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SYNOPSIS 

A new method of preparing large spherical PVA beads (up to 1.5 mm diameter) with a 
core-shell structure has been developed. This involves a stepwise saponification of suspension 
polymerized PVAc beads, followed by a stepwise crosslinking of the PVA core and shell 
with glutaraldehyde. The resulting composite PVA beads have thin, highly crosslinked 
outer shells and lightly to moderately crosslinked inner cores of different degrees of cross- 
linking. In addition to the characterization of structural parameters, the kinetics of solute 
release and the swelling dynamics, including the transient dimensional changes, have been 
investigated using proxyphylline as a model compound. 0 1992 John Wiley & Sons, Inc. 

INTRODUCTION 

Crosslinked hydrophilic polymers have found ex- 
tensive application, ranging from separations ' and 
superabsorbent materials' to controlled-release drug 
de l i~ery .~  Available in various physical forms, such 
as powders, granules, or beads, these polymers are 
generally glassy in the dehydrated state, but swell 
to become an elastic gel upon water penetration. In 
drug delivery applications, when such swelling takes 
place in a glassy matrix containing the dissolved or 
dispersed drug, the entrapped drug concomitantly 
dissolves and diffuses through the swollen network 
into the surrounding aqueous medium. The rate of 
drug release from such swelling-controlled systems 
is strongly affected by the relative contributions of 
the macromolecular relaxation process vs. the drug 
diffusion p r o ~ e s s . ~  When the former process is rate- 
limiting, the release kinetics may deviate from the 
inherent, first-order Fickian behavior and may ap- 
proach linear kinetics. Typically, the cross-linking 
density and the water swelling are further regulated 
to control the rate of drug release from such cross- 
linked hydrophilic  polymer^.^ 

Poly(viny1 alcohol) (PVA) has been investigated 
as a drug carrier for controlled-release applica- 
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ti0ns.6.~ Frequently, the hydrophilic PVA network 
is modified by crosslinking to reduce the volume 
swelling and the rate of drug release. This is accom- 
plished through a reduction in the mol w t  between 
crosslinks and the associated macromolecular mesh 
sizes,5 thereby resulting in a decrease in diffusion 
coefficients for both the drug and the swelling sol- 
vent. The crosslinking is preferably carried out be- 
fore the drug loading process to avoid possible side- 
reactions between the drug and crosslinking agent. 

Despite the growing interest in utilizing glassy 
PVA hydrogels as swelling-controlled drug delivery 
systems, the kinetics of the swelling of crosslinked 
PVA hydrogels during solute release has not been 
investigated in detail, primarily due to limitations 
on available sample geometry. For example, reliable 
swelling data are difficult to obtain from commonly 
employed disc or granular samples, due to the well- 
known anisotropic swelling behavior, the edge effect, 
and technical difficulties in the direct observation 
of swelling front penetrations. On the other hand, 
spherical geometry avoids these drawbacks by virtue 
of its radial symmetry and, thereby, permits accurate 
measurement of the swelling front penetration and 
transient dimensional changes during solute release. 
This aspect is important in the elucidation of swell- 
ing mechanisms in other hydrogel  system^.^^^ 

This article describes a new method of prepara- 
tion of large spherical PVA beads (up to 1.5 mm 
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diameter) with a core-shell structure from suspen- 
sion polymerized poly (vinyl acetate) ( PVAc ) . A 
preliminary report on the preparation of such com- 
posite beads for drug delivery applications has been 
given elsewhere." Here, we present details on the 
synthesis and characterization of swelling kinetics 
of such double-layered composite PVA beads. 

EXPERIMENTAL 

Materials 

Reagent-grade vinyl acetate (Fisher Scientific) was 
vacuum distilled using cuprous chloride as inhibitor. 
Other chemicals were all reagent-grade and were 
used as received without further purification. 

