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ABSTRACT: Hybrid membranes based on poly(vinyl alcohol) (PVA) of widely different molecular weights and ex situ nanosilica were
synthesized and characterized as transdermal delivery device for Diltiazem hydrochloride. Investigations showed that change in PVA
molecular weight strongly influenced physico-mechanicals of the hybrids especially at low nanosilica content than at higher levels. As
for example at 1 wt %, low molecular weight PVA induced finer dispersion of silica nanoparticles resulting into higher dry state crys-
tallinity and mechanical strength but slightly lower biocompatibility as compared to high molecular weight PVA. Those variations in
physico-mechanicals finally affected Diltiazem retention and its elution from those membranes under physiological conditions. Low
molecular weight PVA produced highest drug retention as well as slowest yet steady release than both high molecular weight PVA

and neat PVA membranes. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

Sustainable development in the field of controlled drug delivery
is one of the major issues in medicinal biotechnology.'™ The
delayed release maintains slow but steady drug concentration,
which eventually reduces toxicity because of drug overload
through multiple administrations and thereby improves patient
compliance and comfort.”™ Various innovative routes related to
control drug administration have been reported over the deca-
des.” ™ Delivery through skin or transdermal administration has
been proved to be one of the most convenient methods particu-
larly for those drugs that have low half life and generate severe
side effects on prolonged intake. Diltiazem hydrochloride or sim-
ply Diltiazem is an important multipurpose drug of similar kind.
It is an anti-anginal drug commonly prescribed to treat angina
pectoris or chest pain.'? It is also seldom prescribed for treating
anal fissure.”” As an anti-anginal drug, it belongs to the nondihy-
dropyridine (nonDHP) category and acts by declining the oxygen
demand of the heart. Its half life is only 3—4.5 h and produces
fatal side effects like extremely low blood pressure and heart beat
on regular intake. Unfortunately, patients suffering from such ail-
ments are directed for prolonged Diltiazem intake. The drug is
commercially marketed as 30, 60, 90, and 120 mg tablets. Intrave-
nous formulation is also available for emergency. The recom-
mended dose for an adult individual is 180 mg/day. The chemical
structure of the drug is shown in Scheme 1. It is completely water
soluble and the solution pH stays between 6.0 and 7.0.
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Recently, polymer hydrogels have received much attention as
controlled release device because of their unique potency to en-
capsulate several drugs and to restrict their elution without
using any bioadhesive.'*™'® An ideal polymer patch must com-
bine some unusual features such as, it must be soft and flexible
(extensible) yet stronger (high modulus and strength), should
absorb high amount of water (high swelling) to keep the under-
neath skin cool and, of course, should be permeable to air or
oxygen. We have tried to achieve such odd combination of
properties through different modifications of poly(vinyl alcohol)
(PVA) as primarily, it forms stronger yet extendible hydrogel
because of extensive intra and inter-molecular hydrogen bond-
ing'”'® and secondly, the membranes have excellent fitment
with human skin regarding humidity and oxygen permeation
properties.'®*® Our previous investigation shows abrupt change
in properties of PVA on changing its molecular weight but that
excellently correlated with the Diltiazem release mechanism.'”'®

There has been a lot of discussion on the effect of different
nanomaterials on matrix polymer.”' > Generally, the nanopar-
ticles improve physico-mechanicals of the matrix subject to
their size, shape, and concentration. Such as addition of aniso-
tropic carbon nanotube and clay to PVA achieved better me-
chanical, thermal, and electrical properties.”>** Similarly
isotropic nano titanium dioxide (TiO,) has improved thermal
and mechanical properties of PVA such that it became suitable
for direct methanol fuel cell application.”” The present article
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Scheme 1. Microstructure of diltiazem hydrochloride.

compares effect of ex situ nanosilica on dry- and wet-stage
physico-mechanical, biocompatibility, and transdermal Diltia-
zem release kinetics under physiological condition between vari-
ous PVA membranes. Isotropic nanosilica has surface silanol
groups (Si-O-H) that produce strong hydrogen bonded interac-
tion with PVA.?"*® In addition, the aqueous sol is nontoxic,
cheap, and solubilizes both PVA and Diltiazem molecules. To
the best of our knowledge, not many studies have been carried
out with ex situ nanosilica-PVA composite membranes using
different PVAs. Also we are not aware of any previous studies
on using such membranes as transdermal delivery device for
Diltiazem delivery.

