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A novel exogenous time—temperature integrator (TTIl) based on an amperometric glucose oxidase
biosensor is presented. The TTI consists of the enzyme entrapped within an electrochemically
generated poly(o-phenylenediamine) (PoPD) thin film deposited on the interior wall of a platinum
(Pt) or a platinized stainless steel (Pt—SS) capsule. After thermal treatment, the TTI is mounted in a
continuous flow system and connected to a potentiostat for amperometric detection of residual enzyme
activity. A measurement is completed within 10 min. Isothermal treatments were carried out between
70 and 79.7 °C. Thermal inactivation of the immobilized enzyme followed apparent first-order kinetics
with zvalues of 6.2 + 0.6 and 6.6 + 0.8 °C for Pt and Pt—SS capsules, respectively. These z values
suggest that the proposed TTIs have the potential to assess pasteurization processes that target
microorganism such as Listeria monocytogenes and Escherichia coli O157:H7.
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INTRODUCTION present in the food in variable concentrations can also affect
the thermal stability of the TTI. In contrast, exogenous TTls

processing of food in operations where traditional instrumenta- gig Orﬁz;aiggd:sr (frcflqgo(l:? ggn;%(.)j;tt'gg'g hir?;ibli“r:y ct)IuSe?rm?—l
tion like thermocouples or resistance temperature detectors y J y ging P

: 7, 8) or adding stabilizing agents9)X. Amylase (0—14),
cannot be implemented, several research groups have beerg . ; . .
developing different strategies to evaluate the tirtemperature horseradish peroxidase$—18), and r-phycoerytrhinlg) have

. B : been used as exogenous TTls for food pasteurization. Some
history of foods {, 2). One strategy is the use of so-called time ; . o
: drawbacks of exogenous TTIs include the following: (i) if the
temperature integrators (TTIs). Exogenous and endogenous TTISI’TI volume is reI%tiver large (i.e. gel cubes) tgmé)t)arature
from different origins (microbiological, enzymatic, chemical, e ’

and physical) have been compar@. Enzymatic TTIs offer gradients may develop throughout its volume and their applica-

. ) tion may be limited to processes where the heating transient is
the advantage of being relatively easy to assay, they can benegligible with respect to processing time: (i) when the

inexpensive, and the dependency of the rate of heat |nact|vat|onSubstance used as the indicator needs to be extracted from a

of some enzymes is similar to that of several pathogens of capsule, the substance might adhere to the surface of the capsule

interest to the food industry. A detailed review of intrinsic mszin ,its recove diffiCl?lt for rapid assay; and (i) once tﬁe ’

endogenous TTls with potential for use in the heat treatment 9 ry ait - P! Y . ;
substance used as indicator is retrieved, analysis often requires

of milk has been published), and six of these potential TTs long preparation, which sometimes includes grinding, centrifu-
have been recently investigate)( However, oftentimes, gation, incubation, and finally the assay time itsdl8)( Most

intrinsic en n TTIls have the disadvan f the intrinsi .
trinsic endogenous TTIs have the disadvantage of the int SCof the recent research in TTIs has focused on the use of

variability of the concentration of the TTI component and its a-amylases. The group of Hendrickx has focused on TTIs for

thermal stability. For example, triose phosphate isomerase hasf o
: : - ood sterilization 8, 14, 20) and has recently developed TTls
been proposed to verify roast beef processfgiilt its activity based orBaciIIusBIichenfo)rmisa-amyIase S)l/JCFOSG gnd salts

nd thermal ility varied with muscl . Other components . . . .
and thermal stability varied with muscle type. Other components immobilized on glass beads and equilibrated at low moisture

