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ABSTRACT

KEYWORDS

Cholesterol and Glucose biosensors were prepared by deposition of cho-
lesterol oxidase and glucose oxidase respectively entrapped withina U.V.
crosdinked poly (2-hydroxyethyl methacrylate), [p(HEMA)] hydrogel con-
taining tetraethyleneglycol diacrylate onto a platinum electrode. The per-
formance characteristicsfor the Pt/p(HEMA)/ChOx biosensor were asfol-
lows. Response time of 50 seconds at all cholesterol concentrationsinves-
tigated, detection limit of 3.0x 10° M, liner rangeof 3x 10°—1.6 x 102 M of
cholesterol, sensitivity of 56510uA/M, working potential of +450mV witha
regression value of 0.986 for the calibration curve (y = 5.651x). The Pt/
p(HEMA)/GOx optimized sensor parameters were: an enzyme loading of
1365 units GOx/cnm?; aHEM A TEGDA ratio of 2.75:1%vol.; afilmthickness
of 0.2mm; atirring speed of 450 r.p.m, and atemperature optimum of 50°C,
alinear response over a glucose concentration range of 1 x 10°to 1 x 103
mM (r = 0.994), with adetection limit of 6.0 x 10°M, with aresponsetime of
45 seconds at all glucose concentrations investigated. These biosensors
retained an average of 90% of initial enzyme activity when stored in the
ionicliquid, [omim][BF,], at 4°C after six months.
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INTRODUCTION

Cholesterol biosensor;
Amperometric detection;
lonic liquids;
Glucose oxidasg;
Cholesterol oxidase;
Poly[HEMA].

Aspart of anongoing regimenintoinvestigationsof
the stabilization of enzymesinionicliquid solvent me-
dia, the preparation of oxidoreductase based
amperometric biosensors using the ionic liquid
[bmim][BF,] asthe substrate matri ces were executed.
Such sensorshavefound wideusein clinical anayses

dueto their increased sensitivity, selectivity, stability,
reproducibility and most significantly, their compact
size¥l, Previouswork by'? has demonstrated the stabi-
li zation of oxidoreductase enzymesin sensors possess-
inganovel amino-acid squarate mediator. Thiscurrent
body of work investigatesthe stabilization and enhance-
ment of activity of such enzymeswithout the presence
of amediator, inanionicliquid substrate matrix.
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Theincreasingincidencesof coronary heart dis-
ease (CHD) areamajor cause of death amongst the
population, and two of the most important risk factors
identified are hyperchol esterolemiaand e evated blood
glucoselevels®. Theregular estimation of cholesteral
and glucoselevesinbloodisvita for themanagement
and prevention of CHD. Advancesin biosensor design
are appearing at ahigh rate asthese devicesplay in-
creasingly important rolesinour daily lives.

A preciseand rapid determination of cholesterol
and glucose concentrationsin clinica, biological and
chemica samplesisof consderableinterest tothedini-
cal, biological aswell asthe chemical communities®.
Thetwo techniqueswidely employed for thisencom-
pass spectroscopi ¢ (fluorescence and col orimetry) and
el ectrochemical methodsof analysis. Themodeof op-
eration of these sensorsisbased on electron transfer
between an € ectrode and theimmobili zed oxidoreduc-
tase enzymé®, wherein the enzymerecognizestarget
moleculeswith the direct transduction of thereaction
rateintoacurrent.