EXPERIMENTAL

Materials

PVA of widely different number of average molecular weights,
1.15 X 10° and 1.4 X 10* designated as PVAy and PVA;, with
narrow molecular weight distribution (Polydispersity Index =
1.42) were purchased from Loba Chem, Mumbai, India. Aque-
ous nanosilica sol with 25% silica content and stabilized at pH
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9.0, was generously supplied by Bee Chem, Kanpur, India. So-
dium hydroxide, sodium lauryl sulphate, and buffer solution of
pH 9.0, all of standard laboratory grades, were obtained from
indigenous sources. Diltiazem hydrochloride, of molecular
weight 450.98 was a gift sample received from Ranbaxy Int.
Gurgaon, Haryana, India.

Membrane Preparation

A standard 10% (w/v) PVA solution was prepared by dissolving
PVA in distilled water. Required amount of N/10 sodium hy-
droxide solution was added gradually to adjust the pH at 9.
About 2.5 mL) standard buffer solution was added to arrest the
pH. Nanosilica sol, premixed with 1% sodium lauryl sulphate,
was mixed with PVA in different weight proportions under vig-
orous stirring and finally sonicated for 30 min. Different PVA—
silica weight compositions are described in Table I. Composites
that showed excellent physico-mechanical properties from each
series were further synthesized with Diltiazem hydrochloride. In
those cases, known weight of nanosilica sol was added to aque-
ous PVA sol premixed with 1 mg Diltizem and sonicated for 30
min. Hybrid nanocomposites were thinly cast over Teflon sheet
and allowed for spontaneous drying in ambient. Accelerated
drying was avoided to obtain defect free nanocomposite mem-
branes. The average thickness of the free standing membranes
was 0.25 mm.

Characterization of PVA-Silica Hybrid Membranes

Visual transparency of nanocomposite membranes were quanti-
fied in a UV-visible spectrophotometer, lamda 25 1.27 Perki-
nElmer, USA, within the visible range 600-700 nm. Atomic
force microscope from Digital Instruments (Nanoscope III) and
transmission electron microscope (C-12 Philips) operated at
120 kV were used to investigate the morphological aspects of
hybrid membranes. X-ray silicon mapping of the membranes
were recorded in an Oxford EDX system, attached to the scan-
ning electron microscope, JEOL JSM 5800 to study nanosilica
dispersion. The acceleration voltage was 20 kV. Swelling of
hydrogel membranes was studied by putting samples in distilled

Table I. Sample Composition, Drug Diffusion Coefficient (k) and Release Exponent (1) Values of Different PVA-Silica Composite Membrane

Sample PVA Nanosilica Sodium laury!l sulphate Net swelling

designation (%) (wt %) w.r.t. PVA (wt %) w.r.t. PVA ratio k n
PVAY 10 0 0 7.03 10.83 0.436
PVA0.5 10 0.5 1 4.79 - _
PVAH1 10 1.0 1 4.33 1.27 0.937
PVAL2 10 2.0 1 4.16 - -
PVAL/3 10 3.0 1 3.89 = =
PVAL/s 10 5.0 1 3.55 - -
PVAL 10 0 0 4.55 8.71 0.491
PVAL 05 10 0.5 1 7.52 - -

PVA ;1 10 1.0 1 4.78 1.79 0.894
PVA_ 2 10 2.0 1 3.83 - -
PVA/3 10 3.0 1 3.63 = =
PVA5 10 5.0 1 3.49 - -
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water at room temperature (27 * 2°C). After stipulated time
interval, the samples were taken out of the water, gently wiped
in tissue paper to soak surface water and finally weighed in an
electronic balance (MK-20E, readability 0.1 mg Adair Dutt,
India). The swelling ratio was calculated by dividing swelled
weight (S) by dry weight (S,) of the membranes. The experiment
was carried out till the samples attained equilibrium. De-swelling
experiment was done by periodically recording the decreasing
weight of the fully swollen membranes in ambient air (27°C,
RH: 85) till constant value was achieved. Wide angle X-ray dif-
fraction (XRD) behavior of hydrogel membranes was studied in
a X’pert PRO MRD X-ray diffractometer (PANalytical, The
Netherlands) at room temperature (27 = 2°C). The membranes
were scanned at 2°/min between angles 10° and 35° at 45 kV
with a current supply of 30 mA. Spectral data corresponding to
both dry and wet membranes were taken and reproduced for
analysis. Solid state '’C nuclear magnetic resonance (NMR)
spectroscopic analysis was done in a Bruker nmr spectropho-
tometer operated at 500 MHz under room temperature. Tensile
stress—strain properties (tensile strength, modulus, and elonga-
tion at break) of dry and swelled hydrogel membranes were
studied in a Lloyd UTM, USA, at room temperature (27 =
2°C). The samples were cut using ASTM Die C from the mem-
branes and were pulled at a rate of 10 mm/min. The samples
were dumb-bell shaped having length 60 mm, breadth 10 mm,
and depth 0.25 mm.

