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Spatial Confinement Induced Enzyme Stability for Bioelectronic Applications
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The stability of glucose oxidase (GOx) immobilized on a silicon electrode can be enhanced using spatial

confinement as described in this paper. We show that when GOx is assembled in semiopen spatially confined
structures created on the unmodified surface of a silicon electrode, the enzyme’s activity is preserved under

destabilizing conditions. GOx-immobilized silicon electrodes were treated with guanidinium chloride and

high temperature. Cyclic voltammetry measurement of the treated electrodes showed the proper redox

characteristics of GOx and indicated the GOx-catalyzed electrooxidation of glucose. When GOx was

immobilized on flat silicon electrodes, voltammetric measurement showed null result presumably caused by
denaturation of the enzyme. The effect of spatial confinement on enzyme stability is also revealed by analyzing

the characteristic rate constants and the kinetic parameter for the complete catalytic process of glucose.

Introduction In this paper, we describe an enzyme/protein immobilization
technique which, when applied to GOx immobilized on an

ﬁ thruzt Iln the presept bloilegtronflc rets)earch Is to Olcl?.tl‘?“ndunmodified semiconductor electrode, renders enhanced stability
enhanced electron transfer at the interface between immobilizeds, - 6 jmmobilized enzyme against destabilizing conditions.

proteins/enzymes and the electrode of amperometric devicesy . technique consists of creating grooves on an unmodified

such as biofuel cells and biosensors. Sensors with high sensitiv-go iconductor electrode such as a silicon wafer and assembling
ity anq biqfuel ce!ls with high current density can be realized enzyme into these semiopen spatially confined structures.
with high interfacial Qlectron_transféﬁ_Howev_er, m_general, Electrochemical characterization indicates the presence of the
yvhen enzymes are immobilized on inorganic solid sur_faces, enzymatic activity of GOx immobilized on both silicon surfaces
interfacial interactions and an altered environment may induce containing grooves and the bare silicon surface. The two kinds
changes in the native conformation of enzymes. Drastic changesyt o,y me.immobilized electrodes were treated with a denatur-
may produce detrimental effects on enzymes so that they 10sejny agent and high temperature. It was found that only the
their enzymatic activity. The problem of enzyme denaturation spatially confined enzyme preserved its enzymatic activity after

IS, In .generall, solved by introducing an Intervening layer of 6 treatments. We analyze different quantities of the catalytic
organic materials between the electrode and proteins/enZyfes. process of glucose using the preserved enzymatic activity of

However, the thickness of the intervening 'é_‘yer causes additionaly, o spatially confined GOx. These quantities including charac-
impedance for electron transfer. Denaturation can also be causeqyyistic rate constants and the Michaelis constant provide
by the heat generated at f[he enzyméectrode interface of  qgitional information about the effect of spatial confinement
biofuel cells. Thus, techniques need to be developed for on enzyme stability.
preparing an enzymeelectrode interface, which provides
enhanced electron transfer with increased enzyme stability.
Previously, it has been shown experimentally that when
proteins are encapsulated in porous matétials entrapped GOx (EC 1.1.3.4, 15.5 units/mg, froAspergillus nigey and
inside layered material§they are protected against denaturation /5-D-(+)-glucose were purchased from Sigma-Aldrich and used
with retained bioactivity. A recent theoretical treatment of spatial as received. All other chemicals were of analytical grade and
confinement of pro[eins has been put forward based on theused without further pUriﬂcation. GOx was dissolved in 0.01
estimation of the change of the folding free energy of a protein M PBS at pH 7 to reach a concentration of 10 mg/mL. Glucose
as a function of spatial confinemett!2For a protein confined ~ solutions were prepared overnight before use to allow equilibra-
in a cubic cage, the free energy difference exhibits a minimum tion of anomers. All solutions were prepared with water (18.2
when the size of the cage is just slightly larger than the size of M€2 cm) from a Direct-Q 5 Millipore system.
the native protein. This is the condition for the confined protein ~ Heavily doped g < 0.005Q cm) n-type silicon wafers with
to acquire maximum stability. Even when the cage size is 6 (111) orientation were used in this experiment. The grooves
times that of the native protein, the stabilization due to spatial Were made by one scratching action on the surface of a silicon
confinement is still on the order d&sT. However, the high ~ wafer using a sewing needt&The needle was held with a pair
degree of confinement may have implications on the reaction Of pliers that was held manually by hand. A moderate pressure
kinetics. For bioelectronic applications, the requirement of was applied to the needle while the surfaé@d cmx 1 cm
sensitivity and current density makes these immobilization Silicon wafer was scratched. The size of the scratched region
techniques unsuitable. was about 3 mnx 0.5 mm. The scratched wafer was cleaned
in acetone, 2-propanol, and deionized water. Adhesive tape was
*To whom correspondence should be addressed. E-mail: syau@ US€d to mask the wafer to fora 2 mmx 2 mm square about
csuohio.edu. Fax: (216) 687-5405. Phone: (216) 875-9783. the scratched region. To deposit GOx on both nonscratched and
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Figure 1. (A) AFM image (3um x 3 um) of a scratched silicon wafer. The span of the gray scale is 400 nm. (B) Line profile of the location as
indicated by the arrows in (A). (C) CVs of the scratched silicon (curve a) and flat silicon (curve b) electrodes in PBS at pH 7.0.

