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A ferroeene-derivatised detergent, (I l-ferrocenylundecyl) trimethylammonium bromide (FTMAB). when c~xidiscd to the corre- 
sponding ferricinium ion, was found by electrochemical studies to be an effective eleclron acceptor for reduced glucose oxidasc 
of Aspergillus niger (EC 1.1.3.4) and thus acts as a electron-transfer mediator between glucose oxidasc and :: ~'~'rking electrode 
held at a petential sufficiently positive to rcoxidisc reduced FTMAB. An increase in mediating activit) was produced ~'hcn 
FTMAB was present in conccntratiot,s above its critical micellc concentration. An ' cn~mc elcctrodc' was tormcd b) ad~{~rpt,m 
of glucose oxidase and FTMAB surfactant on a graphite rod. The electrode functioned as an ampcromctric bioscn,~r t ur ~luco~c 
in phosphate-buffered saline solution. A mixed micelle of glucose oxidase and FTMAB. probably adsorbed on the electrode 
surface, appears to be advantageous for the amperomctric determination of glucose. Additionally. gluco,,c oxidasc v,'as treated 
with a-mannosidase. When this partially-degl~,cosylated gluco~ oxidase was incorpa,rated in an enzyme electrode, a l(Ml-fi~ld 
increase in the second-order rate constant (k) for electron transfer bct~ecn the cnzymc and H-MAB wa ob~wrvcd, together 
with increased current densities, with respect to the equivalent values for FTMAB and commercial glucose oxidase. The use of 
deglycosylated enzymes in biosensors is suggested. 

Introduction 

Glucose oxidase is a glycoprotein obtained from 
microbial and fungai sources that catalyses the oxida- 
tion of  glucose to gluconic acid, with the concurrent  
formation of  hydrogen peroxide from molecu!ar  oxygen 
[1]. The enzyme obtained from A~pergillus niger has a 
total molecular weight of  approximately 1600110 and is 
composed of  two homologous protein subunits [2], each 
of  which contains a tightly but non-covalently bound 
F A D  group to participate in the necessary redox reac- 
tions [3,4]. 

The enzyme has frequently been employed as an 
element of  a glucose biosensor where the biochemical 
event o f  glucose oxidation is coupled to a means of  
signal transduction, be it electrical, thermal or  optical 
[5]. Due to the great clinical interest in a rapid and 
accurate determination of  glucose in blood or  other  
body fluids, glucose oxidase is widely employed in such 
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biosensors and much reported in the literature in this 
respect. The majority of  reports concern non-mediated 
or  amperomctr ical ly-mcdiatcd enzyme electrodes, in 
the former configuration, glucose reacts with the oxi- 
dised F A D  of  glucosc oxidase to form gluconolacto,lc 
and reduced FAD:  molecular oxygen then oxidises the 
reduced F A D  with the formation of  H , O , .  Glucose 
oxidase may bc combined with an O :  or  H,O~ sensi- 
tive electrode to Rfllow the rate of  consumption or 
production respectively, o1 thc,~e chemicals. However, 
fluctuations of  the ambient concentrat ion of  o~ 'gen  in 
solution, from one sample to another  for example. 
gives rise to fluctuating and thus unreliable responses. 

One at tempt to overcome this problem is to employ 
a xenogenous reJox-active species to accept electrons 
from the reduced flavin group of  glucose oxidasc in 
place of O z and subsequently pass the electrons to an 
electrode held at fixed potential in order  to regenerate 
the mediator.  The currents thus produced are propor- 
tional to the concentrat ion of  glucose in solution as the 
g lucose /g lucose  oxidase reaction is overall rate-limit- 
ing. Amongst  the mediators documented in the litera- 
ture are representatives of  almost every class of  chemi- 
cal compound possessing fast. reversible clcctrochcm- 
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istry: monomcric fcrrnccncs [l',], glucose oxidasc cova- 
Icntb modified with ferroccnc [7,8]. tcrroccnc dcriva- 
ti,,cd polymers [9.111], conducting "charge transfer salts" 
[II] "redox gels" [12]. octacyanotungstatc,, [13], hcxa- 
cyanoruthcnate [!4]. nickel c~,clams [15], and organic 
compou,lds such as quinoncs and benzoquinones [16]. 

Due to the extensive work of Hill and coworkcrs 
(for example see Rcf. 171 the ferrocene family of 
compounds has been established as reliable mediators 
for glucose oxidasc and other flavoproteins. Addition- 
ally, the behaviour of ferrocenes solubitised in deter- 
gent micellcs has been well studied and reviewed [18- 
211]. The fcrroccncs arc generally only sparingly soluble 
in aqueous solution: their lcrricinium ions are soluble 
but also unstable [19]. The use of detergents such as 
dodecyltrimethytammomium bromide (DDTAB) or 
sodium dodcc3'l sulphate (SDS) to solubilise ferrocencs 
indicates that such systems arc capable of improved 
mediation between proteins (for example cytochromc 
c) and an electrode, rehttivc to the fcrroccnc species 
alone, duc to an enhanced effective solubility in aque- 
ous solution [10]. Ho-vcvcr. wc bdicvc that only in ,, 
fe~, cases [21,22] has at surfactant derivative of fer- 
roccne combining dcteygent and redox moieties in the 
same molecule (scc Fig. If11 bccn cmploycd ax a medi- 
ator of glucose oxidase. Bourdillon and Madja [21] 
employed a r:,thcr complex electrode upon which a 
ferrocenc surtactant and glucose oxidase were de- 
posited. 13iffler et al. [22] prepared ferrocencs with a 
long alkyl chain ring-substituent that were inherently 
insoluble in water but could be solubilised in micclles 
of non-redox-active "tenside" detergent. However, they 
did note quasi-reversible electron-transfer at gold elec- 
trodes and high (10 s M-  t s- ~) second-order rate con- 
stants for electron transfer from glucose oxidase. 

In this paper we present ~esults from a simple 
amperometric system employing a surfactant derivative 

,~1 lcrroccnc (different to that used by Bourdillon and 
,'dadj:,. !~11). ( )ur  findi,~gs indicate the importance of 
cohesive detergent~protein interaction,< and comicel- 
lizati~m of mediator and glucose oxid::sc, for rapid 
p ro te in /media to r  electron-transfer. "lhc applicability 
of a partially-deglycosylated glucose oxidasc in a 
bioscnsing system is also presented. We present results 
to sho~ that in the case of a detergent-Ilk,, mediator 
such as I-'I'MAB, mediation is more effective with 
partially-dcglycosylated glucose oxidase than with the 
commercial enzyme, suggesting that the use of deglyco- 
sylatcd glucose oxida~e in biosensors may also be ad- 
vantageous. 

