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ABSTRACT: The transdermal drug delivery (TDD) has
got main advantage over the conventional oral delivery
and maintaining the plasma drug level at a plateau over a
long period of time. The phenomenon is taking place at
the patch-skin interface, in particular the adhesion of a
polymeric nanoscale pressure sensitive adhesive (PNPSA)
film loaded with drug. The major requirements of this
PNPSA are they should stick firmly to a difficult substrate
(skin) and they should be easily and cleanly removed from
the substrate when desired. The PNPSA nanocomposite
P(EHA-co-AA)/SS is prepared by the emulsion copolymer-
ization of two acrylic monomers, 2-ethyl hexylacrylate
(EHA) and acrylic acid (AA) using a silicone additive like
sodium silicate (SS). The TDD patch consists of a nanoscale

silicone based polymeric adhesive i.e., P(EHA-co-AA)/SS
and a drug Cloxacillin sodium an antibiotic. The prepared
polymeric nanocomposites can carry drug and these bioac-
tives are entrapped in the polymer matrix as particulates
enmesh or bound to the particle surface by physical
adsorption. The well characterized novel nanocomposites
exhibited significant PSA performance in TDD system. In
view of its medical application, the biodegradation study
by activated sludge water indicated the nanocomposite to
be environmentally friendly. � 2007 Wiley Periodicals, Inc. J
Appl Polym Sci 106: 3915–3921, 2007
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INTRODUCTION

Silicate based polymers represent a new class of
materials with high performance and is of great aca-
demic and industrial interests. The improved proper-
ties of these nanocomposites include mechanical,1–4

thermal,5,6 flammability7,8 properties, and are related
to the dispersion and nanostructure of the layered
silicate in the polymer.

Pressure-sensitive adhesives (PSA) are used exten-
sively in the pharmaceutical industry where the adhe-
sive layers are used to adhere drug delivery devices,
both active and passive patches, to the stratum cor-
neum. PSAs are preferred as the adhesive in these sys-
tems because of their desirable properties of good ini-
tial and long-term adhesion, clean removability,9 and
skin and drug compatibility. In addition, their highly
viscoelastic properties are necessary prerequisites for
attachment to soft tissue. The interfacial adhesion and
resistance to progressive debonding of the resulting

adhesive/stratum corneum interface dominate the reli-
ability of such transdermal devices. Adhesion and in-
tegrity of device function are governed by the polymer
chemistry (choice of adhesive), layer thickness, content
of additions (permeation enhancer and pharmaceutical
loading), and environmental conditions (temperature,
humidity, and physiological environment).10 Some-
what surprisingly, the adhesion of PSAs is not well
understood with almost no reproducible test methods
or quantitative adhesion data. In particular, the trend
toward increasingly complex and novel patch designs
further necessitates the development of a systematic
approach to quantify this adhesion.

In the medical field, silicone PSAs are used pri-
marily in skin applications and particularly in trans-
dermal drug delivery systems (TDDS). Medical
grade silicone PSAs11 can be released from liners
much more easily than their industrial counterparts,
as they are formulated to be less aggressive. Many
manufacturers prefer silicon adhesives,12 because
they are kind to the skin. They are also chemically
stable, biologically inert, and transparent, retain ad-
hesive properties in the presence of moisture, and
have high permeability. One of the most important
properties of an adhesive to be used in medical
applications is biocompatibility (nontoxic).13

Acrylic polymers currently dominate the other
pressure sensitive medical markets, because of their
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low level of allergenicity. Acrylic PSAs are designed
for skin clean removal, low odor, low rates of chemi-
cal and mechanical irritation, and acceptance resist-
ance to cobalt and ethylene oxide sterilization.

Acrylic monomer based conventional emulsion po-
lymerization were reported previously by different
authors14–17 with the highlight of adhesion and me-
chanical properties. The bioadhesion offered by
nanoparticles18 could be attributed to several factors
like an increase of the adhesive force due to decrease
in size (nanoscopic). In our previous article4 we
report the synthesis and characterization of interca-
lated homopolymer/silicate nanocomposites (PEHA/
SS), but it fails to exhibit TDD property. As a result
we are tempted to prepare a copolymer based nano-
composite that shows remarkable adhesion in TDDS.
In this article we have illustrated a new concept of a
polymeric silicate based nanocomposite, i.e., P(EHA-
co-AA)/SS to act as a PSA in TDD. Acrylic acid
(AA) was taken for its polarity and known bioadhe-
sive properties and EHA was taken for hydrophobic-
ity and fluidity to act as a plastisizer within the
copolymer.

