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Abstract

A pH-responsive amphiphilic hydrogel with interpenetrating polymer networks (IPN) structure for controlled drug release was proposed. The IF
was constructed with hydrophilic poly(acrylic acid) (PAA) and hydrophobic poly(butyl acrylate) (PBA). Usingvelagtyl-5-methoxytryptamine
(melatonin, MEL) as a model molecule, the controlled drug release behaviors of the IPN were investigated. It is found that not only the rele:
of MEL from the IPN can respond to change in pH, but also the presence of hydrophobic network can overcome disadvantageous burst effec
hydrophilic network. This may be a result of hydrophobic aggregation encapsulating MEL molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and hydrophobic networks should possess amphiphilicity, and
should be a family of amphiphilic polymers. This is because
The development of novel drug carriers for controlled releaséPN is with physically interlocked structure of two polymer net-
attracts great attentions from many polymer and biomaterialvorks and there is no chemical bonding between two networks
scientists. In recent years, amphiphilic polymers used as dru@.iu et al., 2003; Zhang and Peppas, 2000; Zhang et al., 2004;
carriers have become a focus of the field. This is because tHam et al., 1997. This leads to the fact that each polymer net-
polymers combine hydrophilicity/hydrophobicity and can thuswork can retain its individual properties like its homopolymer;
form hydrophobic aggregation which can encapsulate hydrophdsut at the same time, owing to physically interlocked interaction
bic drug molecules in aqueous solutidmggins and Burt, 2002;  of two networks, if one component swells or shrinks, the other
Lavasanifa et al., 2002; Kikuchi and Okano, 2002; Chung et al.component can be enforced to cooperate by attractive and repul-
1999; Haigh et al., 2000; Rimmer et al., 2005; Triftaridou etsive interactions of whole networki{ et al., 2003; Zhang and
al., 2002; Rsler et al., 2001 Based on this mechanism, many Peppas, 2000; Zhang et al., 2004; Lim et al., J99herefore,
controlled drug delivery systems have been developigiins  when an amphiphilic IPN was swollen, hydrophobic network
and Burt, 2002; Lavasanifa et al., 2002; Kikuchi and Okanocan form hydrophobic aggregation. The hydrophobic aggrega-
2002; Chung et al., 1999; Haigh et al., 2000; Rimmer et al.tion not only can limit swelling degree of hydrophilic network,
2005. However, so far much more attentions were still paid onbut also may encapsulate hydrophobic drug molecules. If an
amphiphilic polymers with graft or block structures, which wereamphiphilic IPN used as drug carrier, it is possible to overcome,
prepared by graft or block copolymerization of a hydrophilic to some extent, disadvantageous burst effect of hydrophilic net-
monomer with a hydrophobic monomeéig@gins and Burt, 2002;  work, and thus a novel controlled behavior may be obtained
Lavasanifa et al., 2002; Kikuchi and Okano, 2002; Chung et al.as expected. However, this concept has not yet been definitely
1999; Haigh et al., 2000; Rimmer et al., 2005 fact, inter-  proposed. Based on the consideration, in this paper, we sug-
penetrating polymer networks (IPN) composed of hydrophilicgest an amphiphilic polymer with IPN structure for controlled
drug release, where hydrophilic network is for swelling IPN and
hydrophobic network is for encapsulating drug molecules, and
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Owing to that the fact that smart hydrogels can convention4 days. Late, it was dried under ambient conditions for 1 day
ally change their volume in response to environmental stimuland in a vacuum oven at 4C for 3 days.
including pH, temperature, ionic strengthh@ng and Peppas, Then, the PBA gel was swollen in AA solution of DMF
2000; Liu and Fan, 2002; Liu et al., 2003, 2004a,b; Philippova40 wt.%) with 0.8 mol% of TPGDA and 1 wt.% of BEE (ref-
etal., 1997; Torres-Lugo and Peppas, 1999; Dong and Hoffmamrence to monomer AA). The polymerization was conducted
1991; Okano et al., 1990; Eeckman et al., 2004; Tasdelen et aunder the same UV source for 10 min. The obtained PBA/PAA
2004, they were extensively investigated as intelligent carriersggel was cut into thin disks of 8 mm in diameter, and immersed in
(Zhang and Peppas, 2000; Zhang et al., 2004, Lim et al., 199distilled water to remove the unreacted AA. The samples were
Liu and Fan, 2002; Liu et al., 2003, 2004a,b; Tasdelen et alkept in fresh distilled water that was changed for every 6 h, and
20049). This leads to the fact that the diffusion and permeationasted 5 days. Late, they were dried under ambient conditions
of drug molecules (or solute) from the hydrogels can be confor 2 days and in a vacuum oven at4Dfor 5 days. The com-
trolled by external stimuli. Therefore, our aim is to construct anposition of two networks was calculated by weighting PBA and
environment-responsive amphiphilic hydrogel with IPN struc-PBA/PAA gels and is found to be 40/60 (w/w). In addition, for
ture for controlled drug release. For this purpose, poly(butycomparison, PAA hydrogel with the same content of TPGDA
acrylate) (PBA) was selected as hydrophobic network owing tavas synthesized.
its good flexibility of macromolecular chains, and poly(acrylic
acid) (PAA) was used as hydrophilic network because of itS.3. Swelling measurements
pH-sensitivity and good biocompatibilityChen and Hoffman,
1995. The swelling ratio (SR) of a hydrogel was measured after it
Our objective of this work is to synthesize a pH-responsivewas swollen to a desired state. It was carefully taken out from
amphiphilic hydrogel networks with IPN structure. Using the solution, wiped with a filter paper for the removal of the free
drugN-acetyl-5-methoxytryptamine (MEL), in vitro the release water on the surface, and then weighted. SR (g/g) of a sample
mechanism of MEL from the hydrogels was studied. was calculated using as follows:

