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Purpose. The main goal of this study was to synthesize and characterize
hydrogels which undergo reversible gel-sol phase transformation in

response to changes in glucose concentration in the surrounding

environment.

Methods. The glucose-sensitive hydrogels were made by mixing the
appropriate concentrations of acrylamide-allyl glucose copolymer and
concanavalin A (Con A). To examine their phase reversibility,
hydrogels in dialysis membranes were cycled between glucose-free
and glucose-containing buffers. The binding affinity of allyl glucose
(AG) to Con A was examined by using an equilibrium dialysis
technique.

Results. The synthesized hydrogels underwent phase transition to sol
in the presence of free glucose in the environment. The concentration
of external free glucose (Cy) had to be at least 4 times that of polymer-
bound glucose (C,) to induce phase transition from gel to sol. The
binding affinity study showed that binding of AG to Con A was four
times stronger than that of free glucose. When C, in the gel was 0.42
mg/ml or higher, C; had to be much higher than 4 times C;, to induce
phase transition.

Conclusions. The synthesized hydrogels underwent phase transition
in the presence of free glucose in the environment, but the phase
transition was not linearly dependent on the concentration of free
glucose. This non-linear dependence was explained by the increased
binding affinity of AG over native glucose to Con A, and the coopera-
tive interactions between polymer-bound glucose and Con A.

KEY WORDS: hydrogels; gel-sol phase transition; glucose-sensitive;
cooperative interaction; binding affinity.

INTRODUCTION

A self-regulated drug delivery system is capable of receiv-
ing information from the surrounding environment and
adjusting drug release or output according to the received infor-
mation. The feedback information either modulates the rate of
drug release or triggers drug release at higher rates from a
passive drug delivery device (1). Development of modulated
drug delivery devices is especially important for the treatment
of diabetes because simple replacement of insulin by periodic
injections is unable to prevent the serious complications of the
disease. Exogenous insulin needs to be released according to
the fluctuating metabolic requirements of the body.

Several approaches have been utilized in the development
of new insulin delivery systems. Brownlee and Cerami prepared
a modulated insulin delivery device for the first time (2). Their
system involved the preparation of glycosylated insulin. The
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glycosylated insulin molecules, which were bound to concanav-
alin A (Con A), could be displaced from Con A binding sites
by free glucose. The displacement of glycosylated insulin was
in direct proportion to the concentration of external glucose.
A similar approach was developed by Kim and coworkers (3,4)
with the emphasis of glycosylated insulin derivatives having
variable binding constants to Con A. This made it possible to
avoid easy displacement at low levels of external glucose. While
this approach is highly elegant, modification of native insulin
is not practical. Other studies utilized the pH-sensitive polymers
(5,6) and liposomes (7). The reaction between glucose oxidase
and glucose produced a pH change which caused pH-sensitive
polymer to swell and release more insulin (5,6). Kim et al.
developed pH-sensitive liposomes where glucose oxidase and
insulin were coencapsulated (7). Enzymatic conversion of the
permeated glucose to gluconic acid triggered destabilization of
the liposomal membrane. Other studies utilized external stimuli
such as electrical effect (8), magnetic effect (9), or ultrasound
(10). In another approach, live islet cells were encapsulated in
semi-permeable polymeric microspheres (11,12). Although this
approach is promising and the cells survived the encapsulation
process (13), the problems related to the long-term viability of
cells have to be solved. In a recent clinical trial, simultaneous
islet/kidney transplantation has been performed (14). Insulin
independence (euglycaemia) was achieved in one case but with
the extensive use of immunosuppression agents. Immunogenic-
ity and cell viability problems constitute the major obstacles
for this approach.

Previous reports from our laboratory described the synthe-
sis and characterization of gel-sol phase-reversible hydrogels
sensitive to glucose (15-18). A similar system was later
described by Taylor et al. (19) who used polysucrose (Ficoll
400™) and Con A. Our gel-sol phase-reversible hydrogels uti-
lize specific interactions between polymer-bound glucose and
Con A. To synthesize polymer chains containing glucose as
pendant groups, glucose was modified to allyl glucose (AG)
and subsequently copolymerized with acrylamide (AAm). At
physiological pH, Con A exists as a tetramer having four identi-
cal binding sites for glucose. Thus, glucose-containing polymer
chains are physically crosslinked by Con A to form a gel. Since
the interaction between Con A and glucose is not covalent, free
glucose can compete with the polymer-bound glucose for the
binding sites on Con A. Such competition results in loosening
of the network structure and transformation of gel to sol. The
gel-to-sol transformation, however, was not linearly dependent
on the concentration of free glucose in the environment. To
explain such a non-linear dependency, we characterized the
binding affinity between Con A and AG.