N - : : content to increase the stability of the enzyra® (This research
E_mgi?_"g:g;?g‘igﬁgjhgéfe'epho”e' 509-335-4563. Fax: 509-356751. \yqvided not only a thermostable TTI for sterilization processes
! Department of Food Science and Human Nutrition. but a rapid spectrophotometric reading of the TTI response that
;gggg&'ggt %?SBeglrgg_ Cglegeé-tems Engineering obviates the need for an expensive differential scanning
i i \% i ing. . . . .
I'Current address: University of Florida, 700 Experiment Station Rd., calorimeter used in previous reports. A disadvantage of that TTI

Lake Alfred, FL 33850-2299. is that, as mentioned above, it still requires collecting and

In view of the need for assessing the efficacy of thermal
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Figure 1. Schematic of the potentiostat used for the research.

precisely weighing and dissolving the content of the capsule deposited on the interior wall of Pt or PES capsules is

prior to the spectrophotometric reading. presented as a potential TTI for food pasteurization.
Amperometric enzyme-based biosensors have been studied

since the early 196028). However, it was not until 1986 that MATERIALS AND METHODS

the first enzyme-electropolymer biosensors were rgport@ﬁ,( Glucose oxidase (EC 1.1.3.4 type X-S frohspergillus nige),

_24)' Th(?se s_ensors Were based on glu_cose oxidase (GOD)o-phenernediamine free base, chloroplatinic acid hexahydrate, hydro-
immobilized in conducting polypyrrole. Since then, hundreds gen peroxide, and potassium chloride were purchased from Sigma
of research papers dealing with amperometric enzyme-basedchemical Co. (St. Louis, MO). Lead acetate trihydrate was purchased
biosensors using enzymes immobilized in electrochemically from Aldrich Chemical Co. (Milwaukee, WI). Platinum wire (0.4 mm
generated conducting and nonconducting polymers have beertdiameter) was purchased from Fisher Scientific (Fair Lawn, NJ). Pt
published and reviewe®%—29). The main advantage of this  tube (1.57 mm o.d., 1.32 mm i.d.) was purchased from Alfa Aesar
type of sensors is that such polymers can be grown to a(Ward Hill, MA). Stainless steel type 316 tubing (3.17 mm o.d., 1.59
controlled thickness from aqueous buffered solutions in which MM i.d-) was purchased from Microgroup Inc. (Medway, MA). Al
most enzymes are soluble and stable. Resulting sensors ar@Ner reagents and solvents were purchased from Sigma-Aldrich or
reproducible and some films proved to have selective perme- aker Analyzed and were reagent grade. Solutions were prepared in

- . . deionized ultrafiltered@ > 18 MQ cm) water.
ability to the substrate of interest (mainly glucosg)( Most Platinization, electropolymerization, and cyclic voltammetry experi-

of these amperometric sensors have been grown on noble metal,ents were performed with a potentiostat/galvanostat, EG&G 263A
or glassy carbon electrodes. Inert substrates need to be usegperkin-Eimer Instruments, Oak Ridge, TN), interfaced to a personal
because electrochemical polymerization takes place at potentialsomputer, through a GPIB board (National Instruments, Austin, TX).
(typically 700 mV vs Ag/AgCI) where other metals oxidize. Amperometric measurement of residual enzyme activity of the TTIs
We recently studied the effects of Pt platinization conditions was carried out with a low-cost, “in-house-built” potentiostat interfaced
on the sensitivity of biosensors based on GOD entrapped in o & personal computer using an analog to digital board (PCI 6032E)
electrochemically generated pabyphenylenediamine) (PoPD) (National Instruments, Austin, TX). A schematic of the potentiostat

(31). More information on biosensors can be found in books with a list of its components is shown Figure 1. All potentials are
by Turner 82) and Kress-Rogers3g) reported with respect to Ag/AgCI, 3.0 M KCl reference electrode model