Materials  and Methods  

Eh'ctrochemical method.~ 
A BAS-100 electrochemical analyser (Bioanalytical 

S.vstcms (L'.S.A.I~ was employed to perform cyclic 
voltammctD', chronoamperometry and preparative con- 
trolled-potential thin layer electrolysis in electrochemi- 
cal cells (Metrohm) of vols of 5-2(I ml. A three-elec- 
trode cell was comprised of a standard calomel refer- 
encc electrode (with respect to which all potentials are 
quoted), an auxiliary electrode of a platinum rod and a 
working electrode of glassy carbon (Metrohm) (surface 
area 7 mm 2) or an "enzyme electrode" (see below). 
Cyclic voltammetry was performed with scan speeds of 
5-I(]11 mV s- t and chronoamperometry with a ! s time 
resolution. For preparative controlled-potential thin 
layer electrolysis of Iq'MAB, a 10 ml three compart- 
ment cell (Metrohm) with a platinum working elec- 
trode was employed with an applied potential of + 350 
mV. The electrolysis was followed by ultraviolet-visible 
spectrophotometry and was continued until there was 
no further change in the spectrum. All experiments, 
unless otherwise stated, were pertormed using phos- 
phate-buffered saline solution (1110 mM NaCI/10 mM 
Na_,HPO,/0.1 mM EDTA/0 .01% sodium azide/0.01 
mM phenylmethylsulphonyl fluoride (PMSF), adjusted 
to pH 7.4 with con,:. HCI). The concentration of azide 
used in this buffer did not effect the observed activity 
of glucose oxidasc, relative to an identical buffer pre- 
pared without azidc. 

Determination of kh~etic constant for mediation 
The second-order rate constant, k, was derived fol- 

lowing the experimental method described by Cass et 
al. [f~]. Briefly, the magnitude of the catalytic current at 
a glassy carbon electrode was measured by' cyclic 
voltammetry ~z :~ three-electrode cell in samples with 
increasing amounts of g!ucose oxidase in .solution, 
FTMAB and glucose being in excess. The change in 
catalytic current with additions of glucose oxidase was 
compared to the diffusion currents obtained in the 



absence o t  enzyme and thcrcb~ rc!ated to the rate 
constant by the scheme of Nich,,~l~,>n anti Shain [23]. 

Preparation of en:)m( ~ ,'lectrode 
Slabs of graphite (ZXF5-Q, [/.2 #m mean porc size. 

15.4.% porosity by volume, Poco Graphite Co., De- 
catur, Texas, U.S.A.) were cut to dimension.,, of 5 x 6 
× 10 ram. These blocks were drilled at one 5 x n mm 
face to enable the connection of a plastic coated cop- 
per wire which was anchored by silver amalgam to 
ensure electrical contact. The junction was fully insu- 
lated with inert silicon resin. The electrode was incu- 
bated in a .solution of glucose oxidase or partially-de- 
glycosylated gluc~e oxida~ (10 mg/ml)  and FTMAB 
(typically 5.  i 0  4 M ~ in phosphate buffered saline at 
4 o C. One or several electrodes were immersed in the 
ino~hatinn solution. For convenience, an incubation 
time of 16 h was used (i.e. ovct.lght); however, an 
electrode incubated for 2 h ga,,e equivalent results to 
those incubated for '.onger than this period. Elcctrodt:,~ 
were thoroughl5 rinsed with distilled water following 
withdrawal frnm the incubation g~lution. Unless other- 
wise stated, the electrodes were then used immediately 
for cxperimer+ts. 

Measuremoff of glucose oxidase actirity, apparent actir- 
it)" and amount of glucose oxida,~e adsorbed on graphite 
electrodes 

The specific activity of glucose oxidasc in a ~!ut ion.  
or the apparent activity of the enzyme adsorbed on 
electrodes, was monitored by an spcctrophotomctrie 
assay based ¢;n peroxidase to measure production of 
H,O., [24] where 1 unit. U, is defined as the amount of 
enzyme that will oxidi~ I #mol of glucose per s in  at 
pH 7.0 and 25°C. Determination of the apparent actix- 
ity ol glucose oxidase adsorbed on electrodes was per- 
formed by vortexing of at, electrode with the peroxi- 
dase assay solution previously bhnk, J at A~+.,. fol- 
lowed by measurement of the increase in A~,,, that had 
occurred during the period of vortexing. This was then 
interpreted as a rate of increase per s. The amout't of 
protein adsorbed was assayeu by shaking uf an gluco+e 
ox idase /FFMAB electrode in 15 m[ of phosphate- 
buffered saline solution fl~r 24 h at room temperature. 
The amount of desorbed protein in t~e buffer was 
assayed with a Biorad kit [25]. it was assumed that all 
of the protein had desorbed from the surface as the 
electrode showed no apparent glucose oxidase activity 
after this procedure. 

Partial deglyco~ylatme of  glucose oxidase 
Glucose oxidasc of Aspergillus niger was partially 

deglycosylatcd by a simple method similar to that of 
Kalisz el al. [26]. A solution of glucose oxidase {10 
mg/ml)  and a-mannosidase (0.5 mg/ml)  in phosphate 
solution (30 mM NaHzPO 4, pH 5) was incubated at 

~7, (y hq  5h h. [ h , '  ,~olution ~,,;t~, then t~ltct,:d u', inu an 
\ m i c < m  uhralihraticn ~.cll (mode l  ~lGl~)~ith ;t Y M - I I I ( I  
111emhranc - - t,, im,o[CCUlar-,,+,,.-~:m cut-or! o1 appr~+ximatcl> 
II.~)(HH)) 1~) retain on'6 gluco~,c oxidasc. l 'hc pht+~,- 
phale-only buffer was exchanged tot the phosphate ~ 
buffered saline ( I | !  7.41 buffer specified ahtv, c+ uith 
the final conccntr;Mion of prim.in being I() rag/ml, 

,~li.wcllam,ou~ 
F'I'MAB ~'as obtained from Dojindt~ Chemicals. 

Japan. Glucose oxidase was supplied by Fluka, Swit/er- 
land. with an activity ,,f 215 L! mg i. All other reagents 
were purchased from Ftuka.  Signla or A ld r i ch .  Unless 
otherwise stated, experiments were pertormcd at 2(PC 
and most g)lution~ were not dcgassed and thus con- 
tained dissolved oxsgen. However, where necessary, 
solutions were saturated with nitrogen prior to use and 
the gaseous volume of the electrochemical cCI was 
continuou,,i~ imrg,:d with nitrogen using a system of 
rubber septa and syringe needles. Solu;.km~, were stirred 
magnetically. Surface tension measurements ~,ere per- 
iormcd g+ith a Gore-Chapman balance (Kruss, Ham- 
burg) equipped with e, Pt ring, at 20=C ~sith a trough- 
coxer to prevent rapid evaporation qom the bz;th. 

Denaturing sodium dodccylsulphate-polyacrylamide gel 
clot t rophorcsis (SDS-PAG E) was performed following 
the method of Laemmli [27] with an aerylamide con- 
centration of 1(1%. Molecular weight standard proteins 
were from Boehringer. Ultraviolet-visible spectropho- 
tometry was performed ~ith a Hewlett-Packard HP 
g45(IA diode-array spectrophommetcr. 

