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ABSTRACT: For to be used in controlled releasing of
piperacillin-tazobactam, a series of semi and full IPN type
hydrogels composed of acrylic acid (AA), acrylamide
(AAm) and Chitosan (CS) were prepared via free-radical
polymerization. Ethylene glycol dimethacrylate (EGDMA)
was used for crosslinking of PAAm and PAA chains to
form semi-IPN hydrogels. However, the full-IPN type
hydrogels were prepared by using glutaraldehyde (GA)
and EGDMA as cocrosslinkers. Characteristics of the
hydrogels were investigated by swelling experiments and
SEM and FTIR analysis. Generally, full-IPN type hydrogels
swell much more than the semi-IPN types. By comparing
the full-IPN type hydrogels in between, it is found that
the increasing amount of GA causes the decreasing in S%

values from 4860 to 4300%. Releasing of piperacillin-tazo-
bactam from selected three hydrogels were investigated in
phosphate buffer solution at pH ¼ 7.4, 37�C. The kinetic
release parameters, n and k were calculated and non-Fick-
ian type diffusion was established for these hydrogels. The
behaviors of the piperacillin-tazobactam loaded hydrogels
in Staphylococcus aureus (S. aureus) and Pseudomonas aeru-
ginosa (P. aeruginosa) culture suspensions were also stud-
ied and the statistically significant differences for the
microorganism growth values were determined. VC 2010
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INTRODUCTION

Interpenetrating polymer network (IPN) hydrogels
are preferred in a number of biotechnological and
biomedical applications because of their certain
unique biophysical properties such as ease of fabri-
cation to various geometrical forms; minimum me-
chanical irritation to surrounding tissues; unusual
stability to biofluids, etc.1 IPN structures are also
used for the control of overall hydrogel hydrophilic-
ity and drug release kinetic.2 A wide range of so-
called semi-IPN has been prepared dissolving a per-
formed linear polymer in a hydrophilic monomer
and crosslinking agent mixture which is subse-
quently polymerized. In this way a synthetic hydro-
gel network is formed around a primary polymer
chain which modifies the behavior of the hydrogel.3

The use of semi-IPNs in pH-sensitive or tempera-
ture-sensitive drug delivery systems has been well
documented.4 During the last years IPN type hydro-

gels have often been used for the preparation of con-
trolled-release dosage forms.5,6 These types of
hydrogels are also suitable materials for wound-
healing or dressing material. As is known, the
wound requires a protective barrier to allow healing
to progress. Hydrocolloids, films, foams, alginates,
and hydrogels are commercially available prepara-
tions for this purpose. The choice of dressing will
depend on the location and state of the wound, and
also the wound type. Wounds with good granula-
tion tissue would benefit from moisture-providing
hydrogels.7

Chitosan (CS) stands out by some unique combi-
nation of favorable biological properties such as non-
toxicity, biocompatibility, biodegradability, along
with mucoadhesive, bacteriostatic, and wound-heal-
ing properties.8,9 In addition, this cationic biopoly-
mer has been reported to improve transport across
biological barriers.10 Finally, CS is very abundant
and its production is both environmentally safe and
of low cost.11 From a biomedical point of view, CS
has demonstrated high activity as wound healing
activators or accelerators, and now is used in human
and veterinary medications. Several researchers have
reported on the mechanism of the activation of
wound healing considering the activation of
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polymorphonuclear cells, protective effects against
microorganisms, or the promotion of granulocyte tis-
sue formation with angiogenesis.12 The hydrophilic-
ity of CS, due to the presence of amine and hydroxyl
functional groups in its repeat unit, makes the poly-
mer soluble in dilute acidic solutions and yields to a
rubbery hydrogel in water. The propensity of CS to
absorb water and swell into a soft rubbery material
makes it a good matrix material for incorporating
hydrophilic drugs.13 However, this naturally abun-
dant material also exhibits limitations in its reactiv-
ity and processability. One strategy to overcome
these shortcomings is to incorporate CS in IPN
hydrogels.9