Various enzymeatic biosensors based onimmobi-
lized cholesterol oxidase (ChOx) have been reported
intheliteraturd®. Cholesterol canbeandyzedindirectly
by monitoring hydrogen peroxide generated in enzy-
mati ¢ reactionsusing voltammetric and amperometric
methods. However, variousissuesarise dueto the ef -
fect of interferents such asascorbic acid, uricacid and
acetaminophen, which are co-oxidized dongwith cho-
lesterol. In addition, the high working potential of
+600mV causesadecreasein the sensitivity of such
cholesterol sensors. Mediatorsor coenzymes such as
ferrocyanide, ferrocene derivatives, and quinoneshave
beenused to dleviatethisproblem!”, but excessivedif-
fusion may result in mediator lossfromthefilmtothe
bulk solution, especialy if it has a small molecular
weightl®, The most commercialized and popular
biosensors empl oy amediator compound for the de-
tection of blood sugar level sof diabetic patientsona
daily basig¥. However, the sensitivity and application
of thisgpproach hasbeen limited to someextent dueto
thelack of asmpleapproach toimmobilize and stabi-
lizetheenzyme. Furthermorethedifficulty of direct ec-
trontransfer between aredox enzymeand an e ectrode,
duetothethick insulating protein layer surroundingthe
active centre of theenzyme, severdly limitsthistype
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of sensor.

Consequently thereremainsaneed to devel op cho-
lesterol and glucose biosensorsthat take advantage of
thechemica propertiesof theenzyme.

One approach to circumvent this property of the
enzyme has been to use “redox hydrogels”, which
consist of ahighly hydrophilic polymer backbone.
Such gels enabl e the current densities to substan-
tially increaseresulting in reduced response times of
theresultant biosensors. Additionally thefilm prop-
erties can be modul ated by adj usting the polymer-
ization parameters and these can be achieved chang-
ing the monomer concentration, applied potential,
potentia profile, temperature, counter anion and the
nature of the solvent!!?. Asaresultitisbeneficia to
devel op biosensors which are capabl e of producing
high current responses, with aminimal responsetime,
whist bearing the additional advantages of ease of
preparation, reproducibility and high stability, selec-
tivity and sensitivity. The devel opment of redox hy-
drogel based electrochemical biosensors has been
extensively explored™!. Many of these sensorshave
also incorporated theinclusion of electrically con-
ducting polymers, such as poly(pyrrol€e), in the ma-
trix that suppressthe biological interferents, ascor-
bic acid and urea, allowing enhancement of the sen-
sitivity of the biosensorg™.

Mindful of theserequirementswe considered the
useof ionicliquidson thebasisof their good el ectro-
chemicd properties, whichindudehigh conductivity and
awideé ectrochemica window. In particular, thewide
el ectrochemica window promised the potentia use of
theseionicliquids as solventsfor electrochemical in-
vestigation. At the outset we utilized 1,3-
diakylimidazolium sats[RR’Im]*X~for thisstudy, as
they areamongst the most stable and conductiveionic
liquidg*?. Furthermorethere had been few literature
reports®¥ that detail the use of ionicliquidsfor thede-
velopment of amperometric biosensors.

Informed by thesefindingsweembarked onanin-
vestigation of biosensors that were based on Pt/
[P(HEMA)]/GOx aswell asaPt/[p(HEMA)]/CHOx
that utilized 1-butyl-3-methylimidazolium
tetrafluoroborate ([omim][BF,]), asthesolvent for D-
glucose and cholesterol quantitation respectively.
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Materials

Cholesterol oxidase (ChOx, E.C. 1.1.3.6 from
Pseudomonasfluorescens, 4.8 unitYmg), Glucose oxi-
dase (GOx), (TypeVIl, E.C. 1.1.3.4. from aspergil-
lusniger, 128,000 units/g solid), cholesteral, glucose,
and 1-butyl-3-methylimidazoliumtetrafluoroboratewere
obtained from SigmaChemical Co. (St. Louis, MO.).
Hydroxyethyl methecrylate (HEM A ) wasobtained from
PolysciencesInc. (Warrington, PA.); thecrosslinking
agent tetraethyleneglycol diacrylate (TEGDA), inhibi-
tor remover columns (250ml capacity; packed with
alumina to remove phenolic inhibitor), platinumfoil
(0.2mm thick), platinumwire (0.1mm diameter), and
dimethoxyphenyl acetophenone (DMPA) wered | pur-
chased fromAldrich Chemical Co. (Milwaukee, WI.).
TheHEMA monomer wasvacuumdidtilled (1.3mmHg,
80°C) beforeuse. All other reagentsused were of the
analytical reagent grade (and distilled or recrystallized
ashecessary prior to use) and were obtained from BDH
(Poole, UK.). Cyclicvoltammetry and timebased el ec-
trochemica experimentswerecarried out usngtheBAS
100B Electrochemicd Andyzer.

