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Syntheses and characterization
of pH-sensitive hydrogel from poly(y-glutamic) acid
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Novel pH-sensitive hydrogels were prepared through crosslinking of poly(y-glutamic) acid (y-PGA)
by using 1,4-butanediol diglycidyl ether as a cross-linker, tetracthylammonium bromide as a catalyst, and
reacting in DMSO. The dependence of the swelling ratio of the hydrogels on pH values, ionic strength
and cross-linking degree was investigated. It was found that the pH-sensitive range was clearly extended
through introducing multiple hydrogen bonds to the hydrogel network during the preparation. The swell-
ing ratios of y-PGA hydrogels increased with the increase in pH of the aqueous solution from 2 to 9. The
swelling of the y-PGA hydrogels was firstly controlled by the ionization of carboxyl groups in the hy-
drogels within the pH range from 2 to 5, and then controlled by breaking of the multiple hydrogen bonds
in the hydrogels within the pH range from 5 to 9. The swelling ratios of y-PGA hydrogels were also
strongly dependent on the ionic strength of the medium and cross-linking degree of the hydrogels. In-
creasing the ionic strength and the crosslinking degree resulted in a decrease in the swelling ratio of the
hydrogels.
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1. Introduction

Biodegradable polymers are widely used in various fields such as suture materials,
bone fixation materials, environmentally friendly materials and drug delivery systems.
Recently, further applications of biodegradable polymers have been desired in many
situations, such as stimuli-responsible drug delivery systems and tissue engineering,
etc. [1-6].

Poly(y-glutamic) acid (y-PGA) is a kind of water soluble polyamide which has
been extensively investigated due to its biodegradable and biocompatible properties,
which are highly desirable for applications [7-16].
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It has been reported that y-PGA hydrogels can be prepared by many methods such
as cross-linking following vy irradiation [17, 18] and esterification [19, 20]. In the re-
ported literature, the crosslinked y-PGA hydrogels were pH sensitive, and their swell-
ing ratios increased with the increase of pH value of the medium, however, the swell-
ing ratio changed little for pH values higher than 5. This was because the pH
sensitivity depended only on ionization of carboxyl groups, which were completely
ionized at pH = 5.1 [19]. A further decrease in pH had little effect on the swelling. It is
evident that due to intermolecular hydrogen bonds, linear y-PGA had apparent pH
sensitivity for pH values higher than 7.4 [20]. Unfortunately, the intermolecular hy-
drogen bonds were broken during the preparation of crosslinked y-PGA hydrogels
when hydrophobic groups were introduced into the hydrogels [19, 20]. In order to ex-
tend the pH sensitivity range in hydrogels, and thereby enlarge their fields of application,
we attempted to introduce multiple hydrogen bonds to y-PGA networks during the hy-
drogel preparation. Thus, in this study, cross-linked three-dimensional networks of y-PGA
hydrogels were prepared using 1,4-butanediol diglycidyl ether (BDDGE) as a cross-linker,
and tetracthylammonium bromide as a catalyst. The esterification reaction took place be-
tween the pendent carboxyl groups of y-PGA and epoxy groups of BDDGE. After the
reaction, the hydroxyl groups and ether bonds would be incorporated into the y-PGA net-
works. The newly formed hydroxyl and ether groups would form intramolecular multiple
hydrogen bonds which functioned as pH sensitive groups. Therefore, the swelling of the
novel y-PGA hydrogel was controlled firstly by ionization of carboxyl groups at a pH
between 2 and 5, and then subsequently controlled by breaking the multiple hydrogen
bonds at pH between 5 and 9.

2. Experimental

v-PGA (M,, = 3.15x10°) was kindly donated by Meiji Seika Kaisya, Ltd. (Tokyo, Ja-
pan) and was used without further purification. 1,4-Butanediol diglycidyl ether (BDDGE,
Ciba Chemical) and fetra-ethylammonium bromide (99.5%, Jiangyin Chengnan Chemi-
cal, Jiangyin, China) were used as received. The typical preparation of y-PGA hydrogel
was as follows: 0.2 g of y-PGA, 16 mg of cross-linker (1,4 butanediol diglicydyl ether,
hereafter referred to as BDDGE) and 8 mg of tetracthylammonium bromide were dis-
solved in dimethyl sulfoxide (DMSO) and placed in a reaction tube. The sealed tube was
immersed in a shaking water bath (80 rpm) and kept at 60 °C for 48 h. After gelation, the
hydrogels were extracted from the tube and cut into pieces. The y-PGA hydrogels were
washed by immersion in de-ionized water for 5 days: the deionized water was replaced
every day to remove the unreacted compounds and linear polymers. Each hydrogel, in the
form of a cube, was placed in an excess of deionized water at room temperature. In order
to reach swelling equilibrium, the hydrogels were immersed in deionized water for one
day. The weight of the swelling hydrogel was determined gravimetrically after eliminating
the surface water of the hydrogel with filter paper. The swelling ratios of the hydrogels (Q)
were calculated from the following equation:
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where W; is the weight of the equilibrium swollen hydrogel, and W, is the weight of
the dried hydrogel, respectively.

