International Journal of Pharmaceutics 366 (2009) 31-37

International Journal of Pharmaceutics @

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect e
8 PHARMACEUTICS

Network structure and macromolecular drug release from poly(vinyl alcohol)
hydrogels fabricated via two crosslinking strategies

Damia Mawad, Ross Odell, Laura A. Poole-Warren *

Graduate School of Biomedical Engineering, The University of New South Wales, Sydney, NSW 2052, Australia

ARTICLE INFO

ABSTRACT

Article history:

Received 9 July 2008

Received in revised form 26 August 2008
Accepted 26 August 2008

Available online 3 September 2008

Keywords:
PVA hydrogels
Redox curing
Drug delivery
Networks

Injectable hydrogels have potential biomedical applications ranging from tissue fillers to drug deliv-
ery vehicles. This study focussed on evaluating the structure of poly(vinyl alcohol) (PVA) hydrogels of
variable solid content and high molecular weight model drug release from the networks formed via
either conventional photo-polymerization compared with chemical initiation of polymerization using
an oxidation-reduction (redox) reaction. Swelling behaviour was characterised in water to assess the
structural properties. Model drugs, FITC-Dextran, 20 kDa (FD20) and 4 kDa (FD4) were loaded in the hydro-
gels prior to curing and drug release studies conducted. Redox-cured hydrogels were more swollen than
UV-cured systems, lost ~20% of their polymer mass compared to only 5% from UV-cured hydrogels and
subsequently exhibited networks of larger mesh sizes. Also, networks of variable solid contents showed
different structural properties with systems of higher polymer concentration exhibiting a smaller mesh
size. The difference in structural properties of the networks affected release of FD20, being faster in redox-
cured than UV-cured hydrogels, and slower from systems of higher solid content. Release of FD4 was faster
than FD20 from networks of same solid content. This study suggested that PVA hydrogels can be cured by

redox-initiation to function as a controlled delivery system for macromolecular drugs.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are formed from hydrophilic polymer chains held
together by chemical or physical crosslinks. They are characterised
by their ability to uptake large amounts of water while retaining
their three dimensional structure. A variety of physical and chemi-
cal methods have been used to fabricate biomedical hydrogels and it
is clear that crosslinking method can impact significantly the micro-
and nanostructure of the resulting hydrogel (Peppas, 1987; Anseth
et al., 2002; Mawad et al., 2007).

Freeze-thaw methods have been proposed for hydrogels like
poly(vinyl alcohol) (PVA) hydrogels due to the characteristic
crystallinity produced in these materials following exposure
to repeated freezing and thawing cycles (Peppas, 1987). Many
researchers adopted this method to study diffusive characteris-
tics of the hydrogel (Hassan et al., 2000; Mongia et al., 1996). This
method involves putting the polymer solution through repeated
freeze-thaw cycles that result in a pre-formed implant. As a result
of the underlying mechanism of this approach, injectable delivery
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is not possible and surgery is required to implant the device at the
target site.

Radiation crosslinking using gamma radiation (Berkowitch et
al., 1957; Peppas and Merrill, 1977) or exposure to ultraviolet (UV)
light (Anseth et al., 2002) are alternative efficient methods that
do not require high concentrations of extraneous chemicals and
therefore result in clean hydrogels with low levels of extractable.
Photoinitiators added to generate radicals that catalyse UV and vis-
ible light photocrosslinking have been investigated extensively for
their cytotoxicity and several photoinitiators have been proposed
for biomedical use (Bryant et al., 2000).