Biocompatibility, Drug Encapsulation Efficiency, and
Transdermal Diltiazem Release Analysis

Biocompatibility was assessed by observing microbial growth
over the physico-mechanically best hybrid membranes from
each PVA series. The normal LB Agar-based media was prepared
by mixing 10 g of Tryptone (E-Merck, Germany), 5 g of Yeast
Extract (E-Merck, Germany), 5 g of sodium chloride (HiMedia,
India), and 1 L distilled water. The pH was adjusted to 7.5 by
using 1IN hydrochloric acid and N/10 sodium hydroxide
(approximately). The mass was stirred for 30 min for homoge-
nization. About 15 g of agar-agar (Merck) was added to it and
mixed thoroughly. About 25 mL of the media was mixed with
nanocomposite dispersion to make 5:1 media: composite com-
bination. Each combination was autoclaved at 120°C and 15 psi
pressure for 15 min and then spread into petri plates under
sterile condition at 40°C. The plates were allowed for solidifica-
tion. Each composite was used to grow two different symbiotic
bacterial stains namely Pseudomonas putida VM15A and Alcali-
genes faecalis KK314. The pictures of the plates were taken ini-
tially, after 15 days and finally after 30 days.

Drug encapsulation efficiency (DEE) was analyzed by immersing
the best membranes from each series into saturated Diltiazem
solution and allowed the drug to diffuse inside the membranes
(sorption). Reduced drug concentration in the solution was
monitored through UV spectroscopic measurement at 236 nm
(Perki Elmer Lambda 25 1.27) and comparing that with a
standard calibration curve. A plot was generated with % drug
absorbed against time interval to demonstrate DEE for each
composite membrane.
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Figure 1. (a) Visual appearance and (b) optical densities of different
PVA-silica hybrid membranes.

Transdermal release of diltiazem was analyzed in a Franz diffu-
sion cell. Detailed description of the experiment has been
reported in our earlier publication.'”'®

RESULTS AND DISCUSSION

Visual Appearance and Optical Density Studies

Visual appearance of different PVA-nanosilica membranes were
photographed (a digital camera from Sony, model: DSC-W180)
and displayed in Figure 1(a). Pure PVA membranes were trans-
parent (not shown here). Appearances of 0.5 wt % silica loaded
membranes were also similar. High optical clarity probably indi-
cates uniform nanosilica dispersion. But clarity gradually dimin-
ished on increasing nanosilica loading. It was because of the
scattering of visual light from the edges of larger silica aggre-
gates, which were formed at higher loading. In PVA series, the
membranes were apparently transparent till 2 wt % nanosilica
content (PVA;p,,); whereas in PVAy series, similar transparency
was retained only up to 1 wt % (PVAgy;). Rests of the compo-
sites were highly translucent. In each case, optical density (OD)
was measured at the visible region of the UV spectra to quantify
optical clarity.®” Results are plotted against silica loading in Fig-
ure 1(b). High OD indicates low visual clarity. The differences
in OD of neat PVAs and at 0.5 and 1 wt % nanosilica contents
between PVAy and PVA; composites were significantly high.
Even OD of PVAy,, was much higher than PVA;,,. Beyond 2
wt %, OD shoots off, especially for PVAy composites contain-
ing 3 and 5 wt % nanosilica. Never the less, OD tends to equili-
brate beyond PVA;,; in PVA; series but it still showed sharp
rising trend at similar silica content for PVAy; membranes.