Results 

Eh'ctrochemLstO +d FT'~blB tn soh+t,,n 
A'. ha.~ been prcviou~b dcmonstr..ted in a n t m  bio- 

sensor-,wiented application [28-32] ~ll-ferrocenyl- 
undecyl~trimcthyl,'mlmonium bromide (FTMAB, Fig. 
IA) :tnd related compuunds possess rapid, e',cctro- 
chemically ~cversible. hcterogenous dectron transfer 
with a range of electrode materials. It ha~, been pro- 
posed that the compo-nd has surfactant properties. 
with a critic, ~l micelle concentration of less than 1 - I0 4 
M [30.31] wt~en the Fe atom of the ferrocenyl moiety is 
in the (11) oxidation state. Using a glassy-carbon elec- 
trode, with a solution of 5- 10 4 M FTMAB in phos- 
phate-buffered saline (pH 7.4). and either glucose oxi- 
dase or glucose present, cyclic vohammetry (Fig 2A(i)) 
sho~s a sharp peak in current corresponding to oxida- 
tion of the Fe (!1) form to the Fe (!!1) form of FTMAB, 
with the peak current occurring at a potential of + 95 
mV. (scan speed of 25 mV s+~). The oxidation peak 
resembles that of an electrode-surface adsorbed species 
in its shape and sharpness: however, the peak current. 
I r, was linearly proportional to the react of the cyclic 
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ditl'usi(m-limilcd rcacti,m: lr~mt thc Randlc,,-Sc~cik 
equation [33i ~ tlittu',lon coctlit.'icltl ol 1.69 × l(I " C l l '~  ? 

s ~ v,as detcrmiacd In the l:c (i!1) ",talc. it ha,, been 
proposed by Saj; and co-workers (3(). 31) that elcctro- 
sta!ic repulsitms cause the micctlc to mspcrsc. In con- 
cordancc v, ith their resuh,-,, the broad rcciuction peak 
at + 35 mV in the cyclic voltammogram suggests that 
the diffusion coefficient ,,,'f lhe monomeric Fe (ill} 
form is greater than that of the Fe ~il) in micelles, i.e. 
the Fe (I!1) R~rm may bc ejected from a micellc com- 
posed ,af Fc (il) species. The standard redox potential 
of Iq 'MAB in phosphate-buffered saline (ptt  7.4) solu- 
tion was dctcmdned to bc +65 mV as measured at a 
glassy-carbon electrode. 

in the presence cq' glucose t >  1 raM) and glucose 
oxidasc {>1-11} " M). the cyclic voltammogram of 
FTMAB displays a ,~.ave-l'orm commonly referred to ~ts 
a "catal~,tic ~a'~c" (Fig. 2A(ii} and (iii)). The exact shape 
ol the calal}l lC ~ a v c  ~'~,l~ tml~.-dcpcndcnt and corre- 
sponded to lhc macroscopic state of the solut ion/  
suspension. I rain ,l|lur additi~m of glucose and glucose 

~,x~dasc. lhc cyclic vtdtammogram shows nt~ re,brae!ion 
peak and the magnitude of the anodic current in- 
creases (Fig. 2Alii)). Macroscopically, this corre- 
sponded to turbidity of the FTMAB/glucose  oxidase/  
glucose suspension. After 5 min. the solution haO clari- 
fied; thix wax accompanied by a more pronounced 
catalytic wave {Fig. 2A{iii)) as observed by cyclic 
voitammctFy. Wc suggest that these t ime-dependent 
changes correspond to the reorganisation of FTMAB 
miccllcs around glucose oxidase; the protein is initially 
precipitated and then solubilised to form a mixed mi- 
colic, v,+herc mediation is most efficient. The catalytic 
wave has been rationalised [23] as evidence for fast 
electron transfer from reduced glucose oxidase to oxi- 
discd mediator (F ' IMAB ferricinium ion). coupled with 
fast. diffusion-controlled electrochemically reversible 
rcoxidation of the reduced mediator at the electrode 
surface. The second-order rate constant for electron 
transfer from reduced glucose oxidase to FTMAB 
fcrricinium ion was found to bc 5- 10 ~ M - '  s-~, thus 
in the range of values previously determined for the 
ferroccne family with glucose oxidase [6]. Additionally, 
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Fig. 2. C)'clic voltammograms (~'~eep rate of 25 mV s u) recorded al 20°C of FTMAB in solution and ad,,o-bed on a graphite surface. (A)(i): 
5.10 .z M FTMAB in ph¢~,phatc-buffcred saline (pti 7.4) solution at a gla,,sy carbon ~,orking dectrode, no glucose oxida.se or glucose present: 
(ii): as (i) hut in the presence of glucose (64 raM) and glucose oxidase (I .  10 " M). cyclic voltammetry performed 1 rain alter glucose 
oxidase/glucose addition: (iii): as (ill but U) rain after glucose oxida.',c/glucmc addition. (B) FTMAB coa&,orbed ~'ith glucose oxidase on surface 
of graphite as described in text. Cyclic voltammcu3 was pertormed in phosphate-buffered saline (pH 7.4) buffer ba)th in the absence of glucose (i) 

and in the presence ol glucose {ii) ~hen a "catalytic ~ave" v, as observed. 
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Fig. 3. The re la t ionship  of Cali, lylic currcl l l  h~ the critical tmccllc 
conccnt ra l ion  (;f FT. MAB.  The  catalyt ic  cur rent  ( ~ ) v, as rcc~)rdcd at 
a glassy carb~'m clcctr~Mc in phos, phat~:-.uf,",.r'-'=! . . ,hnc ~s~lution ( p l l  
7.4) of glucose oxidasc ~ I - I1) " M). glucose ( I1~1 raM) and F T M A B  
(from I • I(I -z to I11 z M) at 2IFC. l h e  cri t ical  m i c d l c  concenl ra t i (ms 
tff F T M A B  (~) and  F T M A B  ferr ic inium ion 1 • )  m ph()sphate- 
buffered sal ine ( p l l  7.4) buffer ~.ere de t e rmined  by the measu remen t  

of sur iace  ten,don. Tcmpcra lu r c :  20"C. 

the m a g m t u d e  of  the catalyt ic  cur rent  varies  with the 
concen t ra t ion  of  glucose in solut ion (da ta  not shown) 
as expected .  

It was seen that the surface-act ive p roper t i e s  of  
F T M A B  did  not pe r tu rb  m e  apparen t  activity of  the 
glucose oxidase enzyme.  No change of activity in a 
s t andard  assay (see Mater ia ls  and Methods)  was seen 
following a 1 week incubat ion of  the pro te in  (I - 10 " 
M) in an 5-  1(1 4 M F T M A B  solut ion in phospha te -  
buffered  saline (pH 7.4) at room t e m p e r a t u r e  Equally. 
a de t e rgen t  ana logous  m s t ructure  to F T M A B  but 
lacking the fer rocene  moiety,  dodecy i t r ime thy lammo-  
nium bromide  ( D D T A B ) ,  did  not affect the obscm'cd 
activity of glucose oxidase under  these condi t ions .  

The effect of  FTMAB concentration on its mafiation of 
glucose oxidase 

To quantify the effect of  the concent ra t ion  of  
F T M A B  on the na ture  of the catalyt ic  cur rent  pro- 
duced  in the prcsenee  of  glucose, the magni tude  of this 
cur ren t  was measured  in phospha te -buf fe red  saline 
(pH 7.4) solut ions conta ining a constant  amount  of  
glucose oxidase ( 1 . 1 0 - "  M), glucose (20(i mM)  and 
varying coacen t ra t ions  of  F T M A B  (from i .  lit - r  to 
1 • 10-2 M). The  magni tude  ot the catalyt ic  current  (i~) 
at + 4(X) mV was measured  from cyc'ic vo l t ammograms  
and the results  arc expressed graphical ly  in Fig. 3. It 
can be seen that the re la t ionship  is no: l inear  as one 
would expect  from a s imple effect of  amount  of  
F r M A B  added .  It was observed that F T M A B  is in- 
deed  active as a m c d i a i o r  below' a concent ra t ion  of  
19 - 5 M but that  there  is a rise in ac;ivity with F T M A B  
concent ra t ions  above thal  value. To complement  the 

c[cctrochcmic,d dala. th~ ,~it~ca[ micu!ic omc~n~1,~.- 
l iO l l s  Of boll": t h e  ICe ( i i )  and ( I l l )  b ~ r m ,  ~,! I - I M A | t  
w e l c  determined b,, m c a s u r c t l l c n l  o |  t h e  ~ . a r i a I l o n  o i  

sur lacc tension ~'ith F T M A B  concentra t ion  (Fig. 31. 
For  the Fc (!I1 form of  F F M A B .  :t crilic,|l micclle 
concentra t ion  ,q 5 ' l t t  I M ~a' ,  obta ined.  "lhi~ c~mc~'n- 
tratit,n cor responds  clo',ely to thai above ;,, hich mcdia , -  
ing actixit~ of F T M A B  incrca. , . . ,  

