ELSEVIER

Journal of Controlled Release 67 (2000) 9-17

journal of
controlled
release

www.elsevier.com/locate/jconrel

Glucose-sengitivity of glucose oxidase-containing cationic
copolymer hydrogels having poly(ethylene glycol) grafts

Kairali Podual®, Francis J. Doyle 111%, Nicholas A. Peppas®

Biomaterials Drug Delivery Laboratories, School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 1283, USA

Recelved 4 September 1998; accepted 6 December 1999

Abstract

Glucose oxidase and catalase were immobilized on poly(diethylaminoethyl methacrylate-g-ethylene glycol) gels by
copolymerization of the constituent monomers and the functionalized enzyme solutions. The hydrogels were prepared in the
form of discs and microparticles. The amount and the activity of enzymes immobilized in the matrix were determined. The
hydrogels were tested for their response to glucose by exposing microparticles to varying concentrations of glucose. The
generation of gluconic acid as a result of the reaction of glucose with oxygen was investigated as a function of polymer
parameters, such as crossinking ratio and enzyme loading. Pulsatile variation of the glucose concentration was used to
confirm the glucose-dependent swelling properties of these hydrogels. [0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Glucose-sensitive membranes and hydrogels can
be used effectively to achieve feedback-controlled
release of insulin. These polymeric gels demonstrate
areversible swelling behavior in response to glucose
concentrations in the surrounding medium. The
resulting changes in the mesh size modulate release
of insulin physicaly imbibed in the gels. Since
insulin diffusion through these gels is dependent on
the changes in mesh size caused by the varying
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concentration of glucose in the medium, these gels
are effective in bringing about feedback-responsive
release.

Glucose oxidase (GOD) immobilization on poly-
mers has been investigated in detail in attempts to
produce materials for the construction of new types
of glucose sensors [1]. Work has aso been published
on the use of GOD for stimulation of pH-responsive
release from polymer matrices and membranes [2].
GOD has been successfully immobilized on a wide
variety of polymers, such as polyacrylates [3],
polymethacrylates [4], polyethylene [5], polypyrroles
[6], silica [7], and poly(vinyl alcohol) [8,9]. The
activity of immobilized enzymes is an important
parameter that determines the performance of the
hydrogel membrane. In most cases, there is a signifi-
cant loss of enzyme activity due to harsh methods
employed during immobilization and polymerization.
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Stability of these enzymes is also a major concern as
irreversible degradation might occur with time [9].

The next important criterion determining the
feasibility of these gels in insulin delivery is their
optimal performance under physiological conditions.
Heller and co-workers [10,11] observed that the
glucose-sensitivity of poly(ortho esters) could be
improved by incorporating tertiary amines into the
structure. Albin et al. [12] studied GOD-immobilized
polyacrylamide gels and poly(dimethylaminoethyl
methacrylate) (PDMAEM) gels in the form of
macroporous and microporous matrices. The kinetics
of solute transport in these membranes was found to
be limited by the solubility of oxygen in the sur-
rounding medium.

The studies conducted by Goldraich and Kost [13]
on GOD-immobilized copolymers of 2-hydroxyethyl
methacrylate (HEMA) and dimethylaminoethyl
methacrylate (DEAEM) crossinked with tetra-
(ethylene glycol) dimethacrylate (TEGDMA) indi-
cated very slow deswelling rates. These gave rise to
significant gel irreversibilities as the gels were
unable to recover their original conformation when
transferred between two solutions containing varying
concentrations of glucose. This was further con-
firmed by Ishihara and co-workers using GOD-im-
mobilized polyamides [14,15] and polymethacrylates
[16]. The slow collapse was attributed to the small
range of pH variation (between 6.2 and 6.6) attained
in the matrix.

