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a b s t r a c t

This study focused on the development and characterization of a starch-based polymer with urethane link-
ages to be used as a controlled drug delivery system for biomedical applications. Starch was modified with
2-isocyanatoethyl methacrylate in order to obtain a polymer containing carbon–carbon double bonds in
its structure. This modified starch was then used to produce films by UV irradiation using Irgacure® 2959
(CIBA) as the photoinitiator. The modified polymer was characterized by attenuated total reflectance-
eywords:
tarch
rug delivery
hotocrosslinking

Fourier transform infrared (ATR-FTIR) spectroscopy. The swelling capacity, in artificial lachrymal fluid
(performed both at room temperature and physiological temperature), and water contact angles mea-
surements were determined. The in vitro biodegradation in artificial lachrymal fluid supplemented with
lysozyme was also studied. Scanning electronic microscopy (SEM) was used to characterize the mor-
phology of the materials immediately after synthesis and after biodegradation. Timolol maleate and
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sodium flurbiprofen were
spectroscopically.

. Introduction

Conventional ocular therapy for the treatment of acute and
hronic diseases makes use of topical appliance of eye drops. This
ype of therapeutics represents nearly 90% of the marketed formu-
ations. Still, this kind of appliance has a limited efficacy that is
ue to several factors. One of the major limiting factors for drug
bsorption from the lachrymal fluid into the anterior chamber, after
ye drop administration, is the low permeability of the corneal
pithelium that results in a very low (around 5%) drug absorp-
ion by the cornea [1]. The remaining amount of drug flows with
ears through the upper and lower canalicully into the nasolachry-

al ducts [2] and consequently may cause unwanted systemic side
ffects [3]. The self-protective mechanisms of the eye, such as rapid
ear turnover, limit the absorption of the instilled drug in the eye
4]. In addition, application of ophthalmic drugs as drops results in
rapid variation in drug delivery rates to the cornea that limits the

fficacy of therapeutic systems [5].

In order to improve the patient compliance for delivering the
edications there is the need for finding some new implantable

evices which could deliver the drugs in a long-lasting controlled

∗ Corresponding author at: Departamento de Engenharia Química, Universidade
e Coimbra, Polo II, Pinhal de Marrocos, 3030-290 Coimbra, Portugal.
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obilized by adsorption and their in vitro release profiles were followed

© 2008 Elsevier B.V. All rights reserved.

anner [6]. Using this strategy, the drug loss associated with sys-
emic absorption would be minimized, and the resident time of
he drug in the tear film increased [7]. An alternative approach to
ptimize ophthalmic drug delivery is the adaptation of bioadhesive
ystems [8], namely mucoadhesive ones, which have been proved
o be successful in oral applications [9].

Bioadhesive delivery systems are designed to adhere to various
issue surfaces, mainly the mucosal epithelium, and can provide a
ocalized delivery of an active agent to a specific site in the body
uch as the eye [3]. Some authors have come to the conclusion that
ucoadhesion requires an expanded and hydrated polymer net-
ork [10]. In fact, according to Mulhbacher et al. [11] it is possible

o describe three factors involved in the process of bioadhesion.
he first is related to wetting and the swelling of the polymer, while
he second concerns to the interpenetration of the polymeric chains
ith mucin. Finally, the third is related to the establishment of weak
hysical bonds between mucin and polymeric chains. These last

nteractions can be ionic, Van der Waals or hydrogen bonds and
lthough they are, as said before, weak interactions individually,
hey can associate in a final strong adhesion phenomenon. Consid-
ring this description, the most suitable polymers to be applied as
ucoadhesive agents, will be hydrophilic macromolecules contain-
ng numerous hydrogen bond forming groups [12]. Polysaccharides,
eing naturally occurring biomolecules, seem suitable compounds
o develop this kind of systems, since they are well know as highly
ydrophilic as well as biodegradable and biocompatible. In addi-
ion, this kind of molecule can be modified to change its physical

http://www.sciencedirect.com/science/journal/01418130
mailto:hgil@eq.uc.pt
dx.doi.org/10.1016/j.ijbiomac.2008.06.002


3 Biolog

c
a
a
t
b
t
h

m
c
w
a
b
t
t
c
u
f
t

2

2

p
p
S
a
c

2

c
u
p
o
p
g
r
g
a
w
r
a
u
2
M
a
w
o
u

2
(

I
t
(
R
3
4

2
d

m
i
N
o
m
g
r
u

S

w
a
r
e

t
fi
s
L
t
t
s
w
i

2

q
m
w
c
t
f
J
0
p
w
r
r
a
w

M

w
i
m

w

2

26 A.P. Vieira et al. / International Journal of

haracteristics and, hence, improve its applicability for a specific
pplication. Among these, starch is one of the most abundant avail-
ble polymers obtained from natural products, and it was chosen
o perform this study. According to the results obtained previously
y other authors [10], it confers bioadhesive properties to the sys-
ems where it was incorporated (microspheres) due to its high
ydrophilicity.