MATERIALS AND METHODS
Synthesis of Allyl Glucose (AG)

AG was synthesized according to a published procedure
(20). Briefly, 100 g of a-D-glucose (Aldrich, Milwaukee, WI)
was reacted with 200 g of allyl alcohol (Aldrich, Milwaukee,
WI) containing 3% (w/w) of dry HCI gas. The mixture was
stirred at 70°C for 4.5 h under reflux. After cooling and neu-
tralizing by ammonium hydroxide, unreacted allyl alcohol was
removed by concentrating the solution under vacuum at 50°C
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to a thick syrup. The syrup was extracted vigorously with 1
liter of dry acetone (three to four times) at room temperature.
The acetone extract was concentrated under vacuum at room
temperature, seeded and placed in a refrigerator to crystallize
AG. The produced AG was separated by filtration, air dried
for a few hours, then dried under vacuum at room temperature
for 24 h.

Synthesis of Acrylamide-allyl Glucose Copolymers

Copolymers of acrylamide (AAm) and allyl glucose (AG)
were synthesized by free radical polymerization. AAm (BioRad,
Richmond, CA) and AG were mixed in different molar ratios
to produce copolymers with different concentrations of bound
glucose. The concentration of AAm was fixed at 0.85 M, and
the concentration of AG in the feed was varied. Azobisisobutyr-
onitrile (AIBN, Eastman Kodak Company, Rochester, NY) was
used as the initiator at the concentration of 1% (w/w) of mono-
mers. Monomers and initiator were dissolved in dimethyl sulf-
oxide (DMSO) (21). Reaction mixtures were heated in sealed
test tubes for 12 h at 70°C. Then the reaction mixtures were
mixed with a large excess of methanol (~200 ml), and the
precipitated copolymers were filtered. The copolymers were
redispersed in methanol and stirred to ensure the removal of
unreacted monomers and initiator. The washed copolymers were
filtered and dried under vacuum for 24 h at room temperature.
Selected copolymers were sent to Lark Enterprises (Webster,
MA) for measuring the molecular weights by gel permeation
chromatography.

For the determination of the reactivity ratios of the mono-
mers, polymerization time was adjusted to obtain copolymers
at low conversion, i.e., less than 10% of the total monomers.
The other conditions were the same as those described above.
These samples were analyzed by elemental microanalysis and
the reactivity ratios were determined according to the method
described by Fineman and Ross (22).

Formation of Hydrogels

Con A (Sigma Chemical Company, St. Louis, MO) and
copolymers were dissolved in phosphate-buffered saline (PBS)
containing 1 mM CaCl, and 1 mM MnCl,. Microturbidity mea-
surements were carried out to find the optimal concentrations
of Con A and copolymers to form the hydrogels. When hydrogel
was formed, the turbidity of the sample increased. The experi-
ments were performed by using Corning Disposable Non-Sterile
Assay plates that contain 96 flat bottom wells with a capacity
of 200 pl each. Eight serial dilutions from copolymer solution
were made. To each well, 100 wl of copolymer solution and
100 pl of Con A solution were added in sequence and mixed.
The copolymer concentration ranged from 15 mg/ml to 150
mg/ml. The concentration of Con A was either 50 mg/ml or
100 mg/ml. The absorbance of each well was measured at
630 nm using a microplate autoreader (EL 311 Microplate
Autoreader, Bio-TeK Instruments).

Phase Reversibility Studies

A 3 ml mixture of the glucose-containing polymer and
Con A was loaded to a dialysis cassette (Pierce Slide-A-Lyzer,
Pierce Chemical Company, Rockford, IL) using a syringe nee-
dle. An accessory buoy was attached to make the cassette
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float on a solution. This assembly was transferred to a beaker
containing PBS to which 1 mM CaCl, and 1mM MnCl, were
added. The molecular weight cut-off of the dialysis membrane
of the dialysis cassette was 10,000. Glucose was added at 0.2
g increments to the buffer solution every 25 min and the change
in the absorbance of the gel at 630 nm was measured by placing
the cassette in the light path of a Beckman DU-7 spectrophotom-
eter. A dialysis cassette containing only PBS was used as a
reference background.