Because of easy polymerization and biocompatible
properties, acrylic acid (AA) and acrylamide (AAm)
are widely used to prepare the hydrogels designed
for drug release. AAm offer a number of advan-
tages, which include high permeability to both
hydrophobic and water-soluble solutes and in-
creased mechanical strength, depending upon copol-
ymer composition and crosslink density.14 In an ani-
onic polymeric network containing carboxylic acid
groups like poly(acrylic acid) (PAA), ionization takes
place as the pH of the external swelling medium
increases above the pK of the ionizable moiety.15

Piperacillin-tazobactam contains two active ingre-
dients; piperacillin and tazobactam. Piperacillin is a
penicillin type antibiotic, tazobactam is a medicine
to prevent bacteria from inactivating piperacillin.
Piperacillin kills many types of bacteria. Although
tazobactam also belongs to the penicillin group,
it does not have any activity against bacteria but
just helps piperacillin to overcome bacteria which
might have developed some resistance to piperacil-
lin. Piperacillin-tazobactam has great activity against
Gram-positive and Gram-negative organisms such
as Escherichia coli, Proteus mirabilis, Klebsiella pneumo-
niae, Pseudomonas aeruginosa (P.aeruginosa), and
the Enterobacter species. The piperacillin-tazobactam
combination is effective for the treatment of appen-
dicitis, gynecological infections, community-acquired
and nosocomial pneumonia, and skin and skin
structure infections.16 These are among the infec-
tions most commonly encountered in the commu-
nity and nosocomial setting. They can range in se-
verity from mild processes such as impetigo and
simple cellulitis to more complex infections involv-
ing deeper tissue fascia (e.g., necrotizing fasciitis,
surgical site infections).17 These infections are
caused by a mixture of aerobic and anaerobic organ-
isms and are responsible for increased morbidity,
prolonged hospital stay, and increased health care
costs. Frequently isolated gram-negative organism P.
aeruginosa and gram-negative bacteria Staphylococcus
aureus (S. aureus) are among the commonly impli-
cated anaerobes.18

Different from the vast majority of clinical trials
about piperacillin-tazobactam in the literature, this
presented study is an all original and unique
research considering the usage of hydrogels at
pointed out compositions for the controlled release
of piperacillin-tazobactam. Furthermore, the con-
trolled release of piperacillin-tazobactam through
these designed hydrogel-drug systems including
hydrophilic and biocompatible components provide
some advantages to other systems. While PAA pro-
vides high swelling capacity through the anionic
structure of the hydrogel, swelling degree could eas-
ily be controlled by using the nonionic component
PAAm. CS is also added into these designed IPN
structures because of its wound-healing and biologi-
cal properties.
The aim of this presented study is to develop IPN

hydrogels based on PAAm, PAA, and CS and inves-
tigate the effects of the polymer composition on the
swelling behaviors and morphological structure of
the hydrogels. Depending on the swelling behaviors,
we planned to chose the suitable hydrogel for piper-
acillin-tazobactam release studies to be carried out at
pH ¼ 7.4 and 37�C which is similar to wound media
conditions. The kinetic results for piperacillin-tazo-
bactam release were explained on the basis of the
swelling values and morphological structures of
the hydrogels. As S. aureus and P. aeruginosa widely
exists in skin wound media, it was also planned
to study the effect of the piperacillin-tazobactam
loaded hydrogels on S. aureus and P. aeruginosa
growth at 37�C.

EXPERIMENTAL

Materials

CS (degree of deacetylation is 75%), AA, AAm, eth-
ylene glycol dimethacrylate (EGDMA), acetic acid,
and 25% aqueous solution of glutaraldehyde (GA)
were purchased from Aldrich, Seelze, Germany.
(NH4)2S2O8, Na2S2O5, KBr (IR grade) and NaOH
were obtained from Merck,Germany. Britton-Robin-
son buffer (BRB) solutions were prepared as given
in the literature.19 It consists of a mixture of 0.04M
H3BO3 (Merck), 0.04M H3PO4 (Riedel-de Haën), and
0.04M CH3COOH that has been titrated to the
desired pH with 0.2M NaOH. Piperacillin-tazobac-
tam was donated by Wheyt. Mueller Hinton Broth,
Mueller Hinton Agar and Plate Count Agar used in
microbiological experiments were purchased from
Merck.