All of these methods produce pre-formed hydrogels with a
range of structures and properties. The demand for injectable
hydrogels for applications ranging from macromolecular drug
delivery (Langer, 1998; Li et al., 2003) to embolotherapy (Siskin
et al., 2000; Patel et al., 2005) and even tissue engineering
(Shu et al., 2004; Nguyen and West, 2002), has led to the
need for more versatile methods for crosslinking polymers in
situ such as chemical crosslinking. In the past, chemical pro-
cessing agents such as glutaraldehyde (Burczak et al., 1994) and
epichlorohydrin (Bo, 1992) have been used to form PVA hydro-
gels. These have the disadvantage of being cytotoxic and potentially
carcinogenic, limiting widespread biomedical use. Also, if the bio-
material is designed to function as a drug delivery system, toxic


http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:damia@uow.edu.au
mailto:r.odell@unsw.edu.au
mailto:L.Poolewarren@unsw.edu.au
dx.doi.org/10.1016/j.ijpharm.2008.08.038

32 D. Mawad et al. / International Journal of Pharmaceutics 366 (2009) 31-37

residues may lower the bioactivity of the drug (Scotchford et al.,
1998).

Another approach is use of oxidation-reduction (redox) reaction
coupling to generate free-radicals under mild conditions to initi-
ate the crosslinking process. Many redox systems have been used
for radical initiation of polymerization, including the redox pair of
hydrogen peroxide and ferrous salt employed in this paper (Sarac,
1999). More recently, redox curing has been studied for application
to injectable hydrogels and although toxicity of oxidative compo-
nents can be a concern, the final hydrogels formed tend to have
low cytotoxicity (Mawad et al., 2007; Martens et al., 2008). Redox-
cured hydrogels can be prepared and injected as a two part liquid
system, with the reductant being in one part and the oxidant in
the other part. The two parts are typically mixed during delivery
and the redox reaction generates radicals so that curing takes place
over a period of time in situ following mixing. Another advantage of
this system is the capacity to suspend macromolecular drugs in the
liquid hydrogel which then polymerises in situ via redox initiation.
However, while efficient generators of free-radicals, redox systems
have the potential disadvantage of non-uniformity of curing, and
hence the resulting network structure of redox-cured hydrogels
may impact on the drug delivery from the in situ cured hydrogel.

This study aimed to examine swelling properties, hydrogel
structure and release of macromolecular compounds from PVA
hydrogel delivery systems fabricated via either UV light or redox
initiation. The effect of polymer concentration in the network and
the size of the drug on release rate were also evaluated. For this
purpose, FITC-Dextran was chosen as a model drug because of its
availability in a range of molecular weight (MWs).

2. Materials and methods
2.1. Materials

PVA (14 kDa, 83% hydrolysed; BioCure Inc., Atlanta, GA), func-
tionalised with seven acrylamide groups per chain was used to
produce hydrogels. The chemical structure of the macromer is
shown in Fig. 1. Stock aqueous hydrogel solutions of 30wt.%
polymer containing 0.05wt.% of the photo-initiator 2-hydroxy-
1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure
2959, Ciba Specialty Chemicals) were diluted in deionized water
(DI-H,0) to final concentrations of 10, 15, and 20 wt.% PVA. Fluo-
rescein iso-thiocyanate dextran (FD20: 20 kDa, Stokes’ radius =33 A
and FD4: 4kDa, Stokes’ radius = 14 A), ferrous gluconate dihydrate,
L-ascorbic acid, hydrogen peroxide, and Dulbecco’s phosphate
buffered saline were purchased from Sigma and used without any
further purification.

2.2. Fabrication of PVA hydrogels

PVA hydrogels were fabricated from 10, 15 and 20 wt.% solutions.
Hydrogels were crosslinked into cylindrical shapes using a 1 ml
syringe barrel as a mould (length ~1 cm, radius ~0.24 cm) by photo-
initiation or redox initiation at room temperature in the range of
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Fig. 1. Chemical structure of PVA (14kDa, 83% hydrolysed) functionalised with
seven acrylamide groups per chain as supplied by BioCure Inc., Atlanta, GA.

20-25°C. UV-cured hydrogels were formed by exposure to UV light
for 2 min using a Green Spot UV system (UV Source, Torrance, CA)
(peaks at 310 and 365 nm) at an intensity of ~1.79 + 0.09 W/cmZ.
Exposure time of 2 min was determined based on the minimum
time required for curing the 10wt.% solutions. Curing was con-
firmed by the absence of residual fluid after removing the hydrogel
sample from the mould.