scratched silicon, a drop of the GOx solution was placed on have a typical cross-sectional size of 25 w6 nm (width x
the masked surface, and the sample was sealed in a containedepth). Note that the actual size of the grooves should be smaller
for incubation. A wet cotton swab was used to wipe the than the measured size due to the finite size of the AFM tip.
unscratched region within the square to remove the GOx. The Given that the dimension of the GOx molecule is 6«2 A
GOx-groove electrode was finally rinsed with PBS and trans- x 77 Al4itis estimated that about two or three GOx molecules
ferred with the sample covered in PBS to an electrochemical can be accommodated per cross-section of the groove. Figure
cell for measurement. Chemical treatment of the samples was1C shows the cyclic voltammograms (CVs) of the scratched
carried out by incubating thermi4 M guanidinium chloride silicon wafer (curve a) and the flat silicon wafer (curve b). Since
(GdmCI) for 4 h. Heat treatment was carried out by immersing the scratched silicon was cleaned using deionized water and
the samples in water at 8C for 60 min. The treated electrodes left under ambient conditions for about 30 min before being
were rinsed with PBS. used in the voltammetric measurement, an oxide layer is
The electrochemical measurement system consisted of aexpected to have formed in the scratched region. Figure 1C
conventional three-electrode cell and a potentiostat (Princetonshows that the two CVs are almost identical.
Applied Research, model 283). GOx-groove electrodes were  previously, we have shown that, when immobilized on the
used as the working electrode with an active area of 0.04 cm npative oxide of silicon, GOx exhibits its proper redox charac-
A commercial (Microelectrode, Inc.) Ag/AgCl (3 M KCI,  teristics with preserved enzymatic activifyThe AFM image
saturated with AgCl) electrode was used as the referenceof Figure 2A shows that the same region as shown in Figure
electrode. A platinum wire was used as the counter electrode.lA is covered with a near mono|ayer of spherica| structures.
All the experiments were carried out at room temperature (22 The smallest structure has a diameter of about 21 nm. It is
+ 1 °C) in 0.01 M PBS as the supporting electrolyte. known that, in AFM imaging, the tip-induced convolution effect
Deoxygenated PBS was obtained by purging the PBS usingysuyally makes nanometer-sized objects appear to be up to several
highly pure nitrogen for 15 min and maintained under a nitrogen times larger. We assign the 21 nm spherical structures to be a
atmosphere during the measurements. Atomic force microscopyox molecule. Within the near monolayer, there are also larger
(AFM) of the samples was performed using the tapping mode. g|ongated structures of about 30 B0 nm, which are likely
due to the aggregation of two to three GOx molecules. An
inspection of Figures 1A and 2A indicates that all of the surface
Semiopen spatially confined structures have been created byféatures other than those indicative of the grooves appearing in
scratching the surface of a heavily doped n-type silicon wafer Figure 1A are visible in Figure 2A. Thus, a conclusion can be
that contained its native oxide. As shown previously, scratching made that the GOx molecules that were immobilized in the
the surface of a silicon wafer results in parallel grooves with grooved area were partly confined by the grooves.
different widths and depths on the nanometer stakigure The CV of this GOx-groove sample is shown in Figure 2B.
1A is an AFM image of a scratched silicon wafer surface, The CV shows the redox peaks of the immobilized GOx with
showing parallel grooves and scattered “debris” just outside a formal potential 0f—0.32 V vs Ag/AgCl. This sample was
some grooves due to the scratching. A line profile of a region then immersedn 4 M GdmClI, a denaturant, for 4 h. It was
on the surface as indicated by the white line in Figure 1A is shown that if GOx is treated with-46 M GdmCl for 2 h,
shown in Figure 1B. The line profile shows that the grooves extensive unfolding of the enzyme takes place due to the strong