Preparation of the IPN hydrogels

In this study a series of full-IPN and semi-IPN
hydrogels based on CS, AA and AAm were

442 PULAT, TAN, AND ONURDAĞ
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prepared by radical polymerization procedure.20 The
reactions were initially started by a fixed amount of
(NH4)2S2O8/Na2S2O5 redox pair at room tempera-
ture. While the semi-IPN structures were composed
by using one crosslinking agent, EGDMA, full-IPN
hydrogels were constituted by using two crosslink-
ing agents, EGDMA for PAA or PAAm and GA for
CS. The detailed procedure is given below:

The different volumes (3.5 mL and 2.5 mL) of CS/
acetic acid solution (1.0%) were mixed with the
aqueous solutions of AA or AAm into a beaker at
the specified amounts given in Table I. The total
amount of the mixture was 7.5 mL. The constant
amount (0.1 mL) of EGDMA and various amounts
of GA were added into the beaker. 0.05/0.05 g/g of
(NH4)2S2O8/Na2S2O5 wasinterfused into this mixture
as initiator and it was transferred into a glass pan of
5.0 � 5.0 cm2 size. The reaction was preceded for
1 h at room temperature. The fresh hydrogel sheets
were taken from the pan and 0.5 � 1.0 cm2 pieces
were cut out. Hydrogel pieces were left overnight at
room conditions and washed several times with dis-
tilled water to remove unreacted chemicals. The
samples were dried first in air and then in a vacuum
oven at 37�C and stored for further use.21 Average
thicknesses of dried hydrogels were measured with
a micrometer and found in the range of 0.30–0.40 cm
according to the gel matrix content.

The gel formation percentages of the samples
were gravimetrically determined as follows20,22:

Dried hydrogel were weighed and then placed in
distilled water for 48 h to extract the unreacted
monomers. The hydrogels were then taken out from
the extraction medium and dried in a vacuum oven
at 40�C to constant weight. The gel formations (%)
were determined using the following formula:

Gel formation ð%Þ ¼ m=m0 � 100 (1)

where m is the weight of the dried hydrogel after
extraction and m0 is the weight of the dried hydrogel
before extraction. All measurements were performed
in triplicate.

FTIR measurements

FTIR spectra of (PAA/CS)s-2, (PAAm/CS)s-2 and
(PAA/CS)-2 hydrogels were recorded using a Per-
kin–Elmer 1710 model spectrophotometer. About
1 mg of the samples were pounded and completely
mixed with KBr and pellets were prepared using a
hydraulic press under a pressure of 600 kg/cm2.
Spectra were scanned between 4000 and 400 cm�1.

Swelling studies

Swelling tests of hydrogel samples were gravimetri-
cally carried out in three steps.23

First, dried hydrogel pieces were left to swell in
BRB solution (pH ¼ 7.4) at 37�C. Swollen gels were
removed from the swelling medium at regular in-
tervals and dried superficially with filter paper,
weighed, and placed into the same bath. The meas-
urements were performed until a constant weight
was reached for each sample. The percentage swel-
ling (S%) values were calculated from the following
equation21,24,25:

S% ¼ ðmw �mdÞ=md � 100 (2)

where, mw is the wet weight of the sample and md is
the dry weight of the sample before swelling. The
incubation times for all gels were approximately
30 h.
Second, the dried hydrogel pieces were swollen in

BRB (pH ¼ 7.4) solutions at different temperatures
(4.0�C, 10.0�C, 20.0�C, 30.0�C, 37.0�C, 40.0�C, 50.0�C,
and 60.0�C) to investigate the effect of temperature
on swelling behaviors. In the third and the last step,
same procedure was performed but in different BRB
solutions at various pH values (2.0, 4.0, 6.0, 7.4, 8.0,
10.0, and 12.0) for to determine the effect of pH on
the swelling behaviors. Temperature was kept con-
stant at 37�C. At the end of the incubation time (30
h), the swollen gels were removed from the swelling
medium, dried with filter paper to remove excess
water, and weighed. S% values were calculated

