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ABSTRACT

Hydrogels of Poly(vinyl alcohol) (PVA) and interpenetrating polymer net-
works of PVA and Acrylic acid (AA) were synthesized using Glutraldehyde
and Trimethylol propane triacrylate (TMPTA) or N-N’ Methylene-
bisacrylamide (BIS) ascrosdinking agent for PVA and AA respectively. The
hydrogels and interpenetrating polymer networks (I PNs) were characterized
by measuring their % swelling, equilibrium volume swelling ratio, number
average molecular weight between cross-links, mesh size and compressive
strength in buffer solutions of pH 7.4 and pH 3 at 37 + 1°C. The effect of
initial PVA/AA weight ratio, crosslinking ratio and the type of crosslinker for
AA (TMPTA or BIS) on the dynamic and equilibrium swelling behavior of
the IPNswereinvestigated. The swelling capabilities of PVA/AA IPNswere
found to be higher than PVA hydrogels and the percentage swelling in-
creased with an increase in the AA content in the IPNs.
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INTRODUCTION

An Interpenetrating polymer network (IPN) isa
polymer comprising of two or more networkswhich
areat |least partialy interlaced on apolymer scale but
not coval ently bonded to each other. The network can-
not be separated unless chemical bondsare broken'™.

Thetwo or more networks can beenvisioned to be
entangled in such away that they are concatenated and
cannot be pulled apart, but not bonded to each other
by any chemical bond.

Duetotheir high water up take capacity, rubbery

nature and biocompatibility to naturd tissues, IPNsare
used in biomedical and pharmaceutical applications.
Most important of which arethedrug-rel ease systems,
contact lenses, implants, wound dressing etc.

Some polymeric networks show achangeintheir
swelling propertiesin responseto theexterna environ-
ment liketemperature, ionic strength, pH of the swell-
ing medium etc. Thischaracteristic can beeffectively
used for the design of site-specific drug ddlivery sys-
temssothat it isincapableof rel easingthe active agent
until itisplacedinan appropriate biological environ-
ment!. In case of anionic polymeric networks, ioniza-
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tion takes placeasthe pH of theexternal mediumrises
abovethepKaof theionizablemoiety™™. Insomepoly-
meric networks, hydrophilic groups or domains are
present, which arehydrated in an aqueous environmern,
thereby creating the PN structure. The hydrophilicity
isduetothe presenceof water solubilizing groupssuch
as —OH, -COOH,-CONH,,,-SO,H and -CONHR
etc. Theseexhibit athermodynamic compatibility with
water, which allowsthemto swell in aqueous media.
Theability to swell depends upon thetype of polymer
and thedegree of cross-linking®.

Chemically cross-linked Poly(vinyl alcohol)
hydrogel s have received increasing attention in bio-
medical applications because of their permeability,
biocompatibility and biodegradability. Addition of an
ionic group with PVA can enhancethe swelling prop-
erties of themembrane particularly at pH greater than
the pKavalueof that ionic group. Such systemshave
the potential to be used as materials for controlled
ddivering systems.

In the present study, PVA/AA 1PNs of different
PVA/AAwe ght ratios have been synthes zed usng two
different cross-linkers, Glutra dehyde (GA) for PVA and
N,N’ MethyleneBisacrylamide (BIS) or Trimethylo-
propanetriacrylate (TMPTA) for AA. IPNs were
swelled in two buffer solution of pH 7.4 and pH 3.0.
Parametric studieswere conducted to eval uate the ef -
fect of %GA, cross-linker BIS or TMPTA and the
weght ratio of PVA/AA inthel PN on percentageswell-
ing (%S), equilibrium volumesweling ratio (Q), mesh
size (§), number average molecular weight between
crossinks(m ) and compressivestrength (Cs).

EXPERIMENTAL

Materials

Poly(vinyl acohol) with ™, = 125 000, was ob-
tained from S.D.Fine Chemicalslimited. A 10% w/v
aqueous sol ution of PVA was prepared by dissolving
PVA indeionized water at 90°C for 6 hoursin hot air
oven. Thehomogeneous sol ution wasthen allowed to
cool toroom temperature. Acrylic acid was obtained
from Central Drug House limited and used as such.
Aceticacid (glacid), sulfuric acid and methanol were
procured from QuaigensFine Chemicas. Ammonium
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per sulfate, N,N’ Bisacrylamide (BIS), N,N,N’ N’

tetraethylenediamine (TEMED), Glutaraldehyde
(25%w/v) were procured from MERCK. Citric acid,

n-heptane, Potassium dihydrogen ortho phosphate,

sodium hydroxide and trimethyl opropanetriacryl ate
(TMPTA) wereobtained from Centrd DrugHouselim-

ited, Hydrochloric acid was obtained from S.D fine
chemicaslimited.