Cleaning and preparation of pt/p(HEM A)/CHOx
electrode

Platinum e ectrodes(10x 15mm) wered eaned using
thefollowing standard protocol™4:; washing for one
minute each in boiling trichloroethylene, then boiling
acetone, followed by sonication (1 min.) in propan-2-
ol andfindly indeonized (DI) water. Subsequently ca-
thodic cleaning (-1.2V to-2.0V vs. SCE for tencycles
(ten seconds per cycle) in 0.1 M phosphate buffer
(NaH,PO,) containing KCl (0.01 M), pH =7.2) was
carried out followed by immersoninthedeaning agent,
NH,OH:H,0,:H,0/ 1:1:5"/ , for ten seconds at 60°C.
Thedectrodewasthen dried for thirty minutesat 60°C.
Activation of thecleaned dectrodewas carried out by:
immersionin10mL of a1%wi/v sodium dithionite solu-
tion, for 30 minutes a 56°C, followed by immersion in
10mL of a2.5% solution of K,Cr,O, in 15% HNO,
for 30 minutesat 56°C then rinsed with DI water (25
ml) and oven dried (30 minutes) at 60°C.

Followingthis, an area(0.25cm?) was demarcated

on the clean dectrode surfaces using transparent scotch
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tape. The cleaned Pt el ectrode surfaceswere treated
with 5mL of a1% 3-aminopropyltrimethoxysilane (y-
APS) indry toluene, (30 mins.) with agitation, and sub-
sequently cured at 110°C for 10 minutes. The counter
(platinum) electrodewas cleaned viaflaming until red
hot and then washing with acetone (10 ml) and isopro-
panol (10 ml) successively.

Preparation of thept/p(HEM A)/CHOx sensor

Cholesterol oxidase, (40 mg), wasdissolvedinin-
hibitor freeHEMA (55uL) and TEGDA (20uL). The
photoinitiator, DM PA (0.5mg), was added to the mix-
tureand purged with dry argon for 5 mins. The poly-
merization chamber was al so degassed for thirty min-
uteswith argon. Depending on the desired areaof the
exposed € ectroactive window, therequisite volume of
the glucose oxi dase/monomer mixturewas applied to
theexposed platinum window. Thefunctiondized win-
dowed electrodeswereplaced flat inthe UV polymer-
izing chamber and irradiated for 45 minutesat 366nm
under an argon atmosphere. Theresultant polymeric
hydrogel filmwaswashed using theionicliquid, 1-bu-
tyl-3-methylimidazolium tetrafluoroborate (10 ml) and
storedinthissameionicliquid at 4°C.

Calibration of thept/p(HEM A)/CHOXx biosensor
using cholesterol

To evaluatethis sensor in termsof its cholesterol
response, the ectrodewas madeinto theworking € ec-
trodein athree-compartment cell with aplatinum coil
counter electrodeand aAg/AgCl reference el ectrode
in5mL of theionicliquid [bmim][BF,] . Theresponse
of thissensor to cholesterol concentrationsintherange
0.01-16 mM wereinvestigated and current responses
obtained. A cdibration plot wasgenerated utilizing the
standard addition method.

Storagestability studies

The performance of sensorsstored under threedif-
ferent conditionswasinvestigated. Sensorswerestored
in the ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate at 4°C, phosphate buffer (0.05M, pH
7.0) at 4°C, and in a desiccator at 4°C. The
amperometric response of these e ectrodeswas moni-
tored once per week (usingtheionicliquid asthereac-
tion medium) for aperiod of six monthsat two D-glu-
cose, (2mM and 16mM), concentrations.

. -
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Characterization of theworking pt electrode

Theworking platinum e ectrodewas characterized
at each step of itsconstruction in order to ensurethat
the current response generated was dueto the e ectro-
chemical breakdown of the hydrogen peroxide pro-
duced asaresult of the reaction between the enzyme
and the substrate D-glucose and not dueto any other
component suchastheHEMA,, crosdinker or thebare
platinum surface.