Results and Discussion
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Figure 2. (A) AFM image (2um x 2 um) of the same region as in Figure 1A. The span of the gray scale is 400 nm. (B) CV of the GOx-groove
sample as in (A) before treatment. (C) CV (curve a) of the GOx-groove sampleaafteh GAmCI treatment. Curve b is the CV of a GOx-
immobilized flat silicon sample. The background signal due to the silicon without GOx as shown in Figure 1C has been subtracted for all the CVs.

destabilization character of Gdm&I17 Figure 2C shows the 60
CV (curve a) of the GdmCl-treated GOx-groove sample. The
presence of the redox peaks on the CV indicates that the treated 40
GOx was able to retain its redox reaction with the silicon. The
formal potential of this redox reaction is abot©.31 V. Figure
2C also shows the CV (curve b) of a GOx-immobilized flat
silicon that was treated with GAmCI under identical conditions.
The CV is featureless, indicating the detrimental effect the
treatment produced on the redox process of the immobilized
enzyme. AFM imaging (not shown) showed that there was still
a near monolayer of GOx on the flat electrode surface after the
treatment. The absence of redox peaks is likely due to
denaturation. However, the GOx immobilized on the grooved
surface has survived the treatment. y . ; . . . .
To study the effect of heat, a GOx-groove sample was -1.0 -0.5 0.0 0.5
subjected to high temperature. It is known that an elevated Potential / V
temperature induces instability of enzymes, causing denaturationrigure 3. CV (curve a) of a GOx-groove sample and CV (curve b) of
to occur. A recent study shows that thermally induced dena- a GOx-immobilized flat silicon sample. Both samples have been
turation of GOx occurs at 55.& 1.2 °C with the dissociation ~ exposed to 86C for 60 min. The background signal due to the silicon
of the flavin cofactoi8 The GOx-groove sample was exposed Without GOx as shown in Figure 1C has been subtracted for both curves.
to 80 °C for 60 min. Figure 3 shows the CV (curve a) of the_ TABLE 1: Redox Properties of Treated and Untreated
heat-treated sample. The redox peaks of GOx are present withgox-Groove Sampled
a formal potential of—0.31 V. On the contrary, GOx im-
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mobilized on flat silicon electrodes show no peaks (curve b) sample Erea (V) Eox (V) Euz (V)

presumably due to the dissociation of the flavin cofactor. Sdmd —g-jg —8&3 —8-31
. . . |g emp —U. —VU. —VU.

The redox properties, i.e., positions of redox peaks and formal untreated 043 —0.19 _0.32

potential, of the two kinds of treated GOx-groove samples and
of the untreated GOx-groove sample are listed in Table 1. The *Eres Eox and Ey are the positions of the reduction peak and
presence of the redox peaks on the CV indicates the presenc@Xidation peak, and formal potential, respectively.

of the redox process between the enzyme and the electrodefor the same sample before treatment is 3<780-12 mol/cn?.

