bso rbance  (g rey  

dots). P o ly m erso m es  in  w h ic h  bo th  enzym es are p re sen t do  show  an in c reasin g  

con cen tra tio n  o f  A B T S  + (b la ck  do ts).

Subsequently, PS-PIAT polym ersom es containing G Ox in their 

inner aqueous compartm ents and 10% acetylene-anchor 1 in their 

mem branes w ere prepared. A fter treatm ent o f these aggregates w ith 

azido-HRP and Cu(I), they w ere w ashed via filtration until no H RP 

activity could be detected in the flow through. The resulting 

polymersom es, containing G Ox in their lumens and H RP on their 

surfaces, were dispersed in phosphate buffer and studied as a two- 

enzym e cascade system , in w hich  glucose is converted to 

gluconolactone and the resulting hydrogen peroxide used to oxidise 

ABTS to the coloured radical cation ABTS+. A s can be seen in 

figure 3, the increasing absorbance o f A BTS + clearly indicates that 

the tw o-enzyme cascade system is w orking, demonstrating both the 

successful conjugation o f H RP to the functionalised polym ersome 

nano-reactor and the viability o f more complex enzyme positioning
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schemes like this. The structural integrity o f the polymersom es 

rem ained unperturbed, as is shown in figure 4.

F ig u re  4. E lec tro n  m ic ro g rap h s  o f  b io h y b rid  p o lym ersom es. A ll m ic ro g rap h s  show n are  

o f  PS -P IA T  vesic les  c o n ta in in g  an  ad m ix ed  10 w t.-%  o f  1. T he  sca le  b a r rep resen ts  500 

nm . T he ir  en zym atic  c on te n t is as fo llow s: a. G O x  in  lu m en  (T E M ); b. G O x in  lum en , 

H R P  on surface  (S E M ); c. G O x in  lu m en , C alB  in  m em brane , H R P  on  surface  (T E M ); 

d. G O x  in  lu m en , C alB  in  m em b ran e , H R P  on  surface  (S E M ); e. 3 -lab e lled  G O x in  

lu m en  (T E M ); f. 3 -lab e lled  C alB  in  m em brane .

Polym ersom es loaded w ith  th ree  enzym es: In a next step, 

azido-HRP was conjugated to the acetylene anchors that w ere part 

o f  the above m entioned tw o-enzyme polym ersomes carrying G Ox in 

their aqueous compartm ent and CalB in their bilayer membrane. 

A fter conjugation, the vesicles w ere w ashed using a cutoff filter that 

allow ed passage o f unconnected enzymes while retaining intact 

polym ersom es in the supernatant. The transm ission electron 

micrographs shown in figure 4 revealed an unaltered spherical 

m orphology o f the polym ersomes.

N ot m uch has previously been reported on the actual efficiency 

o f  these incorporation processes. Ram eez et al. determined the 

efficiency o f haem oglobin (Hb) encapsulation in the polymersom e 

lumen by lysis o f the vesicles, follow ed by UV-Vis detection o f 

released Hb, using an H b-specific protocol.[26] For a m ore general 

approach, we chose to employ a com mercially available ruthenium 

com plex w ith an isothiocyanato-m oiety (com pound 3), w hich is 

easily covalently linked to any m olecules containing free amines, as 

m ost proteins do in their lysine residues or ^-te rm in i. A fter 

encapsulation or imm obilisation, the use o f inductively coupled 

plasm a - m ass spectrometry (ICP-M S), allowed for the quantitative 

detection o f ruthenium , and hence o f proteins.

Each o f the three different enzymes w as labelled and separately 

incorporated into the polymersom es or conjugated to them  in the 

sam e w ay  as sh o w n  ab o v e  fo r th e  u n la b e lle d  en zy m es 

(polymersom es containing the labelled enzymes are show n in figure 

4). Results for CalB and G Ox incorporation, as w ell as HRP-

conjugation efficiency, are given in table 1. From  these results it 

appears that the efficiency o f conjugating azido-HRP to the 

polymersom e surface is very high. By applying 10 w t.-%  o f the 

anchor compound 1, 7 nmol o f alkyne m oieties become incorporated 

in the periphery o f the polymersome. A ssum ing an equal distribution 

o f  the anchor m olecules over both m embrane layers, it can be 

calculated that around 3.5 nmol o f acetylene functions are present 

on the polymersome outer surface. The average value, as determined 

by ICP-M S, o f 3.2 nmol HRP after conjugation implies that more 

than 90%  o f all available acetylene sites were occupied by HRP.

T able  1. E n c a p su la tio n  a nd  c o n ju g a tio n  e ffic ie n c ies  o f  e n zy m es  in  P S -P IA T  

p o ly m erso m es.