The  Fc (1111 torm was lo rmcd  by prcparatixc con- 
t r o l l c d p o t e n t i a i  thin laver electrolysis  of F T M A B  ( l i t  
(1 " 1(I " M solution in phospha te -buf fe red  saline (pH 
7.4)). Udraviolcl-vis ible  absorpt ion peaks at h2h and 
546 nm were recorded.  This solution, which showed 
foaming upon stirring or  gas bubbling, was then di luted 
to give a range ~f concen t | a t ions  between 1 • I() - and 
! .  10 : M. The xalue for the critical micctlc corccn-  
t rat ion of the Fe (1111 form of F T M A B  was signifi- 
cantly Ilighcr than that for the Fe (11) form. in the 
o rde r  of  1. 1(I ~ M. Therefore .  some surface-activity 
was preserved but it is l ikcb that miccllcs c t  the Fc 
( I l l )  form are not stable at high concent ra t ions  due tc 
charge repul~,ion. Addi t ional ly .  the solvent will have a 
grea ter  effect on the critical micclle concentra t ion  of 
the oxidised F T M A B  compared  to that of the reduced 
F T M A B  and o the r  values may u, cll bc dc tc rmincd  in 
buffers ,ff different  composi t ions.  ] ' he  presence o! pro- 
tcin (1 . lit " and I • !tt " M glucosc oxidasc, as in thc 
e lec t rochemical  cxpcr iments l  d id  not significantly 
change thc critical micelle concent ra t ion  as de t e rmined  
for e i the r  oxidat ion s;ate of  Ki 'MAB.  

t:h,ctrochenti~lrv Of co-ldsorl;cd I"IM.,IB am/ gh.ow 

An "enL',me electrode" ma.,, bc burned b,, incubalion 
of a piece of graphi te  ill a solution of glucose oxidase 
and t - I 'MAB as in Mater ia ls  and Methods.  F I M A B  
exhibib, fast. re~.ersible e lect ron t ransfer  ~,~hen ad- 
sorbed te i ther  in the presence or  absence of  glucose 
oxidase)  on the surface of  graphi te  of  low porosity (Fig. 
2B(i)) a l though the features  of  the cyclic v o l t a m m c t ~  
wa~,e are somoxha t  masked by the capacit ive current  
due to charging of the e lec t rode  surface itself. The 
rcdox potent ia l  of the adsorbed  FTMAB.  as judged 
from cyclic ~o l t ammet~ .  is approximate ly  +320  inV. 
represent ing  an increase of 255 mV ~,hen c o m p a r e d  to 
that observed for the species in solution at a glassy 
carNm e lec t rode  (see previous section). This indicates 
that the reduced  form of the F T M A B  rcdox couple  is 
preferent ia l ly  s tabi l iscd ~hcn  the KFMAEI is adsorbed  
on a graphi te  surface. The  posi t ions of the oxidat ion 
and reduct ion peaks are sepa ra t ed  b.-, only 40 mV ~at 
< 511 mV s ~ scan speed) ,  suggesting that the redox 

v,a,,es co r respond  to adsorbed  species  with little mass 
t ransfer  l imitat ions to h ,~crogenous  electron transfer.  
This was suppor ted  by the ob.ser~ation that the peak 
,xidaUon current  and the peak reduct ion current  were 



pr~h-~tutit~l/;~[ l,+ the {~,_h~_ XI+]],Illl;11ClI~ ".+,tIl ",]+¢~.'tJ ,1". 
o~+C v~,,uld -xpc t l  h ,lil ad,,~,rhud -,pccic, [J,.~]. -~. 
,urh~cc c,~xcragt: ~31 2.u ' + I ) - l ( )  m. fl on" '+~,.,, 
calculated (a t~+l+ti+,t+~tt,, mon~fla~cr ~1 I-'I+M.AI'~ +~)uld 
corresp~md t<+ appr<~ximatcly + - Ill ;'+ n+~l cm ' L From 
the prote in  a,,,,ax t+t gh,c¢,,c oxitla,,c tic ,t+rhcd lrona the 
electrode. ~,urfao' as in Matcriab,  and Mcthod~,. a glu- 
cos,+ oxidase ct;,+eragc ~ff 1.5. I l l  ,i niol cnl : v~;I,, 
determined+ The ~mpnrenl ,4,f ichiomclr,,  o [  ad,,orpl ion 
,~ilt bc discussc4 bchm. When the enzyme electrode i,, 
employed  as lilt: w~,rking e lec t rode  in a t h r ee -e l cc l rode  
system+ a "catalytic ~ave '  i~, observed ill the presence  of  
glucose (and propor t iona l  to the glucose concent ra t ion) .  
a l though due to the hackground capacih~,:  cur rent  the 
~vavc is manlier, ted as a net shill  t~l Ihe t / . ' l '  relati~m- 
ship in the direcli~m of oxidat ion (l:ig. 2 B ( i i ) ) ~ h e n  
compared  to lhc eqtm.alcnl  c.~clic xnl ta tnmclD v,a~.c in 
the abe, once o[ gluct~s¢ (Fig. 2B<i)l. 

(;Itu'o',e ',cnsmt' b,, ,.,,lt+~~;,,t' +nitla.st' ,' I.I+.+L.IB clef/rode,, 
(hr~mt~,mlpcromct~3 ~,a,, u,,ed 1o quant i l3  the mag- 

ni tude ol  the catal) t ic  current ,  rcgi ' , tered at a given 
potent ia l ,  p roduced  at an enzyme e lec t rode  immer~,e,J 
in pho~,phatc-bulfered ~alin¢ ( p | |  7.41. |OIIo~ving addi-  
tion of aliquot~, ,)l glticosc (u',ing a 1 M stock solut ion)  
to give final conccntrati~m~, in the cel lule of. typically. 
1. 2. 4+ ,~. I(~. and 32 raM. The  ~o rk ing  enzyme elec- 
t rode ss'as held at a pntent ia l  correspm~ding to the 
o×idation peak ob~,cr~ed lo t  the rcdox couplc  of  ad- 
,,orbed F 'FMAB to ensure rapid e lec t ron translL'r: thus 
~ i lh  cnzyn+e cl, . ' : trotlcs all mea,qm. 'mcnts  xverc per-  
|'orn+ed at + 35t~ inV. The  trace of a typical chr tmoam-  
pcromel r ic  exper iment  is shoxvn in Fig. 4. Upon  addi+ 
tion uf aIitlut+ts of I n3olar glucose solut ion in phos- 
phatc-I+uffercd saline (pl-! 7.4). an immedia te  incrcasc 
in current  was ob,~cr','ed with a maximum vuluc being. 
reached af ter  311 s+ The rate '-q rcxpons;: ~as  in fact 
l imited h~ the mixing time of ,,olution. as an increased 
rate o1 mechanic,d sl irr ing ua~c a more rapid re,,ponnc 
,,hich. h,mcver. , ,ult¢red [rol'n r'nol+C "noise" ~ h c n  inca- 
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and the ,,1¢;, !~.-~,l.llc currenl'., v.cre rc¢ord~:d. Tempera tu r e :  2(F('. 