The retained redox process of GOx after the destabilizing The corresponding values for the high-temperature-treated
treatment can be expressed more quantitatively. Since a neasample are 3.24 10712 and 5.18x 1072 mol/cn?. In both
monolayer of GOx was present on the electrode, the surfacecases, the value @f for the treated sample is very close to that
densityI" of active GOx, which gave rise to the redox process, for the untreated sample. Thus, the detrimental effect of the
can be estimated using the redox peak current, constants, andreatment on the redox properties of GOx is insignificant.
experimental parametetsThe value ofl” for the GdmCl-treated The retained redox process of GOx, however, does not
sample is calculated to be 2.93 10712 mol/cn?, while that necessarily imply that the enzyme’s activity was preserved. A
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Figure 4. (A) CV of the GdmCl-treated GOx-groove sample in the positive potential range. Curve a was obtained in PBS only. Curve b was
obtained with 4 mM glucose added to the PBS. The inset is the calibration of the sample obtained at 0.7 V. (B) CV of the GOx-groove sample

exposed to 80C in the positive potential range. Curve a was obtained in PBS only. Curve b was obtained with 1 mM glucose added to the PBS.
The inset is the calibration of the sample obtained at 0.7 V.
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treated electrode are shown in Figure 4B. The direction in which
the current increases with respect to that of the scanning of the
potential as shown in the CVs of Figure 4 indicates that glucose
is oxidized so that electrons flow into the electrode. The result
shown in Figure 4 shows that the treated GOx is still capable
of performing the catalytic process (oxidation of glucose). In
other words, the enzymatic activity of the treated enzyme is
preserved. Note that no such effect has been observed using
electrode immobilized with free FAD or denatured GOXx in the
literature20.23
. In the second scheme, the potential is scanned in the negative
B polarity range of the potential. Working in the negative potential
VA . —Cowosse /M| range allows one to observe simultaneously the G€kcon
-1.2 -0.8 -04 00 04 electron transfer during the catalytic process. In the experiment,
Potential / V the GOx-immobilized silicon electrode was used as the working

Figure 5. CVs of the GdmCl-treated sample in the negative polarity electrode in cyclic voltammetry measurements, subjected to the
of the potential. The inset is the calibration curve, whateis the following conditions:
signal current.

100+

Current /nA

previous study shows that, even when GOx is unfolded so thatGOX(FAD) +2e +2H GOX(FADH)

it loses its catalytic property for the oxidation of glucose, the (in deoxygenated PBS) (1)
denatured enzyme can still produce redox peaks on it2°CV. _

The formal potential of an enzyme is usually used as an GOX(FADH,) + O, GOX(FADH_ H0,

indication of changes in the conformation and therefore possible (in oxygen-saturated PBS) (2)
denaturation of a proteitt. Table 1 shows that the formal

potentials Ey, of the treated GOXx are very close to that of the glucoset+ O, oo gluconolactonet H,0,

gntreated sgmple _Although this may imply that the conforma- (in oxygen-saturated PBS) (3)
tion of the immobilized GOx remained unchanged after the

treatments, the difference between Eyg values for the present  The three reactions are a protocol for detecting glucose by

work and that for the native GOx, namely,0.34 V vs Ag/ monitoring the change in the reduction current of reaction 1,
AgCl, at pH 722 makes a prediction of the preservation of the which is the redox reaction of the immobilized GOx. These
enzymatic activity of the treated GOx difficult. conditions correspond to the redox reaction of the immobilized

To elucidate the enzymatic activity of the treated GOx of GOx as described by reaction 1, coupled respectively to the
the GOx-groove electrode, we characterized the electrodes’oxidation of FADH (reaction 2) and to the oxidation of glucose
response to glucose using two independent electrochemical(reaction 3). Figure 5 shows three CVs of the GdmCl-treated
schemes. sample obtained under the three conditions. Curve a in Figure