TABLE I
The Amounts of the Components Used to Form the Hydrogels and the Gel

Formation Percentages

Hydrogel CS (g)
AA
(mol)

AAm
(mol)

GA
(amount � 105, g)

Gel
formation (%)

(PAA/CS)s-1 0.025 0.03 – – 95.37
(PAA/CS)s-2 0.035 0.03 – – 95.08
(PAAm/CS)s-1 0.025 – 0.03 – 91.64
(PAAm/CS)s-2 0.035 – 0.03 – 89.75
(PAA/CS)-1 0.025 0.03 – 3,125 92.23
(PAA/CS)-2 0.035 0.03 – 3,125 93.87
(PAA/CS)-3 0.025 0.03 – 15,625 94.19

PIPERACILLIN-TAZOBACTAM RELEASE THROUGH IPN HYDROGELS 443

Journal of Applied Polymer Science DOI 10.1002/app



using eq. (2). The reproducible results for all
swelling studies were obtained with triplicate
measurements.

SEM studies

(PAA/CS)s-2, (PAAm/CS)s-2, and (PAA/CS)-2
hydrogel samples swollen to equilibrium in water at
room temperature were removed and placed in a
deep freezer at �20�C for 24 h and then transferred
into a freeze dryer (Christ-Alfa 2-4 Model, Martin
Christ GmbH, Germany ) at �85�C for one week.
The dried and swollen sample straps were coated
with 200 A� Au. The surface micrographs of the
samples were obtained with a scanning electron
microscope (JEOL, JSM 6060A, Japan).

Release of piperacillin-tazobactam from
the hydrogels

(PAA/CS)s-2, (PAAm/CS)s-2 and (PAA/CS)-2
hydrogels were chosen for release studies because of
their different swelling values at similar composi-
tions. The loading of the model drugs in crosslinked
polymer networks can be accomplished by two
loading techniques: an equilibrium partitioning and
copolymerization/crosslinking in the presence of the
drug.26 In this study, the classic soaking method was
chosen to drug load by using 10 mg/mL piperacillin-
tazobactam solution.16 The loaded hydrogel discs
were placed into a vessel containing 100 mL of phos-
phate buffer solution (pH ¼ 7.4). At different time
intervals, aliquots of 100 lL were drawn from the me-
dium to follow the drug release; a maximum of 30
aliquots were taken, so the vessel volume can be con-
sidered constant. The drug release always maintained
at ‘‘sink’’ conditions.27–29 Piperacillin-tazobactam re-
lease was determined spectrophotometrically using a
spectrophotometer (Unicam-UV-2100) at k ¼ 209 nm
for 24 h at 37�C. The reproducible results were
obtained with triplicate measurements.

Microbiological interaction studies

Microbiological experiments were performed to
determine the effect of piperacillin-tazobactam
loaded hydrogels on S. aureus (ATCC 25923) and P.
aeruginosa (ATCC 27853) growth.

First, P. aeruginosa and S. aureus were incubated
for 24 h at 37�C on Mueller Hinton Agar and Blood
Agar (Mueller Hinton Agar supplemented with 5%
blood) respectively, to ensure the purity and viabil-
ity. Then colonies from each culture were inoculated
to Mueller Hinton Broth and after 24-h incubation at
37�C fresh overnight cultures were obtained. The
suspensions were diluted 10-fold and 0.1 mL of the
diluted suspensions were inoculated to Plate Count

Agar and incubated for 24 h at 37�C. The total live
S. aureus and P. aeruginosa numbers in this suspen-
sion were determined by the Plate Count Method.30

In accordance with this method, at the end of the
incubation time, the colonies on the plate were
counted and the number of microorganisms in
1.0 mL suspension was calculated from eq. (3).