Synthesis of PVAc Beads 

The suspension polymerization of vinyl acetate was 
carried out in an aqueous medium containing 1.0 wt  
% of fully hydrolyzed PVA (MW 106,000-110,000, 
Aldrich Chemical) as suspending agent and 0.5 wt 
% of AIBN (Vazo 64, DuPont) as initiator. The 
relative amount of vinyl acetate to water in the po- 
lymerization mixture was l : 5 by weight. The po- 
lymerization was carried out in a 2 L reaction flask 
at  60-65°C and 150 rpm for 5-6 h. The reaction 
mixture was filtered and washed with hot water to 
remove residual PVA suspending agent. The PVAc 
beads so recovered were extracted with methanol/ 
water mixtures for three days before being dried. 
These dry PVAc beads were subsequently processed 
in a stepwise fashion, as described below, to obtain 
the desired PVA gel beads. 

Conversion to PVA Gel Beads 

Partially converted PVAc beads, consisting of an 
outer PVA shell and an inner PVAc core, were pre- 
pared by a partial saponification of PVAc beads in 
a 35% aqueous solution of NaOH/NazS04/meth- 
anol(2 : 1 : 1 by weight) at 60°C for 4 h to produce 
a saponified surface layer of about 10% of the orig- 
inal radius. The PVA shell of such partially con- 
verted PVAc beads was subsequently crosslinked 
with glutaraldehyde at 60°C for 2 h in an excess of 
aqueous solution containing 2% glutaraldehyde, 5% 
acetic acid/methanol (1 : 2 by wt) ,  10% Na2S04, 
and 0.04% of HzS04 as catalyst. Intermediate PVA 
beads (designated as PVA I ) ,  consisting of an outer 
crosslinked PVA shell and an inner uncrosslinked 
PVA core, were subsequently prepared by a complete 

saponification of the remaining PVAc core in a 45% 
aqueous solution of NaOH/NazS04/methanol ( 2  : 
1 : 5 by wt) at 60°C for 5 h. 

The resulting PVA I beads were then subjected 
to additional crosslinking in an acidic methanolic 
solution of glutaraldehyde, similar to that described 
above but with varying glutaraldehyde concentra- 
tions, to produce PVA beads (designated as PVA 
11) having highly crosslinked outer shells and lightly 
to moderately crosslinked inner cores. A range of 
crosslinking density was obtained by varying the 
initial concentration of glutaraldehyde to achieve 
the desired crosslinking ratio X ,  defined as the 
number of moles of glutaraldehyde per moles of re- 
peating vinyl alcohol units in PVA. The resulting 
PVA I1 beads were soaked in water for three days 
to remove any extractables before being dried at 
room temperature under vacuum for further study. 
In the following sections, X ,  will represent the 
crosslinking ratios of the PVA core and X ,  for that 
of the PVA shell. 

Swelling and Diffusion Experiments 

Proxyphylline (water solubility of approx. 50% ) was 
selected as a model compound for the characteriza- 
tion of swelling and transient dimensional changes 
in PVA beads. Different solute loading levels in PVA 
I and PVA I1 were achieved by equilibrating PVA 
beads in concentrated aqueous proxyphylline solu- 
tions at 37°C for four days. After filtering, rinsing, 
and drying, proxyphylline-loaded beads, with a size 
range of about 0.9-1 mm diameter, were used for 
subsequent swelling and diffusion studies in dis- 
tilled/deionized water. The amount of proxyphylline 
loading was determined spectrophotometrically after 
a complete extraction of solute-loaded beads in wa- 
ter. The swelling experiments were performed in a 
water-jacketed cuvette, maintained at 37"C, with a 
circulating water bath. The swelling front movement 
and transient dimensional change were observed 
with a WILD M420 stereomicroscope, equipped with 
a digital length-measuring unit (MMS 235). The 
proxyphylline diffusion at 37"C, under perfect sink 
condition, was monitored continuously at 260 nm 
in a stirred cuvette on a Hewlett-Packard 8452A 
diode-array UV-Vis spectrophotometer, equipped 
with a water-jacketed cuvette holder and a built-in 
magnetic stirrer. 

