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Abstract

Glucose oxidase (GOx) was immobilized via both physical entrapment and covalent linkage to crosslinked poly(hydroxyethyl
methacrylate-co-dimethylaminoethyl methacrylate, (p(HEMA-DMEMA)) hydrogel microspheres (20–150�m in diameter)
that were synthesized by inverse suspension polymerization. Loading capacities of 7–8 mg GOx per gram of hydrogel were
achieved with physical entrapment, compared to<1.8 mg GOx per gram of gel with the covalent technique. The microspheres
containing physically entrapped enzyme were packed into bioreactors and the kinetics of the immobilized enzyme investi-
gated under various flow conditions. Flow rate dependence ofKm(app) andCmax, when extrapolated to near diffusion-free
conditions, resulted in values of 13.2 mM and 2.7 × 10−3 mol min−1, respectively, for the immobilized enzyme. Studies of
pH-dependence ofKm(app) andCmax suggest that the imidazolium and sulphydryl groups may be involved at the active site
of the immobilized GOx . Studies of the temperature dependence ofC andCmax confirm lower activation energies for the
oxidation of glucose at temperatures >35◦C, suggesting the influence of diffusional limitations within the hydrogel.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The specificity of enzymes and their ability to cat-
alyze reactions make them attractive for applications
in biochemical, biomedical, industrial and bioanalyt-
ical fields. One major advantage of this specificity is
that the yields are free of side products. However, the
recovery and re-usability of free enzymes as catalysts
are quite limited and this has led to the development
of a wide variety of immobilization techniques. Im-
mobilization also offers some other operational advan-
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tages over free enzymes, such as choice of batch or
continuous processes, rapid termination of reactions,
controlled product formation, ease of removal from
the reaction mixture and adaptability to various engi-
neering designs[1–3]. Among the available methods
for enzyme immobilization, matrix entrapment seems
to have advantages over the others, such as simplicity
of the immobilization process and the fact that the en-
zyme is retained in its native state. With this technique,
no reactive group of any amino acid residue of the pro-
tein is used to form specific covalent bonds with the
matrix in order to achieve enzyme immobilization[4].

Currently, there is considerable interest in the
preparation, properties and the use of solid-supported
enzyme systems due to their potential applications in
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such areas as automated analyses[5–7], clinical inves-
tigations[8], syntheses in organic solvents[9,10] and
as the recognition layer in biotransducers as part of
biosensors[11,12]. In addition, these solid-supported
enzyme systems can serve as model systems for the
behavior of enzymes in vivo[13]. Polyacrylamide
gels have been widely employed as the matrix ma-
terial of choice for enzyme immobilizations by en-
trapment. However, the mechanical strength of these
gels is low and there are frequent reports in the liter-
ature of enzyme leakage from these gels. The use of
poly(hydroxyethyl methacrylate) (pHEMA) as a ma-
trix for immobilization of enzymes was first reported
in the early 1980s[14,15]. Since then, reports using
p(HEMA) as the matrix for the entrapment and im-
mobilization of glucose oxidase (GOx) have all been
aimed at producing glucose-responsive membranes
[16,17], without much detailed consideration and dis-
cussion of the influence of the matrix on the kinetics
of the immobilized enzyme.

In this manuscript, we present an insight into
the role of this pH-responsive hydrogel matrix in
influencing the mechanism of action of the immobi-
lized enzyme. The present study is concerned with
the preparation and characterization of pHEMA mi-
crospheres as an immobilization matrix for GOx .
The microspheres were rendered pH responsive by
co-polymerization of dimethylaminoethyl methacry-
late (DMEMA) within the p(HEMA) hydrogel net-
work. The pH and temperature dependence of the
immobilized enzyme kinetics were studied under flow
conditions in a packed bed bioreactor. The results
were analyzed in terms of the kinetic equations de-
veloped by Lilly et al.[18] for plug flow systems in
packed-bed bioreactors.