N ¼ XD=V (3)

where N is the number of microorganisms in 1.0 mL
culture (cfu/mL), D is the dilution factor, V is the
inoculation volume (0.1 mL), and X is the average
number of the colonies.
Piperacillin-tazobactam loaded (PAA/CS)s-2,

(PAAm/CS)s-2 and (PAA/CS)-2 hydrogels prepared
in disc form at 0.5 cm thickness were sterilized with
UV at the wavelength of 254 nm for 3 h and placed
into a flask containing 100 mL of the suspension cul-
tures. After incubation at 37�C for 24 h the suspen-
sions were diluted 10-fold and 0.1 mL of the diluted
suspensions were inoculated to Plate Count Agar
and incubated for 24 h at 37�C. Total number of
S. aureus and P. aeruginosa were determined as
explained above. Culture suspensions free from the
hydrogels were used as controls. This study was car-
ried out in three parallel studies.31

RESULTS AND DISCUSSION

Gel formation

General mechanisms about the formation of semi
and full-IPNs are well documented in the litera-
ture.32–34 Similar mechanisms could be suggested for
the IPNs produced in this study. Persulfate initiator
is reduced to (SO4)_. anion-radical. This radical
abstracts hydrogen from monomer to form vinyl
radicals. Thus, the radically initiated polymerization
reactions of AA or AAm monomers were per-
formed.20,35 It can be thought that PAA or PAAm
are the host polymer in this semi-IPN system. It is
well known that GA and EGDMA are the selective
crosslinkers for CS and PAA/PAAm respectively.36

While EGDMA provide the crosslinking of vinyl
polymer chains (PAA or PAAm), GA conduce the
crosslinking of CS chains to compose the full-IPN
hydrogel. As PAAm (similar to CS) includes -NH2

groups which could cause the crosslinking with GA,
the full-IPN type hydrogel with CS-PAAm was not
investigated in this study.
Gel formation percentages of the hydrogels calcu-

lated via Equation 1 are given in Table I. In general,
high gel formation values were mostly obtained so
this procedure is convenient for preparing the IPN
type hydrogels with CS and vinylic polymers. By
comparing the percentages of the full-IPN hydrogels,
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it can be thought that the increasing amount of GA
positively effects gel formation. The highest and the
lowest gel formation percentages were obtained for
(PAA/CS)s-1 and (PAAm/CS)s-2 hydrogels respec-
tively. This result might be caused from the poly-
mer-additional polymer interactions. As is known
CS is a hydro-soluble and positively charged poly-
mer.37 These properties enable the interaction of CS
with negatively charged polymer PAA. Gel forma-
tion between CS and PAA chains could be simpli-
fied by the anionic structure of PAA, thus gel forma-
tion of PAA-CS hydrogels would be favorable than
PAAm-CS pairs.

FTIR spectra

The FTIR spectra of (PAAm/CS)s-2, (PAA/CS)s-2
and (PAA/CS)-2 hydrogels are shown in Figure 1.
As the components of the hydrogels have some simi-
lar groups, the spectrums include identical absorp-
tion peaks. In general, all of the curves show the
analogous broad band attributed to CS at � 3440
cm�1 due to NAH stretching vibrations and associ-
ated AOH stretching vibrations of the hydroxyl
group. The absorption bands at � 1160 cm�1 (anti-
symmetric stretching of the CAOAC bridge), � 1080
cm�1 and � 1030 cm�1 (skeletal vibrations involving
the CAO stretching) are characteristic of its saccha-
ride structure. CS also exhibits the distinctive
absorption bands at � 1650 cm�1 (Amide I) and
� 1300 cm�1 (Amide III).1,13,38

The band at � 1650 cm�1 belongs to C¼¼O stretch-
ing vibration also confirms the existing of AAm and
AA in hydrogels. A relatively high intense peak at
� 2920 cm�1 indicates the aliphatic ACH stretching

vibrations. The peak at � 3180 cm�1 was observed
and the related peak at � 1650 cm�1 corresponds to
ANH bending vibrations of the primary amides (see
curve a) of AAm.
At curve c, belongs to full-IPN, a new peak

appearing at � 1540 cm�1 due to imine bonds
(AC¼¼N) was formed as a result of crosslinking reac-
tion between amino groups in CS and aldehydic
groups in GA.13