Determination of PVA Molecular Weight 

The mol wt, M ,  of PVA was determined from the 
intrinsic viscosity, [ v ]  , of reacetylated PVA in ace- 
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tone at  30°C according to the following Mark-Hou- 
wink-Sakurada equation l1 : 

The reacetylation of PVA was carried out by reacting 
5 g of uncrosslinked PVA (from fully saponified 
PVAc beads) with a mixture of 10 mL of pyridine, 
100 mL of acetic anhydride, and 1000 mL of acetic 
acid in a stirred reaction flask at 100°C for 24 h 
under nitrogen. The resulting PVAc was precipitated 
in water, washed with methanol /water mixtures, 
and dried under vacuum at 60°C. The mol wt of 
PVAc was then determined from the intrinsic vis- 
cosity data obtained on a Ubbelohde viscometer. The 
mol wt of PVA is taken to be equal to that of the 
corresponding reacetylated PVA. 

RESULTS AND DISCUSSION 

Preparation of Composite PVA Beads 

The PVAc beads, synthesized via suspension poly- 
merization, were spherical and smooth, with diam- 
eters up to 1.5 mm. Figure l ( a )  is a photograph 
showing a typical batch of PVAc beads synthesized 
in the present study. The corresponding average 
particle size distribution is shown in Figure 1 ( b )  . 
The normal synthetic procedure in converting PVAc 
to PVA generally involves the alkali or acid hydro- 
lysis of PVAc in an alcohol solution.12 During such 
a direct reaction, PVAc in the solution phase is rap- 
idly hydrolyzed to PVA with concomitant precipi- 
tation in the alcohol solution. However, in order to 
preserve the spherical shape of PVA beads for the 
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Figure 1 
particle size distribution. 

A typical batch of suspension polymerized PVAc beads (a )  photograph, (b)  
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purpose of the present study, it was not feasible to 
hydrolyze the PVAc beads directly, due to the lack 
of structural rigidity and the gradual dissolution of 
formed PVA in the saponifying medium. To over- 
come this difficulty, a process involving stepwise sa- 
ponification with subsequent stepwise crosslinking 
was developed in the present study. A schematic 
diagram showing the reaction steps involved is pre- 
sented in Figure 2. This is a modification of the pro- 
cess reported by Hirayama et al.13 for preparing mi- 
cron-sized PVA particles as column packing mate- 
rials for size exclusion chromatography. 

In the first step of the process, PVAc beads were 
saponified mainly on the surface in an alkaline 
methanolic solution (see Experimental). The re- 
action time and methanol concentration were con- 
trolled, such that the thickness of the saponified 
surface layer was about 10% of the original bead 
radius. This was achieved by frequent microscopic 
examination of the reaction front penetration during 
saponification and by keeping the methanol con- 

centration in the saponifying medium below 10%. 
The low concentration of methanol was necessary 
to slow the reaction front penetration since the sa- 
ponification of PVAc was rapid at high concentra- 
tions of methanol. At this point, the integrity of 
these beads was provided by the remaining PVAc 
core. The swollen PVA surface layer was prevented 
from dissolving by a high concentration of Na2S04 
in the saponifying medium. Figure 3 is a photograph 
of these PVA beads during surface saponification, 
showing an outer, uncrosslinked PVA shell (clear) 
and an inner PVAc core (dark). Although PVAc 
beads appear to be clear before modification [Fig. 
1 ( a )  1 ,  the slight opaqueness of the PVAc core during 
saponification is probably caused by the precipita- 
tion of freshly formed PVA at the surface of the 
PVAc core, where the methanol concentration is 
expected to be somewhat higher than that in the 
rest of the PVA shell, due to preferential sorption 
of methanol in PVAc. During the subsequent glu- 
taraldehyde crosslinking of such a PVA surface 

Figure 2 
PVA beads. 