EXPERIMENT

Materials

Monomers, 2-ethyl hexylacrylate (EHA) and acrylic
acid (AA) were purchased from SRL India and clox-
acillin sodium was purchased from Emerck, Ger-
many; benzoyl peroxide (BPO) from Himedia India
and sodium silicate (SS) was a gift sample from PQ
Corporation, Netherlands.

Preparation of nanocomposite

Distilled EHA and AA were dispersed (v/v ratio as
shown in Table I) in deionized water via stirring
with sorbitol (surfactant). Silicate solution was pre-
pared by weight percentage basis [2% (w/v) SS] for
the suitability of the experiment. The mixture was
slowly heated to 808C and the initiator BPO was
added as per suitability of the polymerization. Emul-
sion polymerization was carried out with a constant
stirring speed at 808C. After 2 h of reaction, the drug
cloxacillin sodium was added on weight percentage
basis. After a total of 3 h of reaction, polymerization
was terminated by the addition of a 0.1M solution of
ferrous ammonium sulfate solution. The coagulated
products were purified by washing with distilled
water and other solvents and then dried at 458C.

Characterization

The entrapping of the drugs into the nanocomposite
i.e., P(EHA-co-AA)/SS was investigated by means of

transmission electron microscopy (TEM) (H-7100,
Hitachi), operated at an accelerating voltage of 100
kV. The ultra thin section (the edge of the sample
sheet perpendicular to the compression mold) with a
thickness of 100 nm was microtomed at 2808C.

The H1-NMR of the composite P(EHA-co-AA)/SS
was measured at temperature 296 K with a Jeol, GSX
400 with 250 Hz/cm using THF (deuterated) as the
solvent.

The IR spectra of PEHA, PAA, P(EHA-co-AA),
and P(EHA-co-AA)/silicate in form of KBr pellets
were recorded in the Perkin-Elmer model Paragon-
500 FTIR spectrophotometer for proof of copolymer-
ization.

Thermal properties were measured by using a Shi-
madzu DTA-500 system. It was carried out in air,
from room temperature to 6008C at a heating rate of
108C/min.

Water absorbency

As mentioned in our previous article.4

Peeling test

As mentioned in our previous aricle.4

Biodegradation

Degradation by activated sludge

The activated sludge water was collected from septic
tank receiving toilet and domestic wastewater. The
sludge was collected19 in a polypropylene container,
which was filled completely and was then closed
perfectly. Then the wastewater was brought to the
lab immediately. After settling for about 1 h the total
solid concentration was increased to 5000 mg/L. The
activated sludge water and a polymer sample (0.2 g)
were incubated together in a sterilized vessel at
room temperature (28 6 2)8C. Duplicate samples were
removed at time intervals for biodegradation study
via weight loss. Vessels containing polymer samples
without sludge water were treated as control.

TABLE I
Monomer Composition Ratio and Corresponding

Adhesive Forces at Contact Time 60 s

Sample
code

Monomer
ratio (EHA : AA)

Force in mN/cm2 on

Glass Steel Skin

S1 100 : 00 317.16 289.56 22.77
S2 80 : 20 319.78 266.37 26.63
S3 60 : 40 330.34 315.45 31.18
S4 50 : 50 303.67 295.68 38.26
S5 40 : 60 389.19 367.18 44.72
S6 20 : 80 460.62 432.37 26.33
S7 00 : 100 245.31 217.19 15.12
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Degradation in cultured medium

A cultured medium was prepared by taking nutrient
broth. In those medium E.coli bacteria was inocu-
lated. The pure culture was maintained separately in
the incubator. The nutrient broth so prepared was
sterilized for 45 min at a pressure of 15 lb/in2 at
808C. Then to 10 mL of sterilized broth, 0.1 g each of
the samples i.e., PEHA, PAA, and P(EHA-co-AA)/SS
samples were added asceptically in separate test
tubes, and each tube of samples were supplemented
with inoculome of the bacterial strains separately.