2. Experimental SR— (wt — wq)
wd
wherewy andwy are the weights of dry and wet samples at time

; . ; t, respectively. When a hydrogel reaches its swelling equilibrium
T I lycol d late (TPGDA, link d . AN ) o -
ripropylene glycol diacrylate ( crosslinker) an state under a fixed condition, its swelling ratio is called equilib-

benzoin ethyl ester (BEE, photoinitiator) were of chemical”, li . I inli
grade. N-acetyl-5-methoxytryptamine (melatonin, MEL) was rium swelling ratio (ESR). All measurements were triplicated
provided by Xi'an Modern Chemistry Institute. All other for each sample.

reagents including butyl acrylate (BA), acrylic acid (AA) and
dimethyl formamide (DMF) were analyticalgrade and were
made in China. They were used as received without further ) i i

purification. Loading model drug into IPN hydrogel was performed in

DSC (MDSC 2910, TA Instruments, USA) measurementswater/acetone mixture (50/50, w/w) with MEL of 0.8wt.%,
were used to determine the glass transition temperafye ( whereas the loaded PAA sample was prepared by immersing

of the polymers obtained. The scan rate was 10 K/min. First? A in solution of MEL of 0.4 wt.%. After the hydrogels were

the sample was heated from room temperature t6'C50r the swollen in the solution at room temperature for 24 h, they were
removal of thermal historyly is obtained by the second scanning carefully taken out and washed with the mixture for the remoyal
and the value is from the midpoint of the special heat incremenf 'é€ MEL onthe surface. Then, the loaded samples were dried

UV-vis spectra were recorded on a spectrophotometer UV—255%5”‘3Er an ambient cpndition for 1 day, and in a vacuum oven at
model (Shimadzu, Japan). 50°C for 3 days. It is found that MEL contents of the loaded

IPN and PAA samples which is defined as MEL weight content
2.2. Synthesis of pH-responsive amphiphilic hydrogel in 100 mg of dried gel, 3.5mg and 4.6 mg, respectively.
A MEL-loaded disk was immersed in 10 mL of buffer solu-

A sequential UV solution polymerization was to use to syn-tions of pH 1.4 (or 7.4) with ionic strength of 0.1 motL In a
thesize an amphiphilic IPN sample. PBA and PAA were chosespecial interval, a 5 mL of the solution released was withdrawn
as hydrophobic and hydrophilic networks, respectively. Firstlyand atthe same time a5 mL of fresh solution was added. The con-
1.2g of BA was added into 0.8g of DMF with 1 mol% of centrations of the MEL released were analyzed by spectropho-
TPGDA and 1.5wt.% of BEE (reference to monomer BA). Thetometer at 222 nm. All release measurements were triplicated
polymerization was carried out under an UV source (400 Wfor each hydrogel and average values were plotted.
Middle-pressure mercury lamp, HOK4/120, Philips, Belgium)
with a distance 20cm from lamp to sample for 10 min. The3. Results and discussion
obtained PBA gel was taken out from the bottle, and immersed
in acetone to remove the unreacted monomer. The samples wereA sequential UV solution polymerization was to use to syn-
kept in fresh acetone that was changed for every 6 h, and lastéldesize an amphiphilic IPN sample under the above mentioned