In our previous work [17,18], we studied the pH
sengitivity of poly(diethylaminoethyl-g-ethylene gly-
col) (M(DEAEM-g-EG)) hydrogels. It was shown
that these hydrogels had a distinct transition be-
havior, characterized by a steep change in swollen
volume a pH 7.0. Below this pH, the hydrogels
exhibited high swelling ratios. Above the transition
pH, the hydrogels were relatively collapsed with
much smaller swelling ratios. Both of these states
were related to their corresponding mesh sizes The
ionization of the tertiary amine side groups under
these conditions resulted in the swelling of the
polymer through two mechanisms: (i) increase in the
hydrophilicity of the polymer and (ii) electrostatic
repulsion between the positively charged groups. In
the absence of glucose, the pH in the microenviron-
ment of the gels was found to remain constant at 7.4
and the gel remained collapsed. For applications, two

different geometries were studied, namely, discs and
microparticles. Of course, the dynamics of the pH-
sensitive swelling/deswelling behavior was con-
siderably faster in the case of microparticles.

In our research, GOD was immobilized in the
hydrogel to impart glucose-sensitivity to the matrix.
To improve the rate of reaction and, therefore, the
swelling rates within the gel matrix, one option was
to immobilize catalase in the hydrogel along with
GOD. Low conversions and reduced rates of re-
actions might be due to the inhibitory effect of
hydrogen peroxide that is formed as a byproduct of
the glucose oxidation reaction. Catalase reduces
hydrogen peroxide and eventually removes it from
the system. By this reaction, some oxygen is re-
covered and made available for the formation of
acid. Thus, an efficient redox system is set up within
the gel which operates to minimize unwanted prod-
ucts and provide maximum availability of reactants
for the formation of hydrogen ions [12].

Incorporation of poly(ethylene glycol) grafts on
the main chains of the hydrogel was an innovative
approach based on previous work done in our
laboratory [19]. These grafts were expected to retard
the degradation of enzymes and proteins within the
gel. For an internally implantable device, the pres-
ence of certain ‘stealth’ groups helps to minimize the
immunoreaction and subseguent rejection by the
body. PEG is known to have such stealth properties,
which can help maximize the lifetime of the hydro-
gel in the body [20].

In this work, the glucose sensitivity of P(DEAEM-
0-EG) hydrogels was investigated. The effect of a
glucose stimulus and the eventual decrease in the pH
of the hydrogel on swelling were studied. The
change in the swelling ratio and the mesh size under
a glucose stimulus were determined.

2. Experimental

The preparation of discs and microparticles of
glucose-sensitive  P(DEAEM-g-EG) hydrogels in-
volves the copolymerization of functionalized en-
zymes, methacrylate comonomers and crosslinking
agent. GOD and catalase were functionalized before
they were added to the monomer mixture. This was
done by dissolving 0.01 g of GOD and 175 pl of
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catalase (both obtained from Sigma, St. Louis, MO,
USA) in 5 ml of pH 7.4 phosphate buffer solution.
To this solution, 2 pl of acryloyl chloride (Aldrich,
Milwaukee, WI) was added to functionalize amino
groups of the enzymes. The reaction was allowed to
take place at 4°C in an ice bath for 1 h.

The crosslinked polymer matrix was prepared by
using diethylaminoethyl methacrylate (DEAEM, Al-
drich), poly(ethylene glycol) monomethacrylate
(PEGMA, Polysciences, Warrington, PA, USA) and
the crosslinking agent tetraethylene glycol dimeth-
acrylate (TEGDMA, Aldrich). In a typical poly-
merization process, 3.5 ml of DEAEM was co-
polymerized with 1.2 g of PEGMA 1000 and 68 .l
of TEGDMA. This resulted in a copolymer con-
taining 10 methacrylate repeating units per graft of
PEG and a crosslinking ratio X=0.01 mol/mol of
comonomers. The mixture was then acidified with
1.5 ml of 0.01 N HCI. This decreased the pH of the
monomer solution to 6.5, which was necessary to
prevent phase separation in the enzyme—comonomer
system. Next, 1.5 ml of the functionalized enzyme
solution was added with constant stirring. Discs of
GOD-immobilized P(DEAEM-g-EG) were prepared
by photopolymerization of the above monomer mix-
ture along with 1 wt% cyclohexyl phenyl ketone
(Irgacure 164" Ciba—Geigy, Hawthorn, NY, USA)
as photoinitiator.