Synthesisof |PNs

For the synthesisof crosslinked PVA, a25% (w/
V) agqueoussol ution of glutral dehydewascombined with
10% solution of sulfuric acid (the catalyst), a50% so-
lution of methanal (the quencher), and a10% solution
of acetic acid (the pH-controller) intheratio 2:1:2:3
respectively. Thecross-linking ratio X, defined asthe
ratio of molesof cross-linking agent per mol e of repest
unit wasvaried by us ng different amountsof 25% aque-
oussolution of glutraldehyde. For example, for across-
linking ratio of X =0.01, 0.2 ml sulfuricacid, 0.4 ml
methanol, 0.6 ml acetic acid, and 0.4 ml of 25%
glutraldehyde were added to an aqueous sol ution con-
taining 5g of PVA and 50 gwater. Different amountsof
25% (w/v) glutraldehyde used in thiswork are 0.4%
(VIV), 0.6% (v/v), 0.8% (v/v) and 1.0% (v/v).

IPNswere prepared from 10% aqueous solution
by adding acrylic acid along with 1.25 ml of (1% by
vol.) TMPTA or BISascross-linker, 0.625 ml of (1%
byvol.) TEMED (N,N,N’,N’ tetramethylene ethylene-
diamine) as accelerator and 1.25ml (5% by vol.) of
ammonium persulfate asinitiator. Thetwo components
weremixedtoyield PVA: AAweight ratiosof 1:1, 1:
0.75and 1: 0.5.

Themixturewasthenimmediately transferredinthe
test tubes, heated at 40°C for 20 hrs, and then cooled
toroomtemperature. ThelPNswerecutin small pieces
and then put in deionized water for washingto remove
any unreacted polymer. ThelPNswerefirstdriedin
atmospherefor 24 hrsand then in the vacuum oven at
40°C until constant weight was attained. Thesedried
sampleswere stored in desiccators until further use.
These IPNswerefurther characterized by various pa-
rameterslike %S, Q, M, & and Cs.

Characterization of IPNs
In order to eva uatethefeasibility of using aspe-
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cifichydrogd asadrug delivery device, it isnecessary
to know the structural properties of the polymer net-
work. Themost important parametersthat definethe
structurd propertiesincludepolymer volumefractionin
swollen state, v, , effective molecular weight of the
polymer chain between two neighboring crossinks, M,
and poresizeor meshsize, &.

Percentageswelling, % S

Themaost important property of IPNsistheability
toimbibewater. Theresulting osmotic swelling isop-
posed by elastic contractility of stretched hydrogen net-
work. Thenet forceistheswdling pressure. Inresponse
to theexternd conditions, thelPNsswell by absorbing
the solvent until equilibriumisreached. At equilibrium,
theswdling pressureiszero. If theosmotic pressure of
thesolution in contact with IPN isincreased duetothe
presence of solute, theswelling pressureincreasesand
swelling decreases.

To study theeffect of pH on swelling behavior of
theIPNs, weighed IPN sampleswere placed in buffer
solution of pH 3 and pH 7.4 at a temperature of
37+1°C. The swollen IPNs were removed from the
swdling medium at regular intervalsof time, blotted us-
ing afilter paper, weighed and again placed inthe same
medium. Thestudieswerecarried out till equilibriumin
swellingwasreached. The percentagesweling, %0Swas
obtained usingthefollowing reation:

)
%S= x 100 ()
Wd

where, W_istheweight of theswelled sampleat timet,

W, istheweight of thedry sample.
Equilibrium volumeswellingratio, Q

Inorder to predict the drug rel ease behavior from
the polymeric network, analysisof equilibrium swelling
ratioisessential . Buoyancy method wasusedto obtain
thevolumeof thehydrogel intheswollenstate(V ) and
dry state (V) using equation2and 3

Wa,d - Wh,d

V, =l e 2
Pn @

Vs —_tas - , 3
Pn ®

where, W_,and W, arethesampleweightsinar be-

foreand after swelling respectively and W, ,and W, |
arethesampleweghtsin n-heptane (anon-solvent with
density, p, = 0.684 at 37+1°C) before and after equi-
librium swelling respectively. Thelatter weightswere
obtained by placingthesamplein astainlesssted mesh
basket suspended in n-heptane. The equilibrium vol-
ume swelling ratio, Q was determined astheratio of
polymer volumein swollen stateto the polymer volume
indry state (equation 4)!€,