L . . . EEO008 from Cypress Systems Inc. (Lawrence, KS) A Pt wire was used
The objective of this research was to design, fabricate, and 4q the counter electrode. A syringe pump model 210 from Kd Scientific
characterize inexpensive rapid-response TTls based on amperoiew Hope, PA) was used for the injection of buffer and glucose

metric enzyme-electropolymer biosensor technology. GOD  solutions. The syringe pump was interfaced to the PC through a serial
immobilized in an electrochemically generated PoPD film RS-232 port. The cost of all the potentiostat components was under
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electrode and determine the glucose concentration necessary to reach
Vmax. Operation aVmax ensures a large and reproducible amperometric
o Q ®\ response that is independent of substrate concentration and proportional
W R\ _C to the concentration of active enzyme. Finally, substrate flow rate was
adjusted to further increase the amperometric response.
Reaction Cell and Reference Thermal Inactivation Studies. A thermocouple type T was tightly
Warking E'edmde/\i Electrode inserted into the TTI at one end, capped at the other, and immersed
e = Counter into a temperature controlled water bath at 848for 20 s, followed
Electrode by immersion in iced water to assess the heating transient phase of the
Metering TTI. After fabrication, each TTI was calibrated. The background-
Pump subtracted current response was defined as 100% activity. TTls were
» capped and immersed in a water bath at 70.0, 72.4, 74.8, 77.2, or 79.7
£| é °C for five different periods of time adjusted to obtain a decrease of at
least 50% of the initial activity for the longest incubation time at each
temperature. TTls were immersed in iced water immediately after
incubation until tested for activity. Each temperature and each incuba-
tion time was carried out in triplicate using a different capsule for each
Figure 2. Schematic representation of the TTI flow system. treatment. The experiment was blocked by incubation temperature
treatment so that, for a given temperature, incubation times were carried
$350 US. The estimated total cost of the equipment required for the out in random order before the next temperature level was used. The
measurement of the residual enzyme activity of the TTlIs including a order in which each temperature treatment was applied was also random.
personal computer and the data acquisition board was under $5000Pseudo-first-order inactivation kinetics was assumed and linear regres-
US. Data acquisition and control of the potentiostats was done using sion was used for the calculation of the kinetic constant of inactivation.
computer programs written using LabVIEW 6.0 Professional Develop- Arrhenius-type behavior was assumed and linear regression was used
ment System (National Instruments, Austin, TX). for the calculation of the apparent activation energy.
Electrode Cleaning.Pt tubes were cut to make 8-mm-long capsules.
Each capsule was polished withufa alumina slurry (Buehler, Lake =~ RESULTS AND DISCUSSION

Bluff, IL) using miniature brushes purchased from Tanis Inc. (Wauke-  Electrode Platinization. SS 316 was selected for construction
sha, WI), rln_sed with deionized water, and |m_mersed_|n an ultrasound of the TTI because this material is approved by the FDA for
bath for 5 min to remove any adherent alumina particle. Tubes were . . . .

use in contact with foods. Electrochemical polymerization on

rinsed with deionized water and left immersed in water until used. For SS f . ion has b ied f i
reuse, prior to polishing with alumina, Pt tubes were immersed in or corrosion protection has been carried out from aniline