2. Material and methods

2.1. Chemicals

GOx (E.C. 1.1.3.4. from Aspergillus niger,
152,000 units g−1 solid), sorbitan sesquioleate and
light white mineral oil were obtained from Sigma (St.
Louis, MO). The monomer, hydroxyethyl methacry-
late (HEMA) was obtained from Polysciences Inc.
(Warrington, PA), while the dimethylaminoethyl met-
hacylate monomer (DMEMA), crosslinker tetraethy-

leneglycol diacrylate (TEGDA) and inhibitor remover
columns (cat no. 30,631-2) were purchased from
Aldrich (Milwaukee, WI). These columns were used
to remove the monomethyl ether hydroquinone in-
hibitor that is used as a preservative to prevent the
methacrylate monomers from polymerization during
storage. The HEMA monomer was vacuum distilled
(1.3 mmHg, 80◦C) before use. All other reagents
used were of the Analytical Reagent Grade and were
obtained from BDH (Poole, UK).

3. Methods

3.1. General method for the preparation of hydrogel
microspheres by inverse suspension polymerization

Inverse suspension polymerization gives rise to al-
most perfect spherical particles which when packed
into column bioreactors allow work to be conducted
at high flow rates with minimum pressure loss.
The detailed procedure for the synthesis of hydro-
gel miocrospheres is described in previous work
[19]. Briefly, appropriate volumes of HEMA (H),
DMEMA (D) and TEGDA (T) that were all previously
de-inhibited were dissolved in an aliquot of the buffer
(phosphate/citrate, 25 mM each, pH 6.8) so as to pro-
duce a monomer:aqueous ratio of 1:1 (the disconti-
nuous phase). The continuous phase consisted of
sorbitan sesquioleate (2.50 ml) dissolved in paraffin
oil (50.0 ml). Both the continuous and discontinuous
phases were purged with nitrogen for 30 min. The
purged monomer solution, to which the redox initiator
ammonium peroxydisulphate (APS, 0.140 g dissolved
in 0.50 ml buffer) was added, was then poured into
the polymerization flask containing the continuous
phase. This mixture was maintained under a nitrogen
atmosphere at 15◦C and at a stirring rate of 1500 rpm
using a paddle stirrer. The polymerization process was
initiated by injectingN,N,N,N-tetramethylethylenedi-
amine (TEMED, 0.50 ml) into the reaction mixture
and the polymerization allowed to proceed for 10 min.
The polydisperse hydrogel microspheres produced
were centrifuged (1200× g, 1 min) and then washed
with acetone followed by phosphate/citrate buffer
(working buffer). Finally, the microspheres were se-
quentially wet-sieved with mesh sizes of 150 and
20�m. These dimensions corresponded to the upper
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and lower diameters of the microspheres that were
used in the bioreactor, respectively. Microspheres
were then stored in the working buffer at 4◦C.

3.2. Immobilization of enzymes to hydrogel
microspheres

Two methods, physical entrapment and covalent
coupling, were used to immobilize GOx to the various
microspheres synthesized.

3.2.1. Physical entrapment
In this method, varying quantities of GOx were

dissolved in buffer (0.5 ml) and mixed with the re-
quired volumes of the monomer to produce a final
monomer:aqueous ratio of 1:1. These were then
polymerized as described above. The resulting beads
were stored in phosphate/citrate buffer (25 mM each,
pH 6.8) in the presence of the antibacterial agent,
thimerosal (0.1% w/v), at 4◦C.

3.2.2. Covalent immobilization
GOx was covalently linked to the preformed hy-

drogel microspheres by covalent coupling of the en-
zyme to the available hydroxyl groups of p(HEMA).
Hydrogel microspheres (2.0 g) were washed with the
working buffer followed by sequential washing with
10, 20, 40 and finally 60% acetone:water mixtures.
Activation of the hydrogel microspheres was achieved
using cyanogen bromide and triethylamine (TEA) as
follows. A cyanogen bromide (CNBr) solution (0.4 ml,
1 M in acetone) was added dropwise to the micro-
spheres followed by the addition of a TEA solution
(0.4 ml, 1.5 M in 60% acetone). The entire reaction
mixture was then poured into 5.0 ml of an ice-cold
washing medium (10◦C) of acetone:0.1 M HCl (1:1,
v/v). The CNBr activated hydrogel microspheres were
then washed sequentially with cold 60, 40, 20 and
10% acetone:water mixtures and finally with Na2CO3
(coupling buffer, 0.1 M, pH 8.5, 4◦C).