L a b e lle d  E n z y m e L o c a tio n A m o u n t U se d R e t a i n e d  i n E ffic ie n cy  

B io h y b rid

C alB In  po ly m eric 5.61 nm ol 0.80 - 1.13 nm ol 17 .2%  ± 2 .96%

b ilay er

G O x In  lu m en 3.91 nm ol 0.90 - 1.06 nm ol 2 5 .0%  ± 2 .09%

H R P A tta c h ed  to 12.50 nm ol 2 .77 - 3.61 nm ol 92%  o f

su rface th eo re tica l

m a x im u m [a]

[a] M easured : 2 5 .5%  ± 3 .37%  - T he  th eo re tica l m ax im u m  fo r H R P  is d ic ta ted  by  the  

am o u n t o f  ace ty le nes in tro d u ced  v ia  a ncho r 1.

For GO x and CalB, the incorporation efficiency was m uch 

higher than the 0.1%  that w ould be expected based on statistical 

inclusion.[20] This implies a m echanism  o f polymersom e formation 

that is somehow  influenced by the presence o f the enzymes, perhaps 

through nucleation o f block-copolym er aggregates around transient 

protein aggregates.

T hree-enzym e cascade catalysis: A s a substrate for the three- 

enzyme cascade reaction o f CalB, GOx and HRP, an acetate- 

protected glucose was chosen. Previously, the tetra-acetate GAc4 

had been used for this purpose.[20] For the present study, however, an 

increased solubility o f the substrate in aqueous buffers was desired, 

in order to achieve a m ore homogeneous reaction mixture. The 

orthogonally protected 2,3,4,6-tetra-O -benzyl-D -G lucopyranose was 

acetylated at its anomeric position and subsequently hydrogenated to 

produce GAc (4, scheme 1). Besides its greater solubility, GAc is 

also more rapidly deprotected by CalB, w hich enhances the overall 

reaction rate o f the cascade system.

The m ultistep nanoreactors were incubated w ith GAc (4) and 

A BTS as described in the experimental section and the increase in 

A BTS + concentration as a function o f time was m easured by UV-vis 

spectroscopy. The results are presented in figure 5. The curve is S- 

shaped and the first two thirds o f  the data points can be fitted to the 

equation shown in figure 6, w hich describes a two-enzym e reaction 

(R2 value = 0.9956; D ata w ere fit using G raphPad Prism  5.0a for 

M ac OS X.)

This suggests that one o f the three enzymes has an activity high 

enough not to influence the total kinetics. We propose this is HRP. 

Its spatial position relative to G Ox enables it to convert any H 2 O2 

m olecule relatively quickly after its generation, elim inating H RP 

from the rate equation. Its m ethod o f imm obilisation also renders it 

the enzym e that is least hindered by its crowded environment. 

Furthermore, it is also the enzyme that has not been suffering from 

the effects o f THF since it never came into contact w ith this solvent. 

For comparison, also a reaction w ith a polym ersom e system lacking
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CalB  in  the m em brane w as p erfo rm ed  (figu re  5). T hese 

polym ersomes do not have the ability to catalytically deprotect 

GAc; the progress o f  the reaction is dependent on the hydrolysis o f 

GAc by water. As can be seen in figure 5, this system displays a 

significantly lower rate o f reaction. The similarity betw een the 

curves for the tw o-enzym e and the three-enzym e system shows that 

CalB is not the fastest o f the three enzymes, again pointing tow ards 

H RP as taking this role. Unfortunately, our analysis using equation 1 

does not allow us to determine the slow est step o f the three enzyme 

cascade reaction. M easurem ent o f  a solution that was filtered to 

rem ove the polym ersom es show ed no conversion o f ABTS, 

indicating that all activity that w as m easured resulted from enzymes 

associated w ith the polymersomes.

t/h

F ig u re  5. P ro g ress  curv e  fo r th e  th ree -en zy m e cascade  re ac tio n  (see figu re  2). T he  b lack  

do tted  line  show s th e  in c reasin g  co n cen tra tio n  o f  th e  c asc ad e ’s fina l p roduc t, A B T S+ . 

A fte r  filtra tio n  o f  th e  so lu tion  to  re m o v e  p o ly m e rso m e s, no  enzym atic  a c tiv ity  cou ld  be 

d e tec ted  anym ore  (open  d o ts ). T he system  th a t lack ed  C alB  still show ed  a c tiv ity  due  to  

chem ica l hyd ro ly s is  o f  4 (g rey  dots).