Schematic diagram of reaction steps involved in the preparation of composite 
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Figure 3 Photograph of a typical batch of PVAc beads during surface saponification. 

layer, a reduction in the thickness of the swollen 
PVA shell from 10% to about 5% of the bead radius 
was observed. Here, a shell crosslinking ratio X ,  
= 0.3 was estimated from swelling measurement." 
This crosslinked PVA shell provided structural sup- 
port for the PVA gel core in PVA I, which was 
formed by completely saponifying the remaining 
PVAc core. Figure 4 shows a typical batch of par- 
tially saponified PVAc beads observed during the 
last step of conversion into PVA I, where the opaque 
and shrinking PVAc core is separated from the thin, 

crosslinked PVA shell by a clear intermediate region 
of uncrosslinked PVA gel. 

Further crosslinking of PVA I with glutaralde- 
hyde resulted in PVA I1 beads having a composite 
structure of a highly crosslinked outer shell and a 
lightly to moderately crosslinked inner core. During 
such a crosslinking process, a further reduction of 
the outer shell thickness took place, resulting in an 
average swollen shell thickness of about 21 pm in 
PVA 11. For ease of identification, the crosslinking 
ratio of the shell of PVA I1 has been taken to be the 

Figure 4 
the last step of conversion into PVA I. 

Photograph showing a typical batch of partially saponified PVAc beads during 
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sum of the shell crosslinking ratio of PVA I, 0.3, 
and the crosslinking ratio of the core of PVA 11. 
However, it is possible that the shell, due to its al- 
ready crosslinked state, will behave differently dur- 
ing the second crosslinking stage. This aspect will 
be examined later in this article. 

Polymer Characterization 

The structural parameters of composite PVA I1 
beads, as a function of the core crosslinking ratio, 
were characterized by swelling measurements at 
37°C. The results (with n = 3 )  are summarized in 
Table I, where Q, the equilibrium volume swelling 
ratio defined as the ratio of swollen to dry PVA vol- 
ume, is equivalent to the reciprocal of the polymer 
volume fraction v2. The number average mol wt be- 
tween crosslinks, M,, was calculated from a Flory- 
Rehner-type equation for highly crosslinked 
 network^'^: 

where Mn is the number average rnol wt of the poly- 
mer before crosslinking, x is the Flory interaction 
parameter for the PVA-water system, u the specific 
volume of PVA (=  0.788 cm2/g), and V, the mol 
vol of the swelling solvent ( =18 cm3/mol). The pa- 
rameter N is the number of chain links defined by: 

N = 2M,/Mr ( 3 )  

where M, is the mol wt of the vinyl alcohol repeating 
unit ( = 44). For our calculations, a value of x = 0.7 
was used for the PVA-water system (37°C) in the 
present polymer volume fraction range of 0.426- 
0.599. This is consistent with x values of 0.7-0.8, 

reported by Yano, l5 based on vapor phase sorption 
data at 30°C for the same range of polymer volume 
fractions. Previously, Peppas and Merrill l6 reported 
X values for the PVA-water system with low polymer 
volume fractions ( u2 < 0.12). Extrapolation of their 
data to the present polymer volume fractions gives 
a X value at 30°C close to 0.6. Therefore, the choice 
of x = 0.7 for a higher temperature of 37OC in the 
present analysis is reasonable in view of the results 
of Yano and those of Peppas and Merrill. 

Also reported in Table I is the mesh size t ,  which 
represents the maximum size of diffusing species 
that can pass through the polymer network and, 
therefore, provides an indication of the screening 
effect of the network on solute diffusion. The fol- 
lowing equation for determining [was utilized, which 
was based on the consideration of the end-to-end 
distance of polymer chains in the unperturbed (sol- 
vent-free) state 17: 

where 1 is the C-C bond length ( =  1.54 A) and 
C,  the Flory characteristic ratio or rigidity factor 
( = 8.9 for PVA). 