The GOx (1.5–30 mg), dissolved in 2.0 ml of the
coupling buffer, was then added to the activated mi-
crospheres and allowed to tumble for 16 h at 18◦C.
At the end of this time, the microspheres were washed
with the Na2CO3 buffer followed by this same buffer
containing 1 M NaCl, pH 8.5. Ethanolamine solution
(2.0 ml, 1 M in Na2CO3, pH 9.0) was then added
to react with any uncoupled activated –OH groups

of the hydrogel and the mixture tumbled for a fur-
ther 2 h at 18◦C. The hydrogel microspheres were
then washed with Na2CO3 buffer containing NaCl
as described above, then with the working buffer
(NaH2PO4, 25 mM, pH 6.8) until the wash was free of
any GOx activity. The enzyme-coupled microspheres
were finally stored in the working buffer containing
thimerosal (0.1% w/v) at 4◦C.

3.3. Characterization of the GOx-hydrogel
microspheres using packed-bed bioreactors

The amount of enzyme immobilized to the hydro-
gel microspheres was determined from differences
between the concentration of enzyme (protein) offered
for coupling and the amount of protein present in the
washings after coupling using the Lowry method[20].
Six different quantities of GOx (1.5–30.0 mg) were
utilized in the preparation of batches of enzyme-linked
hydrogel microspheres (2.0 g) via both physical and
chemical methods of immobilization. The enzymatic
activities of the various batches of these microspheres
were determined at 35◦C using glucose (5.0 mM in
0.1 M NaH2PO4 solution, pH 6.8) as substrate. The
quantity of H2O2 liberated as a result of oxidation of
glucose by immobilized GOx was determined spec-
trophotometrically using peroxidase (0.5 mg ml−1)
and the chromogenic system of dimethylaminoben-
zoic acid (DMAB, 12 mM) and 4-aminoantipyrine
(4-AAP, 0.4 mM)[21].

Plug-flow bioreactors were prepared by packing
small lengths of Tygon® tubing (25 mm× 3 mm i.d.)
with the immobilized GOx hydrogel microspheres.
Porex spheres were used to plug both ends of the biore-
actor to prevent loss of the microspheres. The GOx

bioreactor was studied under conditions of varying
substrate concentrations (10−4 to 10−2 M), flow rates
(0.3–1.4 ml min−1), pH’s (4.0–8.5) and temperatures
(10–50◦C). Under each set of conditions investigated,
the steady state current (�A) produced at an amper-
ometric detector (Model LC4C Electrochemical An-
alyzer, Bioanalytical Systems, West Lafayette, IN) as
a result of the oxidation of H2O2 (Eq. (1)), generated
by the oxidation of the substrate by the immobilized
enzyme, was monitored at+700 mV versus Ag/AgCl.

H2O2 → 2H+ + O2 + 2e−,

E = +700 mV(versus Ag/AgCl) (1)
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4. Results and discussion

The conversion of glucose to gluconolactone and
H2O2 by GOx is schematically illustrated inFig. 1
[22]. The cyclic ketone that is first produced is spon-
taneously hydrolyzed to gluconic acid.