concentrated bSO, at 21°C for at leas 1 h and rinsed with deionized ~ (34—38), pyrrole 89, 40), and using multilayers of polyaniline
water to remove the polymeenzyme film. SS capsules were made and polypyrrole 41). However, in most cases, polymers are
by cutting 15-mm-long tubes. The interior wall of the tubes was washed generated in organic solvents unsuitable for enzyme im-
with soap and thoroughly rinsed with deionized water, polished with 5 mobilization. We attempted polymerization from 5 and 50 mM
um alumina slurry, rinsed again with deionized water, and immersed o-phenylenediamine in 0.2 M acetate buffer (pH 5.2). However,
immediately h 5 M H,SQ, solution at 60°C. The capsules were  hecause of the high potential (56800 mV vs Ag/AgCl) SS
thoroughly rinsed with deionized water and immediately platinized.  5yidation occurred at a faster rate than the polymerization and
Electrode Platir_lization. Potentiostatic platini_zation of the SS 4 polymer adherent deposit was obtained. As an alternative,
iaras&lesb‘zvé; Coar)n?l:jsggt :'51?:? r:t\él VSrOAV%:ﬁgCrL:Eo‘teT;Moﬂlptﬁ lskm we coated the interior wall of the SS capsule by electrodepos-
oxygen-free sgluztion for 60 min)fat roogm temp’:()arature 7(2’1- 6xygen iting a blacl_< Pt layer. Platinization of Pt electrodes is_a common
was removed from KCI solutions by vigorously sparging with nitrogen practice to increase the surface area of amper(_)metrlc biosensors
for 15 min. A Pt wire inserted in the capsule was used as the counter (42—44), and we have recently improved this meth@&l)(
electrode. To prevent the counter electrode from touching the working Platinization of SS has been reported to result in fragile Pt black
electrode, thin glass beads were fused on the wire. Platinized capsuledayers with poor adhesion due to the presence of the metal oxide
were rinsed with deionized ultrafiltered water. The presence of the Pt passive layer that forms on SS in contact with air or oxygen-
layer was verified by cyclic voltammetry in 0.5 MoBO, between—0.2 containing solutions4®). Polishing and activation of SS with
and 1.18 V vs Ag/AgCl. Cathqdic currents are represented as positive hot sylfuric acid prior to electroplating has been recommended
and anodic currents as negative. o (46). We used that activation procedure and obtained Pt black
E.nzdyme 'W”;Ob';'ﬂza“ﬁ”- Plc’te“(tj'_osv?‘“c e(l)eZCt;\CA’pO'yme”Z;“f?” Vz’aa deposits that adhered well. Pt black deposits on the interior wall
carried out in 5 mMo-phenylenediamine, 0. acetate buffer (p . - -
5.2), and 2.5-10 g L"* GOD oxygen-free solutions at 600 mV vs Ag/ afztsh(;Tga\r/éerSeSC?l?tgzgtesrrllzoi\(/jezyrgécrzgzl\:(?ilg)?ern\rlr]ofttz;)r/nlrrrl](?ésral\rﬂns
AgCl for 30 min at 21°C. PSS capsules were filled with monomer - 2C : . S
enzyme solution. Prior to applying the polymerization potential, after the first cycle that is characterized by a passivation peak
monomer and enzyme were allowed to diffuse for 5 min into the porous at around 0.1 mV vs Ag/AgCl, as shown Figure 3A. The
Pt deposit. Three electrodes were prepared for each level of GOD presence of a porous Pt deposit can be detected by an
concentration. The effect of glucose oxidase concentration was studiedapproximately 10-fold increase in current, showikigure 3B,
to determine the range of glucose oxidase concentration that would compared to a bare SS tube, showrFigure 3A, and by the
allow the TTI to operate under a kinetically controlled regime. Because gppearance of an even more pronounced increase in current
at enzyme concentrations higher itha g L™ the increase in TTls response in the range 6f0.2 to approximately 0.1 mV, which
:gzp22295waijr\?vzi gﬁgsgrr]ef;r?ﬁ:'% ;CIH\L/jeSuIE; an;idm?ngﬁed the corresponds to hydrogen adsorption and desorption peaks. These
£ djusfmegm of Operating Conditions. Freshly prep;e dTTls Were peaks are not well resolved as in a pristine polycrystalline Pt
. surface Figure 3C), probably because the porous deposit did

tested in a continuous flow system depicted-igure 2. Background lotel he SS surf S ss
current was measured with buffer solutions in the absence of qucosenOt completely cover the surlace area. some components

and subtracted from the current produced in the presence of glucoseMay have dissolved and may have been incorporated into the
each time the activity of a TTI was determined. black Pt layer.