The y-PGA hydrogels were immersed in deionized water until the equilibrium swell-
ing had been attained, then the swollen hydrogels were placed in various buffer solutions
with pH values ranging between 2 and 10, and in aqueous salt solutions with various so-
dium chloride and calcium chloride concentrations. KH,PO, buffer and NaOH/HCI solu-
tions were used for adjusting the pH (3.0-9.0), the ionic strength was adjusted with NaCl
to 0.1 M. Samples were removed from the aqueous solutions at specific times, and
weighted quickly, after having been wiped with filter paper in order to remove excess
water from the hydrogel surface. The swelling ratios were calculated from Eq. (1).

3. Results and discussion

3.1. Syntheses of y-PGA hydrogels

Figure 1 shows the cross-linking scheme of y-PGA with BDDGE as the cross-linker.
The reaction takes place between the pendent carboxyl groups of y-PGA and the epoxy
groups of BDDGE in the presence of tetraethylammonium bromide as catalyst.
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Fig. 1. The cross-linking process of y-PGA hydrogel using BDDGE as a cross-linker
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Table 1. Conditions of synthesis of y-PGA hydrogel®

No y-PGA BDDGE | gppGE/COOH| Yield
’ [mg] [mmol]d [mg] | [mmol] molar ratio [%]
1° [201] 156 3 | 0015 0.009 -
2 204 1.8 7 | 0.035 0.022 65
3 1198 1.53 | 10 | 0.050 0.033 74
4 [197| 153 | 16 | 0.079 0.052 84
5 1202 157 | 26 | 0.129 0.082 86
6 |196| 152 | 39 | 0.193 0.127 83
7 1197 153 | 79 | 0612 0.400 89
8 |200| 155 | 159 | 0.787 0.507 86
9¢ 1199 | 1.54 | 203 | 1.005 0.652 -
10 | 195 ] 1.51 16 | 0.079 0.052 69
11* | 200 155 | 16 | 0.079 0.052 -
12 | 193] 150 | 15 | 0.074 0.050 -

“Reactions were carried out in DMSO at 60 °C for 48h with tetraethylammonium
bromide (4 wt. % of y-PGA) as a catalyst. The volume of DMSO was fixed at 1 cm?’, except
No. 10 (2 cm®), No. 11 (4 cm®) and No 12. (6 cm®).

"No gel was obtained.

“The gel cracked under swelling in deionized water.

9The repeated structure units in the polymer.

In Table 1, the reaction conditions applied for the preparation of y-PGA hydrogels
have been listed. y-PGA hydrogels can be prepared when the concentration of y-PGA
and the concentration of the cross-linker are higher than their critical values. A similar
phenomenon was also reported by Gonzales et al. [24] in the preparation of y-PGA
hydrogel using dihalogenoalkane as a cross-linker. In their study, the critical concen-
tration of y-PGA was 10 wt. %. In the present study, at the y-PGA concentration be-
low 15 wt. %, no y-PGA hydrogels were formed. The concentration of y-PGA was too
low for effective cross-linking, thus no three-dimensional network hydrogel was
formed. Additionally, if the molar ratio of BDDGE to [COOH] is below 0.022, then,
also, no hydrogel is formed ( e.g., No. 1 of Table 1).

It is also found that the mechanical property of y-PGA hydrogels is related to their
cross-linking degree. If the BDDGE content is low (No. 2), y-PGA hydrogel formed is
soft and it is difficult to maintain its shape in the swelling state. Increasing the content
of BDDGE will enhance the mechanical strength of the y-PGA hydrogels. However, if
the BDDGE content is high (No. 8), the swelling ratios of y-PGA hydrogels will be
very low and can easily be cracked.