4.1. Activity-loading capacity relationships

Both the quantity and activity of the GOx im-
mobilized within the hydrogel microspheres were
determined spectrophotometrically and the values
compared with those of the enzyme introduced into
the monomer formulation prior to microsphere poly-
merization. The latter quantity is regarded as enzyme
offered for immobilization. The activity-loading rela-
tionship for each composition of hydrogel synthesized
(containing physically and chemically immobilized
GOx) is displayed inFig. 2A–F. On the left axis is
plotted the normalized activity of the enzyme immo-
bilized within the microspheres. On the right axis is
plotted the quantity of enzyme bound as determined
by the Lowry method. For hydrogel microspheres
containing physically entrapped GOx and with com-
positions 100:0:03, 90:10:03 and 80:20:03 mol%
H:D:T (Fig. 2A–C, respectively), a general trend can
be observed across all three compositions. The activ-
ity profiles (number of micromoles of H2O2 produced
per gram of gel at pH 6.8 andT = 35◦C) were all
found to increase, rising to a maximum corresponding

Fig. 1. Enzymatic reaction between glucose and glucose oxidase.

to 15–20 mg GOx offered per gram of gel. The activ-
ity then leveled off, where after increased amounts of
enzyme offered to the hydrogel support resulted in no
further increase in enzyme activity. As expected, the
mass of enzyme immobilized shows similar profiles
as the activity. The quantity of GOx immobilized
per gram of hydrogel increased rapidly across all
three compositions (A, B and C) and then leveled
off as the enzyme concentration offered to the gel in-
creased. For physically entrapped GOx , the optimum
loading/activity was achieved when about 20 mg of
enzyme per gram of gel was offered for coupling. At
this enzyme concentration, a loading capacity of be-
tween 7 and 8 mg GOx per gram of gel was obtained.
The resulting specific activities were between 100 and
110�mol min−1 mg−1 enzyme (U) per gram of gel.

With respect to the covalently immobilized systems
having hydrogel compositions of 100:0:03, 90:10:03
and 80:20:03 mol% H:D:T (Fig. 2D–F, respectively),
there was again a similar rapid increase in quantity
of enzyme immobilized per gram of gel for all com-
positions. The activity profiles also exhibited similar
trends, increasing and then leveling off as the enzyme
concentration offered increased. However, unlike
the physically immobilized enzyme, optimum load-
ing/activity for the covalently immobilized systems
was observed to vary with the monomer composi-
tion of the hydrogel. For the p(HEMA) microspheres
containing no DMEMA (100:0:03 mol%—H:D:T),
(Fig. 2D), the activity showed a rapid initial increase,
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reaching a maximum at about 20 mg GOx offered per
gram of gel. At this enzyme concentration, a loading
capacity of about 1.8 mg GOx per gram of gel was ob-
tained resulting in a specific activity of 70 U per gram
of gel. As the percentage of DMEMA in the micro-
sphere increased from 0 to 20% and the corresponding
percentage of HEMA decreased from 100 to 80%,
the optimum enzyme loading was found to decrease
from 1.8 to 0.7 mg GOx per gram of gel. Similarly,
the specific activity of the bound enzyme was found
to decrease from 70 to 31 U per gram of gel.

To explain these observations, one has to examine
the method employed to immobilize the GOx enzyme.
Immobilization via physical entrapment results in a
highly crosslinked polymer network that forms in the
presence of the enzyme. Consequently, the enzyme
is contained within the interstitial spaces of the poly-
meric network. As all three monomer formulations
contained the same quantity of cross-linking agent
(3 mol%), the resulting polymer network will likely
possess similar crosslink densities[23]. Each hydro-
gel network that was formed should, thus, be capable
of accommodating/entrapping similar amounts of the
enzyme within the interstitial spaces of its matrix.
Consistent with the foregoing, all three hydrogel for-
mulations were found to exhibit loading capacities
of 7–8 mg GOx per gram of hydrogel. Similar results
were reported by Arica and Hasirci[24] who ob-
served an increase in the activity of GOx entrapped
within p(HEMA) membranes upon increasing the
enzyme offered from 2 mg GOx per gram of gel up
to 20 mg GOx per gram of gel. Sheppard and Lesho
[25] reported an optimum loading of 166 U GOx per
milligram of gel during the synthesis of a photopat-
terned conductimetric glucose biosensor utilizing a
H:D ratio of 90:10 mol%, while Pishko et al.[26]
utilized a loading of 2 mg GOx per milligram of re-
dox hydrogel for the construction of amperometric
glucose microelectrodes.