Redox initiation was achieved using ferrous gluconate as a
reductant and hydrogen peroxide as an oxidant. The reaction gen-
erating the hydroxyl radicals is shown in Eq. (1) (Sarac, 1999):

Fe?* + H,0, — HO® + Fe3* + OH™ (1)

Two solutions of same polymer concentration but with different
composition, reductant or oxidant, were prepared. The final reduc-
tant solution contained 92.6 ppm of ferrous gluconate dihydrate
and 292 ppm of ascorbic acid, and the oxidant solution contained
564 ppm of hydrogen peroxide. Two syringes containing equal vol-
umes of each solution were connected via a dual connector. The
plungers of the syringes were pushed back and forth to mix the
two solutions until resistance was felt implying that the hydrogels
were formed.

2.3. Equilibrium swelling studies

Wet weights of all PVA cylinders were measured at fabrication
(m;). To calculate the experimental initial polymer weight fraction
(fpi) in the fabricated networks, half of the samples were dried
immediately after synthesis for 4 days at 85 °C and then reweighed
(myq). fi was then calculated as follows:

foi = (2)

m;
The remaining samples were incubated in water at 37 °C. At differ-
ent time points, samples were removed from water, blotted gently
with filter paper and wet weight of swollen samples (ms) was
determined. The samples were then immersed in water and left to
swell. This procedure was repeated until equilibrium was reached.
Relative change in wet weight was calculated as follows:

. . Mgt — M,
relative A(wet weight) = —~——1

= 3)
When the swollen samples reached a constant equilibrium weight
(mse), they were dried for 4 days at 85°C and weighed (mpe). The
initial polymer mass (m,;) in each sample was calculated by multi-
plying (m;) by fy;.

To assess polymer loss during equilibration, the polymer weight
loss ratio (LR) was calculated as follows:

LR — e
mpi

(4)

Ratio less than 1 indicates that polymer has been lost from the
network.

The structural properties of the networks were determined from
the swelling studies. The volumetric swelling ratio (Q) of the hydro-
gels was determined after reaching equilibrium as follows (Peppas,
1987):

Q=1 Poobmergg (5)
Psolvent

where ppolymer =1.2619 g/cm3, psovent i the density of water

(1g/cm3) and ge is the equilibrium mass swelling ratio calculated

as

_ Mse

= e

de (6)
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The molecular weight between crosslinks (M¢) was calculated
based on the Peppas-Merill model as follows (Peppas et al., 2000):

12 @/v)lin(l = vy6) + vas + X3 ] o
Me Ma oy, [(vz,s/vz,rf”—(1/2>(U2,S/Uz,r)]

where Mj, is the number-average molecular weight of PVA before
crosslinking (14,000 g/mol), v is the specific volume of the bulk
polymer (0.788 cm3/g), v1 is the molar volume of water as the sol-
vent (18 cm3/mol),  is the polymer-solvent interaction parameter
(0.494), and v, and v, are the polymer volume fraction in the
relaxed and swollen state respectively determined experimentally

by weight analysis. )
From the calculated Mc, the mesh size ({) was calculated from:
260\
-1/3 niVic
{=v, <1V1r) 1 (8)

where C, is the Flory characteristic ratio (8.8), [ is the length of the
C-Cbond along the backbone chain (1.54 A), and M, is the molecular
weight of PVA repeating unit (44 g/mol). The crosslinking density
() was calculated from (Peppas, 1987):
- 1
UM

Two experiments were performed for each polymer concentration
and each experiment included three specimens.

