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Abstract With the aim of developing a pH-sensitive controlled drug release system, a paly (L-
lysine) (PLL) based cationic semi-interpenetrating polymer network (semi-IPN) has been synthe-
sized. This cationic hydrogel was designed to swell at lower pH and de-swell at higher pH and
therefore be applicable for achieving regulated drug release at a spectfic pH range. In addition to
the pH sensitivity, this hydrogel was anticipated to interact with an lonic drug, providing another
means to regulate the release rate of ionic drugs. This semi-IPN hydrogel was prepared using a
free-radical polymerization method and by crosslinking of the polyethylene glyeol (PEG)-
methacrylate polymer through the FLL network. The two polymers were penetrated with each
other via interpolymer complexation to yield the semi-IPN structures. The PLL hydrogel thus pre-
pared showed dynamic swelling/de-swelling behavior in response to pH change, and such a behav-
jor was influenced by both the concentrations of PLL and PEG-methacrylate. Drug release from
this semi-IPN hydrogel was also investigated using a model protein drug, streptokinase. Strepto-
kinase release was found to be dependent on its ionic interaction with the PLL backbones as well
as on the swelling of the semi-IPN hydrogel. These results suggest that a PLL semu-IPN hydrogel
could potentially be used as a drug delivery platform to modulate drug release by pH-sensitivity
and ionic interaction.
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INTRODUCTION

Recently, a significant interest has been focused on
the development of the pH-responsive drug delivery
systems, since this pH-dependent behavior offers spe-
cific advantages for the treatment of certain diseases [1-
3]. For instance, some disease sites have different pHs
than the normal sites [4,5]; such as that the tumor site
is normally presented with an acidic environment (pH
~6.0) due to the production of acidic metabolites,
whereas many inflammation sites produce an alkaline
pH surreunding. Aside from these disease sites, the
normal gastrointestinal (Gl) system also composes of
an acidic environment [6], and the endosomes within
the cells have a pH of 5.5 [7]. Such a variety in pH al-
lows specific targeting and delivery of active drugs or
genes to these areas by pH-responsive polymeric deliv-
ery systerns.

Among pH-sensitive polymers, cationic and anionic
polymers have been utilized for the controlled drug re-
lease based on their dynamic swelling/de-swelling be-
havior against pH changes [8-10]. Functionalized meth-
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acrylate polymers are also well noted for their pH-
sensitivity due to their modified side chains as well as
the presence of the carboxylic acid moieties [10]. Hy-
drogels made of those pH-sensitive polymers have been
demonstrated to display sharp responses towards ex-
ternal pH changes and also the ability to control the
permeation of entrapped drugs in correspondence to
the swelling/de-swelling behavior. Thus, these pH-
sensitive hydrogels have been found to possess many
potential medical applications such as drug delivery
devices or on/off switches [9,10]; by virtue of their
rapid response to small pH changes under physiological
conditions. In addition, such pH-sensitive hydrogel can
facilitate the release of protein drugs which, due to the
high molecular weights, often can hardly be released
from the carrier matrices. In general, to enhance the
release rate of a protein drug, water-soluble additives
such as porogen is usually incorporated into the carrier
matrices to provide a channel for the release [11]. The
use of a pH-responsive hydrogel system, however, can
directly facilitate such a protein release without the
release enhancer, simply by regulating the swelling/de-
swelling behavior of the hydrogel. In addition, a pH-
sensitive polymer hydrogel can also regulate protein
release via an ionic interaction with the protein drug.
Herein, we report the development of a semi-
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interpenetrating polymer network (semi-IPN) hydrogel
delivery system based on free radical polymerization
and interpolymer crosslinking of poly (L-lysine) (PLL)
and polyethylene glycol (PEG) methacrylate for a regu-
lated release of a model protein drug, streptokinase, in
response to an external pH-change. In contrast to an
acrylate-based ionic hydrogel system which manifests
limited biodegradability, this PLL-based hydrogel repre-
sents a biocompatible polypeptide system with a biode-
gradability that can be regulated due to the presence of
amenable crosslinking and conjugation chemistries.
Aside from its use in protein delivery, as a cationic
polymer, this PLL-based hydrogel can presumably also
be employed in gene delivery due to its high capability
in condensing anionic DNA products [12,13].