The degradation of samples by E.Coli was moni-
tored in time intervals of 1, 8, 15 and 30 days. After
the required time period the samples were washed
repeatedly with deionized water, oven dried at (40
6 1)8C for 24 h. Then the samples were weighed to
determine the weight loss. Biodegradation through
E.Coli was studied by the amount of CO2 evolved20

during the incubation periods of 1, 8, 15, and 30 days.

Quantitative estimation of free CO2

Chemicals requirement: Na2CO3, phenolphthalein
indicator.

Procedure: The cultured sample (‘‘X’’ mL) and
blank tube was titrated against Na2CO3 (N/50) (‘‘Y’’
mL) using phenolphthalein indicator until the pink
color persists for at least 30 s. This was continued
till getting a concordant reading.

Calculation:

N1V1 ¼ N2V2

ðCO2Þ ðNa2CO3Þ
) N13X ¼ ð1=50Þ3Y

) Strength ¼ ðY322Þ=ð503XÞ
) Free CO2 ¼ ½ðY32231000Þ=ð503XÞ�mg=l

) Free CO2 ¼ ½ð4403YÞ=X�ppm:

RESULTS AND DISCUSSION

Transmission electron microscopy

The dispersion microstructure of the intercalated sili-
cate layers is being examined by means of TEM.

TEM image of P(EHA-co-AA)/silicate (Fig. 1) dem-
onstrates that the silicate layers are structured in
good order, and are well dispersed in the polymer
matrix.21 The periodic alternating dark and light
bands represent the layers of silicate and interlayer,
respectively. The smaller interlayer spacing in the
figure indicates the intercalation not exfoliation. This
is in good agreement with our previous report.4 The
space produced by the intercalated silicate layers,
may be engaged by the entrapped drugs in the poly-
mer matrix and also adsorbed onto the surface of
the nanoparticles. So the drug molecules may be
physically adsorbed only on the polymer surface.
Finally, the images confirm that the synthesized
composite is a nanoscale material and the particle
size is found to be 10 nm (at low magnification) and
100 nm (at high magnification).

X-ray diffraction

From XRD pattern of the polymers, the d-spacings
are calculated from Bragg formula, at peak positions.
Because of the intercalation of P(EHA-co-AA) into
the galleries via emulsion polymerization, the d-spac-
ing of P(EHA-co-AA)/silicate nanocomposites in-
creases from 1.85 nm to 2.62 nm in the dry state,
even though the interlayer distances of the PEHA/
silicate exhibits small deviation (Fig. 2). This is a
strong indication that there is no trace for the occur-
rence of the delamination or exfoliation. The XRD
patterns suggest that sample P(EHA-co-AA) with the
drug is being inserted into the galleries of the hydro-
philic silicate through emulsion polymerization.22

Nuclear magnetic resonance (H1)

From the H1-NMR spectra of the sample P(EHA-co-
AA), the absence of any peak at 5–6 ppm indicates
that the copolymer is completely pure (i.e., without
any impurities) as shown neatly in Figure 3. The
peaks are explained below.

(a) For EHA, the peaks appear at 0.85–2.25 ppm
and also at 3.9 ppm. Peaks for two ��CH3

Figure 1 TEM of (PEHA-co-AA)/SS composites at 100 nm (a) and 10 nm (b) intensity.
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groups appear at 0.85 and 0.91 ppm and peaks
for fourth ��CH2 group and one methine pro-
ton appear at 1.28 and 1.40 ppm, respectively.
The protons of backbone vinyl group, (i.e., for
methylene and methine) show peaks at 1.55
and 2.25 ppm, respectively. The peak for the
pendant ��CH2 group appears at 3.9 ppm.

(b) For the AA, a doublet peak is found at 1.1 ppm
for ��CH2 group, a triplet at 1.9 ppm for methine
group of the backbone and a weak peak appears
at 12.1 ppm for the carboxylic proton.