Microparticles were prepared by dispersing the
agueous monomer mixture in silicone oil (Dow 200
Fluid, Dow, Midland, MI, USA). The silicone ail
was thoroughly purged with nitrogen before the
monomer mixture was added. Redox initiators, so-
dium metabisulfite and ammonium persulfate (both
from Mallinckrodt, Paris, KY, USA) were dissolved
in DI water and added to the dispersion. The
polymerization was performed under nitrogen for 45
min at room temperature. The details of the poly-
merization procedure have been discussed in our
previous paper [17].

The particles were washed in water and filtered
severa times until they were oil free. Finaly, they
were stored in a pH 7.4 PBS solution for further use.
Particles were prepared having crosslinking ratio,
X=0.005-0.04 mol crosslinker/mol comonomer,
GOD content, E, ranging between 1.5x10 * and
6.6x10"* g GOD/g of polymer and PEG graft
lengths, My, of 200, 400 and 1000.

The rate of hydrogen ion formation was deter-
mined by monitoring the change in pH of the
medium observed in the presence of the disks or
microparticles. Unless otherwise indicated, 200 mg/
dl of glucose in 100 ml of saline solution were used.
A quantity of 0.05 g of discs or dry microparticles
was suspended in the medium for reaction to occur.
The microparticles have an average diameter of 160
pm. Samples studied had crosslinking ratio, X=0.02
and 0.04 mol/mol of comonomer, polymer graft
length of 200 and enzyme loading of 3.3x10 * and
6.6x10 * g GOD/g of polymer.

The amount of enzyme immobilized was deter-
mined by analyzing the wash solutions from freshly
prepared polymer discs for UV absorbance. Wash
solutions from enzyme-free samples were used for
calibration and baseline adjustments. The absorbance
at 280 and 450 nm were used to estimate the total
protein and GOD content in the wash solutions. The
activity of the enzyme—polymer system was com-
pared to that of the free enzyme system by moni-
toring the time-dependent decrease in the pH of both
the systems in a saline solution containing 200 mg/
dl of glucose.

Swelling studies were performed to characterize
the glucose-sensitive properties of the hydrogel
microparticles. The swelling medium used for these
experiments was saline solution having ionic strength
0.1 M. Dextrose (JT Baker, Phillipsburg, NJ, USA)
was used to prepare saline solutions containing
different concentrations of glucose. It was necessary
to monitor the pH of the surrounding solution during
the experiment. Hence, the use of a buffer solution as
a swelling medium was not feasible. Also, in these
studies, we were interested in observing the rates of
swelling and deswelling. It is known [21] that
cationic polymers (without glucose oxidase) have a
slow response in the presence of strong anions, such
as Cl . Thus, the rates obtained from swelling
studies in saline are representative of those occurring
under physiological conditions.

The swelling ratios of individual microparticles
were studied using a slide assembly described in our
earlier work [18]. Briefly, it consisted of two dides
separated using a nylon mesh spacer. A few mi-
croparticles were injected in the space between the
slides and allowed to distribute themselves within the
nylon mesh. The assembly had an inlet and an outlet
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for the swelling media. The images of the mi-
croparticles were observed through a light micro-
scope and recorded using a camera.

For the pulsatile swelling studies, the particles
were first equilibrated in a glucose-free saline solu-
tion of pH 7.4. Next, saline solutions having 200
mg/dl of glucose were pumped through the dlide
assembly for 5 min. The particles were then subject-
ed to a glucose-free saline solution for the next 5
min. This cycle was repeated several times to
demonstrate the reversibility of the swelling—deswel-
ling process. Pulsatile swelling studies were aso
performed on gel microparticles having crosslinking
ratios of 0.02, 0.03 and 0.04. All swelling experi-
ments were conducted at 37°C.

3. Results and discussions

The behavior of glucose-sensitive P(DEAEM-g-
EG) hydrogels in a glucose environment was studied.
As these hydrogels would operate under feedback
conditions, the swelling properties were expected to
depend on the glucose concentration. In our earlier
studies, the swelling rates of hydrogel discs were
found to be considerably slow. Microparticles of the
same materials proved to be not only effective but
also sufficiently controllable, so that insulin release
from them could be easily modulated. The dynamic
and pulsatile swelling studies were performed pri-
marily on microparticles, in keeping with the favor-
able rates of swelling that were obtained from them.
Pulsatile swelling studies on discs proved to have
severe diffusional limitation with the hydrogels
unable to recover their collapsed state even at the
end of deswelling periods of 60 min.