F ig u re  6. R ate  e q uatio n  fo r a  tw o -en zy m e cascade  reac tio n  system . Cp d eno te s  the 

con cen tra tio n  o f  th e  fin a l p roduc t, A B T S + ; [G Ac]o is th e  in itia l con cen tra tio n  o f  the 

substrate  (4 ).

The re la tively  h igh  concen tration  o f  enzym e m olecules 

m easured by ICP-M S does not translate in a higher total activity. A  

possible explanation is that diffusion o f substrate or product through 

the m em brane is rate-limiting, or that the confinem ent o f the 

enzyme m olecules in a small space is detrimental to their activity. 

The temporary exposure to TH F that some enzymes undergo may 

also adversely influence their activity. Further studies are required to 

obtain m ore inform ation regarding this issue.

C o n c lu s io n

We have constructed biohybrid polymersom e nanoreactors in w hich 

three different enzymes are spatially positioned, and precisely 

ordered. These enzymes were incorporated in the m em brane (CalB), 

encapsulated in the inner aqueous com partment (GOx), and attached 

to the surface o f the polymersom e (HRP.) The conjugation o f H RP 

to the polymersom es was realised via a Cu(I)-catalysed [3+2]

H uisgen cycloaddition. To this end the HRP had been provided w ith 

azide functions follow ing a diazo transfer reaction on lysine residues 

or the N -term inus, carried out in aqueous buffer. The vesicular 

m orphology o f the resulting three-step nanoreactor is unaffected by 

this decoration. M ore than 90%  o f the available handles on the 

polymersom e surface are occupied by an azido-HRP molecule, and 

the lumen incorporates approxim ately 25%  o f  the added G Ox 

enzymes, w hich is more than expected for a pure statistical 

encapsulation process. The CalB enzymes are incorporated in the 

bilayer m em brane w ith an efficiency o f  17%. The nanoreactor is 

capable o f perform ing a three-step cascade reaction and can be 

rem oved from the solution by a single filtration. The progress curve 

o f  the reaction fits to a two-enzym e reaction model, suggesting that 

one o f the enzymes, i. e. HRP, does not influence the overall 

kinetics, probably as a result o f its location on the surface o f the 

polymersome. A lthough the m acrom olecular assembly o f the model 

enzyme cascade reaction presented here does not provide an 

inherent catalytical advantage over a m ixture o f the same enzymes 

w hen freely dissolved, it clearly illustrates the viability o f advanced 

enzyme positioning in polymersomes.

E x p e r i m e n t a l  S e c t io n

M a te r ia ls .  P S -b -P E G -ace ty len e  1 w as p re p a re d  as p rev io u s ly  d e sc rib e d .[21] D ia zo  

tra n sfe r re a g en t 2 w as p re p a re d  as d esc rib ed  e lsew h ere .[23] D e u tera ted  ch lo ro fo rm  

(C D C l3 , 99 .8% ), d eu te ra ted  m eth ano l (C D 3O D , 99 .8% ) and  h eav y  w a te r (D 2 O , 99 .9% ) 

w ere  pu rc h a se d  from  A ld ric h , C uS O 4 (M erck ), sod iu m  asco rba te  (F lu ka, > 99% ), 4 ,7 - 

d ip hen y l-1 ,1 0 -b a th o p h en an th ro lin e  d isu lfon ic  acid  d isod iu m  salt (ligand ) (S ig m a- 

A ld rich ), a n hyd rous sod iu m  su lp hate  (F lu ka, 99% ), K 2C O 3 (F isher) , m a gnesiu m  sulfate  

d ih yd ra te  (F lu ka, 99% ), N aN3 (A cro s, 99% ), B is(2 ,2 '-b ip y rid in e)-(5 -iso th io cy an ato - 

ph en an th ro lin e )ru th en iu m  b is (h ex aflu o ro p h o sp h ate) (3) (B io C hem ik a , A ld rich ), 2 ,3 ,4 ,6 - 

te tra -O -b en zy l-D -G lu co p y ran o se  (A ld rich ), celite , ace tic  anhyd rid e  (A c2O ), N aH C O 3, 

N a 2 C O 3 and  N a 2H P O 4 (M erck ) and  2 ,2 ’-az in ob is (3 -e th y l-b en zo th iazo lin e-6 -su lfo n ic  

acid ) d ia m m on iu m  salt (A B T S ) (F lu ka, 99% ) w ere  all u sed  as received . C harcoal-  

su p po rte d  P d -ca ta ly s t (P d /C ), n itr ic  ac id  (H N O 3), hyd ro ch lo ric  acid  (H C l), m e th ano l 

(M eO H ), eth y l ace ta te  (E tO A c), sod iu m  ch lo rid e  (N aC l), s ilve r ace ta te  (A gO A c), 

to lu ene , 1, 4 -d io xane , d im eth y lfo rm am id e  (D M F ) and  d ie th y l e th e r (Et2O ) w ere  o f  

te ch n ica l g rade  (B aker) and  u sed  as re c e iv ed . Sty rene  (A ld rich ) w as d is tilled  b e fo re  u se . 