MATERIALS AND METHODS
Materials

Poly (1-lysine) (MW: 80 kDa) and polyethylene glycol
(PEG, MW: 10 kDa) were purchased from Sigma Che-
mical Co. (St. Louis, MO, USA). PEG (MW: 360 Da)-
methacrylate and PEG (MW: 560 Da)-dimethacrylate
were obtained from Aldrich Chemical Co. (Milwaukee,
W1, USA). Ammonium persulfate (APS), tetramethyl-
ethylene diamine (TEMED) were obtained from ICN
Bio-medicals, Inc. (Aurora, OH, USA) and Bio-Rad
Laboratories (Richmond, CA, USA), respectively. PEG
dialdehyde was from Shearwater Inc. (Huntsvill, OH,
USA). Streptokinase was purchased from Sigma
Chemical Co. (St. Lous, MO, USA). The chromogenic
substrate D-Val-Leu-Lys-p-nitroanilide (5-2251) was ob-
tained from Pharmacia Hepar Inc. (Franklin, OH, USA).

pH Mesurement of the Mixture of PLL and
PEG-Methacrylate Polymers

In order to examine the interpolymer interaction be-
tween PLL and PEG, the pH change in the mixture con-
taining PLL and PEG (MW : 10 kDa) polymers were
measured in accordance with the weight ratio of PEG
versus PLL. In addition, the pH changes in mixtures
containing PLL and PEG-methacrylate polymers as well
as FLL polymer and PEG-methacrylate monomers were
also measured accordingly.

Fabrication of the Interpenetrating Polymer
Network

To make the semi-IPN hydrogel, 100 mg PEG meth-
acrylate monomer, 50 mg PEC-dimethacrylate, 100 mg
PLL, 50 mg PEG dialdehyde and 0.5 mL distilled water
were added sequentially to a test tube (20 mm outer
diameter x 150 mm in length). Following mixing, 10 mg
of the polymerization initiator, APS, and 10 pL of the
polymerization catalyst, TEMED, were added. Poly-
merization of the hydrogel was carried out at 4°C for
overnight. Fig. 1 presents an illustration of the synthe-
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Fig. 1. Schematic diagram of the synthesis of PLL/PEC-
dimethacrylate semi-IPN hydrogel.

sis of the PLL-based semi-IPN hydrogel. The synthe-
sized hydrogel was removed from the tube, washed
with distilled water to remove APS and TEMED, and
then dried under a vacuum. To prepare the protein-
loaded hydrogel, streptokinase was added to the above
polymer mixture, and polymerization and crosslinking
of the hydrogel were then carried out. As a control,
crosslinked PLL hydrogel was prepared by reacting 100
mg PLL with 100 pL glutaraldehyde (25%) at 4°C for 24
h. All hydrogel products were stored at 4°C under a
vacuum.

Swelling Experiments

Swelling experiments were conducted by equilibra-
ting the selected dry hydrogel sample in buffer until a
constant weight was obtained. Acetate buffer was used
for pH values from 2.0 to 5.0, phosphate buffer for pH
values from 5.0 to 7.4, and borate buffer for pH from
7.4 to 11.0. The total buffer concentration was main-
tained at 0.01 M, and the total ionic strength (u) was
adjusted by the addition of sodium chloride. The buffer
solution was replaced frequently throughout the swell-
ing process to insure complete equilibration of the hy-
drogel at the desired pH. The equilibrium swelling ratio
was determined as the mass ratio of the wet versus the
dry hydrogel. To examine the reversibility of the hy-
drogel response towards external pH changes, swelling
studies were conducted by using short-time pulsatile
pH change from either 5.0 to 7.4 or 5.0 to 11.0. The
weight of the hydrogel was measured periodically dur-
ing the experiment to monitor the swelling behavior.
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Fig. 2. The pH changes in solutions containing the PLL and
PEG-methacrylate monomer/polymer in relation to the PEG/
PLL weight ratios. The pH change in solutions containing:
(A) PLL and PEG-methacrylate monomers; (@) PLL and PEG-
methacrylate polymer ; and (W) PLL and PEG polymer (MW:
10 KDa). The molecular weight of PEG in the PEG-meth-
acrylate monomer was 350 Da.