The sensor wasmonitored by cyclic voltammetry
a dl of thestagesof itspreparation by siveeping through
apotential range of -1000mV to 1000mV. The stages
encompassed thebare platinum surface, the Pt surface
containing HEM A and crosdlinker, and the Pt surface
containing HEM A and crosdinker withimmobilized en-
zyme, glucoseoxidase. Thecydicvoltammogramswere
recorded intheneat ionicliquidin additiontotheionic
liquid containing varying concentrations of glucose (2-
10mM). Thedectrodewasmadeinto theworking elec-
trodein aone-compartment cell with aplatinum coil
counter el ectrodeand aAg/AgCl reference electrode
in5mL of theionicliquid.

Optimization of theprepared pt/p(HEMA)/GOx
electrode

ThePt/p(HEMA)/GOx biosensor constructed (fol -
lowing the same procedure as for the Pt/p(HEMA)/
CHOx sensor, except replacing cholesterol oxidasewith
glucose oxidase) was optimized, separately, with re-
gpect to thefollowing parameters. enzymel oading, poly-
mer film composition, film thickness, temperatureand
stirring speed.

Optimization of enzymeloading

Theamount of enzymedissolved intheformulation
in preparation of the gel wasvaried. Four setsof gels
were prepared, each containing 13.75uL of HEMA,
SuLof TEGDA and 0.125mg of DMPA. To each batch
wasadded 2.5, 5.0, 10.0 and 12.5mg of GOXx respec-
tively (resultingin electrodesbearing 341, 683, 1365
and 1707 unitsof enzyme/cn??). Theresultant formula-
tions (5uL) was offered to defined electroactive win-
dowsof four different Pt electrodes, and polymeriza-
tion carried out as before. Each el ectrode was made
into theworking electrodein aone-compartment cell
with aplatinum coil counter electrodeand aAg/AgCl
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referenceelectrodein 5mL of ionicliquid. A constant
potential of +750mV was applied and ablank current
reading obtainedin order to compensatefor background
voltage. For each working electrode, glucosecalibra-
tion curveswere generated over theconcentration range
of 2-12mM.

Optimization of polymer film composition

The percentageof crosdinker incorporated intothe
gel for preparation of theworking p(HEMA)/GOx dec-
trodewas varied. Glucose oxidase (10 mg, 128,000
units/g solid) wasdissol ved into each of four monomer
formulations-HEMA (50, 55, 65 or 70uL) and
TEGDA (25, 20, 10 or 5uL) with0.5mg DMPA, such
that thefina volumeof solutionwas75pL.

Polymerization of each formulation onto demar-
cated areas on theworking el ectrode surface was sub-
sequently effected. Each biosensor formul ationwasana-
lyzed intermsof itsamperometric responseto glucose
by generation of glucosecdibration curvesover thecon-
centration range of 2-12mM, using the standard addi-
tion method. A constant potential of +750mV was ap-
plied and ablank current reading obtained in order to
compensate for any background signalsthat may be
generated.

Optimization of polymer film thickness

Thevaridioninsensor filmthicknesswasachieved
by adjusting the volume of theformulation applied to
theplatinum sensor window. Tothedefined dectroactive
areasof 0.25cn?, 1.0, 2.5, 5.0 or 7.0uL, of the pre-
pared formulation was applied, resultingin e ectrodes
with film thicknessesof 0.04, 0.1, 0.2and 0.3mmre-
spectively. Thesefilm thicknesseswere cal culated by
dividing the volume of the applied gel by the surface
areaof thed ectroactive portion of theplatinum. A con-
stant potential of +750mV was applied and ablank
current reading obtained in order to compensate for
background current. For each working electrode, glu-
cosecdlibration curveswere determined over thecon-
centration range of 2-12mM.

Optimization of temperature

Thetemperature of the system (ionicliquid con-
taining glucose, aswell astheworking, counter and
reference electrode) wasvaried over thetemperature
range 10°C to 60°C at 5 °C intervals using a
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thermostated circulaing water bath.