T etrahyd ro fu ran  (T H F ) (A cro s, 99+ % ) w as d is tilled  from  sod iu m  and  benzo p h en o n e  

and  CH2Cl2 (B aker) w as d is tilled  from  calciu m  hyd rid e  and  tr ie th y lam in e  (Et3N ) 

(B aker) w as d is tilled  from  C aC l p rio r to  u se . U ltrap u re  w a te r w as p u rif ie d  u sin g  a 

W aterP ro  PS  p o lish e r (L abconco , K an sas  C ity , M O ) set to  18.2 M Q /cm .

Candida antarctica L ipase  B , re c o m b in a n t from  Aspergillus oryzae (E .C . 3 .1 .1 .3 ), 

ho rse ra d ish  p e ro x id ase  (E .C . 1.11.1.7) ty p e  V I, and  g lu cose  ox id ase  (E .C . 1 .1 .3 .4 ) ty pe  

X -S  from  Aspergillus niger w ere  p u rc h a se d  from  S ig m a (B io C hem ik a). P S 4 0-P IA T 50 

w as pu rc h a se d  from  E n cap so n  B.V. (N ijm egen , T he  N e th erla nds).

1H  N M R  s p e c t r o s c o p y :  spec tra  w ere  re c o rd e d  on  a  V arian  in ova400  in s tru m en t at 

ro o m  te m pera tu re . 1H  N M R  spec tra  are re p o rte d  in  ppm  (5) re la tiv e  to  te tram eth y ls ilan e  

(5= 0 .0 0) w h en  m e a su re d  in  C D C h . In  C D 3O D  the  so lv en t re sid ual p e ak  is u sed  as a 

reference. M ultip lic itie s  are re p o rte d  as fo llow s: s (s in g le t) , d  (d oub le t) , t  (tr ip le t) , m  

(m u ltip le t) , or  b  (b road ). T he n u m b e r o f  p ro to n s  (n) fo r a  g iv en  re so n an ce  is in d ic a ted  as 

n H , and  is b a se d  on  spec tra l in teg ra tio n  va lu es.

T r a n s m is s io n  e le c t r o n  m ic r o s c o p y  ( T E M ) :  T E M  im ages w ere  ob ta in ed  u s in g  a  JE O L  

JE M  1010 m ic ro sco p e  (60 kV ) equ ip p ed  w ith  a  C C D  cam era. Sam ple s  w ere  p rep ared  

by  p la c in g  10 ^ L  o f  a  so lu tion  on a  carb o n -co ated  co p p er g rid  fo r 15 m in ., a fte r w h ic h  

th e  liq u id  w as rem oved . T he g rid  w as w ash ed  b y  p lac in g  10 ^ L  M Q  on  it, w h ich  w as 

su b sequen tly  rem oved , a fte r w h ich  th e  g rid  w as d ried  in  vacuo . The struc tu res  w ere  

v isu a lise d  w ith o u t fu rth er trea tm en t.

S c a n n in g  e le c t r o n  m ic r o s c o p y  ( S E M ) :  SE M  im ages w ere  ob ta in ed  u sin g  a  JE O L  JS M  

T 300  S cann in g  m ic ro sco p e  (30  kV ). Sam ple s  w ere  p re p a re d  by  p lac in g  10 ^ L  o f  a 

so lu tion  on  a  carb o n -co ated  c opper g rid  fo r 15 m in ., a fte r w h ic h  th e  liq u id  w as 

rem oved . T he  g rid  w as w a sh e d  b y  p la c in g  10 ^ L  M Q  on  it, w h ic h  w as subsequen tly  

rem oved , a fte r w h ic h  th e  g rid  w as d ried  in  vacuo . G rid s  w ere  subsequen tly  co a ted  in  1.5 

n m  P t/A u  u s in g  a  B A L Z E R S  spu tte r m ach in e. T he s truc tu res  w ere  v isu a lise d  w ith o u t 

fu rth e r tre a tm ent.
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U V  s p e c t r o s c o p y :  U V  a b so rp tion  w as m e a su re d  u s in g  a  W allac M ultilab el C oun te r 

1420 (V ic to r W allac) u sin g  9 6 -w ell m ic ro  tite r  p la te s. A ll sam p les  w ere  fresh ly  p rep ared  

and  m easu rem en ts  w ere  s ta rte d  im m ed ia te ly  afte r m ix in g .