Effect of time to swelling behaviors of
the hydrogels

Figure 2 represents the variation of S% values with
time at pH ¼ 7.4, 37�C. S% increased with time ini-
tially and then remained constant at close to 30 h.
S% values were determined to be 4860% for the
most swollen hydrogel (PAA/CS)-2, and 1904% for
the least swollen hydrogel (PAAm/CS)s-2.
The differences in S% values of the semi-IPN type

hydrogels can be explained with the hydrophilicty
varieties. It is well known that PAA molecules are
more hydrophilic than PAAm molecules.31 AA have
ACOOH units and the high swelling values of the
semi-IPN and full-IPN hydrogels including PAA-CS
is due to these ionize-able units. S% values of
(PAAm/CS)s-1 and (PAAm/CS)s-2 are nearly close
to each other. Different swelling values between 80
to 3000% have been reported in the literature for
similar hydrogels; depending on the composition or
monomer ratio, polymerization route, type of cross-
linker, crosslinker density, and so forth. The ‘‘ionic
charge content’’ concept was emphasized in those
studies.9 Instead of the swelling value of pure CS
hydrogels (nearly 100%), CS hydrogels containing
ionic components like PAA were reported to present
much more swellable behavior.39 The results are in
agreement with those in the literature.40,41 Generally,
the full-IPN type hydrogels swell much more than

Figure 1 FTIR spectra of (a) (PAAm/CS)s-2 (b) (PAA/
CS)s-2 and (c) (PAA/CS)-2 hydrogels.

Figure 2 The variation of S% values with time at 37�C,
pH ¼ 7.4.
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the semi-IPN types as seen from this figure. By com-
paring the full-IPN type hydrogels, it is also seen
that increasing the amount of GA causes the
decreasing of S% values from 4860 to 4300%. This
situation can be explained by crosslinked density.
There are numerous reports in the literature that the
more crosslinker gets the intensive crosslinking.

Effect of temperature to swelling behaviors
of the hydrogels

Figure 3 presents the variation of S% values of hydro-
gels with temperature at pH ¼ 7.4 and in 30 h time.
All hydrogels swelled much more at high tempera-
tures than at low temperatures. The swelling of PAA
and PAAm hydrogels is known to be positively de-
pendent on temperature. As the temperature in-
creases, thermal mobility of the polymer chains also
increases and hydrogen bonds are broken so hydro-
gels can easily swell.42 As the swelling values of all
hydrogels exhibit great differences between 4 and
40�C, it is thought that these hydrogels are sensitive
to the variations in temperature in this range.

Effect of pH to swelling behaviors
of the hydrogels

Figure 4 shows the variation of S% values with pH
at 37�C and in 30 h time. Low swelling percentages
were obtained for all hydrogels based on PAA at pH
¼ 2.0 versus other pH values. In all compositions
the maximum extent of swelling was reached at
about pH 7.4, this being due to the complete dissoci-
ation of acid groups of AA at this pH value. The dis-
sociation constant of AA is pKa ¼ 4.25. The curve of
PAA-CS hydrogels start to rise at pH ¼ 4.0 and
present a sharp variation near pH ¼ 6.0. As the
swelling values of all hydrogels exhibit great differ-
ences between pH ¼ 4.0 and 8.0, it is thought that

the hydrogels including PAA are sensitive to pH
variations at this range.6,43

Owing to the nonionic structure, the PAAm
hydrogel was not affected by pH variations and was
not stable above pH ¼ 8.0.20,40

SEM analysis

Microstructures of the network surfaces were inves-
tigated by SEM at different magnifications. The
micrographs of (PAA/CS)s-2, (PAAm/CS)s-2 and
(PAA/CS)-2 hydrogels, chosen for release studies,
are presented in Figure 5. The morphological differ-
ences between dry and wet states of all hydrogels
can be clearly observed in this figure. Dry hydrogels
exhibit nonporous surface structures. In contrary,
swollen hydrogels possess large number of pores. It
can easily be seen that (PAAm/CS)s-2 hydrogel dis-
plays a channel like and smaller porous surface
which is different in structure than the others. The
porosity distribution is relatively more uniform and
dense for this hydrogel. As seen in X100 magnified
micrographs, PAA-based hydrogels mostly exhibit a
sponge type structure. It is well known that charge
interactions may occur between two oppositely
charged polymers. Thus, besides chemical crosslink-
ing, cationic CS, and anionic PAA molecules might
also construct electrostatically crosslinked polymer
chains.44 This morphology and the chemical proper-
ties enable easy diffusion and absorption of water
into the hydrogel structure. The great variations in
swelling values can also be explained with chemical
properties of these hydrogels. It can be concluded
that, hydrophilic and ionic structure of PAA based
hydrogels causes high swelling values.