Fixed concentrations of substrate (2 and 16mM)
were added to 5mL of theionicliquid, and the subse-
guent oxidation at +750mV was monitored
amperometricaly at eechtemperatureintervd inascend-
ing and then descending order, and averageva uescal -
culated.

Sirring speedsstudy

Theresponse of the optimized P/p(HEMA)/GOx
biosensor to two concentrations of glucose, 1x10°M
and 2 x 10° M, at three different stirring speeds of
200, 450 and 800 r.p.m was investigated. Graphs of
current vs. timewere plotted for each speed and com-
pared withthe unstirred solution.

RESULTSAND DISCUSSION

Perfor manceof thept/p(HEM A)/ChOx biosensor

The performance characteristics of thissensor are
summarized in TABLE 1. Brahim*® described the
amperometric determination of cholesterol utilizinga
biosensor of cholesterol oxidase contained withina
polypyrrole-hydrogel membrane, witha0.1M, pH 7.0

phosphate buffer solvent medium. A linear range of
5x10“1t0 1.5x102 M cholesterol, detection limit of
120uM and aresponse time of 30 seconds were ob-
tained for thisformulated sensor. In our study, which
usesanionicliquid asthesolvent medium, alarger lin-
ear range of 3 x 10° - 1.6 x 102M with adetection
limit of 3.0x 10°M wasachieved. Theresponsetime
however, was increased to 50 seconds (TABLE 2).
The successful use of [bomim][BF,] asasolvent me-
diumintheamperometric detection of cholesterol indi-
catesitsability to function successfully asanon-aque-
oussolventin electrochemica systems.

Char acterization of theworking GOx/Pt electrode

Cyclic voltammograms of the bare Pt electrode,
the PYp(HEMA) andthe P/p(HEM A)/GOx e ectrodes
intheionicliquid, [omim][BF,], in the absence and
presence of the substrate glucoseare shownin Figures
1-3.

From the characterization studies (Figures. 1-3), it
was concluded that:

Once a background current is noted and correc-
tionsappliedtothe current valuesgenerated, it can be
confidently assumed that the enzymeistheonly com-

TABLE 1: Performancechar acterigtics of the Pt/p(HEM A)/ChOx electr ode using [bmim][BF,] asthesubstrate medium
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Figure 1 : CV’s for bare Pt electrode at verying glucose
concertration @ 25°C.
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Figure2: CV’s for Pt electrode bearing HEMA and TEGDA at
verying glucoseconcertration @ 25°C.
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Figure3: CV’s for complete working electrode (Pt/p(HEMA)/
GOXx)- at verying glucose concertration @ 25C.

ponent contributing to the evol ution of hydrogen per-
oxide.

Theoptimal potentia at which the decomposition
of hydrogen peroxideismonitored is+750mV.

Any small peaksgenerated other thanthat arising
from the decomposition of hydrogen peroxidearesim-
ply afunction of the system (ionicliquid, metal e.t.c.)
and do not affect the oxidation current.

Attheoffset, thebehavior of the platinum e ectrode
wasmonitored asabove, only thistimein agueous phos-
phate buffer, and no significant differenceswere no-
ticed in the shape of the resulting CV's, savefor the
magnitude of the current responses generated (which
wastentimeshigher intheionicliquid using thecom-
pleteworking e ectrode).

Optimization of themonomer for mulation

Four different ratios of HEMA:TEGDA (2:1,
2.75:1,6.5:1 and 14:1% vol) were used in the prepa-
ration of the glucose sensors, giving caibration equa-
tions of y = 0.0085x, r? = 0.9735; y = 0.0111x, r? =
0.9876; y =0.0071x, r>=0.9719; and y = 0.0056X, r?
=0.9381 respectively, Figure4. From these calibra-
tion plotsgenerated, it wasfound that 2.75:1% vol. of
HEMA:TEGDA gavethewidest linear responseto glu-
cosestandards (2-12mM), along with the greatest sen-
gtivity (11.1uA/mM) and fastest responsetimes of 45
seconds, (whereresponsetimeisdefined asthetimeto
achieve ninety-five percent of equilibration current),
compared to the other three bi osensors constructed.

o & fi A
404 -
20
] 4 T T T T T T
2 4 g 8 0 12 14

Glucoze conc. (mM)

Figure4: Calibration plotsfor the monomer formulation
used inthegel prepar ation over verying glucoseconcertration
@25°C.