Determination of AG Binding Affinity to Con A

Equilibrium dialysis between Con A and AG was run at
room temperature at pH values of 5.0, 6.2, and 7.4 using a
multi-sample microvolume dialyzer (EMD101B Equilibrium
dialyzer, Hoefer Pharmacia Biotech Inc., San Francisco, CA).
The dialyzer system consists of 8-well dialysis module and a
dialysis membrane with a molecular weight cut-off of 6,000
8,000. The membrane divided each well into two chambers of
equal volumes (0.5 ml). The module was attached to a dialysis
mixer. Under gentle mixing, the ligand (e.g., AG, glucose, or
mannose) diffused into the chamber containing Con A. The
dialysis module was made of Teflon so that the protein would
not aggregate on the surfaces of the dialysis module during the
experiment. The buffer used in the dialysis experiments was
citrate-phosphate buffer (0.1M citric acid and 0.2 M dibasic
sodium phosphate). Con A was also dialyzed against glucose
and mannose at pH 6.2. The concentration of ligands ranged
from 50 pg/ml to 500 pg/ml. The exact concentration of Con
A in the chamber was determined spectrophotometrically using
an extinction coefficient of 11.4 at 280 nm (23). The concentra-
tion was 1% (0.89 X 107* M). After reaching equilibrium,
aliquots were taken from both sides of the dialysis chambers,
and the concentration of the sugar present was determined by
phenol-sulfuric acid assay (24). Since the amounts of ligand
present on both sides of the dialysis wells were determined for
every well in each experiment, correction for the binding of
ligand to the dialysis membrane was not necessary.

RESULTS

The synthesized allyl glucose (AG) was identified by the
melting point and optical rotation measurements. The melting
point ranged between 98-100°C and the polarimeter reading
was [a]p = +150° in water. These values are similar to the
values of 100.5-101.5°C and [a]p = +151.1° reported in litera-
ture (20). The yield of the synthesized AG was 18-20%.

Several copolymers containing different concentrations of
glucose were synthesized. A representative structure of copoly-
mers of AG and acrylamide (AAm) is shown in Figure 1. The
molar ratio of AG to AAm in the feed was varied from 0.21
to 0.75. The concentration of glucose on the copolymer chains
was measured by elemental microanalysis and phenol-sulfuric
acid assay. The compositions of the synthesized copolymers
based on the results of elemental microanalysis are shown in
Figure 2. As shown in Figure 2, the molar ratio of AG in the
synthesized copolymers did not increase more than 0.25 even
though its molar ratio in the feed was increased to 0.75. This
can be attributed to the low reactivity ratio of AG compared
to that of AAm.

To determine the reactivity ratios of the monomers, a series
of copolymerization reactions with varying ratios of the two
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Fig. 1. A representative structure of glucose-containing copolymers
made of allyl glucose and acrylamide.

monomers were conducted. The copolymers were isolated at the
stage of 8.4-9.7% monomer conversion, and their compositions
were calculated using elemental microanalysis. The reactivity
ratios of r; and r, for AAm and AG were found to be 0.70 and
0.22, respectively. These values suggest that the copolymer
may have a tendency to an alternating structure.

Hydrogels were formed in PBS containing MnCl, and
CaCl,. The presence of the divalent metals is required for the
binding of polymer-bound glucose to Con A (25). The optimal
concentrations of the copolymers to form gels were determined
by microturbidity measurements. Formation of hydrogels at
different concentrations of the copolymers was examined by
tracking the change in turbidity at 630 nm. Figure 3 shows the
change in turbidity by hydrogel formation as a function of the
copolymer concentration. The concentration of Con A was fixed
at 100 mg/ml. When the copolymer concentration was increased
more than 70 mg/ml, gel was not formed probably due to the
lack of enough Con A to crosslink all the available copolymer
chains. At lower concentrations of copolymers, gel was formed
more readily as the polymer-bound glucose concentration
decreased. In addition, it is expected that at high copolymer
concentration (more than 70 mg/ml) and a constant concentra-
tion of Con A, the four pendant glucose molecules which Con
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Fig. 2. The molar ratio of allyl glucose (AG) to acrylamide (AAm)
in copolymers as a function of (AG)/(AAm) in the reaction feed. The
linear line indicates the 1:1 ratio. The error bars were smaller than the
size of the symbols (n = 3).
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Fig.3. Absorbance at 630 nm as a function of the copolymer concentra-
tion. The absorbance at 630 nm increases as hydrogel is formed from
a clear solution. The concentration of Con A was maintained constant
at 100 mg/ml. The inset shows the molar ratios of allyl glucose (AG)
to acrylamide (AAm) in the copolymers used (n = 3).