In the first scheme, glucose was introduced to the electro- 5 indicates the presence of the redox reaction of GOx im-
chemical cell that contained a nitrogen-purged phosphate buffermobilized on the silicon electrode measured in a deoxygenated
solution (PBS). The potential was then scanned in the positive PBS (reaction 1). When the PBS is saturated with molecular
polarity range. The GOx-induced oxidation of glucose resulted oxygen, the voltammogram changes dramatically with an
in transporting electrons from glucose via GOXx to the silicon. increase of the reduction peak current and decrease of the
Figure 4A shows the CVs obtained with the GdmCl-treated oxidation peak current as shown in curve b. The increased
electrode described above. Curve a was obtained without thereduction peak current indicates that the reduced form of GOx
presence of glucose, while curve b was obtained with 4 mM in reaction 1 is oxidized by dissolved,®ia reaction 2 so that
glucose in the PBS. The inset is the electrode’s calibration curvereaction 1 favors more reduction of GOx. Upon addi#g-
for glucose. The corresponding CVs of the high-temperature- (+)-glucose to the @saturated PBS, the reduction peak current
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TABLE 2: Characteristic Rate Constants and the Apparent Michaelis ConstantK,, of the Catalytic Process of Glucose for
Treated and Untreated GOx-Groove Samples

rate constant of the

electron-transfer rate turnover rate biocatalytic process
sample constanke (s™%) constank (s Krea (M s71) Km (MM)
GdmCl 0.35 203 4.6% 10° 1.28
high temp 0.028 75 2.83 10° 1.08
untreated 0.46 300 5.04 1¢° 1.13(GdmCl), 1.47(high temp)

decreases as shown in curve c. Being the substrate of GOx,process of denaturation and has an activation energy of 280
B-D-(+)-glucose gives rise to a GOx-catalyzed reaction, which kJ/mol. The fact that not all (about 60%) of the heat-treated
also consumes dissolved,(as indicated by reaction 3. GOx has preserved the enzyme’s activity (see the discussion in
Therefore, because the two competitive reactions (reactions 2Figure 3) suggests that the minimum spatial confinement
and 3) consume dissolved@eaction 2 and hence the reduction resulting in effective protection is one that corresponds to an
process of reaction 1 are slowed. Thus, the reduction peakincreased enzyme stability of 280 kJ/mol.
current decreases with increasjig-(+)-glucose concentration, An inspection of the calibration curves of Figure 4 shows
and the amount of glucose is detected by monitoring the that the curves have a fast-rising region at low glucose
decrease in the reduction peak current of the GOx electrode.concentration€, followed by a saturation region at high@g,
The inset shows the electrode’s calibration curve for glucose. indicating the Michaelis Menten kinetic process. The apparent
To gain insight into the effect of spatial confinement on the Michaelis constanKy, provides kinetic information about the
stability of the immobilized GOx, characteristic rate constants catalytic reaction of the glucos&sOx system as measured by
for the complete catalytic process of glucose have been cyclic voltammetry82 Ky, is numerically equal to the concentra-
calculated using the results of Figures£as listed in Table 2. tion of the analyte required for the signal current to reach half
The electron-transfer rate constadat, a redox quantity and  its maximum value. Thereford{,, indicates how effective a
calculated using the Laviron methét,describes how fast  particular catalytic reaction is. Table 2 indicates that the values
electron transfer takes place at the enzylectrode interface.  of K, for the treated samples are not very different from that
The turnover rate constaft, is a measure of the number of of the untreated sample. The GdmCl-treated sample h&s a
electrons generated by one GOx molecule per second as a resultalue of 1.28 mM, while that for the same sample before
of the catalytic proces®, 2" while keq is the rate constant treatment is 1.13 mM. The correspondiKg, values for the
describing the entire substance conversion prote8 he ket high-temperature-treated sample are 1.08 and 1.47 mM. Note
values of the treated samples are all less than that of thethatK,, for the native GOx dissolved in a solution is 33 nif/,
untreated sample, indicating a changed state or conformationand immobilization of the enzyme may drastically decrease its
of some of the immobilized GOx caused by the treatments. In K, to single-digit values on the millimolar levél.Therefore,
fact, the slight discrepancy between the formal potentials of the the difference irk,, between the treated and untreated samples
treated samples and that of the untreated sample shown in Tableould be a result of experimental error. Since the difference is
1 forecasts this change. Nevertheless, the correspokgdiagd not significant, the kinetics of the catalytic process seems to be
the kieq for the treated samples are nonzero, and in fact, thesenot significantly affected by the treatments.
rate constants are not drastically different from those for the
nontreated sample, indicating preserved enzymatic activity of Conclusion
GOx. Moreover, a comparison between the corresponking . . )
and kq Of the two treated samples indicates that these rate In this paper we report tha_t_when GOx is ass_er_nbled In
constants reflect a diminished degree of catalytic prOCeSSgrooves made on unmodified silicon wafers, the activity of the