The swelling behavior may not be the rate control-
ling step in the release process. Though diffusional
limitations can be overcome using microparticles, the
reaction of glucose to produce gluconic acid might
be crucia in establishing the release rates. This is
especialy true for small microparticles (<50 wm)
where the characteristic times of swelling were found
to be less than 30 s. The reaction rate in the hydrogel
was determined by the amount and the activity of the
enzymes. Thus, it was necessary to study the im-
mobilization efficiency and the activity of immobil-

ized GOD and catdlase to fully understand the
working of the hydrogel system.

The quantity of enzyme immobilized in the system
was determined by spectrophotometric methods.
From the absorbance of the wash solution at 280 and
450 nm, the quantities of total protein and GOD
which were retained in the hydrogel after the wash-
ing process were determined. The efficiency of
immobilization was calculated as the ratio of the
amount of enzymes immobilized to the total amount
added during polymerization. The immobilization
efficiency was estimated to be 0.83 for GOD and
0.70 for catalase. The efficiency of immobilization of
GOD was higher compared to that of catalase
because of the relative smaller molecular weight of
the former.

The chemical activity of these enzymes was a
major consideration for establishing the efficiency of
these systems. The glucose reaction kinetics gener-
ated by the enzyme-immobilized hydrogel systems
was compared to that obtained using free enzymes
dissolved in solution. It must be noted that in case of
the free enzymes, the diffusiona limitations were
nonexistent because the enzymes were dissolved in
the reaction medium. On the other hand, in the dry
hydrogel, the reactants and the products could en-
counter diffusion limitations within the mesh. To
remove these limitations, the hydrogel disc was used
in its equilibrium swollen state. As a result, the
diffusion coefficients of the reacting species in the
hydrogel were equal to those in water. Thus, the
reaction occurring within the hydrogel was isolated
and studied as the rate-controlling step.

Fig. 1 shows the variation of pH with time under
the action of free enzymes and the enzyme-immobil-
ized hydrogel system in a saline solution having a
glucose concentration of 200 mg/dl. The rate of
decrease of pH was found to be higher in the free
system compared to the immobilized system. Thisis
due to the fact that some of the activity of the
enzymes was lost during the polymerization. It is to
be noted that, despite the decreased activity of the
enzymes, the pH in the hydrogel was reduced to 3.5.
The equilibrium swelling curves for these hydrogels
reported in our earlier paper [17] show that this value
is below the critical pH. Therefore, we can conclude
that the hydrogel will swell under the action of
glucose.
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Fig. 1. Kinetics of decrease in pH and hydrogen ion formation in
enzyme-immobilized gel and free enzymes in solution under the
action of 200 mg/dl of glucose. The hydrogel disc used contained
X=0.02, E=3.3X10"* g/g polymer and M. =200. The dotted
lines and the symbols (O) are for the free enzyme system The
continuous lines and the symbols (@) are for enzyme immobilized
hydrogel.

The equilibrium swelling characteristics of
P(DEAEM-g-EG) hydrogels were investigated to
demonstrate the variations in swelling for different
concentrations of glucose. As the glucose concen-
tration of the swelling medium increased from zero
to 20 mg/dl, the hydrogel transformed from a
collapsed state to a swollen state. This indicated that
the swelling of these hydrogels was stimulated by the
presence of glucose. However, in this closed system
where there is no flow, the hydrogen ions accumu-
lated in the system and reduced the pH until the gel
was fully swollen. Thus, even for very small con-
centrations of glucose, the hydrogel attained high
swelling ratios.

Our calculations show that a single disc of weight
0.05 g contained 1.9X10 * mol of DEAEM repeat-
ing units. For complete ionization of all the diethyl
groups and for the reduction of the solution pH to
6.8, 34.2 mg of glucose were required. Thus, hydro-
gels placed in solutions having glucose concentra-
tions greater than 34.2 mg/dl would be fully swollen
under equilibrium conditions in closed systems.