Equation ( 2 )  and its extensions have been suc- 
cessfully applied by Peppas et a1.18 to the charac- 
terization of highly crosslinked PHEMA hydrogels. 
It was shown that when M, exceeds 10,000, the effect 
of M, on M, in eq. (2)  is minimal. In the present 
study, a similar approach was adopted for the PVA 
gel beads by assuming M, is sufficiently large so that 
the term 2/M, may be neglected. This assumption 
is valid in view of the viscosity average mol w t  of 
about 150,000 obtained for the present PVA system 
based on methods described in the Experimental 
section. Equation ( 2 )  was subsequently solved it- 
eratively using the M, value for N + co as the initial 
estimate. 

From Table I, it is evident that as the core PVA 
crosslinking ratio X ,  increases from 0.05 to 0.2, the 

Table I Structural Parameters of Composite PVA Beads at 37°C 

X ,  (mol/mol) v28 Q Mc t (A) 
0.05 0.426 k 0.012 2.349 5940 100 
0.10 0.492 ? 0.016 2.032 860 36 
0.17 0.567 t 0.07 1.863 350 22 
0.20 0.599 .t 0.026 1.669 270 19 
0.20b 0.575 ? 0.011 1.740 320 21 

a Mean & SD (n = 3). 
With outer shell removed. 
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mol wt between crosslinks M, decreases from 5940 
to 270 (equivalent to from 135 to 6 repeating units), 
and the mesh size reduces from 100 to 19 8. These 
results are consistent with data reported by Canal 
and Peppas l7 and by Gander et al." on PVA cross- 
linked with glutaraldehyde. Since most of the M, 
values in Table I are too small (less than 100 re- 
peating units) to allow the assumption of a Gaussian 
distribution of the chain length between crosslinks, 
the utilization of eq. ,( 2 )  , which was obtained by 
Lucht and Peppas l4 for highly crosslinked networks 
with the assumption of Gaussian distribution re- 
laxed, is therefore justified. 

Table I also includes data from a PVA core with 
X ,  = 0.2 without the outer shell. The shell was care- 
fully removed from a swollen PVA 11 bead by first 
puncturing the shell with a razor, followed by peeling 
slowly to separate it from the core. A comparison of 
results on PVA I1 beads ( X ,  = 0.2), with and without 
the outer shell, suggests that the thin shell (about 
21 pm) affects very little of the measured bulk poly- 
mer properties. For example, only about a 4% dif- 
ference in u2 or Q is found when one evaluates struc- 
tural characteristics of bulk PVA using swelling data 
of the present composite PVA beads. 

Dynamic Swelling and Solute Release: Effect of 
Crosslinking Ratio 

The effect of crosslinking ratio on the release of 
proxyphylline from dehydrated PVA I1 beads is 
shown in Figure 5 for a constant proxyphylline 
loading of 9.7%. The corresponding dynamic swell- 
ing behavior, in terms of the solvent front penetra- 
tion, is presented in Figure 6, and that of the tran- 
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Figure 5 Effect of crosslinking ratio on proxyphylline 
release from composite PVA I1 beads: 9.7% loading at  
37°C. 
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Figure 6 Effect of crosslinking ratio on the swelling 
front movement in composite PVA I1 beads during prox- 
yphylline release: 9.7% loading at  37°C. 

sient dimensional changes appears in Figure 7 
(shown with the bead diameter normalized to the 
equilibrium swollen diameter of the drug-free bead). 
It is evident from Figure 5 that the effect of cross- 
linking ratio on the release of proxyphylline is small 
a t  lower shell crosslinking ratios ( X ,  I 0.4), where 
the reduction of network mesh sizes does not sig- 
nificantly affected the transport resistance, and the 
solute release generally is complete within 1-2 h. At 
these low crosslinking ratios, the associated release 
profiles are first order in nature, due to a combined 
effect of matrix diffusion and spherical geometry. 
On the other hand, a t  a shell crosslinking ratio of 
X ,  2 0.47, the fractional solute release exhibits an 
initial time lag of up to 15 min, followed by a con- 
stant-rate (or linear) region of 2-3 h, before levelling 
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Figure 7 Effect of crosslinking ratio on the transient 
dimensional changes during proxyphylline release from 
composite PVA I1 beads: 9.7% loading at 37OC. 
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off in a first-order fashion. The overall duration of 
solute release, in this case, is extended to more than 
10 h. Such release behavior suggests that, a t  higher 
crosslinking ratios, the outer PVA shell initially 
functions as a rate-controlling membrane charac- 
terized by a diffusional time lag. Later, as solute 
release proceeds, the transport resistance through 
the core PVA matrix increase steadily as a result of 
increasing diffusional distance, which eventually 
exceeds the transport resistance through the outer 
shell. This results in the observed first-order release 
behavior during the latter part of the solute release. 