Hence, the H1-NMR spectra shown in Figure 3
confirms the formation of the copolymer i.e., P(EHA-
co-AA).

FT infrared

Figure 4 shows comparative FTIR spectra of PEHA,
PAA, and P(EHA-co-AA). Absorption bands at 1545,
1406, and 1015 cm21, assigned to the carbonyl group
of the carboxylate of PEHA [Fig. 4(a)]. In PAA
[Fig. 4(b)], peak at 1715 cm21 is due to ��COOH
acid group. The absence of absorption peak at 1630
cm21 region due to C¼¼C bond confirms the absence
of monomer impurities in the copolymer. For the

copolymer, P(EHA-co-AA) as shown in the Figure
4(c), the characteristic peaks for both EHA and AA
are present with little shifting of position. Again the
presence of peak in the region 618 cm21 and 900–
1100 cm21 confirms that there is Si��O��Si bonding
due to silicate in the polymer matrices.

Thermogravimetry analysis

The thermal behaviors of PEHA, PAA, and P(EHA-
co-AA) are studied at room temperature at 288C by
comparing their thermogram (TGA) curves as shown
in Figure 5. From the curves, the temperatures of

Figure 2 XRD curve of (a) sodium silicate, (b) P(EHA-co-
AA), and (c) P(EHA-co-AA)/silicate.

Figure 3 H1-NMR spectra of P(EHA-co-AA) with a mono-
mer feed ratio of 40 : 60.

Figure 4 FTIR spectra of (a) PEHA, (b) PAA and (c)
P(EHA-co-AA).

Figure 5 TGA thermogram of (a) PEHA, (b) PAA and (c)
P(EHA-co-AA)/SS.
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decomposition (TD) are found to be 1308C for PEHA,
1858C for PAA, and 2258C for P(EHA-co-AA)/SS.
The nanocomposites P(EHA-co-AA)/SS exhibit high-
er thermal stability because of the higher decompo-
sition onset temperature than that of PEHA and
PAA, which can be attributed to the nanoscale
entrapment of drugs and silicone penetration onto
the matrix.

Scanning electron microscopy

A standard method for the observation of surface
morphology is the scanning electron microscopy
(SEM). From Figure 6 it is clear that the roughness
of the surface is mostly communicating with large
amount of silicates in the mixture, making the poly-
mer matrix more porous. Further, the SEM of the
P(EHA-co-AA)/SS before and after biodegradation
clearly confirmed the extent of biodegradability as
the roughness of the surface in Figure 6(a) became
plane in Figure 6(b) due to the microorganism
growth.

Peel adhesion study

The nanocomposites exhibit good performances as
pressure sensitive tapes on glass, steel, and skin (Ta-
ble I). It shows better result as a PSA for higher
energetic surfaces like glass and steel. The carbonyl
group present in it plays an important role in adhe-
sion with the surface. The forces of adhesion
obtained on wet glass and steel surfaces show no
correlation with those obtained in contact with skin,
as wet glass and steel surfaces are not an appropri-
ate substrate for force of adhesion determination.
This may be due to the fact that the glass and steel
surfaces are completely flat and hard and thus the
initial contact with such surfaces is very different
than that with soft tissue.

The S5 sample shows good adhesion over skin
than any other monomer feed ratio samples. This is
ascribed to the increase of the AA feed ratio enhanc-

ing the hydrophilicity of the PSA film; as a result, it
can bind the skin more easily than other samples.
Upon contact with the skin, a good force of adhesion
is created at the interface, which requires a greater
tensile strength to break the bond. But after this ratio
(EHA : AA :: 40 : 60), the tacking nature of the poly-
mer decreases, due to more water holding capacity
of the sample.

Drug release study (dissolution method)

About 3% (w/w) of drug, cloxacillin Sodium, an an-
tibiotic, in three films of different thickness (i.e.,
about 100, 150, and 200 lm) are prepared for these
experiments on 300 lm thick skin. Stabilized adhe-
sion methodology is used with a period of 1 h
between each application. Results are reported in
Figure 7. During adhesion, it is found that for 100 lm
thick film the drug release is stable, 1.1–1.45 lg/cm2.
For 150 lm thick film, the drug release is moderate,
1.2–2.2 lg/cm2, and for 200 lm thick film, the drug
release study shows an interesting result, 1.5–3.9 lg/
cm2 i.e., there is a large increase in drug release dur-
ing both 2nd and 3rd h and then a stable curve is
obtained. This is explained on the fact that the
increase of the film thickness is the reason for higher
quantities of drug release.