echoing, the same degree of conformational change as indicated2YMe 1 preserved_. The. activity persists even wh_e_n the
by ke Thus, although denaturation conditions may have immobilized enzyme is subjected to destabilizing conditions,

produced some changes in the conformation of the immobilized which generally induce denaturation. Our results show that the

GO¥x, spatial confinement has stabilized GOx against completeSpatIal confinement provided by the grooves enhances the

denaturation so that the enzyme is still able to bring about the iSr;arEIcl)llg}i/IizO; dc(;)(r?); ?Ilgtatlsri]liséo?\evr\gg:lIrggsecsoirt]gl:zao dnos>; :t')ri]lﬁe a?t(e)rx
catalytic process of glucose. Y

. S denaturing treatments. This phenomenon is further elucidated
As mentioned above, the general approach to elimination of . o - - . I

) . SR L by examining the estimated values of various physical quantities
enzyme/protein denaturation occurring in immobilization is to : . .
introduce a layer of organic material between the enzyme/, roteinrelmeOI to the biocatalytic process of GOx. The technique

Y 9 5 o1 ) yme/p demonstrated here can be used as a general approach for
and the electrode. A of 1 x 10> s ! was obtained for GOx o ) " o
. . Al . e . stabilizing enzymes immobilized on an unmodified electrode
immobilized on a lipid bilayer film modified graphite elec-

trode3® andke; was found to be 0.026°% for GOx immobilized for bioelectronic applications.
on a gold electrode modified with 3;8ithiobissulfocinnim-
idylpropionate®! In the present studyke for the untreated
samples was found to be 0.46'swhich is significantly larger 5 I(&11) Schf\é/llerl, F. Vg.; Sﬁhléber:’ F.;ge(li_rovvlitgggontiers in biosensorics
than those obtained with an intervening layer. The enhancedP'"khauser Veriag. basel, boston, berin, :
ket is @ consequence that the enzyme makes direct contact With486(72.) Barton, S. C.; Gallaway, J.; Atanassov,hem. Re. 2004 104
the bare electrode. Table 2 shows that this situation occurs even  (3) Norde, W.Adv. Colloid Interface Sci1986 25, 267.
for the treated samples. (4) Bowden, E. FElectrochem. Soc. Interfack997, 40.

Thermally induced denaturation of GOx was shown to Lind(e5r)m§r,] *;aSJfTJLAAn-q: gﬁgﬁceéotggg 152%ng2, E. F.; Binet, S. M.;
pro_ceed from the native state through an mterm_edlate state to ©) Leépold, M. C.: Bowden, E. FLangmuir 2002 18, 2239.
a final denatured homodimer structure, from which the flavin (7) Smalley, J. F.; Chalfant, K.; Feldberg, S. W.; Nahir, T. M.; Bowden,

cofactors are dissociaté®l The second step is an irreversible E. F.J. Phys. Chem. B999 103 1676.
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