The dynamic swelling results of Figure 6 show 
that, at a proxyphylline loading of 9.7%, the solvent 
front penetration during solute release is slower at  
higher PVA crosslinking ratios due to the increasing 
transport resistance at reduced network mesh sizes. 
In this case, the solvent front is also the glassy/ 
rubbery swelling front, since all studies were carried 
out with dehydrated PVA I1 bead samples. Some 
Fickian contribution is evident from the slight non- 
linearity at the initial stage of the solvent front pen- 
etration. This is followed by a linear penetration 
region and, eventually, an accelerated penetration 
near the center. Such an apparent acceleration of 
solvent front penetration has been shown to be a 
natural outcome of the spherical g e ~ m e t r y . ~ ~ ~ ~  Sim- 
ilar to  the release results of Figure 5, initial time 
lags in solvent front penetration are also observed 
in Figure 6 with shell crosslinking ratios of X ,  2 0.47. 
The fact that the time lag for solvent front pene- 
tration is shorter (2-3 min) than that for the release 
of proxyphylline (10-15 min) suggests that the dif- 
fusion coefficient of water in the crosslinked PVA 
shell is several times higher than that of proxy- 
phylline, due to the smaller molecular size of water 
and the inverse proportionality of the diffusion coef- 
ficient D to the time lag at  a given membrane thick- 
ness. 

It is worth noting that only less than 10% of the 
proxyphylline has been released (Fig. 5) a t  the time 
of completion of water penetration in solute-loaded 
PVA I1 beads (Fig. 6).  Under such a condition, it 
is reasonable to expect that the solute distribution 
has not been significantly perturbed and is nearly 
constant throughout the PVA core during most of 
the initial swelling phase. This allows the analysis 
of the initial solute diffusion from such a membrane- 
matrix combination as a membrane-reservoir prob- 
lem, at least approximately. With this approach, the 
apparent solute diffusion coefficient in the outer 
PVA shell is estimated from the following time-lag 
relationship for spherical geometryz1 : 

l 2  
tL = - 

6 Ds 

where tL is the measured time lag, I is the shell 
thickness, and D, is the apparent solute diffusion 
coefficient in the PVA shell. Equation (5) has the 
same form as the time-lag relationship for the sheet 
geometry. The apparent solute diffusion coefficient 
in the PVA core is obtained from the following large- 
time approximation to the solution of Fickian dif- 
fusion equation for spheres 22 : 

(6)  
6 M 

M ,  lr 
- 1 - 1. exp(-D,lr2t/a2) -- 

where, M / M ,  is the fractional release, D, is the 
apparent solute diffusion coefficient in the PVA core, 
and a is the radius of the bead. By plotting ln( 1 
- M/M,)  vs. t ,  D, is evaluated from the slope. 

Utilizing both eqs. ( 5 )  and ( 6 ) ,  apparent diffision 
coefficients of proxyphylline in the PVA shell and 
core have been calculated from the data of Figure 5 
and have been summarized in Table 11. It is apparent 
that, at higher crosslinking ratios, the proxyphylline 
diffusion coefficient in the outer PVA shell is about 
one order of magnitude smaller than that in the core. 
This is again attributed to the more pronounced de- 
creases in the corresponding mol wt between cross- 
links and the associated reduction of network mesh 
sizes in the shell. It is also interesting to note that, 
when going from X ,  = 0.17 to 0.20, the proxyphylline 
diffusion coefficient in the core (D,) decreases by a 
factor of 4, whereas that in the shell (D,) decreases 
by a factor of 3 or so. This suggests a slight deviation 
from the additivity of crosslinking ratios in the shell 
of PVA I1 as alluded to earlier in this article. Such 
deviation can become large when the crosslinking 
ratios of the present PVA I1 core and shell are in- 
creased further, such that the access to crosslinking 

