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In the 5-8 mM glucose concentration range, of partiular Inspired by this work, we elaborated a GOx bictetee

interest for diabetes management, glucose oxidaseso Where the native flavin has been replaced by arflanalogue

bioelectrodes are @ dependent. Thereby decreasing their ~and studied electrochemically the effect of suchsttution on
w efficiencies. By replacing the natural cofactor ofglucose  the oxidation of glucose undep @t Ar.

oxidase, we succeeded in turning an Jensitive bioelectrode

into an almost insensitive. As illustrated in Scheme 1, 6 steps are requiveabtain GOx

ss Where the native flavin has been replaced withdic&toro-FAD.

Glucose oxidase (GOXx) is one of the most freqyenged All experimental details can be found in supportinfprmation
enzymes in enzymatic biofuel cells and glucose drisers™*, and have been adapted from previous reports toligintpe
1s due in part to its high stability in physiologicainditions (neutral ~ methodology and improve the yield of productién? Briefly,
pH, 37°C, in presence of NaCl) and its narrow sutestra we first optimized and reported a two-step prototai the
specificity towards glucose. In numerous electrouical 6o synthesis of 7,8-dichloro-riboflavin with a 2.5-bincrease in
devices, redox mediators (M) are used to eleclyicainnect the ~ Yield compared to previous five-step protocol meith¢step 15°
GOx active site (FAD/FADH to the electrode. These After overexpression, production and purificatiohHplo-FAD
20 compounds are able to oxidize the reduced form @k @nd  Synthetase (step 2), apo-FAD synthetase is preffated 3) and

shuttle electrons to the electrode surface. (eq 1) mixed with 7,8-dichloro-riboflavin in presence of &xcess of
es ATP and MgC}, leading to the formation of 7,8-dichloro-FAD
GOX-FADH, + (2/%) Mox) — GOX-FAD + (2/X) Mrepy+ 2 H (1) (step 4). Apo-glucose oxidase (step 5) is finadigonstituted with

7,8-dichloro-FAD (step 6) leading to the formatioh FADCI,

2s (Where x = 1 or 2 is the number of electrons abdld by the  with a yield ofl149%.

oxidized redox mediator from the GOXx) @ 7,8-dichloro-riboflavine

However, this process is intrinsically limited bthe o
competition with molecular oxygen, which is theurat substrate
for the oxidative half-reaction. (eq2)n addition, Q@ may also
30 interact with the reduced form of the redox medidtdts redox

potential is not chosen properfy. @ HoloFADSynthetase _ a ALAK
75 R 2% D

A om
*7Y,  Z8-dichloro-FAD (FADCI)

GOx-FADH, + O, — GOx-FAD + K0, 2)

s Minimizing the competitive oxidation by s a long standing @
issue of bioelectrochemists and efforts have bessertially
directed to the design of new redox mediators eriitiprovement
of enzyme immobilizatiod* The use of oxygen-tolerant,,
enzymes such as cellobiose dehydrogenase or FABPe&du

10 dehydrogenase is also a promising alternatf.

In their pioneering work to decipher the electtoansfer in
GOXx from Aspergillus niger Klinman et a*> *® showed that the
Michaelis—Menten constarity, (O,), was dramatically increased

for enzymes containing modified flavins and wasilaited to @ ., scheme 1Preparation of FADGH Glucose Oxidasa) synthesis of 7,8-

FAD- Glucose Oxidase Apo Glucose Oxidase FAD Cl,-Glucose Oxidase

4s change in the driving force for outer sphere etectransfer. The dichloro-riboflavin;2) production/purification of FAD-synthetasg);
rate constants../Ky (O»), for native glucose oxidase was (1.6 + preparation of apo-FAD synthetag@preparation of 7,8-dichloro-FAD;
0.2x 1P M st and (7.5 + 1.6 10* M! s for a GOx modified 5) preparation of apo-glucose oxidaSgreconstitution of glucose

with a flavin analogue; 7,8-dichloro-FAD. oxidase with 7,8-dichloro-FAD.
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_ K
Protein Keat Ku(FMod  Kuiapp (FMOX)  keatKnt(FMod)  KealKniapdFMo) Ku(glucose) , <ea/Ku
(Glucose)

. (sech (uM) (uM) (@MTtsed)  @M*secd) (mM) (MM sect)
WT-GOx (Ar) 822+ 9 132+ 6 6.2+0.3 51+7 16+ 2
WT-GOx (Q) 689+ 20 250¢ 27 2.7+03 54+ 11 12+ 3
FADCl-GOX 1602+ 32 118+ 10 13.6+0.2 37+2 43:3