In the case of GOx covalently immobilized via
endogenous hydroxyl groups of the preformed hydro-
gel microspheres, as the concentration of the HEMA
monomer in the gel decreases (i.e. as the DMEMA
content increases) there would be fewer available hy-
droxyl groups for activation by CNBr/TEA and for
subsequent coupling to the enzyme. Thus, for the
hydrogel formulation of composition 80:20:03 mol%
(H:D:T), which contained the lowest concentration

of HEMA, and hence, the fewest available hydroxyl
groups for activation, the polymer is expected to
become saturated at a lower enzyme concentration
than that for the other compositions. The results in
Fig. 2D–F support this conclusion. For comparison,
Hall et al. [27] reported up to 9.5 mg GOx cova-
lently immobilized per gram of methyl methacrylate
copolymers. Because a greater loading capacity was
achieved via physical entrapment of GOx into the hy-
drogel microspheres, this method of immobilization
was selected for the following flow rate/concentration
studies using hydrogel microspheres of composition
90:10:03 mol% (H:D:T).

4.2. Flow rate/concentration studies

The influence of flow rate on the kinetic parameters,
Km andVmax, of physically entrapped GOx-hydrogel
microspheres have been previously described[19].
Based on the Lilly et al.[18] model for packed-bed
bioreactors (Eq. (2)),

f [A0] = C

Q
+ Km(app) ln (1 − f ) (2)

a plot off [A0] against ln(1−f ) (wheref is the frac-
tion of substrate converted during passage over the
reactor and [A0] the initial substrate concentration),
resulted in a straight line with a slope, and hence,
Km(app), equal to 13.2 mM for the physically entrapped
GOx . This compares closely to that reported for free
GOx (Km = 10 mM) [28]. The above model also al-
lows a calculation ofVmax, or the maximum reaction
capacity,Cmax, of the bioreactor. This parameter was
found to also vary with flow rate[19], indicating, as
did theKm(app) values, that over the flow rates exam-
ined, the immobilized GOx bioreactor’s kinetics were
influenced by diffusional effects. A plot of 1/C against
1/Q (Fig. 3), the inverse flow rate, yielded aCmax value
of 2.7 × 10−3 mol min−1.

4.3. pH studies

Detailed kinetic studies of the influence of pH on
an enzyme-catalyzed reaction can reveal important
information on the nature of the amino acid residues
that influence the active site of the enzyme. In this
study, glucose solutions of varying concentrations
(10−4 to 10−2 M) prepared over a pH range of 5.6–8.3
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Fig. 3. Plot of 1/C (reactor capacity) vs. 1/Q (flow rate) for the packed-bed bioreactor containing hydrogel microspheres with physically immo-
bilized glucose oxidase. Conditions were: hydrogel composition= 90:10:03 mol% (HEMA:DMEMA:TEGDA); buffer= citrate/phosphate
(25 mM in each component); pH= 6.5; temp= 35◦C.

were allowed to flow over the GOx-hydrogel biore-
actor at various flow rates (0.1–1.4 ml min−1). The
amperometric responses resulting from the oxidation
of enzymatically generated H2O2 under these varying
conditions were monitored at each pH. Primary plots
of f [A0] against ln(1− f ) were used to generateKm
and Cmax values. Secondary plots of 1/Km and 1/C
against 1/Q in turn generatedKm and Cmax values.
These latter values should be essentially free of dif-
fusional effects. These diffusion free values enable
a more meaningful comparison between the native,
solution-borne enzyme and the hydrogel-immobilized
enzyme system and, thus, reveal any influence of the
hydrogel on the performance of the enzyme.