Piperacillin-tazobactam release kinetics

The baseline pH of most wounds is found to be
above 8.5. As the wound condition gets towards

Figure 3 The variation of S% values with temperature at
pH ¼ 7.4, 30 h.

Figure 4 The variation of S% values with pH at 37�C, 30 h.
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healing and exudation decreases, pH values also
decrease below 8.0. This change in pH can help to
predict the likelihood of wound healing.45 Specific
pH values between 5.5 and 8.7 are reported by vari-
ous researchers. The chosen hydrogels for drug
release studies present stable swelling behaviors
between pH values of 6.0-8.0. Consequently, release
experiments in this study were carried out at pH ¼
7.4 which could be evaluated as an average pH
value of the injured skin.46,47

The release profiles of piperacillin-tazobactam
from (PAA/CS)s-2, (PAAm/CS)s-2 and (PAA/CS)-2
are presented in Figure 6. As seen from this figure,
piperacillin-tazobactam release from (PAA/CS)s-2
and (PAA/CS)-2 hydrogels increases rapidly at first
than complies at near 5 h. However, the release
from (PAAm/CS)s-2 ends at 10 h. This can be
explained by different swelling behaviors of the
hydrogels. During the soaking procedure, drug mol-
ecules easily diffuse into the gel matrix and settle in

Figure 5 SEM micrographs at different magnifications taken from surfaces of (a) dry (PAAm/CS)s-2, (b,c) swollen
(PAAm/CS)s-2 at X250 and X100; (d) dry (PAA/CS)s-2, (e,f) swollen (PAA/CS)s-2 at X250 and X100; (g) dry (PAA/CS)-2,
(h,i) swollen (PAA/CS)-2 at X250 and X100.
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the interior part of the structure. As emphasized
before, (PAA/CS)s-2 and (PAA/CS)-2 hydrogels
swell much more than (PAAm/CS)s-2 depending on
their chemical properties. While the hydrogel swells,
the loaded piperacillin-tazobactam molecules easily
escape through the large pores of the including
PAA.

A semiempirical equation is introduced to repre-
sent the drug release process of swelling polymer.28,48

F ¼ Mt=M1 ¼ ktn (4)

where F is fractional uptake, Mt and M1 are the
amount of drug released at time t and the maximum
amount of drug release respectively. k is the gel
characteristic constant; and the swelling exponent n
describes the type of diffusion. In general n ¼ 0.45–
0.50 corresponds to the Fickian type diffusion pro-
cess while 0.50 < n < 1.0 indicates the anomalous or
non-Fickian type diffusion. n > 1.0 implies super
Case II transport.28

Figure 7 shows the fractional piperacillin-tazobac-
tam release, expressed as Mt/M1. The drug release
during the first stage could be influenced for the
relaxation of polymer chains. Thus, the hydrogels
present an initial non-Fickian behavior indicating
similar rates of Fickian diffusion and polymer
relaxation.
k and n values of (PAA/CS)s-2, (PAAm/CS)s-2,

and (PAA/CS)-2 hydrogels were determined from
the graphs driven in via Equation 4 and given in Ta-
ble II. As n values of all hydrogels were calculated
near 1.0, it can be mentioned about zero order ki-
netic for these hydrogels.1,49

Diffusion coefficient, D is an important release pa-
rameter of some chemical species from polymeric
systems. Using n and k, D could be calculated from
the following equation28,31:

k ¼ 4ðD=pr2Þn (5)

where r is the radius of gel disc.
The diffusion coefficient is a function of the poly-

mer chain mobility, the average pore size and the
mobility of the solvent in the gel. The diffusion of
piperacillin-tazobactam from the hydrogels mainly
occurs through the pores of polymer matrix, accord-
ing to the results reported in swelling studies.