Electrodes prepared using a solution containing 2.5 gdlucose Enzyme Immobilization. Electrochemical polymerization of
oxidase were used to determine the apparent kinetics of the immobilized o-phenylenediamine on Pt or PES was carried out success-

Potentiostat ‘ ‘

Waste
Buffer Substrate H.O
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Figure 3. Cyclic voltammograms in 0.5 M H,SO, at 100 mV s~ of (A) represent + one standard deviation of three TTIs.

SS 316, (B) Pt=SS, and (C) platinized Pt.
of the reaction diffusion system iRigure 5. Because at 700

2E-03 AN mV vs Ag/AgCl HO, oxidation is rapid and because the flow
0.E+00 S D R of glucose solution is sufficiently high, both at the metal
< 2E-03 Cycle 5 electrode-polymer and at the polymersolution interfaces, the
= -4.E-03 Cycle 3 concentration of KO, is practically zero. Furthermore, it has
-6.E-03 Cycle 1 been shown that platinized Pt electrodes with a small concentra-
8E-03 tion of GOD immobilized in thin polyg-phenylenediamine) film
0 01 02 03 04 05 06 operat_e_in a s_trongl_y kinetic-controll_ed regingl). T_herefore,
E) a modified Michaelis-Menten equation can be written as
Figure 4. Cyclic voltammograms of Pt—SS tube in 5 mM o-phenylene- ] I malaolu
diamine, 5 g L~ GOD in 0.2 M acetate buffer (pH 5.2). =T )
M Gluc

Scheme 1. GOD-Catalyzed Oxidation of Glucose
In excess of glucose, eq 1 becomes

I = imax U KsCeo (2

GOD
Glucose + 0, — Gluconolactone + H,0,

fully, as evidenced by the shape of the voltammograms and the h is the rat tant of th | fth duct and
decrease in current response upon potential cycling depicted in"VNereks is the rate constant of the release of the product an

Figure 4. As the nonconducting polymer grows, less monomer _the ffe‘? enzyme from I\/_I|chaehsl\/lt_enten mechanism anGeo
can reach the metal surface, where it oxidizes, resulting in a's the initial concentration of active enzyme. Therefore, the

current signal decrease. Similar results have been reported forCurrent Is a measure of the rate of production gDbiby the

PoPD films grown on polished Pt disk electrodég)( enzymatic reaction. At a given glucose omdase_concer_ﬂrz_aﬂon,
i ) - ) the current is a measure of glucose concentration. This is the
Adjustment of Operating Conditions. Glucose oxidase

) i principle of operation of amperometric GOD biosensors. In
catalyzes the oxidation of glucose accordingtheme 1The contrast to GOD biosensors, because we are interested in

mechanism of this reaction has been proven to follow a two- measuring the concentration of active enzyme, experiments were
substrate ping-pong mechanism, and the reaction is productyyn at constant glucose concentration. To maximize TTI
inhibited @8). If the O, supply is sufficient and glucose,  response and ensure its operation in the kinetic regime, the effect
gluconolactone, and #D, concentrations are below inhibition  of glucose oxidase concentration in the polymerization solution
levels, the kinetics of the reaction can still be described using on the current response of the TTIs was investigated as shown
a simple one-substrate Michaetiblenten with apparent pa-  in Figure 6. The current response approximately doubled as
rameters. In the reactierdiffusion system, glucose diffuses into  the GOD concentration doubled from 26% g L%, as to be

the enzyme immobilization matrix and glucose oxidase catalyzesexpected. However, at larger GOD concentrations, the current
the production of HO, and gluconolactone followin§cheme response remained unchanged and slightly decreased at 10 g
1. H,0; diffuses toward the surface of the electrode, where it L=1, This behavior is in agreement with previous repo#s, (