2.1. Materials and methods

2.4. Drug loading and in vitro release studies
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Fig. 1. DSC profiles of samples IPN, PAA and PBA. .
084 !
synthesis conditions. The composition of two networks was cal- EE :"
culated by weighting dried PBA and PBA/PAA IPN gels and F 061 d
is found to be 40/60 (w/w)Fig. 1 presents DSC profiles of @ 04_' 0
PBA/PAA IPN, and its original materials PBA and PAA. As Tl —u— IPN, pH=7.4
seen clearly fronfFig. 1, there exist two glass transition temper- 02l 3 oo By
atures {g) in DSC curve of the IPN sample, which correspond ; --0--PAA, pH=14
to —44.6 and 93.1C, respectively. The two values are close to 0.04
the Tgs of pure PBA {-45.9°C) and PAA (104.5C) gels (see I
Fig. 1). This means the PBA/PAA IPN is indeed formed because 0 200 400 600 800 1000
of PBA and PAA keeping theify values themselves in the IPN (b) Time (min)

Sy_Ste_m'_ This result also _indicates that _PBA and PAA hav_e poofEig. 2. Swelling behaviors of hydrogels IPN and PAA at°’87 (a) ESR as a
miscibility, and they are in a state of microphase separation. function of pH; (b) swelling kinetic analysis.
Fig. 2a) indicates pH dependent swelling ratios of the IPN

sample. The mvesugquon of reswe_lllng pehawors of the hydroI’:lggregation. Thus, swelling PAA network must overcome resis-
gels was carried out in buffer solutions in a pH range from 1.

: o 1 . ) 4tance of hydrophobic aggregation of PBA. The final swelling
t_o 8.6 with an lonic strength 0f 0.1 mol‘L_ at 37 C respec degree of the IPN should be a balance of two adverse and com-
tively. As seen irFig. 2a), it is found that increasing pH leads

i | li d dent llin t i 1PN hvd petitive effects. Therefore, under fixed conditions, equilibrium
0 gel swetling, and an evident swetling transition or 1IN hydro- welling degree of the IPN depends on driving force from PAA
gel can be observed with pH increasing. This effect is relate

Lo ~“hetwork expanding, which is related to the ionization of PAA
}_?utg?]dloli];anzoonogf LFi)ﬁét r;?ﬁ%éf:?%ﬁﬂgpzsgﬁzl 22%%’7_(Philippova etal., 1997 At low pH, PAA network remains col-
Chen and Hoffman, 1995: Torres-Lugo and Peppas, )L9gh lapsed, and as a result, the IPN has a low swelling degree. At
the increase in pH values, the ionized carboxylic acid groups’
electrostatic repulsion forces hydrogel networks expanding, and
cause its swelling degree reaching to a relatively larger value
accordingly. Also, as seen clearly frdfig. 2(a), swelling tran-
sition of the IPN begins at pH 5 while that of hydrogel PAA is
about pH 3, and the ESR value of the IPN show much less than
that of pure PAA hydrogels at the same pH. These indicate that
the presence of hydrophobic PBA network leads to the shift of
pH-sensitivity of PAA to a higher pH regiorPhilippova et al.,
1997, and can limit swelling degree of hydrophilic network.
For example, at pH 1.4, the ESRs of IPN and PAA are 1.3 and
4.8, respectively; at pH 7.4, the ESR is 7.8 for the IPN, and 45.1
for PAA. These results are mainly due to amphiphilic structure — e
of the IPN sample. When the IPN was immersed in an aque- 0 100 200 300 400 500 600
ous solution, a marked phase separation of hydrophobic PBA Time (min)
and hydrophilic PAA took place further. PAA network absorbedFig. 3. Release profiles of MEL from hydrodels IPN and PAA under the condi-
water and was swollen; while PBA network formed hydrophobictions of pHs 1.4 and 7.4, and 3€.
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Fig. 4. Schematic illustrations for pH-dependent swelling and MEL release behaviors of the amphiphilic IPN.