suring the I~ackground current .  Thc  response  was sta- 
ble over a number  of  minutes ,  except  at the higher 
o m c e n t r a t i o n s  of  glucose (32 mM and above)  where  a 
"tailing oft" was seen af ter  the peak  cur ren t  was 
rcacl: , .d.  The  response  of  ident ical  e l ec t rodes  p r e p a r e d  
in the ,~ame incubat ion solut ion of  F T M A B  and  glu- 
cose oxidase did not d i f fer  by more than 5C~ in thei r  
charac ter i s t ics  of  response ,  ahhouffh this d i sc rcpant3  
v,a~, nea re r  lilt+; whcP e l ec t rodes  from diftcwent incu- 
bat ion b, | tehes were  c ~mpared. The  "c~9onse of  simi- 
larly p r e p a r e d  cicctr~,des in both the p re sence  and 
absence  of  sa tu ra t ing  n i t rogen is d i sp layed  (Fig. 5). The  
presence  of  sa tura t ing  air  r educed  the eu! rent  dens i t ies  
by .,,ome 3lie; (da ta  not shownk  rep resen t ing  the com- 
pet i t ion of amt~lcnt O+ with F T M A B  ferr ic in ium ion 
fnr reduced  glucose oxidasc.  Hov,cvcr.  thc shapc  o f  the 
plot o[  response against  glucose concen t ra t ion ,  for 

ell! ~ e~l r+ 

/ 

• .._ t 4 " - - - I - 1  I I 
7)? ,47, 57 '  ~ ',? - , . ,  = " 

t i m e  (seconds) 

1 I i t I i 
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glucoxc x',',a).¢d in pho,,phal¢-buf letcd ',aline I l q l  "7.4~ bu l l¢ l ,  rh , :  ck:c l rodc '~.a', prepared h). incubat ion in a gltll.'~su ' n x J d : e , c / F I ' M A B  solut],tm 

as dcxt.'rihcd m 'k|,ti,~'ti,tl,, :rod M~:lllt~d.,..+'~ u'on.,Iant poh:nlJa] ot + 35(I m \ '  ~as applt¢'d Io lh¢ electrode. Tcrnp~l 'a lur¢.  2IF(++ 



example the limit of lincarit~ of re.,pon,,c, was 'qn'ular 
in both cases. In addition, electrodes incubated v, ith 
glucose oxidasc and f'-I'MAB did not show a qgnificant 
response to glue~sc when the I:TMAB concentration in 
the incubation solution was below.' its critical miccllc 
coneent rat ion. 

i t was also flmnd that cleclr,~,!,'s, once incubated in 
a glucose oxidasc/FWMAB solution, could bc rinscd. 
left to d~'  fi~r hours or days and then rchydraled prior 
to scnsing of glucose. Performance was not significantly 
diminished. Limited ageing studies on the scale of 
weeks, using dr}' electrodes cxposcd to ambient condi- 
tions of temperature,  light and air, showed a moderate 
loss of performancc upon rchydration relative to a 
similar electrode that had not bcc ,  , 'ried (t5~; . de- 
crease of maximum current with 32 mM glucose, per 
week stored). Once immersed, activity is lost in a 
matter of hours lhrough dc~,orption of enzyme and 
mediator, as wi~h an electrode that is not dricd after 
removal from the glucose ox i da s e / F TMAB  solution. 

Preparation of parthdly (h'g6"co,iylated ghwose oxMase 
Glucose oxidasc was fi)und to exhibit different elec- 

trochemical and physical propertie,  alter treatment 
with the enzyme a-mannosidase.  After only 1 h of 
treatment as described in Materials and Methods, Ogci 
of glucose oxidasc originally in solution was macroscop- 
ically precipitated and formed feathery aggregates. For 
incubation times up to 12 h, the apparent glucose 
oxidase aelkity of this precipitate (when stirred and 
fully suspem~cd in the solution) was unchanged relative 
to thc commercial cnzymc. Aflcr 36 h incubation 
apparent glucose oxidasc activity was still t,;()ci of the 
pre-incubation activity of the glucose oxidase sol ,don. 
As mon;tored by the ratio of flavin absorption at 440 
nm to aromatic amino-acid absorption at 280 nm 
( A4~,,/A 2,~o for commercial enzyme = (). 15), the super- 
natant was enriched in FAO (A44o/Az~. = 11.43) sug- 
gesting some loss of FAD (3% of the total present) 
from its binding site in glucose oxidase during the 
deglycosylation/prccipitation process. However. thc 
a -mannos idase - t r ea t ed  glucose oxidase has an 
A~,/.12.~, , ratio of 11.2. a value for which wc cannot 
readily account as it suggests enrichment of FAD or 
loss of protein.The latter possibility i,, ruled out by 
analysis of  total protein retrieved after ultrafiltration of 
the t;eated sample. 

As monitored by denaturing sodium dodccyl sul- 
phate polyacrylamide electrophorcsis (Fig. tO, commer- 
cial glucose oxidasc from Aspergillus niger gives risc to 
one diffuse band (typical for glycoproteins) with an 
apparent molecular weight of 65-671)00 for the single. 
dissociated subunit as judged against molecular weight 
standards. After 3~ h incubation, a single, slightly 
sharper band with an apparent molecular '.,,eight of 
62-65000 was obserxed (the a-mannosidasc itself 

1 2 3 4 5 6 7 
Fig. f~, Dcnaluflng M)~-pol~ac~l,,m~dc ,:k*clu ph,.c..', g~.*l to .h,,v. 
|ILL" ¢[[~(.'l Ol fl-rndnlll)~idil,,t: tr~_.alrllcr}t ~,I "hl~,rl,'dh¢,'. tU~.'cr !:tUtt~'~C 

o~da'.e. Acl31amidc ¢'om:enlrat~on. I0 '¢ K¢} ( t rom I,.'t1 to right~: 
lane I. molecular  ~,eighi '-  ,ndard'," lane 2. bovine , , c r u m  albumin;  
lane ?,. ~ phage: lane 4, commercia l  gluc~,,e oxida,,e ( IIXl/,tg loaded);  
lane 5. gluco,.,e oxldasc  and ~ - m a n a o , , i d a s c  ;ifler 3fi h incuba t ion  t~.cc 