The pK values of the ionizable groups at the active
site of the enzyme can be obtained from logCmax and
logCmax/K

′
m(app) versus pH plots, according to a pro-

cedure adapted from that detailed by Segel[29] for
systems which have a�pK of greater than 2pH units
i.e. well separated pK’s. From the pH optimum and
the pH’s at which the curve intersects a horizontal line
drawn at half the maximum, values for pKa and pKb
may be determined (Figs. 4 and 5). Fig. 4 shows the
pH dependence forCmax/Km with a pH optimum of
around 7.0, a pKa of 5.8 and a pKb of 8.1. The influ-
ence of pH onCmax reveals a pK ′

a of 5.7, a pK ′
b of 8.1

and similarly, an optimal pH of between 6.8 and 7.0
(Fig. 5). The variation ofK ′

m(app) for the immobilized

GOx with pH is displayed inFig. 6, with an observed
minimum value forK ′

m(app) at the pH optimum. Be-
tween pH 6.5 and 8.0, theK ′

m(app) remains relatively
constant, with a mean value of 9.0 mM. Since the pK
of most side chains of the amino acid residues dif-
fer appreciably, such a pK assignment can, in many
cases, lead to tentative identification of an amino acid
group. The two pK values observed possibly corre-
spond to the imidazolium group (pKa ∼ 5.8) of a histi-
dine amino acid residue and to a sulphydryl group (pKb
between 8.0 and 9.0) of a cysteine residue. The ap-
proximate values expected for the intrinsic pK’s of the
imidazolium and sulphydryl groups are 6 and 8–10, re-
spectively[30]. Swoboda and Massey[22] have previ-
ously confirmed that histidine residues were involved
in the catalytic oxidation of glucose by GOx . Hence,
by immobilizing the GOx within the hydrogel micro-
spheres the functional group chemistry of the active
site of the enzyme was not altered.

4.4. Temperature studies

The reaction of glucose within the bioreactor con-
taining GOx physically immobilized within hydrogel
microspheres, presents the situation of coupled mass
transport and enzyme reaction wherein transport oc-
curs within the bulk aqueous medium as well as within
the gel. This may be summarized in the mass balance
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Fig. 4. Relationship between logCmax/Km(app) and pH for the packed-bed bioreactor containing hydrogel microspheres with physically
immobilized glucose oxidase at 35◦C. Cmax and Km(app) values were obtained from plots off [A0] vs. −ln(1 − f ) and fromFig. 3 for
the oxidation of glucose by the packed-bed bioreactor at various flow rates.

Eqs. (3) and (4) [31].

∂Ci
P

∂t
= Di

P
∂2Ci

P

∂x2
+ Ri

P (3)

Ri
P = νmax

Ci
P

Ci
P + Km

(4)

whereDP is the diffusion coefficient for the product
of glucose oxidation (H2O2), RP the rate of product

Fig. 5. Relationship between logCmax and pH for the packed-bed bioreactor containing hydrogel microspheres with physically immobilized
glucose oxidase at 35◦C. Cmax values were obtained at various pH’s from plots off [A0] vs. −ln(1−f ) and fromFig. 3 for the oxidation
of glucose by the packed-bed bioreactor at various flow rates.

appearance andKm the Michaelis constant of the
familiar Michaelis–Menten kinetic expression. Tem-
perature is capable of influencing both diffusivity and
reactivity and, therefore, insight into the role of the
hydrogel in influencing the mechanism of action of
the enzyme may be inferred from the temperature
dependence of the reaction rate and the shape of the
appropriate Arrhenius plots. Flow influences the ap-
parent diffusivity as it lends a convective contribution
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Fig. 6. Relationship between logK ′
m(app) and pH for the packed-bed bioreactor containing hydrogel microspheres with physically immobilized

glucose oxidase at 35◦C. Km(app) values were obtained at various pH’s from plots off [A0] vs. −ln(1 − f ) for the oxidation of glucose
by the packed-bed bioreactor at various flow rates.