Astheamount of TEGDA inthemonomer formulation
increased, theresponsetimegeneraly increased asdid
themagnitudeof thecurrent generated. Thechosenfor-
mul ati on was acompromise between linear range, re-
sponsetime, current magnitudeand physica properties
of thegdl.

Increased amount of thecrossinker (TEGDA) in
theformulation gaveahigher degreeof crosdinking of
thegd matrix. Thecurrent responseobtained fromthese
biosensorsreflected their physical propertiesinthat small
amounts of the crosslinker (14:1 % vol.
HEMA:TEGDA) caused thegel to berunny resulting
in poor adhesion and uniformity onthemeta surface.
Consequently theresponses of thesethree electrodes
weredightly erratic. Ontheother hand, too highamounts
of thecrosdlinker (2:1%vol. HEMA:TEGDA) caused
thegel to bevery rigid and tough, a so affording poor
adhesionto the metal and ready detachment from the
surface. Also thehigh viscosity of suchgelsresultedin
localization and accessto the active Siteof theimmobi-
lized enzymewasrestricted and gave an inconsi stent
response.

On the basis of these studies we determined the
best formulation as having acomposition of 2.75:1%
vol.of HEMA:TEGDA

Optimization of enzymeloading
Four different enzymeloadings (341, 683, 1365
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Figure5: Glucose calibration for sensors prepared using
thevarying enzymeloadingsincor porated into gel for mula-
tion @ 25°C, ungtirred in [omim][BF4].

and 1706 GOx/cm?) were used in the preparation of
glucose sensors, giving calibration equations of y =
0.0025x, r> = 0.8862; y = 0.0053x, r2=0.9463; y =
0.0113x, r> = 0.9869; and y = 0.0052x, r? = -0.182
respectively, Figure5. Wefound that 1365 units GOx/
cm?afforded theoptima enzymeloadingresultinginthe
widest linear responseto glucose standards (2-12mM),
aswd| asthegreatest sengitivity (11.3uA/mM) and fast-
est responsetimesof 45 seconds compared to the other
threebiosensorsthat were constructed. Thelinear range
of this biosensor (1365 units GOx/cm?) covers the
physiologica glucoseleve sfound in non-diabeticindi-
viduas(4.5-6.0mM). As enzyme loading increases from
341 to 683 then to 1365 Gox/cn, the current responses
increase aswell; ahigher loading of 1706 GOx/cm?
demonstrated amarked decreasein magnitude of the
current responses, aswel | aslossof linearity inresponse.
Theresponsetimes of the sensor decreased asenzyme
loading isincreased, from 60 secondsto 45 seconds.
However, enzymeloading above 1365 GOx/cn caused
anincreaseintheresponsetime, reaching up to seventy
seconds astheloading reaches 1706 units. Increasing
theamount of immobilized enzymeper unit areaonthe
bi osensor increased therate of substrate binding and
product production. Thisalowed the biosensor to de-
tect small changesin[S], aswell displayingincreased
reproducibility of theresults. At loadingsgreater than

Rescarch & Reotews On

1365 units GOx/ cm? of theenzyme resulted in sensors
which gave anon-linear response and amarked low
precision. Thismaybedueto theformation of multi lay-
ers of enzyme stacked upon each other on the elec-
trode surfacesthat are readily desorbed. Furthermore
theresulting steric hindrancemay prevent binding at the
active site. Consequently 1365 units GOx/ cm?were
employedinthegel formulation, whichiscomparable
to other glucose biosensors employing GOx™.,