is oxidized, and toward the bulk of the solution, driven by 50). At low GOD concentrations, diffusion of glucose; énd
concentration gradients as shown on the schematic representatiobl,O, throughout the immobilization matrix is rapid and enzyme
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[Glucose] mM (m) the interior wall of a SS TTI measured with thermocouple 2.
1.8E-05 7 . . Thermocouples were tightly sealed in contact with the interior wall of the
1.68-05 1 (B) * TTIs
. .
14E-05 1
1.2E-05 1 2omes TTI, glucose concentrations of 60 mM or higher produced fairly
L LOE-057 o ispws constant currents with 2.0% and 2.4% relative standard deviation
= 8.0E06 1 § LoBes ) for the Pt TTIl and the SS TTI, respectively. A slight decrease
6.0E-06 | . in current response was observed at 100 mM for the-B&S
4.0E-06 o 005 o1 015 02 TTI, in agreement with reported substrate inhibitiof8)(
2.0E-06 1 [Qucose] (M Glucose concentration of 100 mM was chosen for operation of
0.0E+00 . , [ . : 1 the system. Because of the inhibition effect, the double
0 20 40 60 8 100 120 reciprocal plot deviates from linearity at low values of the
[Glucose] (mM) reciprocal of glucose concentration. For that reason, apparent

kinetic parameters were determined using only high values of
the reciprocal of glucose concentrations in the linear regression,
as shown in the insert dfigure 7.

TTI Characterization. Heating TransientPure metals and
metal alloys have high thermal conductivity. SS has thermal
conductivity about 5 times smaller than that of Pt but 10 times
greater than that of glass and about 30 times greater than that
of water. Therefore, metal-capsule-based TTIs with short thermal
transient response accurately reflect the temperature history of
the product that surrounds them. In addition, electrochemically

enerated PoPD forms very thin films, on the order of 10-nm-
thick (53). This means that the immobilized enzyme reaches
the temperature of the interior wall of the TTI very rapidly and
without temperature gradients in the enzyme immobilization
matrix. Thus, on heating, the immobilized enzyme is uniformly

Figure 7. Effect of glucose concentration on TTIs current response. (A)
Polymer film was grown from a 5 mM o-phenylenediamine, 10 g L~!
GOD in 0.2 M acetate buffer (pH 5.2) on a Pt capsule. (B) Polymer film
was grown from a 5 mM o-phenylenediamine, 2.5 g L=t GOD in 0.2 M
acetate buffer (pH 5.2) on a Pt—SS capsule. Insets represent the double
reciprocal plots used to determine kinetic parameters. A single TTI of
each type was used for these experiments.

kinetics limits the overall rate of reaction and is proportional
to enzyme concentration, as described by eq 2. Conversely,
when GOD reaches a high enough level, glucose is consume
at a faster rate than it diffuses from the bulk of the solution
through the polymer film. Diffusion then starts to control the
overall rate of reaction. At even greater GOD concentrations,

%Ilrl:w(?ori(e)rg FrfopIdéﬁlﬁﬁzfézgscstt:?hgut:ﬁ{kliﬁ:eo;ﬁiopr?%rgﬁr inactivated and the only transient of concern is caused by the
' 2 thickness of the SS tube. The temperature transient for the

to the surface of the electrode, resulting in a decrease of currentheating of Pt and PtSS capsules is shown Figure 8. For

response. .It has also beer_l reportéd) (that at high GOD the thick (0.79 mm) SS tubes, approximately 10 s is required
concentrations electrochemically generated films have reducedfor the interior wall to reach the final temperature after

permeability, resulting in a decrease in the rate of diffusion of immersion in an 85C water bath. For Pt tubes (0.12 mm thick)
substrates and products and of the current response. Therefore[he temperature transient was 2 s ' '

to operate under kinetic regime, for thermal inactivation studies, Thermal Inactiation. The thermal inactivation at 60C of