higher pH, carboxylic acid groups’ electrostatic repulsion forcego interlocked structure, compact hydrophobic moieties may be
IPN networks expanding, and this renders IPN having a higheweaken, or destroyed partly, leading to diffusion resistance of
swelling ratio. The hydrophobic effect was also observed in thdMEL loaded into the hydrophobic moieties reduced markedly
copolymer hydrogels of AA with-alkyl acrylatesf=8,12and and a higher release rate compared with that at pH 1.4. In our
18) by Philippova et al. (1997)Fig. 2(b) also shows swelling previous study, it is found that the release of MEL from poly(2-
kinetic analysis of the IPN. Compared with pure PAA hydrogel,hydroxyethyl acrylate) (PHEA) hydrogel also shows higher rate
the needed time reaching equilibrium swelling state is muctand at 37 C for 60 min, 72.1% of all loaded MEL can be release;
longer. This result indicates that the presence of hydrophobibhowever, the hydrophobic inclusion interaction of MEL with
PBA increase relaxation time of swelling the IPTo(res-Lugo  cyclodextrin can retard its release from PHEAUW and Fan,
and Peppas, 1999This result further confirms that swelling 2009. Therefore, here, we can conclude reasonably that the
IPN is a process of PAA network expanding which overcomesydrophobic environment formed by PBA network indeed plays
resistance of hydrophobic aggregation of PBA. an important role in controlled MEL release. Actually, the new
Fig. 3 presents the release profiles of MEL from the IPN pH-modulated release was carried out by controlling density
hydrogel and reference sample PAA at pHs 1.4 and 7.4, andf hydrophobic aggregation related to environment pH, lead-
37°C. As seen clearly fronkig. 3, the release rate of MEL ingto controlled MEL release. The experiment indicates clearly
from hydrogels IPN and PAA depends on hydrogel structureshat the amphiliphic IPN used as MEL carrier can indeed com-
and pH conditions. Compared with hydrogels PAA, the releasdine properties of pH-sensitivity of PAA and hydrophobicity of
of MEL from the IPN shows lower release rate at regardless oPBA. From the viewpoint of architecture forms of amphiphilic
pHs 1.4 or 7.4. At pH 7.4, the cumulative amounts of the MELpolymers, the IPN hydrogel is novel, since this is based on phys-
released from hydrogels IPN and PAA are 48.5% and aboutally interlocked interaction of two networks without covalent
100% for 90 min, respectively, and this means that the MELbonding. This may be useful in designing and developing novel
release from PAA is a typically burst effect whereas the releaseontrolled delivery systems.
from the IPN is a sustained release. At pH 1.4 for 90 min, the
corresponding cumulative amounts of the MEL released are 34. Conclusions
and 68.4%, respectively. The results evidence that the presence
of hydrophobic PBA retards the release of MEL and thus lead A pH-responsive amphiphilic hydrogel with IPN structure
to a sustained release. for controlled drug release was proposed. The IPN was
Although swelling degree of the hydrogels is a factor for MEL constructed with hydrophilic PAA and hydrophobic PBA by a
release, the presence of hydrophobic aggregation may be a dosequential UV solution polymerization. Here, the composition
inant factor. This is because, although the ESR of the IPN at plaf PBA/PAA is found to be 40/60 (w/w). Using drug MEL
7.4ishigherthanthat of PAAatpH 1.4 (deig. 2(a)), therelease as a model molecule, the controlled drug release behaviors
rate of MEL from PAAis higheratpH 1.4 (s&ég. 3). Thisresult  of the IPN were investigated. It is found that not only the
can be explained by hydrophobic aggregation of PBA networkrelease of MEL from the IPN can respond to change in pH,
As mentioned in swelling research of the IPN, PBA can formsbut also the presence of hydrophobic network can overcome
hydrophobic moieties in hydrogel IPN as depictedFig. 4. disadvantageous burst effect of hydrophilic network. This may
The hydrophobic moieties may encapsulate MEL moleculeshe a result of hydrophobic aggregation encapsulating MEL
However, the density of hydrophobic aggregation depends omolecules. The study will be very useful in designing and
environment pH. At low pH, owing to PAA network possessing developing novel controlled delivery systems.
low swelling capacity, thus a compact hydrophobic aggrega-
tion can be formed in the IPN, leading to much more diffusionA cknowledgements
resistance of MEL loaded into the hydrophobic moieties and a
low release rate of MEL. At pH 7.4, owing to higher swelling  This work was supported by the National Nature Science
degree under expanding interaction of ionized PAA network dug-oundation of China (No. 20374040).
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