Maler+al', ;rod Method',)(1<~1 # g  h+adcdL lane 6 molecular  weight 
,,tand;:Drd~: I,me 7, commelc ia l  ghJt.o,,c ,~*xv, lasc (10 ,~z,e Io,Mctl) l-he 
m**lecul,~r v.clght ..tandard'., ~ e r e  (h-~Jm lo,'t ,*l gel) m~,osin, 2(HIIIIXI 
moh:cular  v,~-ight. ,/Lgala~'h~ida.~:. l l¢,);(~: p',.,..phor~l,~sc I,. ~vr-II'~i. 
o '~ l l 'an, . terr in .  7¢, 7,~IIO(I. g lu|dl lh l lc dcl'i'~(ho~cll;*~.¢. ~'~ ~|NI :,~alht~- 

sho~'.'s t~o bands on the gel. corresponding to molecu- 
lar weights of approximatch.' 25(~)0 and 4001~i). This 
indicates that the protein species is still hetcrogcnous 
but that the average molecular v, cight of the glucose 
oxidasc moleeuies has decreased by approximately 
50011. It is suggested that this net decrease in molecular 
weight is due to partial deglycosylation (S{~Xl molecular 
weight col responds to 31V,; of the total carbohydrate 
initialb present) of the glucose oxidase by a-mannosi- 
dase. The precipitate.,, of protein were not dispersed by 
FTMAB c,r DDTAB above thcir rc,,pective critical 

;cello concentrations. SDS, however, in a 5% solu- 
tion. did disrupt the pr:cipitatc: all the protein in a 
sample entered an SDg-polyacrylamide electrophoresis 
gel. Commercial glucose oxidase incubated under the 
same incubation conditions but in the absence of a-  
mannosidase showed no change in apparent activity, no 
precipitat ion/aggregation and no change in the appar- 
ent molecular ',,,eight of the suhunits. 
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l h c  l~; i l t i : l l !  ,, ,Ic<..,l$ct~lalcd ~.!luc~,.c (~\ id:t ,c ' .  ,>b- 

l a i l u : d  h~ i l ic ' l i t~,Hi lul  h i l  i l l  h ~ i l h  . - l l l , , i i l l , ~ q d u s c  

I f~lh, ' ,~hle.  imni<, \ i i l  ill: the  <t. ! l l ; t i i l l~ l . ict i lxc'  t~. | i i l i ; l l { t l l a -  

l i o n  as in M;. l tL ' l ia t ' ,  a n d  Mcth~ lc l~ l .  ~.','<is l l l c ' o r p { l t a l c d  i l l  

Cl~ZVrt|c electrodes cx : t c t l )  ;i~ ~ i t t i  l h c  c . -_ .m~. ,c ia l  - l , i -  

c o s c  oxid i i~c .  

(;hlco.~(' S('ll~/~lt~ 10' I;arli°Jlv-dc.K'fw<*k vtah'd /.,'h~( ow" , , . l i-  

da.s(" / l"'131.1l?, (']c('l,Y;d(', 
"l'hc response,, ,ff cnz,,nlc clcclrodcx prupurcd ~ith 

parlially-llcgl}'co~,yl;.ilcd glucose ,lxidas~: in place o1' 
Comlrierci,ll gltico~,c o\idal,,c arc sho~vn in Fig. 7. ,% 
conlrols, commercial ghlc.~c nxidasc and t : I M A I  ~, ~crc 
mcul~atcd ~i lh a g|:u~hilc electrode ~i lh  lhc ,,amc 
condition,, (plt~ ionic Mlcngl',l i l l  buffer, tcmpcralurcl.  
or combin:Hiom, lhcrccl. :1:, used in the partial dcglyco- 
s~iati(m rc;.IClioll...\II electrochemical cxperimcnls ~ crc 
pcrforn~cd in pho' ,phutc-buffcrcd saline I ptl 7.4L thai 
is, oi11', t h e  i l l C i l b i i l i o n  c i m d i l i ( n l s  f o r  the glucose oxi- 
cht~,c ' " i  ~ 1> I~ e l e c t r o | i t > ,  ~ c r c  d i l ] c r c n l .  II wi~s s e e n  

I h  • t I } - d c g l ~ c o % ' , . t i c d  g l t l c o s c  o x i d a s c / F T M A B  

~.Icc .,, e , :~c c u r r e n t  d e n s i t i e s  g r c a l c r  t h a n  c o p ,  m e r -  

e, ii g h i c o s ~  o x i d ; i , , c / F T M A B  e l e c t r o d e s .  T h e  e l e c t r o -  

, .  cn | i ca l  r c x , l o l l s e s  O[ gluco<;C o x i d a s e / F I M A B  a n d  

p a r t h i l l y - d c g l . ~ c o s y l a t c d  g l u c o s e  o × i d a ~ c / F I M A B  e l e c -  

t r o d e s  t~  a d d | f i r m  o f  g l u c o s e  a r c  c O r l l p a r e d  in T a b l e  I. 

l n c u h u t i o n  o f  c l c c t m d c s  ~ it h F I ' M A B  a n d  c o m m e r c i a l  

glucose oxidant in s o l u t i o n s  o f  l o w e r  p H  aud /o r  l o w  

iollic s l r c l l g l h  C O l l l p a r c d  t~.) ph,sphalc-buffcrcd  saline 
lpl t  7.4} did indeed gixc rixc tn incrca,cs in CUllcnt 
dens|lies bul Ihcsc xscrc nol ;is m irked as lllosC pro- 
duced by thc tmc o |  dcglycosyl:ltcd ghlu~,c oxidasc {see 
Fig. 7). In cases ~vhcrc graphite rods sscrc incubated in 
~,olulions of  Ihc lhc commercial enzyme with vao ing  
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| ' i g .  7 ( t r a p h  ltl sho~.~, llt;Igl/llLltlC tit :tlllpernmclri¢' responses of. 
parliall'~ degl,,co%lalcd and g!.,,c(~,.~laled gluco,,e oxida~e/ t - ' lMAB 
cn/)mc+clcclrodc,, In addllion ~l gluco',e. Graphi te  rod', ~e re  illCU- 
hated m ,t l'~ho,,phate-builercd 'qdinc-sOlulmn I |) t l  7.4I of partially 
dcgl),scl,,)laled glllOn,.c oMdlr-,c (ill rag/roD ilrld F I M A B  t 5 - l0  4 
Mi (,..~ ~ or in commercial gluco,c ~xidahc (Ill m g / m l )  and I-~MA[~ 
15" Ili t M) solution,, (~I ~.aDine buffer compos, ilion: 30 mM phos- 
phate (pl l  5.111. ( I  k pllo~,phal¢Ihilllered ~alill,2. ( p l |  5.O1. (o); 311 m M  

pilo',ph:dc (pl| 7.41. (:. 1: pho~,,ph:ite-bu[fcred salill¢ (pll 7.4L ( O ) .  
All mca,u~cmenp, ",~,erc perlormed MenlicaII.~ m pho:.,phalc-buffered 
,,aline Ipll 7.4) hurler. ,aiIh cnz)mc-clccII-t~dcs having been rinsed in 
thai buffer after incub,ltion, l'kc dcctrodc' ,  V.ele held at a potential 

bufler composit ions ,  the amount of  protein adsorbed 
~ a s a l ~ a $ : ~ i n l h c  r a n g c o f  I-  id ~ m o l c m 2  similar 
to lhal for the commercial  enzyme  in phosphate-  
buffered saline (pH 7... I. Howe,'cr a detailed qudy of  
the obserx'ed act |r ib  of the adsorbed commercia l  en- 
z.vmc was not carricd out. The results serve as controls 
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to demonstrate thal the effect t~l dcglycll',ylatioll is the 
nlajor effect ob~,ewcd. 