Optimization of polymer film thickness

Deposition of polymer films(0.04, 0.10, 0.20 and
0.40mm, thick) onto the electrode surface gave
biosensorswhich produced thefollowing caibration
equations on anaysis: y = 0.002x, r2 = 0.9442; y =
0.0045x, r>=0.7521; y = 0.0113x, r>=0.9852; and y
=0.0011x, r2 =-0.1606 respectively, Figure 6. This
dataenabled usto determinethat the best working film
was 0.2mm thick and resulted in abiosensor that dis-
played the best responses, with asensitivity of 11.3
uA/mM, thewidest linear range (2-12mM) and fastest
responsetime of 45s. Theresponsetime of the biosen-
sor was dependant on the film thicknessasthis con-
trolled therate of diffusion of hydrogen peroxide and
thetransfer of substratefromtheionicliquidto theen-
trapped enzymeactive site. Asthefilm thicknessin-
creased, theresponsetime of the sensor alsoincreased,
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Figure6 : Glucose calibration plotsfor sensorsof varying
polymer film thickness.
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from 30sto 70s. A thickness of 0.2mm gave aresponse
time of 45 seconds, with the largest linear range and
highest current responses. Asaresult, acompromise
was madein choosing the thickness of the deposited
film. Generdly, responsetimesin aqueousbuffer have
been reported to be lower, by about 10 seconds*?,
possibly duetothelower viscosty of themedium. How-
ever, theenhanced current responsesintheionicliquid
compensated for thislimitationin buffer, asthemagni-
tude of thecurrent responsesinionicliquid wereup to
tentimeshigher than thosein aqueous buffer.

Temperaturestudies

Theactivity of thethusfar optimized biosensors
wasinvestigated asafunction of temperature (10-60°C).
Amperometric responses were obtained at two con-
centrationsof D-glucose (2 and 16mM), whilstincress-
ing and decreasing thetemperature, and averageval-
uesutilized, Figure 7. We observed that therewereno
statistical significant differences(95% C.L.) between
the current values obtained on increasing thetempera-
tureand then decreasing thetemperature.

The optimum temperature wasfound to be 50°C,
compared to thefree enzyme optimum®® of 35°C. This
optimum ishigher than what isreported by other work-
ersinthisfield9. Asthetemperature of the system
exceeded optimum, there was agradual decreasein
theresponse of the biosensor. Thismay beareflection
of theinherent resistance of [p(HEMA)] hydrogelsto

i

o

=== Il glu canc.
2 16mM glu conz.

Coument ()
-]

Temperatura('C)
Figure 7 : Temperature profilesfor complete working Pt/
p(HEM A)/GOx biosensor Conditionswer e— monomer com-
position of 2.75:1%vol (HEM A: TEGDA), film thickness=
0.2mm, with an enzymeloading of 1365 units/cm?2
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high temperatures®®, thus providing high retention of
biocatalytic activity of immobilized enzymes. Addition-
dlytheionicliquid provided ahighly stablemicroenvi-
ronment for theenzyme. Thiswasdemonstrated by two
key observations:

Thecurrent va ues generated uponincrease of tem-
perature and then upon decrease of temperature bore
no significant differences, at both glucose concentra-
tionsinvestigated. Thisdemonstrated retention of con-
figuration and that permanent denaturation had not oc-
curred typified by an agueous system.

Theobserved optimum temperaturewaswel| above
thenorma valuein aqueous system possibly duetothe
ionicliquid stabilizing thethreedimensiond configura:
tion of theenzyme, resultingin awider window of tem-
perature rangeswithin which theenzymeremainsac-
tive. Denaturation, which normally arisesfromthe con-
formationd changesdueto increased temperature, was
apparently prevented.