Drug Release Experiments

Drug release experiments were conducted by placing
the swollen, drug-loaded hydrogel samples into vials
containing 5.0 mL buffer solution. The vials were
placed onto a shaking water bath maintained at 37°C
and gently agitated. At selected time intervals, individ-
ual hydrogel samples were removed from the solution,
gently wiped to dry the excess buffer on the surface,
weighed, and then placed into vials containing a freshly
prepared buffer solution. To examine the effect of vol-
ume change of the hydrogel on drug release, swollen
hydrogel samples were transferred into a high pH buffer
solution (pH 9.0) to allow for de-swelling, whereas
dried hydrogel samples were transferred to a lower pH
buffer solution (pH 5.0) to allow for swelling. The re-
lease of streptokinase from the hydrogel was quantified
by using the chromogenic $-2251 assay, which was de-
signed to measure the produced plasmin activity. Ab-
sorbance was measured at 405 nm and then converted
into the quantity of released streptokinase.

RESULTS AND DISCUSSION
Fabrication of Semi-IPN Hydrogel

To fabricate a semi-IPN hydrogel, interpolymer com-
plexation between polymer pairs through secondary
binding forces (e.g. electrostatic interaction, hydrogen
bond, etc.) is required [14,15]. In our hydrogel system,
the hydrogen bonds formed between the amino groups
on PLL and the ether groups on PEG methacrylate
polymer induced interpolymer complexation, causing
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Fig. 3. Equilibrium swelling of (M) PLL-PEG methacrylate
polymer IPN hydrogel; (A) crosslinked PLL hydrogel; and (@)
crosslinked PEG-methacrylate polymer hydrogel in accordance
to pH changes.

the formation of the IPN structures. This complexation
occurred only at a pH that was high enough to retain
substantial deprotonation of the amine groups. To this
regard, complexation would affect the acid-base equilib-
rium in the system, causing a reduction of the pH in
the solution. This phenomenon has already been re-
ported by other investigatiors [14,15] on the formation
of a similar semi-IPN hydrogel between polyacrylic acid
and PEG. Therefore, in our study, the same methodol-
ogy was adopted to corroborate the complexation be-
tween PLL and PEG, by measuring the change in pH in
the solution containing these two polymers. As shown
in Fig. 2, comparing to the mixture of PLL and PEC-
methacrylate monomer, the mixture of PLL and PEG-
methacrylate polymer showed a more evident decrease
in pH when increasing the PEG-methacrylate polymer/
PLL weight ratio. [t should be noted that interpolymer
complexation, which requires the entanglement of
polymer chains, should be more effective if the two
polymers possess comparable molecular weights. To this
regard, the presence of a less significant pH decrease in
the mixture containing PLL and PEG-methacrylate
monomer simply suggested the inability to produce a
stable interpolymer complexation in this solution. On
the other hand, the pH change in the mixture of PLL
and PEG-methacrylate polymer was comparable to that
of PLL and PEG-10 kDa polymer, indicating the occur-
rence of successful interpolymer complexation in both
systems. Besides the more obvious decrease in pH,
phase separation was also observed in these two sys-
tems.

To confirm the presence of interpolymer interaction
and IPN network formation, the glass transition tem-
perature (Tg) of the semi-IPN hydrogel was measured
by using a differential scanning calorimeter (DSC).
Unlike the crosslinked PEG-methacrylate polymer, the
PLL/PEG-methacrylate IPN hydrogel did not show a
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Fig. 4. The change in swelling ratios of the PLL-PEG meth-
acrylate IPN hydrogels placed successively in buffered solu-
tions at (M) pH 5.0 and pH 7.4; (@) pH 5.0 and pH 11.

detectable Tg (data not shown); presumably due to the
significant lack of chain mobility within this type of
hydrogel. Such a hindrance in Tg in the polymer blends
implicitly suggested the miscibility and interaction be-
tween the two polymer chains. To explain this event, a
likely mechanism would be that physical entanglement
of polymer chains occurred first, followed by an inter-
polymer complexation produced by the formation of
hydrogen bonds. This inter-polymer complexation
could affect both the swelling properties and the drug
release patterns of the hydrogel.