10 (Ar)

2 FAD(%SGOX 1505z 53 126+ 38 11.9+04 35:3 43:+5

Table 1.Kinetics parameters (per active site) of nativé BADCL - Glucose Oxidase with glucose and ferrocinium-raeth as substrates in presence or
absence of ©

25
Steady state kinetic parameters of the new GOX-EWBD

(-0.126 Vvs. NHE) were evaluated with ferrocinium-methanol forFtlﬁell':\atsicgvgotre(brlgzlliltllgge)cg(rzlltljc gg;in;go%igfdﬂng)
(FM,y) under Ar and @ and compared to the wild type GOXx 2

(Table 1). Contrary to native GOX frof. amagasakienseve 70 obtained at 100 mV’sin a 20 mM sodium phosphate buffer pH

30 did not observe any competitive or uncompetitivihition of G, Z;iﬁfg;;’i\ﬂr:acg:ﬁ Tlre]gsv?/itﬁ\;?\ 2re zr:r:?fgzr;i[lcfﬂ(;ﬁ?mgg
in presence of Fly in our experimental conditior$.The reason P . P . P
has yet to be determined. As seen in Table 1, veh er Ar or mV vs. Ag/AgCl. Peak heights, peak separation between the
0, GOx-FADChis more a.mtivehan the native ,GOX' it 2.2 oxidation and reduction and the width of the peakhalf-height

21 - . at . . . .

tmes higher ul(glu) D15 times lower ancatky(Gly) s 35 I TENCE 0 o, SO, f R B

a5 higher; indicating a more efficient glucose oxidatcompared to oo p . 9y ydrog . ﬂl? .
native GOx. The  ratioka/Kuand FMOX))Osl(keaf Kiy (FMOX))Ar diffusion coefficient of electron€ The electrocatalytic oxidation
for native G:Ox is0] 0.44 aangEPO.SS for GOxeiFP’:ADCj clearly of 100 mM glucose under Ar obtained at 5 mVis seen in
showing that GOx-FADGIis less sensitive to O The better Figure 1B. A current density of 2.5 mA.@rs reached for the

efficiency is also evidenced by the similar valoésKy(FMox) ™ native GOXx (blagk line) and 3.1 mA.cnfor .Fhe. FADCL’
«0and Kyap(FMox) for GOx-FADC}, indicating that the redox elgctrode (dotted line). The_ onset fo_r glucose atkanh is slightly
mediator is the main substrate for the oxidativéf-teaction shifted toward more anodic potential because ofdifierence

instead of Q between the redox potential of both enzymes. t abplains the
difference in current densities which are relateddme extent to

Modified electrodes at their optima enzvme/redo® the difference between the redox potential of mthymes and
P Y the redox polymer, as already observed for othstesys®> 24 To

[ / -link ti d esli ted. g, .
* 5’20 ym_(le_:]gm?:dlc:\x e ET |r<:];/\r/er2 pr:paéflpas_?és(io?’e_z(i);zth . maximize the effect of © at low glucose concentration (<10
poly ' 4 mM), we performed our experiments under 1 atm forced

5 IR PR T 243+ -
2.2 b||m|daque) 26 methylpyr!d yI]anazole)] W.Ith a convection and used an hydrogel film of intermeslthicknes$®
redox potential of -30mV and insensitive t0.®® The ratio was U . . .

90 Because reproducibility is a key issue in those exmnts, we

identical for both enzymes and each electrode stetsiof 35 ) .
tested two different protocols of measure. In tliest fone,
so Wt% enzyme, 55 wt% redox polymer and 10 wt% of PEBED o .
calibration curves were first recorded under Ar+&t3 V vs.

for a total dry loading of 200 g.¢fn Ag/AgCl with at least two electrodes, which werertheashed

1 351 with buffer and tested under,OThis protocol was also repeated
A B T g5 with other electrodes in the reverse order. Insdeond protocol,

g each experiment started in a buffer saturated wittand after
each addition of glucose the solution was bubblétd ®, until
the current reached a baseline. It was then buldgad with Ar
before the next addition of glucose. This last grot gave the

100 best results in terms of reproducibilitylQ %vs.+25%) and was

. ) therefore used. One example is illustrated in Fig Aresence of

T4 03 02 41 0 01 0z 03 04 04 03 02 1 0 o1 0z 03 04 0.5 mM glucose (Fig 2A) and 5 mM glucose (Fig 2B) fo