I n d u c t i v e l y  c o u p le d  p la s m a  -  m a s s  s p e c t r o m e t r y  ( I C P - M S ) :  IC P -M S  m easu rem en ts  

w ere  p e rfo rm ed  u s in g  an X series  I quad ropo le  m ach in e  (T herm o  F ish e r Sc ie n tific ) 

u s in g  5 m L  sam p les  c o n ta in in g  0.5 m g  m L -1 A g O A c as an in te rna l standard .

M a s s  s p e c t r o m e t r y :  E S I-T O F  m easu rem en ts  w ere  p e rfo rm ed  u sin g  an  A ccuT O F -C S  

(Jeol). S am ple s  w ere  p rep ared  in  M Q  c o n ta in in g  0 .5%  (vo l.) fo rm ic  acid  w ith  a  fina l 

con cen tra tio n  o f  2 m g  m L -1. E S I-io n  trap  spec tra  w ere  ob ta in ed  u s in g  an  L C Q  

a dvan tage  m a x  (T herm o  F inn igan , T herm o  scie n tif ic ) on sam ples  in  M eO H  w ith  a  fina l 

con cen tra tio n  o f  1 m g  m L -1.

P r e p a r a t io n  o f  p o ly m e rs o m e s : PS -P IA T  (0.5  m g) w as d is so lv ed  in  te trah y d ro fu ran  

(T H F, 0.5 m L ) c o n ta in in g  th e  a pp rop ria te  wt.-%o o f  a ncho r 1. Su bsequen tly , it  w as 

g en tly  d rip p ed  in to  2.5 m L  o f  a  ph o sp h ate  b u ffer (20  m M , p H  7.4) and  le ft to  self- 

assem b le  fo r 30 m in . T he  su spension  w as th e n  tra n sfe rre d  to  an  A m ic o n  U ltra  F ree -M C  

c en trifuga l filte r w ith  a  c u to ff  o f  100 k D a  and  cen trifu g ed  to  d ry ness. T he  

p o ly m erso m es  w ere  re d isp erse d  in  600 ^L  o f  a  ph o sp h ate  b u ffer (2 0m M , p H  7.4 ) and  

th e n  cen trifu g ed  again. T h is step  w as re p e a ted  six tim es. T he  resu ltin g  vesic les  w ere  

re d isp e rse d  in  1m L phosp h ate  b u ffer (20 m M , pH  7.4). T E M  im ages o f  all ty p es  o f  

p o ly m erso m es  u sed  in  th is  stu dy  are show n  in  fig u re  7.

E n c a p s u la tio n  o f  e n z y m e s  in  p o ly m e rso m e s: F o r vesic les  c o n ta in in g  G O x  in  the ir  

lu m en , 250 ^ L  o f  the  b u ffer w as re p la c ed  by  an  equal vo lu m e  o f  a  G O x  sto ck  so lu tion  

in  th e  sam e b u ffer (2.5 m g  m L -1, 15.6 ^M ). T he fu r th e r p ro ced u re  w as unchanged . F o r 

p o ly m erso m es  c o n ta in in g  C alB  in  th e ir m em b ran es, the  T H F so lu tion  c o n ta in in g  the  

b lo ck -co p o ly m ers  w as firs t in je c ted  in to  100 ^ L  o f  a  C alB  sto ck  so lu tion  (2 m g  m L -1, 

56.1 ^ M ) in  u ltrapu re  w a te r (M Q ). T h is d ispersio n  w as ly o p h ilised  a nd  re d isso lv e d  in  

T H F (0 .5m L ) and  th e n  u sed  as d esc rib ed  above. T E M  im ages o f  all ty p es  o f  

p o ly m erso m es  u sed  in  th is  stu dy  are show n  in  fig u re  7.

C

H

F ig u re  7. T ransm ission  E lec tro n  M ic ro g rap h s  o f  p o ly m ersom es. A ll m ic ro g rap h s  are  

T E M  im ages o f  PS -P IA T  po ly m erso m es  c o n ta in in g  10 w t.-%  o f  a n ch o r l .  T he  b lack  

sca le  b a r deno te s  200  nm . A ., C. and  E ., are po ly m erso m es  c o n ta in in g  G O x  in  the ir  

lu m en  and  C alB  in  th e ir  m em branes. B ., D . and  F., are  the  sam e po ly m erso m es, b u t no w  

w ith  H R P  co n ju g a ted  to  th e ir su rfaces . In  A . and  B ., H R P  is R u -la b e lled  u sin g  S. in  C. 

and  D . C alB  is R u -la b e lled  u s in g  S. In  E. a nd  F. G O x  is R u -la b e lled  u s in g  S.