AFM, TEM, and EDX Silicon Mapping Analysis

AFM phase images of different PVA-nanosilica membranes are
compared in Figure 2(a,c,e,fh,j,k). Bright, near spherical fea-
tures were harder silica domains and dark portions were soft
PVA matrix. The grey portions denote interfacial regions
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Figure 2. AFM, TEM, and EDX silicon mapping of representative PVA-silica hybrid membranes. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

composed of PVA-coated silica domains. Uniform nanosilica
dispersion with average diameter close to 21 nm was noted
from the phase image of PVAy o5 in Figure 2(a). The color gra-
dients in major portions of this image elucidate excellent PVA;—
silica adhesion. Its TEM image in Figure 2(b) further elucidates
similar dispersion status. Identical silica dispersion was also
noticed in PVAp,; shown in Figure 2(c). EDX silicon mapping
in Figure 2(d) further revealed that on larger scale. However,
the size of the silica aggregates was slightly greater (average size
35 nm) than PVAj,s. The 3d image showed that the silica
aggregates were never too “bulging” from the average surface
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line that evidently reinstates better PVA-silica interaction at that
composition [Figure 2(e)]. But, silica dispersion was never great
in PVAy,, [Figure 2(f)] alike PVA;,,, primarily because of lower
hydrodynamic volume and adhesion than PVA[.**** The darker
domains were proportionally higher in PVAy,; than in PVAp,,
which evidently indicates presence of bare PVAy fraction in
PVAy,, as opposed to PVAy in PVAy,;. Average size of the silica
aggregates accordingly rose to 85 nm, which was substantially
higher than its size in PVAp,;. Aggregates of even bigger sizes
were noted in PVAy; from its TEM image shown in Figure
2(g). Average width of such aggregates was 160 nm. Most of
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Figure 3. Swelling kinetics of (a) high and (b) low molecular weight and deswelling kinetics of (c) high and (d) low molecular weight hybrid PVA mem-
branes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

them bulged out because of large surface energy difference [Fig-
ure 2(h)]. Those aggregates, on a bigger scale, were evident as
local accumulation of silicon signals in EDX silicon mapping in
Figure 2(i). The aggregate sizes further increased and were char-
acteristically more bulging in PVAy,s [Figure 2(j)]. The situa-
tion was identical in PVAy/s [Figure 2(k)]. The aggregates form
a continuous phase in them, called “cluster”, with an average
width more than 150 nm in PVAys and 120 nm in PVA; ;5. On
bigger scale (EDX silicon mapping) those were evident as highly
dense silicon signals. But, even in that situation, it was clear
that silica domains were slightly denser and locally more aggre-
gated in PVAys [Figure 2(1)] than in PVA; s [Figure 2(m)].

Swelling De-Swelling Analysis

Swelling kinetics of neat PVA and its composite membranes are
illustrated through Figure 3(a,b). The long swelling periods are
accommodated by broken time axes in these figures. Neat PVAy
swelled faster than PVA; and equilibrated within much shorter
time interval (2 min) because of its higher hydroxyl content.'”
However, swelling was largely affected in the presence of
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nanosilica. In PVAy series, neat PVAy was the fastest swelling
membrane followed by PVAys, PVAy/1, PVAn/, PVAys, and
PVAy,s [Figure 3(a)]. Conversely in PVA; series, PVApos
was the fastest followed by PVA;, PVA;,;, PVA,,, PVAy 5, and
PVA; 5 [Figure 3(b)]. But, despite faster swelling, net swelling
ratio was still higher in PVA;,; than in PVA;. Low swelling effi-
cacy of PVAy composites was because of more silica aggregation
and loss in PVAy; volume fraction. Conversely, greatly improved
swelling behavior of PVA; s was because of huge water attrac-
tion by the silanol groups of uniformly dispersed nanosilica
particles. In PVA;,;, PVA-silica adhesion was much stronger
than PVA| o5 because of optimal silica loading, which strongly
retarded its swelling rate initially by immobilizing the PVAp
segments but it continued and finally the nanocomposite
absorbed higher equilibrium water through interaction with
silanol groups. But beyond 1 wt % loading, more silica
aggregation and loss in PVA; volume concentration led to even
lower swelling states in PVA; composites. The aggregates
formed strong hydrophobic silica overcoat and produced high
resistance against penetration of water molecules.
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Figure 4. XRD spectra of (a) PVAy and (b) PVA; hybrid membranes in dry state and (c) PVAy and (d) PVA| in swelled state.