A can combine to are mainly in the same copolymer chain.
Therefore, gel can not be formed because the other available
copolymer chains are not crosslinked. On the other hand, when
the concentration of the copolymer is low, Con A molecule can
interact with four glucose molecules contributed from different
copolymer chains. This will result in gel formation due to
the crosslinking of a large number of copolymer chains. Our
previous studies with copolymers of N-vinyl-2-pyrrolidone and
AG also showed a similar trend (15-18). Of the many glucose-
containing copolymers, we used the copolymer with the molar
ratio of AG to AAm of 0.11 throughout subsequent studies.
The molecular weight of the copolymer with (AG)/(AAm) of
0.11 was determined by gel permeation chromatography. The
weight average molecular weight (M,,), number average molec-
ular weight (M,), and M,/M, were 69,835, 13,518, and 5.2,
respectively.

Phase reversibility studies showed that gels formed by
poly(AAm-co-AG)-Con A complex were sensitive to free glu-
cose. Cycling of the hydrogels between glucose-containing
buffers and glucose-free buffers showed repeated phase transi-
tions. Figure 4 shows a transition of a gel containing 0.41 mg/
ml of polymer-bound glucose to a sol in the presence of external
free glucose. The transition of a gel to sol was determined
by measuring the decrease in absorbance at 630 nm. The gel
remained as one solid piece until the absorbance value decreased
to less than 1.5. The gel and the sol coexisted when the
absorbance value was in between 0.5 and 1.0. The decrease in
absorbance reached a point where no further significant
decrease in absorbance was observed as shown in Figure 4.
The concentration of free glucose required to induce the com-
plete gel-to-sol transformation was measured from the intersec-
tion point. In Figure 4, the intersection point was found to
be 1.64 mg/ml as indicated by an arrow. Table I shows the
concentrations of free glucose required to induce phase transi-
tions of hydrogels containing different amounts of polymer-
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Fig.4. Absorbance at 630 nm as a function of the glucose concentration
in the external buffer solution. The copolymer with (AG)/(AAm) of
0.11 was used to form the gel. As the hydrogel starts phase transition
to sol, the absorbance at 630 nm decreases. The concentrations of
polymer-bound glucose and Con A were 0.41 mg/ml and 100 mg/ml,
respectively. The arrow indicates the concentration of free glucose
necessary for complete gel-to-sol transition.

bound glucose. The concentration of free glucose (Cy) to induce
phase transition was about 4 times the concentration of polymer-
bound glucose (C,,) for the first three gels in Table I. When C,
was 0.42 mg/ml, Cg started to increase to more than 5 times
C,. For the last three gels in Table I, C; increased to more than
7 times C,. The data in Table I were replotted in Figure 5 to
make it easier to see such a trend. A small change in C, from
0.41 to 0.42 mg/ml resulted in increase in C; more than 4 times
C,. There was another quantum jump in C; when C, increased
from 0.45 to 0.47 mg/ml.

To understand the trend in Table I (or Figure 5), we exam-
ined the binding affinity between AG and Con A using an
equilibrium dialysis technique. Con A was dialyzed against
AG at room temperature at three pH values. Equilibrium was
reached after 12 h. Time to reach equilibrium was determined by
dialyzing the ligands (e.g., AG, glucose, and mannose) against
buffer free of Con A. It took 12 h for the concentrations of the
ligands to be equal in both sides of the dialysis chambers.