Discussion 

T ,  . . . .  ~ . . . .  ¢ , . l . ' , - t m ~ - h ¢ - m i g t r v  in miccllcs h:ts re- 
ceived some attention [2(I.34] and in particular the 
effects of dctergent species on the clcctrochcmistD' 
and mediating act io,  ot small, monomcric ferrocencs 
[18,351 and tetrathiovalene [36] have been thoroughly 
investigated. Due to coulombic and noncoulombic cf- 
fccts, the electrochemical properties of the surfactant 
solubiliscd molecule are frequently m~xlified [37]. By 
appropriate choicc of  the detergent 'host ' ,  the electro- 
chemical properties of the redox-active coml~mnd may 
be modified and often lead to enhanced rates of elec- 
tron transfer [19]. The [:TMAB moleculc possesses 
redox and detcrgcnt properties. The ferroccne group 
could be envisaged as being nuried in the middlc of an 
insulating micetlar structure: however, the heterogc- 
nous electron transfer of the FTMAB ferrocene with a 
glassy carbon or graphite remains electrochemically 
reversible, demonstrating that the "Jynamics of mono- 
mer association/dissociation with the micelle, or the 
dynamics of the assembled micelle, are sufficiently 
rapid not to limit heterogenous electron transfer. 

it has been previously suggested 1311,31] that the 
F I  MAB ferricinium ion does not form a stable micelle. 
Our findings indicate that following complete electro- 
chemical oxidation of I :FMAB to the i :TMAB 
ferriciifium iota the chemical retains ~ m e  surfactant 
activity, with a critical micelic concentration of I -III  ~ 
(against 5. 10 ~ for the reduced form). Cyclic voltam- 
metry shows that an ad~)rbed, mixed micclle of 
FTMAB (II) and glu:ose oxidasc may exist. Even 
though it is the FTMAB (111)that interacts with the 
active site of glucose oxidase, we suggest that in solu- 
tion. a micelle of H ' M A B  {!1) provides a high local 
concentration of mediator. An increase in the mediat- 
ing activity of FTMAB in solution ix observed above il 
concentration of approx. I • Ill "~ M: this eorre.sponds 
closely to the critical micelle concentration of the 
FTMAB (II) suggesting thc importance of thc miccllc. 
Upon oxidation of FFMAB (11). the (111) form may he 
ejected from the micclle: this would promote intcrac- 
tion with a nearby molecule of glucose oxidase. 

The second-order rate constant {k, 5 " 10 ~ M i s ~) 
for FTMAB ferricinium ion reaction with glucose oxi- 
dase is of the same order as those constants found for 
other, non-surfactant ferrocenes [6]. This shows again 
that the presence of the ferrocene group itself within 
the micelle (as thc redox group is at the opposite 'end" 
of the molecule from the polar h~,ad-group) does not 
prevent interaction of a given monomer with the active 
site of glucose oxidase. The rapid association and dis- 
sociation of monomers of FTMAB with micelles may 

()q 

all(~'. ~, Ih¢ Ir~trl~porl i~l the rccluccd r l l~t i l~l l l '~l .OASis, tll~I~ 
the actkc ,,ite of the c~/$mc. 

In the cqui~l lent configuration f~r ~l ~,mc, ll. 
monomeric fcrroccne such a~, dimeth,,Itcrr,~ccnc, the 
mediator is often mixed in a paste of paraffin oil vsith 
gluco~,.' oxidasc, and :t graphite pounder :o en,,ulc clcc- 
u i,.,d c~;nd:-'2!i,,'~ ,ff tqe re,,ulling electr¢,de. The paral- 
fin oil ix nece,,saD due t¢~ the low solui~iim,- ¢,I [~r 
rocene in water [18] and se~es, as a re~,ervoir of media- 
tor due to the high partition coefficient of ferrocenc in 
the oil. In the monomeric ferrocene system, upon oxi- 
dation of the ferrocene at the electn~dc, lhc fcrriciniunl 
ion thus formed is ~lluble and v i i i  diffuse to the active 
site of gluco,~e t~xidase where it may accept electr,,n~ 
from the reduced flavin group of glucose oxidase. How- 
ever. when reduced to the ferrocene, the solubility is 
p¢~r. In the case of oxidised I : I 'MAB. the solubility of 
the reduced fl~rm of mediat~,l i,, signif icant 1o further 
understand the possible adv~ntages conferred b.~ the 
presence of a micell¢, one v, ould wish to investigate 
the kinetics of electron trar .fer from glucose oxidase 
to the oxidised i : IMAB with bulk I:FMAB concentra- 
tion below the critical miccllc concentration, h~r com- 
parison. The sensitivity of the cyclic ,,oltammetD'-bascd 
method does not extend to this low concentration and 
stop-flow measurements ~ould hay,.' to he used. 

This model for association and mediation is not 
necessarily confirmed by the perceived stoichiometry of 
twenty admJrbed FTMAB it) one adsorbed glucose 
oxidasc [mol /mol .  2 . 9  10  i, and 1.5- i0 t~ mol cm-'. 
respectivel!,) which would not instinctively correspond 
to a complctc miccllc of I:TMAB anlund glucose oxi- 
dase (approximately llMl: I. see also Ref. 211. Ilowcver. 
two very different as~,ay principles are u,,ed t o  dcrive 
these values and it ix likely that the clectr¢~:hemical 
method for F IMAB.  the protein assay and the activity 
as,,ay Ior glucose oxidasc arc likely to probe greatly 
different populations of the respective molecules: 
FI 'MAB at or far from the electrode surface, adsorbed 
denatured and non-denatured glucose oxida~,e, etc and 
the a,,,,t~.'iatcd error,, may bc significant. The manner 
of adsorption of t" l 'MAB/glucosc oxida-,e to surfaces 
warrant,, a separate investigation. 

l 'hc electrochemical response to glucose of end,me 
electrodes prepared with partially-dcglycosy[ated glu- 
cose oxid~se and the determination of the rate con- 
stant {k) filr electron transfer from partially-deglyco- 
sylaled glucose oxida~2 nrovides further infl~rmation as 
to the mechanism of glucose ox idase /F l 'MAB media- 
tion. Additionally. a number of interesting observations 
on the role of the polysaccharide chains of glucose 
oxidasc in mediation can be made. It has been demon- 
strated here that in phosphate-buffered saline (pH 7.4) 
solutions the apparent activity of partially-deglyco- 
sylated glucose oxidam with respect to gluco~ and O~ 
is the same as for commercial glucose oxidase. This 
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c~urcl:tlc,, v.llh [+r,.:~.iotJ,, l t t i  lu'.. N,tk:+llltI!~,~ ;mtl co- 
v+;nkci', [3X.3~I] irc~ltcd vllw<~/< • ~v~ld~,,c x+ith i+cri<~d;m • 
l~+ i~xid;v,c c~li[vdl}dl,ttc'; the ILLS'; hll:d ,_:~rb~d+>dr~ttc 
b', v~cight '.~a,. l cduccd t~ 5 .5 ' ; .  l hc  ;l<:ti,~it~ tel gluctl',c 
oxid~,,c and its gr~.,, q ruc tu rc  x'~;ix ~pparcnt ly  Hn- 
changed by thi', tre',ltltlenl: the ~,uth,+r,. , ,uggcsted that 
t]lC p~+l},,acch~ridc muict> td gtuct+sc o'dtla~c , ,c~'cd 
only to incrc~,~c the thermal  ~,labilii~ to SI)S de te rgent  
in~wtivaiitm. In ,+thor c,~,.cs in the l i terature [4(I]. me,]- 