Equilibrium Swelling of Semi-IPN Hydrogel

Fig. 3 shows the equilibrium swelling of the studied
hydrogel systems at different pH. While the nonionic
PEG-methacrylate hydrogel displayed a low and pH-
independent swelling behavior, the crosslinked PLL and
PLL-PEG IPN hydrogels exhibited relatively high and
pH-dependent characteristics. As seen, high swelling
ratios were observed at low pH for these hydrogels due
to protonation of the amine groups on FLL. The ionic
repulsion between the protonated amino groups led to
swelling of the PLL-containing hydrogel. Contrarily,
low swelling ratios were observed at high pH due to the
lack of interaction between the unprotonated amino
groups. Between these two PLL-based hydrogels, the
semi-IPN hydrogel yielded a much reduced swelling
ratio than the PLL hydrogel did at the same pH, possi-
bly due to the formation of hydrogen bonds in the for-
mer thereby reducing the swelling ratio at a high pH.

Pulsatile Swelling Experiments

The swelling behavior of the PLL/PEG-methacrylate
semi-IPN hydrogel, when subjected to a pulsatile pH
change, was shown in Fig. 4. As seen, the swelling/de-
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Fig. 5. Bffects of (A) FLL content and (B) PEG-methacry-late
content on the swelling behavior of the PLL-PEG methacry-
late 1PN hydrogel. Experiments were conducted at (W) pH 5 ;
(®)pH 7.4 ; and (A) pH 11.

swelling behavior was reversible, as demonstrated after
repeatedly cycling of the hydrogel between at pH 5.0
and pH 7.4 (or pH 11) buffers over a 35-hour period. At
low pH (pH 5.0), the amino groups on the hydrogel
were protonated, rendering the hydrogel to swell due to
electrostatic repulsion. On the other hand, the hydrogel
collapsed at high pH (7.4 or 11), due to the lack of pro-
tonation of these amino groups. When comparing to
the crosslinked PLL hydrogel, the PLL-PEG methacrylate
semi-IPN demonstrated a lower degree and yet more
rapid change in swelling (data not shown); both events
were probably attributed to the interpolymer com-
plexation in this IPN hydrogel. The effect of interpoly-
mer complexation was more evident at pH 11, as a
rapid collapse was observed when the IPN hydrogel was
switched from a pH 5.0 to a pH 11 butter. Based on this
observation, the pH sensitivity of the PLL-PEG meth-
acrylate IPN hydrogel seems to be readily controllable
either by altering the extent of protonation of the PLL
chains or by changing the degree of interpolymer com-
plexation between the two polymers. This pH-sensitive
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Fig. 6. The effect of (A) de-swelling; and (B) swelling on the
release of streptokinase from the IPN hydrogel. Details of ex-
perimental design were described in the “Materials and
method” section. In brief, experiments in (A) were conducted
by placing swollen hydrogel samples in a pH 9.0 buffer
whereas, experiments in (B) were conducted by placing dry
hydrogel samples in a pH 5.0 buffer. (®) represents the cumu-
lative percentage of streptokinase released from the hydrogel
sample, whereas (M) represents the percent change in the
swelling ratio of the hydrogel as a function of time.

swelling and de-swelling process appeared to be com-
pletely reversible, it could continue for a number of cy-
cles without detectable changes in the swelling/de-
swelling ratios should be allowed to reach equilibrium.
The swelling ratio of the hydrogel appeared to be in-
fluenced by both the concentration of PLL and PEG-
methacrylate. As shown in Fig. 5(A), the semi-IPN hy-
drogels yielded a reduced degree of swelling at pH 5.0
when increasing the PLL content. This finding was not
of surprise, considering that the chain entanglement
within the IPN hydrogel was enhanced at a higher PLL
concentration. Accordingly, the IPN hydrogel also dis-
played a similar pattern of reduced swelling at pH 7.4
when the PLL content was increased. In contrast, swell-
ing of the IPN hydrogel at pH 11, when the amino
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groups on PLL would not be protonated did not reveal
any appreciable dependence on the PLL concentration.
In this case, the effect on swelling by the increased in-
ter-polymer interaction at higher PLL contents seerned
to be quite minimal, simply because of the overall lack
of swelling of the IPN hydrogel at high pH due to the
absence of repulsion among the unionized amino groups
on PLL. On the other hand, the IPN hydrogel yielded
almost no reduction in swelling at pH 5.0, when the
concentration of PEG-methacrylate was increased (Fig.
5(B)). Obviously, the effect of the PEG-methacrylate
concentration on swelling would not be significant at
pH 5.0, since all the amino groups on the PLL should be
protonated at this pH. Thus, an effective interpolymer
complexation could not be achieved at this pH, regard-
less of the PEG concentration. A more obvious reduc-
tion in the swelling ratio was, however, observed at
higher pH (e.g. pH 11.0), presumably due to the pres-
ence of an enhanced degree of interpolymer complexa-
tion between the PEG-methacrylate and PLL chains
that restricted the water uptake by the IPN hydrogel.
Although the actual mechanism that contributes to the
swelling behavior of this IPN hydrogel is not yet clear, it
seems that the incorporation of PEG-methacrylate and
its content are both important factors in regulating the
effectiveness of producing the interpolymer complexa-
tion during the formation of the IPN network. The re-
sults seen in Fig. 5 clearly indicated that swelling of the
IPN hydrogel at low pH can be regulated by altering the
PLL content whereas at high pH by changing the PEG-
methacrylate content. Overall, the conclusion is that by
manipulating the content of either PLL or PEG-meth-
acrylate, one could alter the steric shielding of the ion-
ion repulsion or the formation of the intermolecular
hydrogen bonds, thereby achieving a tailored swelling
pattern for the synthesized IPN hydrogel.