E vs Ag/AgCl IV E vs Ag/AgCl IV . . g
) ) o - electrodes modified as in Figure 1.
Fig 1. Cyclic voltammograms of modified electrodes wittine GOx
(thin line) or FADC}-GOx (dotted line) in absence (A) or presence (B) o
100 mM glucose. 35 wt% enzyme, 55 wt% redox polyaret 10 wt% of 105
6s PEGDGE for a total dry loading of 200 pg:&r20 mM phosphate buffer,
140 mM NaCl, pH 7, 3%C, 1000 rpm and 100 (A) or 5(B) m\Ls
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Fig 2. Chronoamperogramnat +0.3 Vvs. Ag/AgCl of modified
electrodes with native GOx (thin line) or FADGOx (dotted line) in
presence of 0.5 mM glucose (A) or 5 mM glucose B arrows show
the beginning of the corresponding gas bubblinge®tonditions as in

Fig 1

15

At low glucose concentration, both modified eledes display ™

the same current density. When, @as bubbled, the current
density of the electrode modified with the nativ®xGdecreased
by 60 % (thin line) but only by 13% for the moddieGOx
20 (dotted line). At 5 mM (Fig 2B), the decrease waspezetively 52
% and 18% for the native and modified GOx. Resulting
calibration curves for native GOx (triangles) an@®x&ADCI,
(circles), under Ar (black symbol) and, @empty symbols), are
plotted in Fig 3. For both modified electrodes, therent density
s increased with the glucose concentration up to 9@ and
displays a typical shape for GOx-based electrotfeig 3B
shows the normalized data of Fig 3A.
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Fig 3. A) Calibration curves of modified electrodes madih native
GOx (triangles) or FADGIGOX (circles) under ©@empty symbols) and
Ar (full symbols). Measured at +0.3 5. Ag/AgCl. B) Dependence of

the normalized current density on the glucose autnaton for electrodes
modified with native GOx and polymer | (trianglesjd FADC}-GOx
and polymer | (circles). Inset: Zoom in the 0-10 mimcose
concentration range. Other conditions as in Fig 1

40

For the lowest glucose concentration (<1 mM),dffect of Q
is maximal for both electrodes. All the electromserated by the *
45 oxidation of glucose are captured by €ither directly from the
GOx or from the reduced osmium complex (when aiséhsitive
mediator is used).?* It explains the same current observed for
both electrodes. For higher glucose concentratie0 (mM),
most of the @ is consumed in the outer layers of the hydrogei
so and its impact is therefore limited on the currdensity. As a
result, JQ/JAr is identical for both electrodes (Figure 3B).the
0.5-20 mM glucose concentration range, the curdemsity for
the GOx-FADC} modified electrode (circles) is higher because
the enzyme is more active and less sensitive toMdst of the 110
ss electrons generated during the oxidation of gluccae
transferred to the redox mediator and not ta @ is also

evidenced by the values of the apparent Michaeleath
constants K'y) which are almost identical under, @r Ar,
(K'm)ar (9.8 mM) and K'y)o2 (11.8 mM). For the native GOXx

eo (triangles), howeverK’y, increases upon increasing the partial

pressure of @from (K'y)ar (6.71 mM) to K'y)o2 (18.8 mM);
because ©competes with the redox mediator for electrons. A
greater glucose concentration is then require@aair half of the
maximal catalytic current. This trend is in agreameith the
data of table 1.

Conclusions

For the first time, we report the use of unnatu@x from
Aspergillus nigeffor the electrochemical detection of glucose. By
replacing the native FAD by an unnatural flavin8-djchloro-
FAD, we succeeded in switching an €&nsitive electrode into an
almost insensitive. The novel GOx is not only maotive than
the native GOx but also less sensitive ta  the 5-8 mM
glucose concentration range, of particular intefestdiabetes
management, an electrode made with a native G@s 168 % of
its current under & while only 15% with the new electrode.

Large quantities of apo GOx lacking FAD can nowidmated
and reconstituted with unnatural flavins with higields. This
strategy may offer a promising alternative to matassical
methods such as directed mutations and may bededdo other
electrochemical enzymatic systems.

This work was supported by the Région Aquitaine and
France-Berkeley grant. The authors thank J. Klinfiearhelpful
advices and discussions.
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