D ia z o  t r a n s f e r  t o  H R P :  A  so lu tion  o f  H R P  in  M Q  (200  ^ L , 2.5  m g  m L -1) w as tre a te d  

w ith  K 2C O 3 (100 ^ L  o f  an  aqueous so lu tion , 2 m g  m L -1), a lo ng  w ith  25 ^ L  o f  a 

Cu(II)SO 4-5H 2O  so lu tion  in  M Q  (1 m g  m L -1). A fte r  m ix in g , 2  w as a dded  as a  so lu tion

in  M Q  (15  ^ L , 2 m g  m L -1, 1.75 equ iv .) and  th e  re a c tio n  w as le ft on a  ro lle r  b a n k  

overn ig h t. T he  reac tio n  m ix tu re  w as tra n sfe rre d  to  an  A m ico n  U ltraF ree -M C  cen trifuga l 

filte r w ith  a  3 k D a  c u to ff  and  cen trifu g ed  to  d ry ness. T he  supern a tan t w as re d isso lv e d  in 

6 00 ^ L  M Q  and  cen trifu g ed  again . T h is p ro ced u re  w as re p e a ted  fo r a  to ta l o f  five  such 

w ash in gs. Finally , th e  p ro d u c t w as re d isso lv e d  in  200  ^ L  M Q . It w as analy sed  by  E S I- 

TOF. M S: m/z 43282 .00  (M , calc. (fo r fo u r tran sfe rs  ba se d  on  43178 .00  fo u n d  fo r 

un re a c ted  H R P): 43281 .96 ).

C o n ju g a tio n  o f  a z id o -H R P  to  p o ly m e rs o m e  s u rfa c e s :  To a d isp ersio n  o f  ace ty lene- 

fu n c tio n a lised  po ly m erso m es  in  200  ^ L  ph o sp h ate  b u ffer (20  m M , p H  7 .4 ) an aqueous 

so lu tion  o f  az id o -fu n c tio n a lised  H R P  (33 ^ L , 75 ^M , 2 equiv. re la tiv e  to  1) w as added. 

A q u eo u s  so lu tions o f  Cu(II)SO 4-5H 2O  c o n ta in in g  sod iu m  asco rba te  (10 m M  each, 33 

^ L ) and  b a th o p h en an th ro lin e  lig an d  (10 m M , 33 ^ L ) w ere  p re -m ix ed  and  subsequen tly  

a dded  to  th e  d ispersio n , w h ich  w as le ft a t 4 °C  fo r 60 h. The m ix tu re  w as th en  

tra n sfe rre d  to  an  A m ic o n  U ltraF ree -M C  cen trifuga l filte r w ith  a  100 k D a  c u to ff  and  

cen trifu g ed  to  d ry ness. T he  supern a tan t po ly m erso m es  w ere  re d isp e rse d  in  600 ^ L  

p h o sp h ate  b u ffer (20  m M , pH  7 .4 ) and  cen trifu g ed  again . T h is step  w as re p e a ted  un til 

no  enzym e activ ity  cou ld  be  de tec ted  in  th e  filtra te . T he re su ltin g  b io h y b rid  w as 

re d isp e rse d  in  200 ^ L  p h o sp h ate  bu ffe r (20 m M , p H  7.4).

S y n t h e s i s  o f  1 - O - a c e t y l - 2 ,3 ,4 ,6 - t e t r a - O - b e n z y l - D - g l u c o p y r a n o s e  ( 5 ) :  2 ,3 ,4 ,6 -T etra- 

O -b en zy l-D -g lu co p y ran o se  (990 m g , 1.8 m m ol) , w as d isso lv ed  in  30 m L  dry  C H 2 Q 2 . 

T rie th y lam in e  (E t3N ), 240  ^ L  (1 .9  m m ol, 1.05 equiv.) w as added , fo llo w ed  by  180 ^L  

(1 .9  m m ol, 1.05 equiv.) ace tic  anhydrid e  (A c 2 O ). A fte r 2 h. o f  s tirr ing , a  fu r th e r 240  ^ L  

E t3N  (1 .9  m m ol, 1.05 equ iv .) w as added , fo llo w ed  b y  180 ^ L  A c 2 O  (1 .9  m m ol, 1.05 

equ iv .), w h ic h  w as le ft to  stir  fo r 2 h. T he  cru de  reac tio n  w as w a sh e d  w ith  3x  aqueous 

1M  H C l, 2x  aqueous 5%  N a H C O 3 , u ltrap u re  w ate r, and  brin e . P u re  1 -O -acety l-2 ,3 ,4 ,6 - 

te t r a - O - b e n z y l - D - g lu c o p y r a n o s e  (8 6 0  m g , 8 2 % ) w a s  o b ta in e d  a f te r  f la s h  

ch ro m ato g rap h y  (C H 2 Q 2). 1H  N M R  (400  M H z, C D C h ): d= 2 .0 5  (s, 3H , A c), 3 .59  (m , 

2H , C 6H 2), 3.73  (m , 4H , C 2H , C 3H , C 4H , C 5H ), 4 .50-4 .91  (m , 8H , b enzy lic ), 5.60 (d, 

1H , anom eric ), 7 .14 -7 .3 2  (m , 20H , A r). M S: m/z 605 .30  (M  + N a , calc. 605 .2 5).