. , '  • I , . " ' 1 " I h l ~  lion is I]latLk." I)l ;.1 pClltl(l,ntl.:-~t.~ldl~t.u t..;ii,,+~,iii~. ,i~ ~- " iii~ 
bccn incorp~+ratud into cn, '~mc e lec t rodes  but this 
species appear, ,  not t,o h:~xc bccn rigorously charac- 
terincd: carhoxyl groups were ere;fled but the cxlenl  of  
p~dy~,,iccharith.' chain los,, w,,,, n~t de te rmined .  No prc- 
vi~nn,, cxpcrimcnlcr~, ha~.c rt 'm:trkcd Ihc prcuipil;ulitm ~q' 
p,t,ti:lllx' dcg l )c~ , ) l a t cd  gluctv~c tlxid~l~,c or clllcc|s "ill 
the c!cclrt ,chclnislr~ ~ l  lhc  Cll/.kllle, It zippe~Irs that 
i taly ~i minor  h~,,,, (31F ; i ,it p~fl3s,lccimridc ix suHicicnl  
to modif.~ lhc clcctrt~chcmic:d :rod phy,dc,d propcr l ics  
it" ,Jlucl+sc llxic!asc. 

I"tlllox~ing p,lrti;~l tlu.gl)ct~s.~l:iti~n ol gltlt:OSC oxid;.i',c. 
the nlorc h3dr~phtf~ic ,,urt:lcc. ~ i lh  Ic,,s s lcr ic  intcMcr- 
cncc b.~ lh," pltl)s:ic, h:ilitlc chain,,. ~ou ld  allo~; caster  
uccc.,,s ,d  detergent, ,  ,,,ic!~ m, SI)S and t--I'MAB. r h c  
incrczi.,,cd current dcnr, ilic.,, ~bta incd wilh parl ial lx dc- 
glycos)lalcd ghico'~c o x i d a , , c / f : I ' M A I ]  e lectrodes ,  to- 
gether  ~ i th  :i ~,triking. t~'.~ ordern of  uilagnitudc in- 
crease in k for I:TM/'-,I$ and purt ial ly-deglycosyl , l tcd 
glucose oxid;.ise, indicate thai t hc ~,urface ctmformati , tn 
of gluc~+su oxid;ise, a', ;ipproxim,lt~.d by the amllunt  ;tad 
n:l turc ~d the pol.~naccharidc chli in~ a l l i l chcd there, hiln 
a nmjor in l luencc on the in lc r i l c l ion  t~l I : T M A I I  ~ i th  
the aclixe SllC of  lhc cn/.',mc. Incuba l ion  ~I commercial  
ghnco,,c i~xidasc in buHcr~, t~i p l l  5 :lad love ionic 
.qrcngth 131)ram phosphah.'), lhc buf fer  used for the 
dcglycllsyl,ltion react ion ~i th  , -manmts idusc .  alno in- 
crea.sed the current  dcnsitic~ produced  by the resulting 
cn/.~mc electrode,  indicating ~,iriation in the apparent  
~.tcli~.ily o/  lhe adsorbed pliqCWi, ll.~,,c~.Cl, aline ill 
thc~c circt inlManccn h:id niiCtl a n l l i rkcd c[tccl  ii~ pzir- 
tim dcglyco.,,yl:tlic, n ol the cn/~,mc. 

Rcmtv~al of the polynuccharidc, or  ;l por t ion thereof.  
xxould lend to incre:,,,c Ihc hxdrol~htibic ch,,r,lctcr tiC 
lhS glli~'osc oxidils¢ l l lo l¢cl l lc ,  J+hc oJ~l',¢la, Cl.t prccipit t t- 
l ion ~tiggc.M~ thai cl inl : ict  bc i~ccn  rt+xciilcd, IlStlitll~htl- 
bit' rcgions of d i f l¢ ren i  prote in nlo lcculcs leads 1o 
aggrcgalittn. The apparent glucose l lxidasc activii.'l is 
higher in iXtllittlly-degl3ctlsylatcd gluco.,,e oxidase than 
in the commercial  enzyme but only in the adsorbed  
state ( ' l 'ablc I). Both the commercia l  cnz.~mc and par- 
tially-deglyco.nyhttcd glucose oxidasc arc Its.,, aclix'e 
when adsorbed  btic the partiall.~-dcgl.~cos~laled gluco,,c 
oxidasc ;.iggrcg;,lle~ retain more app;.irenl ac tk i ty  fo r  
u .... :~,. +I~, ~7:~C,,. ........ b . . . . .  ~, ol adsorpti tm. It ix gcncra l l )  ac- 
cepted that wheM prote ins  adsorb  to ,n solid surface. 
the.,, change their  sccondar3', tcrtk-'r3' and t lUalerna~ 

',,lructtirc',,. ~,'~hich I I I ; I }  III turn ]cad h~ ,, c)';mg¢ il l 
Iv~h~gical m:lb.il~ [41 ] r I hc p, lr t iMly-dcglycosylalcd glu. 
c<,xc t~xMasc aggrcgatc'~ ma~ hc m:)re resis tant  to these 
lur thcr  , ,(ructural changcn induced by adsorpt ion .  

Our  conclusions complemen t  those made by [ ~ u r -  
diNon ~,nd Madj~, [21]. These  aulhor'~, using a surfac- 
rant molecule ,~ith Ihc fer roccnc moiety at the hy- 
drophilic, positivcl~ cha rged  hcadgroup,  conc luded  thai 
',~ppr<~ximately lt~) surfaclanl  molecules  aggrega te  
..... . . . . . . . .  ,:nt~rc glycoptt , tc in ,,hell of  the glucose 
oxidase molecule,  a number  ~'reater than one  wuuld 
expect frum purely c lcc t ros ta ' i c  cons idera t ions .  ] ' hey  
~,peculalcd thai "electrostat ic and  hydrophobic  fl~rces 
cuuld thun bc involved as well as intercalation" of the 
,,!.Irf~.lCtillll mtf lccule into the prote in .Mructurc. [:Itq+l 
tmr rcsulln. ~c see thal  the apparent act ivi ty o f  glucose 
oxidase ~+r part ia l ly-deglycosylatcd glucose oxidase is 
unchanged by pro longed incubat ion in a so lut ion  ( 2 0  
m M i  t+l I -+I 'MAB (and equal ly  D D T A B ) ,  demonst ra t ing 
that the pro lc in  is not func l iona l ly  per turbed by the 
prc~cnce and possible intercalat ion of  such detergents. 
Ho,.vcver. the duactivatnon of  glucose t',xidase by hexa- 
dcc.~ttrimcthylammonium bromide  (HTAB)  has been  
reported [42): ~ c  suggest that the ('~,, acyl chain of  
HTAB denatures the enzyme readily compared Io the 
('~: chain of I)I)TAB. Wc note that t'q+MAB and 
D D T A B  do not d isperse  aggregates  of  par l ia l ly-degly-  
c~ls.~lated glucose oxidasc whereas  SDS does.  

The  format ion of a surface adso rbed  mixed micelle 
of gluct~sc oxitl:l~,c/i:TMAB is indicatcd.  Partial  degly- 
c~syhiti~m ~I glucose oxidant  leads to more  efficient 
media t ion  b~ FrMAEI :  ~ c  al.,,o .suggc.,,t lhat  the use of  
degl.~co%vlatcd enzymes in bio.sensors may impr~we per-  
formancc. 
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