The de-swelling kinetics is displayed in Figure 3(c,d). All de-
swelling profiles were exponential and finally led to constant
water content value called “equilibrium water”. The profile
clearly showed that the membranes that absorbed higher
amount of water also released that at a faster rate in order to
get rid of its high internal pressure. Neat PVAy and PVAj s
perfectly demonstrated those behaviors. However, in PVAy se-
ries, the de-swelling and equilibrium water content closely var-
ied between different composite membranes [Figure 3(c)] but
in PVA{ series, the equilibrium water content in different mem-
branes was more discernible [Figure 3(d)]. PVAj,ys retained
maximum equilibrium water despite of its high swelling pres-
sure followed by PVAp,,, PVAy,;, PVA;;;, PVAps, and PVA;.
Alike PVAy, PVA; also retained minimum equilibrium water in
the series.

Crystallinity Analysis through XRD

Wide angle X-ray diffractrograms of neat PVAs and their com-
posite membranes are shown in Figure 4. Dry PVAy [Figure
4(a)] and PVA; membranes [Figure 4(b)] did not show any dif-
fraction peaks.'” However, the composites containing 0.5 and 1
wt % nanosilica of both PVA; and PVA; series exhibited strong

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39404
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diffraction band between 20 = 16.5-32° but not so at 5 wt %.
The crystalline band in hybrid composites eventually composed
of two super imposed peaks—the first between 20 =18-20°°
denoting diffraction from crystalline PVA lamella and the sec-
ond between 20 = 22-30°°"*2denoting diffraction from nanosil-
ica particles. Both at 0.5 and 1 wt % nanosilica content, PVA|,
displayed slightly higher band area than PVAy (25% higher at
0.5 wt % and 18% higher at 1 wt % nanosilica contents) possi-
bly because of the presence of more crystalline fraction in PVA[
composites than PVAy at similar silica contents. The reason
could be better nanosilica distribution in PVA; by occupying its
available free volume. At 5 wt %, the crystallinity vanishes
because of (i) massive silica aggregation and (ii) high equilib-
rium water content reducing the size of PVA crystal lamella.

Solid State '*C NMR Analysis

Solid state '*C NMR spectra of neat PVAy; and PVA; and their
hybrid membranes are displayed in Figure 5. The characteristic
peaks are reported in the figure itself. Chemical shift in each
spectrum can be divided into two regions. Resonance at low field
region between 65 and 80 ppm was assigned to methine carbon
and at high field region between 44 and 54 ppm was for

©WILEY i ONLINE LIBRARY
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methylene carbon. The low field region for both PVAy [Figure
5(a)] and PVAy, [Figure 5(b)] showed three peak (triad) resonan-
cesat 0 = 77, 71, and 65 ppm because of tacticity of methine car-
bon (Scheme 2).3** According to Tearo,>* in solid state, down
field shift of these triad peaks into different J values denote dif-
ferent extent of supramolecular interactions in these components.
The peak at 77 ppm represents mm triad with two intramolecular
hydrogen bonds whereas the peak at 71 ppm was for mr triad
with one intramolecular hydrogen bond and finally the peak at
65 ppm was for rr triads without any intramolecular hydrogen
bonds. In PVAy,; [Figure 5(c)] the three absorption peaks were
observed at 0 = 66.8, 72, and 77 ppm which indicate strong
intermolecular hydrogen bonding (interaction) between hydroxyl
groups of PVA and silanol groups of nanosilica in mr and rr

Mnﬁ‘i& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

T
35 40 45 50 55 60 65 T0O 75 80 85

PpIn
Figure 5. Solid state 13CNMR of (a) PVAy;, (b) PVA;, (c) PVAyy,1, (d) PVAys, (e) PVA;,,, and (f) PVA; 5 hybrid membranes.