Table I. Concentrations of Free External Glucose Required to Induce
Phase Transformation of the Gels. The Gels Were Formed by Using
Varying Concentrations of the Copolymer with (AG)/(AAm) of 0.11

Concentration
(mg/ml) of Glucose
Attached to the

Concentration (mg/ml) of
Free Glucose to Induce

Copolymer (C,) Phase Transition (C;) C/C,
0.30 1.20 4.0
0.36 1.31 £ 0.02 3.6
041 1.64 £ 0.01 4.0
0.42 234 £ 0.23 5.5
0.45 2.53 £ 0.21 5.6
047 342 * 0.03 7.2
0.52 3.89 + 0.02 74
0.57 4.08 = 0.13 7.1
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Fig. 5. The concentration of free glucose in buffer necessary to induce
phase transition as a function of the concentration of polymer-bound
glucose. The concentration of Con A was 100 mg/ml. The copolymer
with (AG)/(AAm) of 0.11 was used to form the gel (n = 3).

Calculation of the mass balance revealed that no ligands were
bound to the dialysis membranes at equilibrium. The data of
equilibrium dialysis were analyzed according to the Scatchard
plot of /c = Kn — Kr (26). In the equation, r is the ratio of
the molar concentration of bound AG to that of Con A, c is
the molar concentration of free AG, n is the number of binding
sites on the protein, and K is the association constant in L/
mole. The Scatchard plot of AG binding to Con A at pH 6.2
is shown in Figure 6. From the intercept on the r/c axis, an
association constant of 2.71 X 103 L/mole for AG was obtained.
Calculations were based on a molecular weight of 112,000
daltons for Con A. Linear plots were obtained at the pH values
studied with n equal to 4 which is the number of glucose binding
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Fig. 6. Scatchard plot for the binding of allyl glucose (AG) to Con A
at pH 6.2. r is the ratio of the molar concentration of bound AG to
that of Con A, and c is the molar concentration of free AG.
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Fig. 7. pH dependence of the binding constant (K) of allyl glucose to
Con A.

sites of Con A. The linearity of the plots indicates that the
binding sites are identical and independent. Con A was also
dialyzed against a-D-glucose and mannose to determine their
association constants. K values were found to be 6.61 X 10?
L/mole and 2.56 X 10* L/mole for glucose and mannose, respec-
tively. These values are in agreement with the values reported
in literature (27). These measurements show that AG binds to
Con A 4 times stronger than glucose, but still 9 times weaker
than mannose. In Figure 7, the association constant (K) for AG
is plotted as a function of the three pH values studied. It can
be observed that K reached a maximum at pH 6.2.

DISCUSSION

Glucose-sensitive phase-reversible hydrogels were synthe-
sized before by Kitano et al. (28). Their system employed
phenyl boronic acid attached to N-vinyl-2-pyrrolidone polymer
as a glucose sensing moiety. The system was not really glucose
specific since phenyl boronic acid is not -glucose-specific. We
were able to make our system glucose-specific by using Con
A, a glucose binding protein. In our previous study, glucose-
sensitive phase-reversible hydrogels were prepared by using
glucose-containing N-vinyl-2-pyrrolidone polymer and Con A
(17). In this study we have synthesized glucose-containing
acrylamide copolymers. Hydrogels made from this copolymer
and Con A were also phase-reversible in response to glucose.
The specific interaction between glucose and Con A was used
previously by other investigators (29,30). In their reports, how-
ever, only precipitates were formed instead of hydrogels. In our
study we were able to form hydrogels using glucose-containing
polymers and Con A by adjusting the relative concentrations
of the copolymer and Con A.

Con A exists as a tetramer of identical subunits at physiologi-
cal pH. Each subunit contains 237 amino acids residues, one
calcium ion, one manganese ion, and one binding site for glucose,
mannose, or fructose like-saccharide (31-33). Binding to Con A
requires a hexose saccharide structure with unmodified hydroxyl
groups on C3, C4, and C6 positions. Configurational factor at
C2 hydroxyl group is highly important, since mannose with the
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axial positioned C2 hydroxyl group has 40 times higher binding
affinity than mannose with the equatorial positioned C2 hydroxyl
group (33). In the etherification reaction of a-D-glucose with
allyl alcohol, a vinyl functionality was attached to C1 of glucose
through the formation of an ether bond. Since the reaction left
C3, C4, and C6 hydroxyl groups of glucose unmodified, AG was
expected to bind to Con A. Copolymerizing AG with AAm was
successful in obtaining polymer chains containing glucose as
pendant groups. However, the reactivity ratio of AG in this system
of comonomers was low, and the content of glucose in the synthe-
sized copolymers was less than 25 mol%.