9)

2.4. Release studies

Loaded-PVA hydrogels were fabricated from 10, 15 and 20 wt.%
solutions containing 0.125wt.% FD20. Briefly, a stock solution of
FD20 in DI-H,0 (5 mg/ml) was prepared. 0.5 ml of the prepared
stock solution was added to 1.5 ml of the polymer aqueous solution
to produce 0.125 wt.% FD20 of the total volume. The solutions were
then vortexed to ensure proper mixing. The macromer solutions
were crosslinked using either UV or redox methods as described.
The hydrogels were weighed at fabrication and the initial loading of
the drug (M;,;;) was calculated based on the volume of the hydro-
gel. Loaded-PVA cylinders were incubated in 50 ml PBS (pH 7.4) at
37°C on an orbital shaker. At different time points, 1 ml samples
were taken and replaced by same volume of fresh PBS. All samples
were stored frozen for 2 weeks and then analysed using a fluo-
rescence micro-plate reader (fmax) at A =490-538 nm to determine
the amount released (M;). M was calculated from a standard curve
of known concentrations of FITC-Dextran solutions in the range of
0-10 pg/ml. Standard curves were linear (R? >0.95) within FD20
concentration range at least ten times higher than the concentra-
tion of FD20 in test samples. In addition, the analytical method
was validated over time by measuring the same standard sam-
ples before and after freezing without observing any change in the
corresponding fluorescence values.

The same procedure was followed for release of FD4 (4 kDa)
from 10 and 15 wt.% UV-cured hydrogels. Three experiments were
performed to assess the release of drug from each polymer concen-
tration and each experiment included three replicates.

2.4.1. Theoretical model

A Fickian diffusion model (Crank, 1975), describing diffusion
from an infinitely long cylinder as derived by Crank, was used to
predict the release behaviour from the cylindrical PVA hydrogels.
Diffusion of solutes from an infinitely long cylinder can be described
as

2

ac D 9°C

o or2 (10)

The initial and boundary conditions being:

C=f(r)

if0<r<aand t=0

C=0 ifr=aand t>0

where ris the inner radius of the cylinder, a is the radius of the cylin-
der, C is the concentration of the solute dispersed in the cylinder,
and t is the release time. For a volume of sink much bigger than the
volume of the hydrogel and for small times, the analytical solution
for Eq. (11) is

a2  3x1/2

1/2 3/2
M 4 (Dt) Dt 1 (Dt) ()

Mg ~ 712\ @@ @
where M, is the total amount of drug released into the sink, a is
the radius of the cylinder, and D is the diffusion coefficient of the
solute through the hydrogel.

To predict the theoretical diffusion coefficient (Drpeo; ) from non-
degradable PVA hydrogels, Davis model (Davis, 1974) was used:

Drheor = Dw exp[—(5 +107* x MWsgjy¢e) x [Polymer]] (12)

where MW te 1S the molecular weight of the solute, [Polymer] is
the concentration of the polymer in the hydrogel matrix, and Dy
is the solute diffusion coefficient in water calculated according to
Stokes-Einstein equation (Einstein, 1956).

2.4.2. Transformation of experimental data

As will be outlined in the result section, experimentally all
hydrogels displayed an initial release at time zero. To be able to
compare the experimental release to the theoretical model, the
burst effect was eliminated by transformation of the experimen-
tal data. For each hydrogel, the amount of drug released (M;) was
plotted versus square root of time. A regression line was fitted
to the linear part of the curve and the slope (s) and intercept (i)
were calculated from the linear fit. The total amount released (M)
was estimated by fitting an asymptote to the plateau region of the
curve and based on its value the % total release was calculated
((Ming/Mipit) x 100).

To eliminate the burst effect from the experimental data, the
amount released was transformed as follows:

M; M; —i

= ; 13
Mi/nf Ming — i (1)

To normalise the x-axis, all time points, t, were divided by t* which
was calculated from:

o (Mu )’ (14)

t* is a characteristic time which might be taken as a release time.

For adjusted amount released of the drug, M;/M; . < 0.6, the
experimental diffusion coefficient D was calculated from the slope
of M; /M . versus t'/2 according to

M; Dt
g/ = (15)
Minf ma?

2.5. Statistical analysis

Results of the swelling experiments were analysed by two-way
analysis of variance for the effects of polymer concentration and
curing method. Analysis of variance was performed using Stata
(StataCorp, 1999). The release study was performed as a series
of experiments in which one cross linking method was used to
produce gels at three concentrations. Three experiments were con-
ducted with each crosslinking method. The results were analysed
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as a split-plot design according to Armitage and Berry (1994).
Comparison of crosslinking methods was based on comparisons
between experiments and comparisons among polymer concen-
trations were based on comparisons within experiments. Analysis
of variance was performed using Stata (StataCorp, 1999).