to the transport of substrate to the immobilized en-
zyme. In the present studies, thermostated solutions
of glucose (in 0.1 M NaH2PO4, pH 6.8) were pumped
through bioreactors containing GOx physically im-
mobilized within hydrogel microspheres. Varying
flow rates (0.1–1.2 ml min−1) and varying substrate
concentrations (0.1–20 mM) were studied over the
temperature range 10–40◦C. The activation energies,
detailed inTable 1, were determined from plots of
the logarithm of the oxidation current of enzymati-
cally generated H2O2 under these conditions versus
1/T in accordance with the Arrhenius equation,k =

Table 1
The apparent activation energies for the oxidation of glucose by a covalently immobilized GOx -hydrogel bioreactor

S. no. [Glucose]
(mM)

Flow rate
Q (ml min−1)

Temperature (◦C) Activation energy
E (kJ mol−1)

Correlation
coefficient,r2

1 0.1 0.1 10–25 29.10 0.999
2 0.1 0.1 30–40 10.38 0.995
3 0.1 1.2 10–20 33.26 0.995
4 0.1 1.2 25–45 11.09 0.990
5 20 0.1 10–25 26.33 0.992
6 20 0.1 30–40 3.75 0.972
7 20 1.2 10–20 12.47 0.996
8 20 1.2 25–40 4.90 0.995
9 0.1–20 0.1 10–40 10.72 0.985

10 0.1–20 0.4 20–40 13.77 0.999
11 0.1–20 1.2 20–40 6.05 0.996

Ae−EA/RT. A plot of the logarithm of the effective
rate constant (logCmax or logImax) versus 1/T should,
therefore, yield a straight line with slope equal toEA.

The logarithm of the maximum reaction capacities,
Cmax, (obtained from they-intercept of plots similar
to Fig. 3) was plotted versus 1/T. This plot showed
marked curvature (Fig. 8) indicating thatCmax is a
complex function and is likely affected by several ve-
locity constants[32]. Instead of these plots therefore,
values ofC at three different flow rates correspond-
ing to low, intermediate and high flow rate regimes,
were examined and were used to determine activation
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Fig. 7. Plots of logI of H2O2 oxidation vs. 1/T at various flow rates and substrate concentrations for the packed-bed bioreactor containing
hydrogel microspheres with physically immobilized glucose oxidase at pH 6.8. Low [substrate], low flow rate (�); high [substrate], high
flow rate (�); low [substrate], high flow rate (�); high [substrate], low flow rate (×).

energies (entries 9–11 inTable 1). Such plots are
shown inFig. 9 and the activation energies obtained
from their slopes are presented inTable 1and com-
pared to activation energies obtained from the slopes
of product-generated currents versus 1/T (entries 1–8,

Fig. 8. Relationship between logCmax and 1/T for the packed-bed bioreactor containing hydrogel microspheres with physically immobilized
glucose oxidase at pH 6.8.Cmax values were obtained from plots similar to those used forFig. 3.

Table 1and Fig. 7). Overall there appears to be lit-
tle or no effect of flow rate on the activation energies
obtained.

The present study has found that at the higher
temperature range (25–40◦C; entries 2, 4, 6, 8 of
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Fig. 9. Plots of logC vs. 1/T at low (0.1 ml min−1, �), intermedi-
ate (0.4 ml min−1, �) and high (1.2 ml min−1, �) flow rates for
the packed-bed bioreactor containing hydrogel microspheres with
physically immobilized glucose oxidase at pH 6.8.