Dynamic swelling studies were conducted to
investigate the rate of gel swelling as a function of
changes in glucose concentration in the surrounding
medium. The effect of catalase on the swelling rate
of these hydrogels was established. Fig. 2 shows the
variation in swelling due to the presence of catalase.
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Fig. 2. Kinetics of swelling in P(DEAEM-g-EG) hydrogels
having X=0.02, E=3.3X10"* g/g polymer and M,.,=200
under in the influence of 200 mg/dl of glucose. The data show the
enhancement in rate in presence of catalase (M) compared to gels
without catalase (@).

It was observed that the swelling rates obtained from
the catalase-loaded gels were significantly higher
than those without catalase. In addition, it was found
that the equilibrium swelling ratio of the catalase-
loaded gels was higher than that of the gels without
any catalase. The action of catalase can be attributed
to two factors: (i) catalase converted hydrogen
peroxide to water and oxygen aided the kinetics of
the swelling and (ii) catalase contributed to increased
osmotic pressure in the gel interior, thus increasing
the driving force for water to diffuse into the mesh.
These two effects can be differentiated by calculating
the parameters which characterize the swelling kinet-
ics.

The time constants and initial rates of swelling of
these two gel samples are shown in Table 1. The
time constant was estimated by fitting an exponential
function of time to the swelling data. It was defined

Table 1
Time constants and swelling rates derived from swelling data of
P(DMAEM-g-EG) gels with or without catalase

Sample Time Initial rate Gain, K
constant, of swelling (mg/dl of
7 (min) (min™%) glucose) *

With 31.2 0.2019 0.0315

catalase

Without 56.5 0.0705 0.0199

catalase
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as the time required for the gel to attain 62.3% of its
equilibrium swollen weight. As is evident from the
data, the ratio of the rate of initial swelling was 2.81.
The ratio of the gains was found to be 1.58. If
catalase had contributed to the increase in the
osmotic pressure alone, the time constant ratio would
be expected to be equa to the ratio of the gains.
However, the time constant decreased by 1.8 due to
the presence of catalase. This proves that rate of
swelling was enhanced by 80% due to the reactivity
of catalase.

The effect of different concentrations of glucose
on a batch of hydrogel particles having nominal
crosslinking ratio, X=0.02, E=3.3x10"* g/g poly-
mer and Mp.;=200 was studied. Fig. 3 shows the
change in pH in the solutions as a result of 50, 100
and 200 mg/dl of glucose. As expected, the pH
reduction corresponding to 200 mg/dl solution was
maximum. The pH reductions were progressively
lower in the 100 and 50 mg/dl solutions. The final
value of the pH reflected the net conversion of
glucose under the action of the microparticles.

An understanding of the role of the parameters
involved in the reaction was obtained using the
Michaelis-Menten kinetic equation often used to
model enzymatic reactions. The equation is given as

VmaxCG,O
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Fig. 3. Change in the pH of glucose solutions due to the oxidation
of glucose to gluconic acid by GOD immobilized in P(DEAEM-g-
EG) gels. The reduction in pH is shown for 200 (@), 100 (M) and
50 mg/dl (¢) of glucose.

where, V, is the initid rate of reaction, Cg, is the
initial glucose concentration in the system and V,,,,
and K, are kinetic constants which are estimated
from the rate data. Three different types of fitting of
the initial kinetic data were used to caculate the
values of V., and K, independently (Table 2) [22].
The term V, increases proportionaly with the
amount of enzyme in the system. In the original
expression of the Michaelis—Menten equation, V.
is incorporated as a term for the quantity (or mol) of
enzymes taking part in the reaction. On the other
hand, K, in terms of pure Michaelis—Menten kinet-
ics, is an intrinsic property of the enzyme remaining
unaffected by external factors. However, in the
immobilized system, the change in diffusional
characteristics of the gel by swelling, or otherwise,
can affect the value of K..