3.2. Swelling behaviour of y-PGA hydrogels

3.2.1. Effect of the cross-linker content on the swelling ratio of the hydrogels

The cross-linker content has an important effect on the structure of a three-
dimensional network (Fig 2). When the cross-linker concentration (the molar ratio of



Syntheses and characterization of pH-sensitive hydrogel from poly(y-glutamic) acid 323

BDDGE to the repeated structural unit of y-PGA) is varied from 0.022 to 0.575, the
swelling ratio of the hydrogels decreases from 800 to 50. The swelling ratios of the y-
PGA hydrogels decreased with the increase of the concentration of BDDGE, and then
remained nearly constant when the concentration of BDDGE exceeded 0.5. This
agrees with common observations about hydrogels. Additionally, the -COOH group
of y-PGA hydrogels is the hydrophilic group. The cross-linking reaction between the
epoxy group and —COOH group will make the free residual -COOH groups decrease.
This might be another reason for the decrease in the swelling ratio of y-PGA hydrogel
with the increase of cross-linking degree.
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Fig. 2. The plot of the equilibrium swelling ratio of y-PGA hydrogels
in deionized water in function of the molar ratio of BDDGE to the repeated
structural unit of y-PGA. The conditions of hydrogel preparation are indicated
in Table 1(from BDDGE/COOH, molar ratio: 0.022 to 0.507)

It was unexpectedly found that the swelling ratio of hydrogel No. 2 has a lower
swelling ratio than that of hydrogel No. 3, even though the crosslinking content in
No. 2 (0.022) is lower than in No. 3 (0.033). This abnormal result is explained by the
fact that a part of the swollen hydrogel is lost in the medium, since the hydrogel is too
soft in the low crosslinking state.

3.2.2. Effect of pH on the swelling behaviour of y-PGA hydrogels

Swelling or contraction in response to pH change is a typical phenomenon of
polyelectrolyte hydrogels. The effect of pH value on the swelling ratio of y-PGA hy-
drogels is shown in Fig. 3. In this study, the pH values in aqueous solutions are varied
from 2.0 to 10.0. It is found that the swelling ratio of y-PGA hydrogel increases with
the increase of the pH value.



324 B.YAO et al.

The swelling ratio of the y-PGA hydrogel is about 8 at a pH = 2.0, and sharply in-
creases to 36 at pH = 3.0 (Fig. 3). According to Gonzales et al. [24], the pH corre-
sponding to ca. 50% ionization of y-PGA was around 2.1. The reason for the low
swelling ratio at low pH values could be attributed to the protonation of carboxyl
groups which causes greater interaction of the carboxyl groups and hence causes the
shrinkage of the y-PGA hydrogel. Conversely, carboxyl groups will be ionized at high
pH values, which results in a higher swelling ratio of the hydrogels. This is due to the
ionic repulsion of ionized carboxyl groups. So, the swelling ratio of hydrogel increases
with increasing pH.
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Fig. 3. Dependence of swelling ratio of y-PGA hydrogel (BDDGE/COOH, molar ratio
0.052, sample 4 in Table 1) in function of pH at a constant ionic strength (0.1 M)

Gonzales et al. [24] and Akashi et al. [25] observed the swelling ratios of y-PGA
hydrogels and y-PGA propyl hydrogels increased with increasing pH in the 2-5 pH
range, but changed little when pH exceeded 5. This phenomenon was attributed to the
100% ionization of y-PGA at pH = 5.1 [24]. However, in the present study, the swell-
ing ratios of the obtained y-PGA hydrogels continue to increase from 60 to 105 when
the pH changes from 5 to 9. This suggests that the swelling mechanism of y-PGA hy-
drogels prepared in the present study may be different from that of the y-PGA hy-
drogels prepared by Gonzales et al. [24] and Akashi et al. [20].

Note that linear y-PGA is insoluble in ultra-pure water, whereas it is soluble in an
alkaline solution (pH > 7.4) [20]. This implies that linear y-PGA can form intermo-
lecular hydrogen bonds. If these multiple hydrogen bonds do not break after the cross-
linking of the y-PGA, they will influence the swelling of y-PGA hydrogels in aqueous
solution. For the y-PGA hydrogels prepared by Gonzales et al. [24] and Akashi et al.
[20], the multiple hydrogen bonds in y-PGA were broken due to the incorporation of
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hydrophobic groups into the gels, therefore the swelling of the obtained y-PGA only
controlled by the ionization of carboxyl groups within the 2—5 pH range. The swelling
ratio was no longer obviously affected by pH at pH > 5. However, in this study, some
hydroxyl groups and ether bonds are introduced to the y-PGA network during the
cross-linking reaction. As a result, multiple hydrogen bonds in the y-PGA will form.
The breaking of multiple hydrogen bonds is governed by the pH value in the 7.4-9
range. Consequently, we can observe that the swelling ratio clearly increases as pH
rises from 7 to 9. Thus the swelling is controlled initially by the ionization of carbox-
ylic groups and then controlled by the breaking of multiple hydrogen bonds. These
novel y-PGA hydrogels have a significantly broader pH-sensitive range, which will
enlarge their fields of application.