3. Results and discussion
3.1. Swelling studies

Swelling studies showed that varying the curing technique leads
to the fabrication of networks of variable structural properties.
Table 1 shows experimental initial polymer fraction (fj,;) in fab-
ricated hydrogels at synthesis and polymer weight loss ratio (LR)
after 4 days incubation for both UV- and redox-cured hydrogels.
Experimental f,; of UV-cured hydrogels were comparable to the
theoretical values: 0.1, 0.15 and 0.2. However, the experimental
values of f,; of redox-cured hydrogels were higher for all concen-
trations. After mixing the reductant/oxidant solutions, allowing
time for curing, and then pushing the hydrogel from the syringe,
it was observed that some ‘free’ water was ejected along with the
cured hydrogel. This might indicate that all the available water
was not entrapped within the redox-cured hydrogel bulk due to
in-efficiency in mixing, hence explaining the discrepancy in the
measured f;. For the UV-cured hydrogels, where the measured f);
matched expectations, no water was observed upon ejection from
the syringe.

The inefficiency of mixing was further suggested by the lower
LR of redox-cured hydrogels. There was significant difference
between the crosslinking methods with redox-cured hydrogels
losing approximately 20% polymer mass compared with the cor-
responding UV-cured hydrogels which lost up to 5% of polymer
mass (p<0.0001). On the other hand, polymer concentration had
no significant effect on polymer loss from the network over time
(p=0.7). Efficient crosslinking by redox initiation depends on the
efficiency of mixing the two solutions. The 20% mass loss sug-
gests that crosslinking was not as efficient or complete in the redox
gels. Inhomogeneous mixing may result in unequal distribution of
the oxidant and reductant components. Regions with better mix-
ing will have more efficient free radical generation resulting in the
PVA chains in the vicinity to crosslink quickly (Mellot et al., 2001).
However, in regions of lower concentration fewer free radicals are
available and the probability for crosslinking of PVA chains is likely
to be lower. These uncrosslinked chains remain free and unbound
by kinetic chains to the network (Mellot et al., 2001; Anseth et
al., 1994). Also, double bonds of same polymer chains might react
together forming primary cycles that are not part of the network.
As a result the hypothetical network structure can be described
by a combination of microgel domains with complete conversion
of double bonds and regions with light or no crosslinking. During
incubation, these primary cycles and unbound chains are free to
leach out of the network resulting in the polymer loss observed.

Table 1
% Initial polymer weight fraction (f,;) and polymer weight loss ratio (LR) of UV- and
redox-cured hydrogels

Crosslinking method [Polymer] (%) i LR

uv 10 0.10 0.99 (0.14)
15 0.16 0.95 (0.06)
20 0.22 0.94 (0.04)

Redox 10 0.13 0.80(0.14)
15 0.19 0.81(0.04)
20 0.26 0.80(0.07)

Mean (standard deviations), n=6.

However, the mass loss observed from redox initiation should not
impose any limitation for the use of this technique because PVA
as a low MW water-soluble polymer has a high rate of elimination
from the body and minimal adverse biological reactions have been
associated with PVA (Yamaoka et al., 1995).

Furthermore, UV- and redox-cured hydrogels exhibited differ-
ences in their water uptake and structural properties. Table 2
presents the experimental values of the volumetric swelling ratio
(Q), the molecular weight between crosslinks (Mc), the mesh size
(¢), and the crosslinking density (). Q was greater for redox-cured
hydrogels. Monitoring the wet weight of hydrogels during incu-
bation time, it was observed that the wet weight of UV-cured
hydrogels was dropping and the % relative change in wet weight
was ~—10% as measured at equilibrium. Based on the measured
LR that suggested only a 5% polymer loss from UV-cured hydro-
gels, it can be inferred that the drop in wet weight is also due to
water loss. On the other hand, even though redox-cured hydrogels
had a polymer mass loss of ~20%, the 10 and 15 wt.% hydrogels had
a % relative change in wet weight in the order of 5%. Similarly, the
wet weight of 20 wt.% redox-cured hydrogels increased by 10%. This
increase in weight suggests an uptake of water by the redox-cured
networks. Another factor that had an influence on the volumet-
ric swelling ratio is the polymer concentration. Q decreased with
polymer concentration suggesting that a more concentrated net-
work looses less water in case of UV and swells more in case of
redox-cured hydrogels.