The crosslinking ratio, the enzyme loading and the
PEG chain length are some of the parameters which
can be varied to modulate the rate of swelling of
these hydrogels. Fig. 4 shows the effects of the
crosslinking ratio and enzyme loading on the vari-
ation of hydrogen concentration in the saline solution
containing 200 mg/dl of glucose. The data were
plotted for the base case where the nominal cross-
linking ratio X=0.02 and the enzyme loading was
3.3x10"“ g/g of polymer. The sample was studied
in the presence and absence of glucose. A second
sample having X=0.04 and the same enzyme |oad-
ing was aso investigated. The third sample had
twice the amount of enzyme immobilized into the
polymer as the base case. In the absence of glucose,
small changes did occur due to an equilibration
process of the hydrogels when there was a redistribu-
tion of the ions in the particles and the solution by
Donnan equilibrium. However, these changes were
too small to cause significant variations in the pH of

Table 2
Kinetic parameters calculated from [H'] formation data for
different initial concentrations on glucose

Fitting V0 X107 K

(mg/dl min) (mg/dl)
Lineweaver—Burk 7.27 0.0214
Eadie Hoftsee 8.21 0.0254
Hanes 7.74 0.0233
Average 7.74 0.0234
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Fig. 4. Kinetics of the hydrogen ion concentration due to
P(DEAEM-g-EG) microparticles under the action of 200 mg/dl of
glucose in the sdine solution. The change in the hydrogen
concentration is shown for gels with different crosslinking ratio,
X, and enzyme concentrations, E: namely, X=0.02 mol/mol,
E=3.3%10"" g GOD/g polymer (M); X=0.02 mol/mal, E=
3.3x10™* g GOD/g polymer without glucose (@®); X=0.04
mol/mol, E=3.3X10"* g GOD/g polymer (A); and X=0.02
mol/mol, E=6.6x10"* g GOD/g polymer (¢).

the solution. In the presence of glucose, however,
there were significant changes in the pH of the
medium.

The rate of hydrogen ion formation was signifi-
cantly reduced when the crosslinking ratio in the gels
was doubled. This effect was attributed to the
diffusional limitations of glucose through the mesh.
The flux of glucose into the mesh contributed to the
overall rate of the hydrogen formation. An increase
of the amount of GOD and catalase in the hydrogels
led to an increase of the initial rate of reaction. This
was explained by the fact that the presence of a
larger number of enzyme molecules provided more
reaction centers within the matrix. However, the final
conversion of glucose for these particles was lower
than the base case. The reaction catalyzed by catal-
ase might be rate-limiting in this case. The rate of
production of hydrogen ions was enhanced by the
increased immobilization. However, the lower im-
mobilization efficiency of catalase resulted in the
accumulation of hydrogen peroxide as the reaction
proceeded. Under these conditions, the deactivation
of GOD was responsible for the early decrease in
rate. Thus, though initially the reaction was relatively
fast, the reaction yielded a lower glucose conversion.

The swelling of the hydrogels under the action of
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Fig. 5. pH-responsive swelling characteristics of single
P(DEAEM-g-EG) microparticles containing different amounts of
enzymes. The microparticles used were of the size range 160+10
wm and had crosdinking ratio X=0.02, and M,.;=1000. The
swelling response is shown for microparticles with no enzymes
(®), E=1.67x10""* g/g polymer (M), E=3.3x10"* g/g poly-
mer (¢), E=6.6X10"* g/g polymer (A).