S y n t h e s i s  o f  1 - O - a c e t y l - D - g lu c o p y r a n o s e  ( 4 ,  G A c ) .  C om p o u n d  5  (500 m g, 0 .86 

m m o l)  w as d is so lv ed  in  25 m L  M eO H  / E tO A c (2 :1 , v /v ). To th is  so lu tion , 10 m g  o f  

ch arco a l-su p p o rted  P d -ca ta ly s t w as added. T he  so lu tion  w as shaken  u n d e r 3 b a r H 2 

p ressu re  fo r 90 m in  u s in g  a  P a rr apparatus. T he P d /C  w as re m o v e d  by  filtra tio n  over 

celite  and  th e  so lu tion  w as co n cen tra ted  to  y ie ld  1 -O -A ce ty l-D -G lu copy ranose  as a 

c lear, w ax y  so lid  (176  m g, 92% ). 1H  N M R  (400 M H z, C D 3O D ): 0= 2 .02  (s, 3H , A c), 

3 .04  (b, 2H , C 3H  and  C 5H ), 3.13  (b, 2H , C 6H 2), 3.38  (m , 1H , C 2H ), 3 .58 (m , 1H , C 5H ), 

4 .55  (t, 1H, C H 2O H ), 4 .9 9  (b, 1H, C 2H O H ), 5.08  (b, 1H, C 3H O H ), 5.25  (b, 1H , 

C 4H O H ), 5 .29 (d, 1H , anom eric  H ). M S: m/z 245 .05  (M  +  N a , calc. 245 .0 6).

A c t i v i t y  a s s a y  f o r  b io h y b r id  p o ly m e r s o m e s :  A  sto ck  so lu tion  o f  1 -O -acety l-D - 

g lu co p y ran o se  4  (1 M  in  20  m M  phosp h ate  buffer , pH  7 .4 ) w as fresh ly  p re p a re d  be fo re  

each  se ries o f  m easu rem en ts , as w as an  A B T S  sto ck  so lu tion  (4 m M  in  20  m M  

p h o sp h ate  bu ffer , p H  7.4). In  a  sin g le  w e ll o f  a 9 6 -w ell m ic ro  tite r p la te  a  d ispersio n  o f  

p o ly m erso m es  (100  ^ L ) o r an  a liq u o t o f  con tro l so lu tion  (100 ^ L ) w as p la ced , fo llo w ed  

b y  th e  g lu cose  ace ta te  (40 ^ L ) an d  th e  A B T S  (20 ^ L ) s to ck  so lu tions. T he  m on ito rin g  

o f  the  fo rm atio n  o f  th e  ra d ica l c a tio n  o f  A B T S  v ia  its  a b so rp tion  a t 405 n m  w as s ta rte d  

im m ed ia te ly  afte r m ix in g .

R u - la b e l l in g  o f  e n z y m e s : To a w e ig h e d  q u a n tity  o f  b is (2 ,2 '-b ip y r id in e )-(5 -  

iso th io c y an a to -p h e n a n th ro lin e )ru th e n iu m  b is (h e x aflu o ro p h o sp h a te ) (3) an  aqueous 

so lu tion  o f  the  d esired  enzym e in  M Q  w as a dded  in  such  an  a m oun t th a t 0.5 equiv. o f  

th e  m e ta l c om ple x  w ere  p re sen t fo r every  am in e  in  th e  p ro te in , c o un ting  on ly  its  ly sin e  

res id u es  and  N -te rm inus. T hen , 10 vo l.-%  o f  an  aqueous N a 2C O 3 so lu tion  in  M Q  (1 m g  

m L -1) w as a dded  and  th e  re ac tio n  m ix tu re  w as le ft a t 4°C  fo r 14 h. H ereafte r , it  w as 

fi lte red  u sin g  an  A m ic on  U ltraF ree -M C  c en trifuga l filte r w ith  a  3 k D a  cutoff. T he 

supern atan t w as re d isso lv e d  in  600 ^ L  M Q  and  cen trifu g ed  again . T h is p ro ced u re  w as 

re p e a ted  fo r a  to ta l o f  five  such  w ash in gs. Finally , th e  p ro d u c t w as re d isso lv e d  in  an  

a liq u o t o f  M Q  equal to  th a t o f  the  en zym atic  so lu tion  in itia lly  used . R eac tio n s  w ere  

v e rif ied  v ia  in du c tiv e ly  c oup le d  p la sm a  m ass  sp ec trom etry  (IC P -M S ). L a b e lle d  azido- 

H R P  w as re a c ted  w ith  0.1 e q u iv a le n ts  o f  3 p rio r to  a  d iazo  tra n sfe r as desc rib ed  above.