VS

Q=Vd

4)
Number aver agemolecular weight between cross-
links, M,

Having determined the polymer volumebeforeand
after swelling, the polymer volumefractionin swollen
state, v,  was estimated using equation 5°

VZ,S == (5)

Equation 6 was used to determinethe number average
molecular wei ght between crosdlinks, m (€.

oy [lpoied

[‘/2,5% -05 Z’S] ©

where, M, isthe number average molecular weight of
PVA before crosdinking and wastaken as 1,25,000. v
isthe specific volume of PVA=0.788 cm®.g™", V, is
themolar volume of the solvent (water)= 18 cm?®.mol.
v, . thepolymer volumefractionin swollen statewas
cdculated using equation4 and 5. Thevaueof y, Flory
huggins polymer water interaction parameter equal to
0.494 was used in equation 618,

Mesh size, §

ThelPNsmesh size&, defines the linear distance
between consecutive cross-links. Itindicatesdiffusiona
Spaceavailablefor solutetransport and was cal cul ated
using equation 7.

_ \1k
C[ZM]] | o
Mr

where, C_isthe Flory characteristic ratio for PVA=

5 = VZ,S_%
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8.3, l isthecarbon carbonbond length=1.54 A. M is
theaverage molecular weight of therepesat unit of PVA
andAA, g.ml* based on the content of PVAandAAin
themembrane.

Compressivestrength, Cs

Compressive strength of the swollen gel wasob-
tanedusing XT PLUS- TextureAndyzer. IPNsswollen
inbuffer solutionswith pH 7.4 and pH 3werecut into
cylindrica shaped samplesof length8 mm. Thediam-
eter of thel PN sample D, wasmeasured. The samples
were then mounted on the stable Microsystems. For
measuring the compressive strength, the pre-test, test
and pogt-test speedswere 2, 0.5, 2 mm.s? respectively.
The gel samplewas compressed usng8mm cylindrica
probeand themaximum peak forcewasrecorded. From
these observationsthe compressive strength of thegel
sampleswas estimated using equation 8.

Compressive

Peak Load ] -

Strength,Cs, g.cm™ - (Crosssectional area

2

D ) !
p J Disthediam-

where, Crosssectional area, A = {

eter of thesampleincm.
RESULTSAND DISCUSSIONS

PVA Hydrogel

Swelling response of PVA hydrogel crosslinked
with different amountsof GA and swelledin buffer of
pH 7.4 and pH 3isgiven in TABLE 1. The results
show that both, the pH of theswellingmediumandthe
crosslinking ratio affect the swelling behavior of the
PVA hydrogds. Thehydrogdswhenplacedinanacidic
environment (pH =3) shows higher percentage swell-
ing ascompared towhen swdledinabuffer of pH 7.4.
This is because PVA isaweak acid and has a pKa
valueof 10.67. At pH 3, the PVA membrane swelled
to alarger degree dueto the devel opment of alarger
osmoaticforce. Withanincreaseinthe % swelling, the
equilibriumvolumeswellingratiodsoincreased. TheQ
values at pH 3 were almost two times of those ob-
served a pH 7.4. Asaresult, withincreasein % swell-
ing, we expect the mesh size of the network also to
increase considerably. Thevalues of mesh size&, mo-
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lecular wei ght between crossinks M, and compressive
strength of the hydrogel Cs, observed at pH 7.4 and
pH 3 buffersarereported in TABLE 1. As expected
the mesh size £ and hence the molecular weight be-
tween crosslinks, M was higher at pH 3 than at pH
7.4. However, with increasing mesh sizethe compres-
sivestrength of themembranes decreased.

TABLE 1: Effect of amount of crosslinker (GA)on%S, Q, &,
M .and Csfor PVA (10%w/v) hydrogéls.

pH=7.4 pH=3
GA M C M C
(%V/V) %S A c S %S A c S,
Qs g/mol glem? 7 Q5 g/mol g/lem?

0.8 398 3.73 54 1344 514 508 857 212 11999 184

12 257 331 43 933 944 466 6.41 136 6022 392

14 244 325 42 888 1048 420 6.27 132 5681 531
3 25% (w/v) glutraldehyde

Theamount of crosdinker also had asignificant ef-
fect onthe swelling behavior of the PVA membranes.
Themorethecrosslinker molecules present in the hy-
drogel, denser the network, lower the degree of swell-
ing of the hydrogel. Theequilibriumvolume swelling
ratio, mesh szeand themol ecular weight between cross
linkswerealso found to decrease with anincreasing
crosslinkingratio.