Table 1), regardless of the substrate concentration, the
activation energies obtained are all quite low, between
3.75 and 11.09 kJ mol−1. In contrast, at the lower
temperatures (10–25◦C; entries 1, 3, 5 ofTable 1)
and for the substrate concentrations used, activa-
tion energies were considerably higher, in the range
26.33–33.26 kJ mol−1. The effects of temperature
changes on the kinetics of immobilized enzymes have
been examined by several researchers[32,33]. Within
the low substrate concentration region, such that
Km(app) 
 [S], the following approximation to the
Michaelis–Menten equation should apply, provided
that there are no diffusional limitations:

ν = kc[E]m[S]

Km(app)
(5)

wherekc is the diffusion-free catalytic constant mod-
ified by conformational and environmental effects;
[E]m the concentration of immobilized enzyme;
[S] the substrate concentration in bulk solution and
Km(app) the apparent Michaelis constant, influenced
by conformational, environmental and diffusional
effects. When diffusional effects are strongly influ-
encing the kinetics of an enzyme-catalyzed system,
it has been proposed[34] that the activation energy
determined is more accurately represented byEq. (6):

1
2(Ec + �Em + ED) (6)

whereED is the activation energy for the diffusion step
and�Em andEc, the activation energies for binding
and the breakdown of the enzyme-substrate complex,
respectively.

Equating the average of this high tempera-
ture region, but low range of activation energies
(7.2 kJ mol−1) to 1/2(Ec + �Em + ED) and taking
Ec = Ea for solution-borne GOx (∼14 kJ mol−1) [35]
results in a value of 0.2 kJ mol−1 for Em + ED. This
would make the sum ofED andEm ∼= 0 and suggest
that the reaction is entirely under enzymatic control.
When the average of the low temperature region but
high range of activation energies (25.3 kJ mol−1) is
similarly compared to 1/2(Ec + �Em + ED), the
result is a value of 36.6 kJ mol−1 for (Em +ED). This
suggests the possibility that the apparent kinetics may
be influenced by diffusion.

Narinesingh et al.[36] reported similar results for
the evaluation of a�-galactosidase covalently immo-
bilized onto a fractogelTM support. They concluded,
however, that at high temperature the lower activation
energy corresponded to diffusion limiting conditions
and that at the lower temperatures, the higher acti-
vation energy corresponded to kinetically controlled
conditions. Ngo and Laidler[33] have studied the be-
havior of acetylcholine esterase entrapped in polyacry-
lamide slices with the enzyme attached to the inner
surface of nylon tubing. These authors reported similar
observations for the activation energies as a function
of temperature. They demonstrated that under high
substrate—low temperature conditions the calculated
activation energy for the gel slices could be attributed
to the breakdown step of the enzyme—substrate com-
plex to form product. They showed that in the higher
temperature ranges, where diffusion of substrate into
the gel would contribute significantly to the apparent
kinetics, lower activation energies were obtained.

5. Conclusions

Hydrogel microspheres of crosslinked p(HEMA-
co-DMEMA) were used for the physical and cova-
lent immobilization of GOx . Of these two techniques,
matrix entrapment (physical immobilization) afforded
the higher loading capacity and higher specific ac-
tivity of the immobilized enzyme. Microspheres con-
taining physically entrapped enzyme were packed into
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a plug-flow bioreactor and a detailed investigation
into the enzyme kinetics under conditions of flow
was performed. Flow rate/concentration studies re-
vealed aKm(app) value of 13.2 mM, that is similar to
solution-borne GOx (10 mM). This indicates that the
substrate has almost solution-like access to the immo-
bilized enzyme within the microsphere and that the
hydrogel presented no significant diffusional barrier
to enzyme-substrate reaction. The pH studies indi-
cated that two functional groups, imidazolium and sul-
phydryl, of histidine and cysteine amino acid residues,
respectively, may be involved at the enzyme’s active
site for the oxidation of glucose. This suggests that
the hydrogel microsphere matrix influences the mech-
anism of action of GOx . Temperature studies revealed
two distinct regions; a high (>35◦C) temperature re-
gion represented by lower activation energy and a low
temperature region represented by high activation en-
ergy. Thus, by selecting operating conditions of suffi-
ciently high flow rates and an operating temperature
within the range of 20–35◦C (to minimize diffusional
limitations), we have successfully designed a flow in-
jection (FI) analysis system incorporating the present
bioreactor for the amperometric quantitation of glu-
cose in human serum[19].
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