pH in the absence of glucose for gels containing
different amount of enzyme is shown in Fig. 5.
Polydispersed particles having X=0.02 were equili-
brated in PBS of pH 7.4 and transferred to pH 5.0. It
is evident that the initia rate of swelling did not vary
from sample to sample for such low concentrations
of enzymes. However, as the hydrogel swelled to its
equilibrium value small variations appeared in the
swelling nature. These variations were due to the
differences in the relaxational nature of the hydrogels
induced by the large enzyme molecules on the
backbone chains. The diffusional characteristics of
the gels remained unchanged by the incorporation of
such small quantities of enzymes into the network.
The dynamic reversible nature of swelling was
further investigated by studying the pulsatile swell-
ing response of the hydrogels when the glucose
concentration varied between 0 and 200 mg/dl. The
results are shown in Fig. 6. Initially, the hydrogel
showed a transient response behavior. After the first
cycle in pH, the response settled down to a steady
pulsatile behavior, though not approaching equilib-
rium. The swelling ratios reached at the end of each
swelling cycle were equal within experimental error.
This proved that the swelling behavior of these
hydrogels were reversible. Thus, after the initial
transient response, the release from these hydrogels
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Fig. 6. Variation of the volume swelling ratio of 160-pm particles
with time due to a pulsatile concentration of glucose in the
swelling medium. These particles have a nominal crossinking
ratio, X=0.02, and enzyme loading, E=3.3x10"* g/g of poly-
mer. The concentrations of glucose used in this study are shown
on top of the plot.

can be expected to reach values repeatable over
several cycles of glucose variations.

The local rates of change of hydrogen ion con-
centration were estimated from the constants calcu-
lated earlier using Eq. (1). These calculations
showed that the rate of change of [H'] ion con-
centration in a single particle could be as high as
1x 10> M/min. The mesh sizes were calculated for
the data obtained using equations relating the mesh
size, &, in A to the volume swelling ratio, Q, and the
number of links between two tie points and the
carbon—carbon bond length in A [17]. After the
steady state was reached, the mesh size settled down
to values between the two limits, 105 and 93 A in
the swollen state and the collapsed state, respective-
ly. These variations in the mesh size were enough to
generate a difference in insulin diffusion coefficient
ranging from 1.09x 10"° cm?/s in the swollen state
and 9.66x10" ' cm?/s in the collapsed state. It is
evident that variation in the diffusion coefficient of
insulin was not significant. The reason behind thisis
that the cycle time of 10 min was too short for the
hydrogels to reach their final equilibrium swelling.
Such short cycling times are not typical in the body,
where the average half cycles of high blood glucose
concentrations could range between one and several
hours. However, these experiments do prove that the
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Fig. 7. Pulsatile swelling studies on P(DEAEM-g-EG) microparti-
clesfor changes in glucose concentrations in the swelling medium.
The results have been shown for different nominal crosslinking
ratio of the polymer: namely, X=0.02 (@), X=0.03 (), X=0.04
().

hydrogels can relax back to their original configura-
tions even when they were exposed to a high
frequency of blood glucose variations.

The variations of the pulsatile response of gels
having different values of the crosslinking ratio are
shown in Fig. 7. Gels having higher crosslinking
densities had a lower swelling ratio. This is in
keeping with our earlier observation that the diffu-
sion of glucose was hindered by smaller mesh sizes.
Single particles were observed under the action of
changes in glucose concentration. For X=0.02, the
maximum swelling ratio was greater than 5 in the 5
min period. The swelling of the gel having X=0.03
reached a value around 4 during the period, while for
X=0.04, the swelling ratio was only 2. The maxi-
mum and the minimum mesh sizes encountered
during this experiment are shown in Table 3. In-

Table 3
Maximum and minimum mesh sizes of glucose-sensitive of
P(DEAEM-g-EG) microparticles undergoing pulsatile swelling

Crosslinking, Maximum Minimum
X (mol /mol mesh size mesh size
of monomer) Erm (A) Emin (A)
0.02 105.0 94.9

0.03 74.3 67.2

0.04 53.7 48.6
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creasing the crosslinking density from 0.02 to 0.03
and 0.02 to 0.04, decreased the average mesh size by
29 and 51%, respectively.

4. Conclusions

The glucose-sensitive characteristics of glucose
oxidase and catalase containing P(DEAEM-g-EG)
gels were investigated. It was established that the
enzymes in the gels were active and could produce
an acidic environment within the hydrogel causing
the network to swell. Catalase was found to increase
the rate of swelling of the gel significantly. The
effects of the parameters, such as crosslinking ratio
and enzyme loading, on the kinetics of the reaction
were established. Higher enzyme loading resulted in
faster initial rate of reaction but a lower final
conversion. The gels demonstrated a reversible
swelling in response to pulsatile variations in glu-
cose.
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