Figure 6 The release of piperacillin-tazobactam from
(PAA/CS)s-2, (PAAm/CS)s-2, and (PAA/CS)-2 hydrogels
at 37�C.

Figure 7 The fractional piperacillin-tazobactam release
from (PAA/CS)s-2, (PAAm/CS)s-2, and (PAA/CS)-2
hydrogels at 37�C.

TABLE II
Release Parameters and Diffusion Coefficients of the

Hydrogels (r2: Deterministice Coefficient)

Hydrogel n k � 103 D � 106 (cm2/s) r2

(PAA/CS)-2 1.003 4.14 3.53 0.9736
(PAA/CS)s-2 1.058 2.21 2.77 0.9915
(PAAm/CS)s-2 1.072 1.42 2.03 0.9989

Figure 8 The effect of the piperacillin-tazobactam loaded
hydrogel on S. aureus growth. (a) S. aureus, control; (b)
Piperacillin-tazobactam loaded (PAAm/CS)s-2 hydrogel;
(c) Piperacillin-tazobactam loaded (PAA/CS)s-2 hydrogel;
(d) Piperacillin-tazobactam loaded (PAA/CS)-2 hydrogel; (e)
Piperacillin-tazobactam.
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The effects of piperacillin-tazobactam loaded
hydrogels on S. aureus and P. aeruginosa growth

The behavior of piperacillin-tazobactam loaded
(PAAm/CS)s-2, (PAA/CS)s-2 and (PAA/CS)-2
hydrogels in S. aureus and P. aeruginosa culture sus-
pensions were investigated as explained in the ex-
perimental part and the results were presented in
Figures 8 and 9. The results based on the statistical
analysis are concluded as follows:

The growth of S. aureus in the control medium
was determined as the maximum growth value [Fig.
8(a)]. As seen from the same figure at (e)-column,
the growth of S. aureus in the medium including
piperacillin-tazobactam was nearly found as zero.
Piperacilli-tazobactam loaded hydrogels dramatically
decreased S. aureus growth. The difference in the mi-
crobial growth values between the control and the
hydrogels containing piperacillin-tazobactam was
statistically significant (P < 0.001).

The growth of P. aeruginosa in the control medium
was determined as the maximum growth value [Fig.
9(a)]. Similarly, (e)-column in the same figure shows
that the growth of P. aeruginosa in the medium
including piperacillin-tazobactam is nearly zero. The
difference in microbial growth values between the
control and the piperacillin-tazobactam loaded
hydrogels was also statistically significant (P <
0.001).

As statistically significant growth value differences
of P. aeruginosa and S. aureus were found in between
the controls and the piperacillin-tazobactam loaded
hydrogels, it can be thought that these new formulas
performed quite satisfactory. The results clearly
showed that our prepared drug-hydrogel systems

were highly effective and could be suitable for to be
used in local wound healing applications.

CONCLUSIONS

A series of IPN hydrogels based on CS, AA, and
AAm for the controlled releasing of piperacillin-tazo-
bactam were prepared via free-radical polymeriza-
tion using EGDMA and GA as crosslinkers. The
variations of swelling percentages with time, temper-
ature and pH were determined for these hydrogels.
The full-IPN type hydrogels swell much more than
the semi-IPN type hydrogels. It is found that the
increasing amount of GA negatively affects S% of full
type IPN hydrogels. The more swelling percentages
were obtained for all hydrogels at neutral and basic
mediums rather than acidic. In all compositions the
maximum extent of swelling values were reached at
about pH ¼ 8.0. Piperacillin-tazobactam release from
(PAAm/CS)s-2, (PAA/CS)s-2, and (PAA/CS)-2
hydrogels were studied and non-Fickian type diffu-
sion were established from the kinetic release param-
eters n and k. The response of piperacillin-tazobac-
tam loaded hydrogel in S. aureus and P. aeruginosa
culture suspensions were also investigated and statis-
tically significant differences in microorganisms’
growth values were observed between the controls
and piperacillin-tazobactam loaded hydrogels. Drug
release and microbial interaction studies in this
research showed that our prepared piperacillin-tazo-
bactam loaded hydrogels are potentially suitable to
be of use for local wound healing administration.
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