Table I1 Diffusion Characteristics of 
Proxyphylline in Composite PVA Beads' (37'C): 
Effect of Crosslinking 

XS XC D, x lo9 D, x 109 
(mol/mol) (mol/mol) (cm2/sec) (cm2/sec) 

0.35 0.05 - 189 
0.40 0.10 - 107 
0.47 0.17 2.5 44.5 
0.50 0.20 0.8 11.3 

a 9.7% proxyphylline loading. 
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sites in the shell is significantly more restricted than 1 .o 

2 2 0.8 
w 3 0.6 

0.4 

z that in the core. 
At a fixed solute loading of 9.7%, the transient 

dimensional changes during the simultaneous water 
penetration and proxyphylline release do not seem 
to be significantly affected by the crosslinking ratios 
(Fig. 7) .  In all cases, the swelling bead diameter 
goes through a broad maximum, followed by a grad- 
ual approach to an equilibrium value, where the ap- 
proach to such swelling equilibrium becomes slower 
at higher crosslinking ratios. The maximum bead 

in crosslinking ratios. In contrast, as will be shown 0 10 20 30 40 50 60 

later, the maximum bead diameter of the present 

loading levels. 
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diameter appears to be less sensitive to variations 0.0 

TIME (MIN) 

composite PVA system is more sensitive to solute Figure 9 Effect of loading level on the swelling front 
movement in composite PVA I1 beads during proxyphyl- 
line release: X, = 0.17, X ,  = 0.47 at 37°C. 

Dynamic Swelling and Solute Release: Effect of 
loading level ure 6, the results of Figure 9 on the swelling front 

The effect of loading on the release of proxyphylline 
from PVA I1 beads with X ,  = 0.17 and X ,  = 0.47 is 
presented in Figure 8 for loading levels up to 25.3%. 
The corresponding water penetration behavior is 
shown in Figure 9, and that of the transient dimen- 
sional changes in Figure 10. As with other hydro- 
philic polymers, the proxyphylline release rate from 
the present composite PVA system increases with 
increasing solute loading (Fig. 8). The release time 
lag, due to the surface membrane effect, appears to 
decrease slightly at higher solute loadings, whereas 
the time lag for water penetration is relatively in- 
sensitive to solute loadings (Fig. 9) .  Similar to Fig- 

penetration show the anticipated kinetic behavior 
for spherical Based on eqs. (5) and ( 6 ) ,  
diffusion coefficients of proxyphylline in the PVA 
shell and core have been evaluated from the data of 
Figure 8 and summarized in Table 111. Similar to 
data shown in Table 11, the proxyphylline diffusion 
coefficients in the PVA shell are also observed to be 
about one order of magnitude smaller than that in 
the core. Furthermore, the concentration depen- 
dence of proxyphylline diffusion coefficients in the 
PVA shell is evident from their increasing trend with 
the solute loading. However, such a trend is less ob- 
vious for proxyphylline diffusion coefficients in the 
PVA core. 

1.1 1 .o 

W a 
W 
F 2 0.8 

w W 

n K 0.6 

a n 
N 2 

A 
w : 1.0 - 
A 

W 0.4 
F < 0.9 
2 0.2 z 0 

0 z 
U 

0.0 0.8 
0 100 200 300 400 500 0 100 200 300 400 500 

TIME (MIN) TIME (MIN) 

Figure 8 Effect of loading level on proxyphylline release 
from composite PVA I1 beads: X, = 0.17, X ,  = 0.47 at 
37°C. 