I C P - M S  a n a ly s is  o f  b io h y b r id  p o ly m e r s o m e s :  D isp ersio n s  o f  po ly m erso m es  in  M Q  

c o n ta in in g  R u -la b e lled  enzym es w ere  ly oph ilised . T he  d ry  vesic les  w ere  th e n  destru c ted  

in  co n cen tra ted  n itr ic  acid  (0.5 m L ) at 80°C  fo r 3 h. T he  sam p les  w ere  c oo le d  to  room  

tem p era tu re  and  s ilver ace ta te  (A gO A c) w as ad d ed  as an in te rn a l s ta ndard  (2 m g  m L -1 

in  M Q , 1.25 m L ). T he  to ta l vo lu m e  o f  each  sam ple  w as th en  b ro u g h t to  5.0 m L  usin g  

M Q  p rio r to  m easu rem en t. R esu ltin g  ppm  v a lu es w ere  ex p ressed  as m o la rities  by  

s tandard isin g  R u-co u n ts  on  A g-co u n ts  and  com p arin g  these  re su lts  to  sam ples  

c o n ta in in g  k n o w n  am oun ts  o f  la b e lled  enzy m e.

C u r v e  f i t t i n g :  C urves w ere  f it u s in g  P rism  5 .0a  fo r M ac  O S X . A ll fits  w ere  le ast- 

squares  fits  u s in g  one th o u san d  ite ra tions. F o r e q uatio n  1, in itia l v a lu es  w ere  set as 

fo llow s: [G A cjü =  550, k 1 =  0 .02, k 2 =  0 .0 02 ; O n ly  th e  firs t tw o-th ird s  o f  d a ta  p o in ts  

w ere  fit, le ad in g  to  a  cu rv e  w ith  an R 2 va lu e  o f  0 .9956 . T he  la st fo rty  p e rc en t o f  d a ta  

p o in ts  co u ld  b e  fit to  a  sig m o id al cu rv e  o f  th e  shape  C p(t)= [G A c]ü^h/(K m  + th) w here
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K m  rep resen ts  th e  M ich a e lis -M en te n  constan t. T h is  led  to  a cu rve  w ith  an  R 2 v a lu e  o f  

0 .9 997 , suggesting  th a t th e  decay  o f  A B T S  + is re sp o n sib le  fo r th e  departu re  from  

equ atio n  1 . In  th e  m e a su re m e n t o f  po ly m erso m es  th a t do n o t h av e  C alB  in  the ir  

m em branes, w a te r can  still h y d ro ly se  G A c. T he  absence  o f  C alB  can  b e  tran s la ted  into 

equ atio n  1  by  red u c in g  k1 to  a ve ry  sm all n u m b er c o m p ared  to  its  o rig in a l v a lu e . The 

fo llo w in g  in itia l v a lu e s  w e re  u sed  fo r th e  fit tin g  p ro cedu re : [G A c ]0  =  550, k.1 =  2-10'9, k 2 

=  0 .002 . T h e  resu ltin g  curve, w h ile  le ss  conv in c in g  w ith  an  R 2 va lu e  o f  0 .9 682 , still 

suggests  th a t th e  overa ll shape  o f  th e  p ro g ress  curv e  is u n a lte re d  by th e  d ra stic  red u c tio n  

o f  k 1 , in d ic a ting  th a t C alB  is  n o t the  s lo w est enzym e in  th e  triad .
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A  t h r e e - e n z y m e  c a s c a d e  r e a c t i o n  v i a  

p o s i t io n a l  a s s e m b l y  o f  e n z y m e s  in  a  

p o ly m e r s o m e  n a n o r e a c t o r

A  porous po lym ersom e w as equipped  

w ith  th ree d ifferen t enzym es a t th ree 

spatially  separa te locations: C alB  in  its 

lum en , G O x  in  its b ilay er m em brane , 

and  H R P  con jugated  to  its surface.

T he encapsu la tion  efficiency o f  the 

enzym es w as determ ined , an d  their 

ac tiv ity  as p a rt o f  a  th ree-enzym e 

cascade reac tion  w as investigated .
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