Sirring speedsstudy

Inorder todeterminethediffusonlimitsfor theop-
eration of the GOx-hydrogel biosensor weinvestigated
itsresponse at two glucose concentrationsand at stir-
ring speeds of 200, 400, and 800 rpm, TABLE 2. The
results of thisstudy led usto concludethat therewas
littleto no differencesin theresponse times amongst
theunstirred and stirred solutions at all three speeds
investigated for both the high and low glucose concen-
trations. Thesefindingssuggest that theresponsetime

TABLE 2: Current valuesgenerated at varying girring speeds
and corresponding equilibration timesfor two substr atecon-
centrations

STEADY STATE (CORRECTED)
CURRENT (x10°mA)

GLUCOSE 5 3
CONC (M) 1x10 2x10
CONDITION stirred unstirred stirred unstirred
200 0.087 0.089 31.09 3111
Response
Time(s) 46 46 45 45
Stirring 450 0.089 0.088 3218 31.99
Speed  Response
(r.pm.) Time(s) 47 45 45 44
800 0.088 0.091 31.04 30.19
Response
Time(s) 44 43 43 44
B Research & Reotews On
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isnot limited by bulk transfer of substrateto enzyme,
but rather by the breakdown of the[ ES] complex. The
observed responsetime of about 45swas comparable
to that reported by other workersin the area®.

Calibration of optimized biosensor using D-Glu-
cose

The optimized Pt/p(HEMA)/GOx biosensor was
calibrated with respect to itsamperometric current re-
sponse on addition of glucose standards, over acon-
centration range of 1 x 10°to 16.0M, Figure 8. The
biosensor gavealinear responsewithin thisconcentra:
tion range, with acalibration equationy = 8.698x, r> =
0.994. Thedynamic linear range of the optimized sen-
sor wasfoundto be0.01 to 16mM, with asensitivity of
8698.0pnA/mM, and adetection limit of 6.0 x 10°M
(detection limit being defined here asthe concentration
corresponding toacurrent threetimesthenoiselevd of
the background). The el ectrode responded quickly to
changesin glucose concentrations, with responsetimes
of 45s. The optimized glucose biosensor, detailed
above, employingtheionicliquid[bmim][BF, ], afforded
alarger linear range, grester sengitivity, shorter response
timesand greater stability when comparedtoliterature
reportg?, which describe glucose sensorsin agueous
media Thelow detection limit, coupled withahigh sen-
sitivity to glucose, makesthe optimized biosensor ef-
fectiveand precise.

Glucose conc, (x 107° M)
Figure8: Calibration for optimized Pt/p(HEM A)/GOx elec-
trode Conditions wer e - Film thickness = 0.2mm, enzyme
loading of 1365 units/’cm2 , monomer composition of
2.75:1%vol (HEMA: TEGDA), @ 25°C, unstirred
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Soragestability

Furthermorethe optimi zed glucose biosensor pos-
sessesagreater stability, Figure9, when storedinthe
ionicliquid, [omim][BF,] a 4°C. Wefound that after
twenty weeks, the sensor retained 97% of initial activ-
ity onstorageintheionicliquid a 4°C, whilst storagein
air at 4°C and in agueous phosphate buffer at 4°C,
resulted in adecrease of 10% and 65%in activity re-
spectively, demongtrating that the optimized sensor has
alonger shelf life, when stored in [omim][BF,], com-
pared to previoudly reported glucose sensors? in aque-
ousbuffer.

35

Ty
!r'v'g‘nggHvrtvv,"
Q L ]

Current {uA)
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—— L@ 4°C
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10 o v

0 10 e 2 2 k|
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Figure9: Soragegability sudiesover aperiod of sx months

for the optimized glucose biosensor for [S] of 2mM, under

threedifferent storageregimes.

CONCLUSION

We have successfully prepared amperometric cho-
lesterol and glucose biosensorsthat usestheioniclig-
uid, [omim][BF,] asthesolvent for the CHO, and GO,
enzymes. Thisoptimized glucosebiosensor displayssu-
perior characteristicsintermsof stability, reproducibil -
ity and sengitivity. Theuseof anionicliquid asthe sol-
vent medium for substrate detection resultedin enhanced
detection and stability of the glucose biosensor com-
pared to previously reported glucose biosensorg 82
that utilized aqueousbuffer asthe solvent medium. The
prepared cholesterol biosensor demonstrated compa-
rable performance characteristicsto similar sensors
describedintheliteraturd®.
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