Figure 10 Effect of loading level on the transient di- 
mensional changes during proxyphylline release from 
composite PVA I1 beads: X ,  = 0.17, X, = 0.47 at 37°C. 
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Table I11 Diffusion Characteristics of 
Proxyphylline in Composite PVA Beads" (37°C): 
Effect Loading Level 

Proxyphylline D, x lo9 D, x 109 
Loading ( W )  (cm2/sec) (cm2/sec) 

5.3 1.9 39.1 
9.7 2.5 44.5 

14.4 3.1 31.9 
25.3 4.1 48.7 

a X ,  = 0.47; X ,  = 0.17. 

The transient dimensional changes of Figure 10, 
observed during solvent penetration and proxy- 
phylline release, exhibit a more pronounced maxi- 
mum at higher solute loadings as compared with the 
monotonic increase in bead size in the solute-free 
PVA 11. In fact, the maximum bead size increases, 
whereas the time to reach the maximum decreases, 
with increasing levels of proxyphylline loading. It 
should be pointed out that when the normalized bead 
diameter reaches a maximum, the corresponding 
fractional solute release is still less than 30% (Fig. 
8). This contrasts the 70-80% solute release at peak 
swelling during the release of water soluble com- 
pounds from poly (hydroxyethyl methacrylate) 
( PHEMA) based hydrogel beads.' In the present 
case, although proxyphylline is also water soluble, 
the presence of a rate-controlling shell in PVA I1 
retards solute diffusion while permitting rapid water 
transport. This results in the reduced extent of sol- 
ute release at  the swelling maximum. In addition to 
the general scheme of kinetic events, leading to the 
observed swelling maximum, the effects of solute 
solubilities as well as the contribution from osmotic 
forces have recently been investigated in detail in 
the HEMA-based copolymer bead ~ y s t e m . ~  It is be- 
lieved that the local presence of a solute in the hy- 
drophilic polymer generates an additional osmotic 
driving force (in addition to the polymer swelling 
osmotic force), which can change both the total 
swelling pressure and the associated time-dependent 
relaxation behavior of the hydrogel network during 
the simultaneous absorption of water and the release 
of the solute. Although the observed maximum in 
the transient dimensional changes intuitively can 
be attributed to a combination of two competing 
processes, namely the reduction of bead size due to 
solute release and the increase in bead size due to 
polymer swelling, the osmotic contribution from the 
solute will play a significant role when contributions 
from such competing processes are small. In this 

situation, the osmotic contribution from the solute 
loading continues to build up during the initial stages 
of the polymer swelling and solute dissolution. After 
the completion of solvent penetration, the internal 
solute concentration, and hence its role in the os- 
motic contribution, declines continuously as the re- 
lease proceeds. In response to such a change in total 
swelling osmotic pressure, the swollen diameter of 
the hydrogel bead goes through a maximum. Since 
such an osmotic contribution from the solute in- 
creases with solute loading, the corresponding max- 
imum bead size will therefore increase accordingly. 

CONCLUSION 

A new method of preparing large spherical PVA 
beads (up to 1.5 mm in diameter) with a core-shell 
structure has been developed. This is achieved by a 
stepwise saponification of suspension polymerized 
PVAc beads, followed by a stepwise crosslinking of 
the PVA core and shell with glutaraldehyde. The 
characterization of polymer structure, as well as 
the swelling and solute release kinetics, was studied 
as a function of PVA crosslinking ratio and solute 
loading using proxyphylline as a model compound. 
The results show that the outer PVA shell functions 
as a rate-controlling membrane upon increasing its 
crosslinking ratio, X,, above 0.47, as characterized 
by the observed diffusional time-lags and constant- 
rate regions during solute release. The effect of the 
crosslinking is also reflected in the corresponding 
decrease of proxyphylline diffusion coefficients in 
both the PVA shell and core at increasing cross- 
linking ratios. At a fixed crosslinking ratio, some 
concentration dependence has been observed for the 
proxyphylline diffusion coefficients in the PVA shell, 
but not in the core. The composite PVA beads re- 
ported here are potentially useful as drug carriers 
or absorbent for separation purposes. 
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