Figure 6 SEM of P(EHA-co-AA)/SS before (a) and after (b) biodegradation.

Figure 7 Drug release in the skin in adhesion time inter-
vals for films of various thicknesses.
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Water absorbency

From Figure 8, it is found that on increasing the
monomer (AA) content in the copolymer, the water
absorbency increases and then gradually decreases.
The increase of water absorbency from S1 to S5 is
due to the fact that the hydrophilic part of the poly-
mer enhances the water absorption, and also SS
plays an important role i.e., as a crosslinker to
increase the water content by forming large number
of rooms in the composite. But from S5 to S7 the
samples shows a decreased trend of biodegradation,
as the formation of excess of crosslinked density,
which results in the less water absorption due to the
unavailability of free space in the composite.

Biodegradation by activated sludge, E.Coli,
and Quantitative estimation of CO2

From the comparative biodegradation study of
PEHA, PAA, P(EHA-co-AA) and P(EHA-co-AA)/SS,
it was found that PAA showed accelerated rate of
degradation (by weight loss). But P(EHA-co-AA)/SS

showed more amount of weight loss than in case of
PEHA and P(EHA-co-AA) as shown in Figure 9. As
P(EHA-co-AA)/SS has more net like space than
others, it holds up more water, as a result of which
it is more biodegradable.

Biodegradation by E.coli is studied for PEHA,
PAA, and P(EHA-co-AA)/SS. At first, the degrada-
tion is calculated from the amount of weight loss af-
ter different periods of incubation i.e., 1, 8, 15,
30 days as shown in Figure 10. It is clearly visible
that PAA degrade more than PEHA and P(EHA-co-
AA)/SS, because the former is hydrophilic, hence
absorbs more water in its network and facilitates the
bacteria to grow up rapidly, thus enhancing the bio-
degradation. On the other hand, due to the hydro-
phobic nature of PEHA and P(EHA-co-AA)/SS the
water absorbency is less, which, in turn, results in
less biodegradation.

Again, from Figure 11, the amount of CO2 released
from different samples i.e., PEHA, PAA, and
P(EHA-co-AA)/SS, confirms that biodegradation of
the composite occurs moderately and can be possible
in the environmental conditions too. However, the
order of biodegradation for both the methods of
determination is as follows: PAA > P(EHA-co-AA)/
SS > PEHA.

The precise schematic illustration of the article has
been represented in the Figure 12 below.

Figure 8 Water absorption of P(EHA-co-AA)/SS (SS1–7).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9 Biodegradation of PEHA, PAA, P(EHA-co-AA),
and P(EHA-co-AA)/SS by activated sludge measured by
weight loss. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 10 Biodegradation of PEHA, PAA, and P(EHA-co-
AA)/SS by E.coli measured by weight loss. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 11 Biodegradation of PEHA, PAA, and P(EHA-co-
AA)/SS by E.coli measured by CO2 evolved. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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CONCLUSIONS

Novel P(EHA-co-AA)/SS nanocomposite PSA was
prepared by emulsion technique with layer silicate.
The TEM showed the well dispersion of the polymer
nanocomposite into the intercalated silicate layers
and the drug molecule may be adsorbed physically
in the nanocomposite. The novel nanocomposite was
further characterized by NMR, IR, TGA, and exhib-
ited excellent properties of higher thermal stability,
pressure sensitive adhesion, and superabsorbency
for use as high performance materials. In view of
their commercial application, the study of their bio-
degradability became important and those in sludge
water show better degradation by microorganism at
moderate silicate additive than the PEHA and
P(EHA-co-AA) without silicate. The biodegradation
and PSA performance of these nanocomposites in
TDDS signified increased importance as environmen-
tally friendly biomedical materials.
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