triads. Here the electron density of methine carbon was trans-
ferred to nanosilica phase as indicated by the downfield shift of
the carbon peak resonances. Logically, there was no shift of mm
triad peaks as there was no scope for intermolecular hydrogen
bonding (Scheme 2). But for rr triads shifting of peak was nearly
two times than mr triad because of greater extent (two versus
one hydroxyl groups) of intermolecular interaction. In PVAy;
[Figure 5(d)] the shift was not prominent alike PVAy,; because
of lesser interaction between nanosilica and PVAy because at
higher concentration, silica formed larger aggregates utilizing
most of its silanol groups. Similar differences were also observed
between PVA;,, [Figure 5(e)] and PVA; 5 [Figure 5(f)]. However,
shift of concerned peaks were slightly higher in PVA;,; and PVA;,
3 than in PVAy,; and PVAp;; due to stronger PVA-silica
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interaction. But, at all instances, methylene carbon resonance at ¢
= 45 ppm does not shift as very little electron density shift was
expected for that carbon.
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Dry State Mechanical Property Analysis

Mechanical properties of dry PVA/silica membranes at different
silica concentrations are compared in Figure 6(a,b). Tensile
strength of dry PVAy hybrids increased up to 1 wt % nanosilica
content [Figure 6(a)]; whereas it was up to 2 wt % in case of
PVA [Figure 6(b)], even though, PVA;,, was expected to have
some local silica aggregation. Beyond that, the tensile strength
went down. Similarly, maximum modulus was shown by PVAy,
1 in PVAy series and PVAp,, in PVA; series. At low loading, the
rise in strength and modulus was because of uniform nanosilica
dispersion and consequent rise in dry state crystallinity. How-
ever, drop in tensile strength and moduli demonstrated deleteri-
ous effects of large silica aggregates that reduced PVA-silica
interaction beyond 1 or 2 wt %, as the case with PVAy or
PVA;. Composites of PVA[ were stronger (superior tensile
strength and modulus) at each silica loading than PVAy. The
reason could be slightly higher percentage crystallinity at low
silica concentration than PVApy whereas higher PVA;-silica
interaction still retained at its higher loading levels than equiva-
lent PVAy composites. Elongation at break had unexpectedly
increased along with tensile strength and moduli at low silica
content and then sharply went down. The closely adhered nano-
silica particles to PVA assisted for dissipating the impressed me-
chanical stress on the membranes at low concentration which,
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Figure 6. Mechanical property of (a) PVAy and (b) PVA; hybrid membranes in dry state and (c) PVAy and (d) PVA hybrid membranes in swelled state.
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30 days

Figure 7. Microbial growth potentials of pseudomonas putida VM15A (left) and alcaligenes faecalis KK314 (right) after 0, 15, 30 days of PVAy,; and
PVAy;. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

had failed since the bigger silica aggregates acted as stress con-
centrators at high concentration.

Postswelling XRD and Mechanical Property Analysis

after Swelling

On swelling, no PVA diffraction peaks appeared in PVAy and
PVA; [Figure 4(c,d)] as was the case observed with freeze-thaw
treated PVAs.'” Rather, the PVA crystalline band in the hybrids
(at 0.5 and 1 wt % silica content) disappeared because of disso-
lution of the crystalline lamella by excess water molecules. How-
ever, crystalline band of nanosilica (20 = 22-30°) was still
retained as it was less affected than PVA molecules on swelling.

Presence of excess water reduced both tensile strength and mod-
ulus from its dry state but had slightly increased net elongations
because of plasticization. In the swelled state, both tensile
strength and modulus increased up to PVAy,, from the neat in
PVAy series but those were asymptotic in PVA; composites
[Figure 6(c,d)]. At low silica content, the finer particles helped
in better stress transfer, which raised the tensile strength till
PVAy,, but similar effect was retained in all PVA; composites
owing to stronger PVA;—silica interfaces.
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WILEYONLINELIBRARY.COM/APP

Biocompatibility Study

Contextually, PVAy,; from PVAy series and PVA;,; from PVAL
series were selected to check the effect of nanosilica on micro-
bial growth potential, assumed as a measure of their biocompat-
ibility. As shown in Figure 7, the composite plates were divided
in two parts to detect growth volume of individual stains—the
left side contains Pseudomonas putida VM15A and the right
side contains Alcaligenes faecalis KK314.> It was seen that
PVAy,, produced higher growth volume than PVAp, at all
stages (15 and 30 days) under similar condition in spite of the
fact that it was tough to break the long and coiled molecular
segments of high molecular weight mass than the low molecular
weight mass (free and flexible chain segment). Low percentage
crystallinity of PVAy,, facilitated better microbial access than
PVA,, and finally have shown higher growth potential than
PVAy,,. Interestingly, presence of nanosilica did not infuse any
adverse effect towards biocompatibility yet produced excellent
physico-mechanicals apposite for patch therapy.