all TTis were fabricated usgn5 g L™* GOD solutions. GOD in solution and immobilized in polypyrrole has been
To obtain the largest current response, glucose concentratiornveported to follow pseudo-first-order kinetics withvalues of
is increased to operate at= imax The apparent kinetic 2.4 x 1074 and 6.7x 1075 s ! respectively 54, 55). To verify
parameters of the immobilized GOD-catalyzed oxidation of \hether the pseudo-first-order inactivation approach is adequate,
glucose were determined from eq 1 using the LineweaBeirk we compared orders 0, 0.5, 1, and 2 for the inactivation of a Pt
approachKy values were 2& 1 and 34+ 3 mM glucose for  TTI at 74.8°C. Correlation coefficientsR?) were 0.89, 0.97,
Ptand PSS TTls, respectively. Calculated apparéptvalues 0.99, and 0.94, respectively. In this case, a single TTI was used
were very similar to the values reported for GOD in solution for five heating-cooling cycles to eliminate TTI-to-TTI vari-
(52), indicating that these TTIs operate under a kinetically ability. These results suggest that first-order kinetics best
controlled regime. Therefore, the amperometric response of bothrepresent the inactivation of the TTI. The kinetics of inactivation
types of TTls will be proportional to the concentration of active of enzymes in solution and the kinetics of inactivation of
enzyme. Theoreticallyjmax is reached at infinite substrate microorganism have been described with first-order models.
concentration and is equal to 2 times the rate of reaction at Therefore, it is reasonable to assume pseudo-first-order inactiva-
substrate concentration equakg. From a practical approach, tion. The rate constank) was calculated from the slope of the
imax is reached when glucose concentration is large enough solinear regression of In(% residual activity) vs time assuming
that theKy value becomes negligible compared to substrate pseudo-first-order kinetic&igure 9 shows the thermal inactiva-
concentrationFigure 7 shows the effect of glucose concentra- tion of Pt TTIs at different temperatures. The activation energy
tion for (A) a Pt TTl and B) a Pt=SS TTI. For both types of  for the thermal inactivation of the immobilized GOD was
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Ln (%activity)

Time (min)
Figure 9. Thermal inactivation of GOD Pt TTls at (#) 70 °C, (M) 72.4
°C, (a) 74.8 °C, (O) 77.2 °C, and (x) 79.7 °C.

Table 1. Thermal Inactivation Kinetic Parameters for GOD Immobilized
in an Electrochemically Generated PoPD Film Deposited on Pt
Capsules

E
T(°C) Kki(sThx10® r£2  DI(min) (kImol™Y) rRb  Z(°C) pe
70.0 131+010 098 293+27 395+54 097 62+06 098
724 225045 089 17.0%30
74.8 448+041 097 86+038
772 11.75+222 091 33%05
79.7 4486744 091 09x02

a Correlation coefficients of In(A/Ay) vs time that apply to all k and D values.
One replicate for each incubation time was used for the determination of the residual
enzyme activity. ? Correlation coefficient of In(k) vs T~ using the values of k
obtained from linear regression of In(A/Ag) vs time. ¢ Correlation coefficient of log(D)
vs T. 9 Standard error was used as the measure of uncertainty in the determination
of these values.

Table 2. Thermal Inactivation Kinetic Parameters for GOD Immobilized
in an Electrochemically Generated PoPD Film Deposited on Pt—=SS

E?
T(°C) k(s ) %1073 22 Dd(min) (kImol™l) Rb  zZ(°C) PRc
70.0 043+0.11 0.55 89.0+11.1 3355+457 096 6.6+0.84 0.97
724  0.70+£0.07 0.87 545%46
772 297+037 080 129+13
797 120+182 079 32x04

@ Correlation coefficients of In(A/Ay) vs time that apply to all k and D values.
Three replicates for each incubation time were used for the determination of the
residual enzyme activity. All replicates were used for linear regression analysis.
b Correlation coefficient of In(k) vs T~ using the values of k obtained from linear
regression of In(A/Ay) vs time. ¢ Correlation coefficient of log(D) vs T. ¢ Standard
error was used as measure of the uncertainty in the determination of these values.