The gel formed more readily as copolymer concentrations
decreased at the fixed Con A concentration. This may be due
to less competition for Con A binding sites among polymer
chains when the polymer concentration is low. At higher con-
centrations of Con A, however, it is expected that the competi-
tion among polymer chains for the binding sites is reduced and
the available polymer chains can be crosslinked to form a gel.
In this study, we were able to prepare gels that showed phase
transition from gel to sol at various concentrations of free
glucose ranging from 1.2 mg/ml to more than 4.0 mg/ml.

As shown in Table I and Figure 5, the ratio of the concentra-
tion of free glucose required for phase-transition to that of poly-
mer-bound glucose in the gel started to increase from 4 to 5.5
and to more than 7. When the concentration of polymer bound-
glucose (C;) was 0.41 mg/ml, the concentration of free glucose
required to induce phase-transition (Cy) was 1.64 mg/ml. This is
expected from the binding affinity of AG to Con A which is 4
times stronger than glucose. When C,, was changed to 0.42 mg/
ml, however, C; was increased to 2.34 mg/ml. The ratio of Cy/
C, was 5.5. The ratio larger than 4 could be explained by the
cooperative interaction between polymeric glucose and Con A.
At a concentration of 0.42 mg/ml, the polymer-bound glucose
molecules start to have cooperative interactions with Con A,
and the cooperative interaction becomes maximal when C, was
increased to 0.47 mg/ml. The cooperative interactions play a
variety of biological roles ranging from modulating the formation
of biological mediators to directing DNA recognition (34). Coop-
erative interaction exerted by polymeric glucose is simply due
to its multiple binding ability at C, higher than 0.42 mg/ml.

As discussed earlier, C; was found to be at least 4 times
larger than C, due to the 4 times higher binding affinity to Con
A by AG. If the binding constant of AG is similar to that of
free glucose, the displacement of AG from the binding sites
of Con A by free glucose should take place at any glucose
concentration. This is not desirable since the system should not
respond to glucose concentration in the hypoglycemic state.
Thus, the difference in binding affinity between glucose and
AG to Con A is an advantage. Con A is known to have a higher
degree of binding to saccharides which have conformation at
the anomeric carbon. Studies on Con A binding to carbohydrates
showed that it has a higher degree of binding to p-nitrophenyl-
a-D-mannopyranoside and p-nitrophenyl-a-D-glucopyrano-
side more than the native carbohydrates (35,36). These results
support our finding that AG has higher binding affinity to Con
A than the native glucose does. Our study, however, showed that
mannose binds to Con A 9 times stronger than AG. Mannose is
known to have the highest binding affinity to Con A (37). Con
A recognizes and interacts with the hydroxyl groups at C3, C4,
and C6 of the saccharide, but the orientation of the C2 hydroxyl
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group, which is different in glucose and mannose, is very
important for the binding affinity (36,38).

The ultimate application of this glucose-sensitive
hydrogels is in the development of self-regulating insulin deliv-
ery systems. The hydrogels currently have the ability to sense
the changes in glucose concentration in the environment and
the ability to respond to such changes by undergoing reversible
phase transition from gel to sol. This particular property makes
the hydrogel useful as'a glucose-sensor, since the phase transi-
tion of the hydrogels can be quantitated. The phase transition
is also expected to control the release of insulin through the
hydrogels. While it was indeed shown that the glucose-sensitive
hydrogels could control the release of insulin (19), the time it
took to begin and shut off the insulin release was not fast enough
to be practical. This particular problem may be overcome by
designing the hydrogel membrane into a very thin membrane
or filling the small pores of the membrane with the hydrogels.
Further characterization of the glucose-sensitive phase-revers-
ible hydrogels will be useful in the development of modulated
insulin delivery systems.

CONCLUSIONS

Mixing two solutions of Con A and glucose-containing
copolymer at appropriate concentrations resulted in the forma-
tion of a hydrogel. The non-covalent interaction between poly-
mer-bound glucose and Con A provides gel-sol phase
reversibility. The concentration of external free glucose (Cy)
had to be at least 4 times higher than that of the polymer-bound
glucose (C,,) to induce phase transition. When C, was 0.42 mg/
ml and above, polymer-bound glucose started to have coopera-
tive interaction with Con A and as a result, C; necessary for
phase transition became much larger than 4 times C,,.
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