PVA/AA1PNs

The PVA/AA IPNssynthesized in thiswork were
studied intermsof their swelling behavior asafunc-
tion of pH, type of crosslinker (TMPTA and BIS),
amount of GA and the AA content. IPNswere syn-
thesized with PVA and AA intheweight ratios of 1.5,
1:0.75 and 1:1. Further, to study the effect of
crosdinking ratio onthe swelling behavior of thelPNs,
for each weight ratio of PVA to AA, the amount of
glutraldehydewasvaried. Datatabulated in TABLE 2
and 3 represent the effect of amount of GA and PVA/
AAweight ratioon %S, Q, &, M _and Csfor PVA/AA
IPNs cross-linked with 25 % (w/v) GA and ((1%)
BIS 2.5 %(w/v)) and 25 % (w/v) GA and ((1%)
TMPTA 2.5 %(w/v)) respectively.

It isknown that high content of charged anionic
groupsinahydrogel increasestheelectrostatic repul -
sion between the chainsas aresult of increasing the
degree of ionization due to change in the external
pH19, When an anionic group isincorporated into
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the PVA structurethrough AA, thereisanincreasein
the hydrophilic character of the IPNs, thus contribut-
ing to ahigher swelling as compared to pure PVA.
When AA which hasapKavalueof 4.3isadded to
PVA toforman IPN, the %swelling (%S) for al IPN
formulations presentedin thiswork washigher in buffer
solution of pH 7.4 in comparison to pH 3. The ob-
served effect of pH on swelling behaviour werein gen-
eral agreement with the conclusions of Khare and
Peppas™¥ and Hariharan and Peppas*?. For IPNs
crosslinked with GA and BISthe % swelling (%S)
varied between 136 and 629 at pH3 and 303 and
1380 at pH 7.4 whilethe IPNscrosslinked with GA

and TMPTA, the % swelling varied between 111 and
221 at pH 3 and 398 and 744 at pH 7.4. It can safely
be concluded that the proper adjustment of theamount
of crosslinking agent for PVA and the type of
crosslinking agent for AA used in the synthesis pro-
cess, isan effective means of controlling the cross
linked structure of the IPN.

Effect of crosdinkingratio

Swelling response of IPNssynthesized withacon-
stant weight ratio of PVAtoAA (1:1, 1:0.75, 1:0.5),
crosslinked with (1%) BIS (2.5 %(w/v)) but varying
amounts of Glutraldehydeispresented in TABLE 2.

TABLE 2: Effect of amount of GA and PVA/AAweight ratioon %S, Q, &, M . and Csfor PVA/AA IPNscross-linked with 25

% (wiv) GA and ((1%) BI S2.5% (W/v))

Ratio of GAP (o pH=7.4 pH=3
(Y%viv) — —

PVA/IAA (wiw) %S Q &A M gmol Csgem? %S Q §&A M, g/mo Csglcm?
1:1 0.4 1380 15.43 398 34135 169.38 629 7.32 156 8609 372.69
1:1 0.6 1237 13.02 335 27162 275.08 248 503 84 3231 528.54
1:1 0.8 445 716 151 7907 39475 154 3.64 47 1269 1377.01

1:0.75 0.4 697 741 160 8600 19531 504 482 79 2808 508.2
1:0.75 0.6 569 7.20 147 8017 33643 244 3.66 56 1880 692.8
1:0.75 0.8 425 6.57 132 6398 48441 236 3.57 47 1202 2130.2
1:0.75 1.0 405 571 101 4448 1002.81 200 3.10 35 776 3097.0
1:.05 0.4 489 7.28 149 8244 39488 316 3.33 41 957 805.6
1:.05 0.6 408 6.41 122 6002 54289 237 292 31 635 1195.1
1:.05 0.8 366 559 101 4316 972.78 200 255 23 407 2381.7
1:.05 1.0 303 487 80 2958 1741.71 136 2.32 20 320 6945.1

9 25% (wi/v) glutraldehyde

TABLE 3: Effect of amount of GA and PVA/AAweight ratioon %S, Q, &, M and Csfor PVA/AA |PNscross-linked with 25

% (Wiv) GAand ((1%) TMPTA 2.5% (wiv))