calculated from the slope of the linear regression oK)Ivs
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A disadvantage of the PSS capsules is that their fabrication
requires several additional steps compared to Pt capsules.
Several batches of PSS TTIs were not functional. Despite
the use of three replicates for each incubation time, variability
in Pt—SS TTIs response was large, as shown by small
correlation coefficients and large standard errors calculated for
k andD values (sedable 2). Platinization was a particularly
difficult step, because activation of SS in hotS®, was not
always reproducible. The time required fos élolution in H-

SO, to start varied and the rate of;Hévolution varied among
capsules. Conversely, Pt TTIs required simple cleaning and
immobilization procedures and gave reproducible results and
very few nonfunctional TTIs. We conclude that while using a
disposable approach to the fabrication of the proposed TTIs
might be economically attractive (the cost of a-BiS based

TTI is approximately $3.00 US), the more expensive ($30.00
US) Pt-based TTI can be recycled and offers a more robust
approach. Beyond our main objective of proposing ampero-
metric biosensors as an innovative platform for TTls, our results
suggest that the proposed GOD-based TTIs are suitable for the
assessment of microbial inactivation during pasteurization. For
example, it has been reported thagteria monocytogenesrain
Scott A in dairy products has avalues of 6.08-6.67 °C for
pasteurization at 5268 °C. Strain 1151 hagvalues of 5.32

6.71 in the same temperature rang6)(Escherichia coli0O157:

H7 hasz values of 6.50, 6.89, 6.51, 6.0, and 6°in turkey,
lamb, pork, beef, and chicken, respectiveby,(58). Among
oxidases, glucose oxidase is a very stable enzyg8e To the

best of our knowledge, this is the first report of GOD as a
potential TTI for food pasteurization. For processes where target
microorganisms have lower values, there are a number of
oxidases, such as amino acid oxidase and alcohol oxidase, that
have lower thermal stability and have the potential to be readily
used as TTls using the proposed method of transduction, i.e.,
amperometric detection of #,. Furthermore, there are other
enzymes that produce electroactive compounds that can be
detected using the proposed technology by simply changing the
substrate and the electrode potential. In summary, the proposed
TTI technology has the following advantages: (i) TTIs are
simple to prepare, (ii) TTIs’ response is simple and rapid to
read, (iii) inexpensive electronic instrumentation is used, and
(iv) a variety of target microorganisms can be easily achieved
by changing the enzymes and the substrates. The proposed TTls
and the associated electronic components can be miniaturized
to produce a low-cost portable instrument. On the basis of the
proposed technology, TTls with higheralues based on more

h estable or stabilized enzymes can potentially assess the adequacy

the reciprocal of the absolute temperature, assuming that t o o
P P g é)f sterilization in the canning industry.

effect of temperature on the rate constant can be described usin
an Arrhenius-type equatlon.. The decimal reduction tnﬁe ( ACKNOWLEDGMENT
value) and the temperature increase that produces an increase
in the rate of enzyme inactivation by a factor of ov@lue)  The authors are grateful to Aima L. Refor her assistance in
were also calculated. Thermal inactivation kinetic parameters carrying out some the experiments of this research.

of Pt-based and PiSS-based TTIs are shownTrables 1and

2, respectively. The value for Pt and PtSS TTls was 6.2
and 6.6 °C, respectively, and they were not significantly
different. While thez value was essentially the same for both
TTls, theD values for PSS TTIs were greater than those for
Pt-TTIs. This suggests that immobilization on—+&S has a
stabilization effect on the enzyme, but in the range of temper-
atures investigated here, the dependency of the rate of inactiva-
tion on temperature remains unchanged. The decrease in the
rate of inactivation may be partially due to the greater thickness
of SS capsules compared to Pt capsules. Other interaction of
metals from the SS alloy might have affected the stability, too.
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