The theoretical M. for the PVA used in this study (seven
crosslinkers per chain) is 2000 g/mol. The calculated value of M.
(1914 g/mol) of the 10 wt.% UV-cured hydrogels was comparable to
this. However, as polymer concentration increased, M. decreased
from 1914 to 762 g/mol for UV cured and from 2801 to 1420 g/mol
for redox-cured hydrogels as shown in Table 2. The decrease in M
might be due to chain interactions and entanglements present in
more concentrated polymer solutions. Redox-cured hydrogels had
higher values of M. at all concentrations which can be related to
the inefficiency of the crosslinking method that caused a higher
polymer mass loss and therefore caused polymer chains to be
more physically distant in the network. Values of the mesh size
decreased as the polymer concentration increased. Similar correla-
tion between ¢ and the polymer concentration has been reported
in the literature (Hickey and Peppas, 1995; Cruise et al., 1998). Equi-
librium swelling studies showed that redox-cured hydrogels swell
more than UV-cured systems; subsequently the structural proper-
ties of the two systems were varied.

3.2. Release studies

Release studies were conducted to compare the effect of poly-
mer concentration and crosslinking methods on the release of
macromolecules from PVA hydrogels. All hydrogels exhibited an
initial release at time zero presumably due to the instantaneous
release of drug on the surface of the hydrogel. Values of burst % are
listed in Table 3. No significant difference was observed between
burst effects measured from networks of different polymer concen-
tration or crosslinking methods (p=0.06 and 0.9, respectively).

To be able to compare the experimental release to the theoretical
model, the burst effect had to be eliminated and the experimental
data was transformed as discussed in the method section. Fig. 2
is an illustrative example of the transformed experimental data
for 10% UV- and redox-cured hydrogels. Three parameters were
inferred including % total release, a characteristic or release time,
and experimental diffusion coefficient. Their values are listed in
Table 3.

Values of diffusion coefficients decreased with increase in
polymer concentration (p<0.0001) and were greater for redox-
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Table 2

Volumetric swelling ratio (Q), molecular weight between crosslinks (M. ), mesh size (¢), and crosslinking densities () of UV- and redox-cured hydrogels

Crosslinking method [Polymer] (%) Q M. Z(A) 0 (x10~4 mol/cm3)
uv 10 10 8(1.0) 1914 94 6.6
15 .0(0.3) 1114 62 1.4
20 5(0.3) 762 48 16.6
Redox 10 11 .8(2.1) 2801 117 4.5
15 0(0.2) 1815 83 6.9
20 6(0.9) 1420 69 8.9
1.21 o 1.E-06 7
@
0
¢ ey ~
& ‘%9% i g e £ X
O U H I
s ) i
* t
x
) X 1E07 3
c
- 2
o
£
@
[=]
(8]
c
2 1E08 , : .
}l::, 20 60 100 140
0 05 1 15 2 25 3 35 4 o Mesh Size (A)

sqrt(tt)

Fig. 2. Transformed amount released of FD20 from: (¢) redox and (¢) UV-cured 10%
hydrogels. The solid line represents theoretical release from a cylinder.