Release of Streptokinase from the Semi-IPN
Hydrogel

The pH-dependent swelling/de-swelling properties of
an ionic hydrogel have been utilized in the delivery of a
variety of protein drugs including insulin [16,17]. To
assess if the PLL/PEG semi-IPN hydrogel under devel-
opment could be employed as a delivery system for pro-
tein drugs, the release of streptokinase (MW: 40 kDa), a
widely used clinical thrombolytic drug, was examined.
Streptokinase was incorporated into the IPN matrices
by adding it directly into the reaction mixture during
the hydrogel fabrication. To examine the effect of swell-
ing/de-swelling on the release of streptokinase, swollen
hydrogel samples were placed into pH 9.0 solution,
where the hydrogel would de-swell, and dry hydrogel
samples were placed into a pH 5.0 solution, where the
hydrogel would swell. As shown in Fig. 6(A), over a 7-
hour time span at pH 9.0, more than 40% of the en-
trapped streptokinase were released from the previously
swollen gel samples, accompanied by a reduction in the
swelling ratio by approximately 65%. When the dry
hydrogel samples were placed into a pH 5.0 buffer to
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examine the effect of swelling on streptokinase releae,
however, less than 20% of streptokinase were released
despite an increase in the gel volume by more than 6-
fold (Fig. 6(B)). These findings could be explained by
the interaction between the polymer and the protein
drug. At the low pH regions where gel swelling occurred,
the negative-charged streptokinase molecules might
stick to the positive-charged polymer chains via an ionic
interaction. It is well understood that drug release from
a swollen hydrogel is a diffusion process. Therefore, the
ionic interaction between streptokinase and the PLL
polymer chain could easily retard streptokinase release,
even there was a significant increase in swelling and the
hydrogel volumes. Indeed, such an ionic drug and
polymer interaction could be wisely used to regulate the
drug release rate although our data showed that de-
swelling of the hydrogel should be the primary driving
force to achieve a complete drug release. Further studies
of regulating protein release from this semi-IPN hy-
drogel by utilizing a self-manipulated pH change in the
release environment are currently in progress.

CONCLUSION

A new semi-interpenetrating polymer network (semi-
IPN) containing PLL and PEG-methacrylate was syn-
thesized as a pH-responsive controlled drug release car-
rier. This semi-IPN hydrogel displayed dynamic swell-
ing/de-swelling behavior against pH changes. Variables
involved in the synthesis of this semi-IPN hydrogel,
such as the PLL and PEG-methacrylate concentrations
and the degree of interpolymer complexation were
found to significantly influence the swelling properties
of the hydrogel. The release of the protein drug from
this hydrogel was found to be dependent on both the
ionic interaction and the swelling behavior of the hy-
drogel. Indeed, the de-swelling function of the semi-IPFN
hydrogel could serve as another effective means to regu-
late the release of the entrapped protein drug. Overall,
our results suggested that the pH-sensitive semi-JPN
hydrogel under development could be a useful tool to
achieve regulated and desirable drug release in response
to environmental pH changes.
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