3.2.3. Effect of ionic strength on the swelling behaviour of y-PGA hydrogels

It is known that the swelling ratios of polyelectrolyte hydrogels, such as y-PGA
hydrogel, are dramatically dependent on the ionic strength of the medium.
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Fig. 4. The contraction curves of y-PGA hydrogel (BDDGE/COOH,
molar ratio 0.052 in Table 1) in various electrolyte solutions

0

Figure 4 shows the contraction behaviour of y-PGA hydrogels in salt solutions.
When the equilibrium swollen y-PGA hydrogels are transferred into salt solutions, the
v-PGA hydrogels shrunk due to the ionic screening effect. In the case of NaCl solu-
tion, both the contraction velocity and contraction ratio of y-PGA hydrogels increase
with the increase in the NaCl concentration. Figure 4 also indicates that at the same
ionic concentration (0.01 mol/dm”), the equilibrium swelling y-PGA hydrogels contract
more quickly in CaCl, solution than in NaCl solution and the contraction ratio in
CaCl, solution is higher than that in NaCl solution. When polyelectrolyte hydrogels
are immersed in water, an osmotic pressure is established. The osmotic pressure is the
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main driving force for the swelling of polyelectrolyte hydrogel. In the present study,
the y-PGA hydrogels adsorb a lot of water in deionized water due to the exerting os-
motic pressure of counter ions. When the equilibrium swelling y-PGA hydrogels are
put into salt solutions, the external ions of the y-PGA hydrogels will diffuse into the
hydrogels owing to different salt concentration between the exterior and the interior of
the hydrogel, which causes the decrease in the osmotic pressure, and the contraction of
v-PGA hydrogels. Another reason is that when ionic strength increases, the hydropho-
bic interaction of polymer chains becomes stronger, which makes the hydrogel shrink.
The diffusion degree and velocity of ions both increase with the increase in the salt
concentration. This may be the reason why the contraction velocity and contraction
ratio of y-PGA hydrogel increase with the increase in the salt concentration. Strong
effects are observed by using CaCl, solution. In this case, the swollen y-PGA hydrogel
exhibits more dramatic contraction than in NaCl solution with the same molar salt
concentration. It can be attributed to a difference of ionic strength in NaCl and CaCl,
solutions. Additionally, the ionic interaction between the Ca*" ions and the carboxyl
groups inside the hydrogel also had an important role in the shrinkage behaviour.
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Fig. 5. The contraction curves of y-PGA hydrogel with various
crosslinking degrees in NaCl solution (0.1 mol/dm®)

The contraction curves of y-PGA hydrogels with various cross-linking degrees in
NaCl solution are plotted in Fig. 5. The y-PGA hydrogels are swollen in deionized
water and subsequently soaked in the 0.1mol/dm’ NaCl solution. Figure 5 shows that
the swelling ratio of y-PGA hydrogels with low cross-linking degree (No. 4) sharply
decreases from 630 to 60 after being soaked in the 0.1mol/dm® NaCl solution for
50 min. However, the swelling ratio of the hydrogel (No. 8) with higher cross-linking
degree just changes slightly from 22 to 10 during the same period of time. This can be
attributed to the difference in the number of residual carboxyl groups in the y-PGA
hydrogels with various cross-linking degrees. It is acceptable that the y-PGA hydrogels
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with lower cross-linking degree have more residual carboxyl groups. So, the external ions
have a more noticeable effect on the swelling behaviour of y-PGA hydrogels.

4, Conclusion

pH-sensitive hydrogels based on poly(y-glutamic) acid (y-PGA) were successfully
synthesized by the reaction between the pendent carboxyl groups of y-PGA and the
epoxy groups of BDDGE in the presence of tetraethylammonium bromide as a catalyst
in DMSO. The swelling ratio of y-PGA hydrogel is strongly dependent on the pH
value and salt concentration of the swelling medium. The pH-sensitive range of the
hydrogels has clearly been extended up to pH = 9. This is because multiple hydrogen
bonds are formed during the preparation of the hydrogels. This will enlarge the range
of possible applications of hydrogels as pH-sensitive materials.
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