cured hydrogels (p=0.004). From the equilibrium swelling studies,
increasing the solid content resulted in networks of higher
crosslinking density and lower mesh sizes (see Table 2). Since dif-
fusion of the solute occurs through the open spaces between the
macromolecular chains, release rate of the drug is expected to be
lowered as the mesh size is decreased. In addition, the higher dif-
fusion coefficients achieved from redox-cured hydrogels can be
explained by the higher mass loss observed from redox-cured net-
works that subsequently led to higher mesh sizes. Fig. 3 shows a
plot of the diffusion coefficients versus the mesh sizes. As expected,
experimental diffusion coefficient increased in direct proportion to
the calculated mesh size. This is in agreement with trends reported
in the literature (Hickey and Peppas, 1995; Peppas and Reinhart,
1983; Smith and Sefton, 1988; Reinhart and Peppas, 1984). How-
ever, while trends observed between diffusion coefficients and
mesh sizes or solute MWs can be drawn within one study, no
conclusion can be inferred when comparing different studies. This
restriction might be due to network properties such as PVA back-
bone and curing techniques.

The experimental release data were compared to a theoretical
model based on diffusion from an infinite cylinder. The theoreti-
cal diffusion coefficient was calculated according to Eq. (12). Fig. 4
shows experimental and theoretical D in relation to the polymer
concentration. Experimental values of D were lower than the theo-

Fig. 3. Diffusion coefficient (D) plotted in logarithmic scale versus the mesh size
of: (O) 10%, (&) 15%, and (¢) 20% UV-cured hydrogels, and (W) 10%, (a) 15%, and
(#) 20% redox-cured hydrogels. Error bars represent standard deviations calculated
from three runs.

1.E-0.64

1.E-0.77 %

1.E-0.8 T T T l
5% 10% 15% 20% 25%
[Polymer]

Diffusion Coefficient x 107 (cm? /sec)

Fig. 4. Diffusion coefficients plotted in logarithmic scale as function of polymer con-
centration. Experimental D of (a) redox, (A) UV-cured hydrogels and (W) theoretical
D calculated according to Davis model shown in Eq. (12).

retical values. This may be due to temporary interactions between
FD and the polymer, drug distribution and non-ideal nature of the
network. The Davis model does not take drug-polymer interac-
tions into consideration. FD contains hydroxyl groups and may form

Table 3
% Total release, total release time and diffusion coefficients of FD20 from PVA hydrogels
Crosslinking method [Polymer] (%) %Burst release % Total release Characteristic time (h) D (x107 cm?/s)
uv 10 5.19 (1.73) 49.3 (18.5) 12.0 (2.8) 2.92 (0.38)

15 7.83 (2.85) 404 (15.9) 15.5 (1.5) 1.95(0.20)

20 8.72(2.28) 41.2 (11.2) 42.7 (7.7) 1.07 (0.30)
Redox 10 5.30(2.33) 54.6 (9.0) 7.7 (0.7) 4.00 (0.45)

15 4.60 (1.36) 61.9(7.6) 13.6 (2.7) 2.17 (0.32)

20 5.42 (0.82) 68.3 (11.2) 23.7 (3.1) 1.30(0.19)

Mean (standard deviation), n=3.
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Fig. 5. % Release of FD20 from: (M) redox and (OJ) UV-cured 15 wt.% hydrogels. The
solid line is to guide the eye.

temporary H-bonding with the pendant hydroxyl groups of PVA
slowing down its diffusion rate. In addition, the model is based on
uniform distribution of the drug in the cylinder. No assessment has
been conducted to investigate if the loaded hydrogels are homoge-
neous.

As discussed previously network structure is based on average
crosslink densities (and mesh sizes) with considerable variation
expected due to polydispersity of the PVA backbone chains and
the statistical nature of functionalisation of the chains. Similar
deviation from theoretical diffusion coefficients has been reported
in the literature, and has been related to different factors such
as hydrodynamic friction (Leloup et al., 1990; Claeys and Arnold,
1989), solute-drug interaction and experimental artefacts such as
boundary layer resistance (Gehrke et al., 1997; Liu et al., 2001).
Furthermore, experimental diffusion coefficients of redox-cured
hydrogels were closer to the theoretical values than their corre-
sponding UV-cured hydrogels. This might be related to the lower
crosslinking density associated with the redox networks, and thus
less physical entrapment of the solutes is expected to occur in the
more open structure of these networks. Also, redox-cured hydro-
gels appeared to uptake water which facilitates the diffusion of
solutes, compared to UV-cured hydrogels that lost water and thus
might have slowed down solute diffusion.