Ratio of GAY (%VIV) pH=7.4 pH=3
PVA/AA (w/w) %S Q §&A M, gmol Csglem®> %S Q §&A M, gmol Csglem?
11 0.6 607 871 195 12427 1930 221 387 53 1527 309.2
11 0.8 521 7.63 166 9515 2409 205 351 45 1123 462.9
11 1.0 511 7.47 161 9048 546.3 191 331 40 936 628.8
1:0.75 0.4 744 853 190 11890 1930 298 535 91 3731 412.6
1:0.75 0.6 491 7.47 149 8230 2033 191 362 47 1244 518.6
1:0.75 0.8 468 7.28 136 6960 2525 181 342 43 1035 1089.4
1:0.75 1.0 409 6.72 121 4991 5742 175 331 40 945 1574.01
1:.0.5 0.4 478 6.96 145 7393 2003 205 357 46 1177 896.8
1:.0.5 0.6 450 6.60 134 6462 2716 175 356 41 954 1147.96
1:.0.5 0.8 428 6.43 128 6051 3816 164 313 35 789 1631.1
1:.0.5 1.0 398 593 112 4914 786.0 111 246 25 372 2080.9
9 25% (w/v) glutraldehyde
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The data showsthat with anincreasein theamount of
Glutraldehydetheresulting IPN’s possess more com-
pact and crosslinked networkswhich show adecreas-
ing degree of swelling ascompared to samelPNswith
lower cross-linkingratios. Anincreasein theamount of
Glutraldehydefrom 0.4% (v/v) to 1.0% (v/v) ledtoa
fdl inthevaueof Q, for al weight ratiosof PVAtOAA.
Lower vauesof Q impliesalessopen network struc-
ture and hence smaller mesh size (§) and lower mo-
lecular weight between crossinks(m ). However, with
anincreasing mesh size or molecular weight between
crosdinksthe mechanical strength of the membranes
decreases. Similar behavior was observed for IPNs
synthesized with GA and (1%) TMPTA (2.5 %(w/v))
aspresentedin TABLE 3.

Effect of amount of AA

IPN samplessynthesized with sameamount of GA
and BIS but varying weight ratios of PVA/AA when
subjected to swelling experimentsreved ed that with an
increasein AA content from 33.3%1t042.6% to 50%
(i.e1/0.5, 1/0.75, 1/1) % swelling (%S) of the mem-
branesasoincreases (TABLE 2). Higher percentage
of AAinthelPNsresulted inamorehydrophilic poly-
meric network leading to arapid absorption of water
and thushigher % swelling.

Anincreaseintheionization of anionicAA a apH
> pKacausesel ectrostatic repul sion between theion-
ized groups, leading to chain expansion, which resulted
inanincreaseinthemesh s zeof themembranes. Higher
AA content inthe membraneled to amore open net-
work structure, higher molecular weight between
crossinksbut lower mechanica strength.

For an IPN with 33.3% AA and 0.4% v/v (25%
(w/v) GA) crosslinked with BIS, swelledinpH 7.4
buffer, the mesh sizewas 149 A while the same IPN
with 50% AA when swelled in pH 7.4 buffer had a
mesh sizeof 398 A.

For IPNssynthesi zed with 33.3%AA and 0.6% v/
V (25% (w/v) GA) crosslinked with TMPTA, swelled
inpH 7.4 buffer, the % swelling was 450 % whichin-
creased to 607% for the same IPN with 50% AA
(TABLE 3). Anincreaseinthe % swelling was accom-
panied by anincreaseinthe mesh size, anindication
that the networks should exhibit greater solute perme-
ability inthehighly swollen state.

—== Fyl] Paper
CONCLUSION

PVA being highly water-soluble, but when cross-
linked with glutraldehydein presence of sulfuric acid,
methanol and acetic acid, acetyl bridgeswereformed
between hydroxyl groups of PVA chains. Asaresult,
itssolubility in water decreased dueto the physical
and chemical networksformed and it retained water
in these networks, when allowed to swell in agueous
media. The swelling behavior of PVA hydrogelswas
found to beafunction of thecrosdinkingratio and the
pH of theswelling medium. Such hydrogel shave been
widely employed aspH-sengitive systemsfor targeted
drug delivery*3,

When anionicAA wasincorporated into PVA to
form IPNsusing GA/TMPTA or GA/BIS as cross-
linkersand swelled in buffer solutions of pH 3 and
pH 7.4, aconsiderableincrease was observed in %
swelling, mesh size and the molecular weight be-
tween crosslinks of the membranes. The %swelling
of PVA (10%w/v) hydrogel is398% at pH 7.4 while
PVA/AA IPNs synthesized with GA/TMPTA as
cross-linkers swell up to 744% at 7.4 pH and upto
1380% at pH 7.4 for IPNs synthesized with GA/
BlSascrosslinkers.

Themesh gzeof themembranessynthesizedinthis
work with GA and BIS varied between 20 and 398 A
whilethosesynthesized with GA and TMPTA themesh
sizevaried between 25 and 195 A. Implying that solute
permestion by sizeexcluson over awiderangeof sizes
would bepossible.
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