DEE and Diltiazem Release Kinetics Study
DEE between PVAy,; and PVA[;,; membranes are compared in
Figure 8(a). Drug encapsulation by PVA;,; was notably much
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Figure 8. (a) DEE of PVA;,; and PVAy,;, (b) drug release kinetics of

PVAy, PVA;, PVAy,, and PVAy,; membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

higher than PVAy,; because of greater interaction of the Diltia-
zem molecules with more finely distributed nanosilica particles.
It eventually stabilized the drug molecules into the matrix cavity
by supramolecular interaction. Moreover, high swelling efficacy
of PVAr,; promoted faster Diltiazem uptake than PVAy,;. The
data show, within first 10 min, that 31% of the drug was

. Nano silica particles
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absorbed by PVA;,; whereas only 25% by PVAy,, and finally
saturation achieved within 55 min in PVA;,, and 61 min in
PVAy/;. The equilibrium DEE of PVA;,; was 67% and it was
61% for PVAy;.

Diltiazem release kinetics from PVAy,;, PVA;,; and neat PVAs
are compared in Figure 8(b). The kinetics follows the power law
model, expressed in the following equation'”***";

M,/ M, =kt" (1)

Here M,/M,, denotes fractional release of Diltiazem at time t. k
and n are constants related to diffusion coefficient and specific
drug transport mechanism. The k and » values for all four
membranes are reported in Table I. Both PVAy and PVAp
showed true bursting features, i.e. high k values of 10.83 and
8.79 and n values of 0.43 and 0.49, corroborating with their
faster swelling kinetics. Generally, n < 0.5 indicates Fickian dif-
fusion controlled release, whereas n > 0.5 indicates non-Fickian,
i.e. mixed behavior of Fickian and relaxation or case II trans-
port-based release. However, n > 1 fully stands for relaxation
controlled release.’® Both PVAs showed Fickian release owing to
their poor mechanical strength. PVA; was shed slower than
PVAy because of its slightly higher strength and viscosity.>*?’
Addition of nanosilica had significantly reduced elution rate
(Scheme 3) and abolished the bursting feature. Both PVAy,
and PVAp,; showed prominent case II transport (n values are
close to 1)-based elution. Higher encapsulation of the drug
molecules than neat had effected into slow and more controlled
release of the same. However, the release was more slow and
sustained in PVAp,, than in PVAp,, because of greater drug-
nanosilica-PVA interaction and higher crystallinity. After 12
hrs, PVA,; released less than 5% of the encapsulated drug,
whereas it was 7.4% in case of PVAy,;. Those results suggested
that either the initial drug loading could be adjusted or multiple
membranes could be used to deliver optimum drug concentra-
tion in the blood for therapeutic action.

CONCLUSION

Molecular weight changes of PVA had evidently produced some
significant physical and mechanical property differences between
the membranes. The key properties like mechanical and swelling
were strongly affected because of abrupt change in silica mor-
phology as because, at higher silica content, the inorganic phase
approached more towards the surface and produced a strong
hydrophobic coat. Better property balance was obtained at low

[ A OH | .

OH m -

Woa T wonl on @ .°,'fr.°" @ +
& h oH [ |

OH

B Diug molecules

Scheme 3. Probable encapsulation and release mechanism of diltiazem through PVA ex situ nanosilica membranes. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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silica content, especially at 1 wt %. Evidently, PVA;,; was more
strong and extendible than PVAy,; because of higher PVA-silica
interaction leading to higher percentage crystallinity. On swel-
ling, strength and modulus was still higher because of stronger
PVA;-silica interfaces. However, PVA;,; was slightly less bio-
compatible than PVAy,;, which, in other way, was advantageous
as it ensured its better endurance than PVAy,;. Diltiazem release
was slower and free of burst through PVA;, because of its
higher DEE than PVAy,;. For both membranes, the cumulative
release data advised as either adjustment in initial drug loading
in a single patch or use of multiple patches with distributed
drug load to achieve equilibrium concentration for therapeutic
action.
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