Fig. 5 is an illustrative example of the % release of FD20 from
15 wt.% UV- and redox-cured hydrogels. The total release of model
drug (including the burst %) from the hydrogel system was in the
order of 40-50% from UV hydrogels whereas release from redox-
cured hydrogels was higher at between 55 and 70%.

Although the variability was higher between experiments, it is
clear that a higher percentage is released from redox hydrogels over
shorter time spans. To investigate whether the incomplete release
of the drug was due to size exclusion or interaction between the
drug and the polymer, a lower molecular weight drug, FD4 (FITC-
Dextran, 4 kDa), of same chemical and physical properties as FD20
was loaded in 10 and 15 wt.% UV-cured hydrogels. The experimental
release data were transformed as discussed in Section 2.

A higher percent release equivalent to 85% of FD4 loaded was
achieved from the 10 and 15 wt.% UV-cured hydrogel as compared
to 50 and 40% release of FD20 from the 10 and 15 wt.% UV-cured
hydrogels, respectively. Also, both hydrogels showed a character-
istic time of 7 h for release of FD4 while the characteristic time
for release of FD20 was ~12 and 15h from 10 and 15 wt.% hydro-
gels, respectively. The higher experimental diffusion coefficient
of FD4 calculated from the slope (9.43 x 10~7 cm?2/s for 10%, and
8.07 x 107 cm?/s for 15%) confirms its rapid release compared to
FD20. This result is in agreement with other studies that investi-
gated the effect of varying the MW of the solute on its release rate as
with the work of Burczak et al. (1994) where diffusion coefficients

decreased from ~5 x 10~7 to 6 x 10~8 cm?2/s as MWs of the solutes
increased from ~6 to 67 kDa. Hence, achieving higher release of
FD4 over a shorter period of time indicates that the higher MW
drug is more likely to be physically entrapped inside the network
rather than due to permanent interactions with the polymer. How-
ever, FD20 has a Stokes’ radius (33 A, as reported by the supplier)
smaller than the average mesh size of all hydrogel variants. The
physical exclusion observed is likely a result of the wide variation
of actual mesh sizes. Calculated mesh sizes are an average value of
the whole network comprising domains with different crosslink-
ing densities. These so called microgel domains (Scotchford et al.,
1998) can have mesh sizes small enough to entrap solute molecules
and restrict their diffusion. The large variation in the total amount
released, observed between experiments conducted on different
days (more so with UV-cured hydrogels), precluded detecting dif-
ferences between curing techniques (p=0.1486). This variation
might have occurred due to experimental errors such as variation
in the cylinder dimensions and error in the estimation of the loaded
amount of FITC-Dextran.

In a similar study by Bourke et al. (2003), release of platelet-
derived growth factor (PDGF) was assessed from UV-cured
hydrogels of comparable solid content. Release profiles and release
amounts of the growth factors were similar to the results obtained
in this study. In addition, the study showed that PDGF retained its
biological activity following its encapsulation and release. This sug-
gests that similar PVA networks can be potentially used as delivery
systems for the release of biologically active proteins.

4. Conclusion

In this study, structural and diffusional properties of PVA hydro-
gels cured by UV and redox initiation were characterised as a
potential biomaterial that can cure in situ and function as a drug
delivery system for the controlled release of macromolecules.

The results showed changes of parameters influencing the
crosslinking density of the polymer network such as the polymer
concentration, and the crosslinking method lead to the generation
of hydrogels of different structural properties and hence different
release kinetics. The duration of drug delivery from PVA hydrogels
can be varied from hours to ~2 days by increasing the solid content
in the network.

The crosslinking methods followed proved to be efficient in
preparing networks of controlled structural properties. However,
redox curing has the advantage of in situ curing following injection
of the aqueous macromer solutions with the drug dissolved within.
Redox initiation is of particular interest since it has the advantage
of in situ polymerization, and thus an appropriate technique for the
implantation of a delivery system into the body.
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