During this work starch was modified with 2-isocyanatoethyl
ethacrylate and a polymer containing urethane linkages and

arbon–carbon double bonds was obtained. This modified starch
as crosslinked via UV irradiation using Irgacure 2959 by CIBA®

s the photoinitiating agent. The choice of this photoinitiator was
ased on previous studies that proved this compound to be well
olerated over a wide range of cell types and chemical concen-
rations [13]. Since the main goal of this work was to develop a
ontrolled drug delivery system for ophthalmic application, was
sed, two different drugs (timolol maleate and sodium flurbipro-

en) were incorporated in the synthesized matrix in order to study
he release kinetics.

. Experimental procedure

.1. Materials

Starch (St) and 2-isocyanatoethyl methacrylate (IEMA) were
urchased from Sigma–Aldrich Chemical Co. (Spain), and the
hotoinitiator Irgacure® 2959 (Ir2959) was obtained from Ciba
pecialty Chemicals Inc. All other chemicals and solvents were of
nalytical-grade and were used as supplied without further purifi-
ation.

.2. Starch modification and film preparation

St hydroxyl groups were modified by IEMA through the iso-
yanate groups present in IEMA, resulting in the formation of
rethane bonds. To protect the isocyanate groups, the reaction was
erformed in dimethyl sulfoxide (DMSO) and in the absence of
xygen [14]. Therefore, a 10% (w/v) DMSO St dispersion was pre-
ared and IEMA was added to the mixture. The ratio of OH:NCO
roups used was 3:2. The reaction was performed by constant stir-
ing of the reagents in a conventional two-neck round-bottomed
lass flask placed in a water bath at 60 ◦C for 24 h, under a nitrogen
tmosphere. When the reaction time ended, the resulting solution
as removed from the water bath and it was kept in the dark at

oom temperature. The photoinitiator (Ir2959) was then added in
percentage of 4% (w/w) of IEMA, and stirred until complete sol-
bilization. The resultant solution was irradiated for the period of
min by using a UV lamp (Model UVGL-48, Multiband UV, from
ineral light® Lamp). After this period of time, a film was obtained

s a result of St-IEMA UV curing. This film (St-IEMA-UV) was then
ashed with distilled water for 24 h and finally dried in a vacuum

ven at room temperature until constant weight. The dry film was
sed for the subsequent studies.

.3. Attenuated total reflectance-Fourier transform infrared
ATR-FTIR)

The modified starch (St-IEMA) as well as cured film (St-
EMA-UV) were analyzed by attenuated total reflectance-Fourier

ransform infrared (ATR-FTIR) on a Magma-IRTM Spectrometer 750
Nicolet Instrument Corp.), equipped with a Golden Gate Single
eflection Diamond ATR. Spectra were recorded on an average of
2 scans with a resolution of 4 cm−1 and in the frequency range of
00–4000 cm−1.

w
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i
v
t
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.4. Water sorption capacity and water contact angle
etermination

The water sorption capacity of the St-IEMA-UV film was deter-
ined by gravimetry. The dried samples were weighted (W0) and

mmersed in artificial lachrymal fluid (in g/L: NaCl 6.7, KCl 1.0,
aHCO3 2.0, CaCl2 0.08, pH 7.4 [15]) at either room temperature
r at 37 ◦C. The immersed polymers were removed at predeter-
ined time intervals, the water remaining on their surface was

ently wiped and the polymers were weighed until the equilib-
ium state was reached. The sorption capacity was calculated by
sing Eq. (1):

orption capacity = Wt − W0

W0
× 100 (1)

here Wt and W0 are the weight of the samples at time t in the
rtificial lachrymal fluid and the initial (dry) weight of the sample,
espectively. The experiment was carried out in triplicate. Data are
xpressed as mean ± standard error of the mean (S.E.M.).

During this work, water contact angle (WCA) measurements on
he surfaces were performed both for native St and St-IEMA-UV
lms. The average contact angle for each film were evaluated by
tatic contact angle (�) measurements and calculated with a Young-
aplace fit, using an OCA 20 from Dataphysics. The WCA referred in
his work was determined as the first stable contact of the drop with
he film’s surface. All the tests were performed on the air-facing
urfaces of the samples. Five measurements on different points
ere performed to calculate the mean static contact angle � and

ts standard deviation.

.5. In vitro biodegradation

Biodegradation of the St-IEMA-UV film was gravimetrically
uantified. It was performed in artificial lachrymal fluid, supple-
ented with 2 mg/mL lysozyme [16], at 37 ◦C for the period of 6
eeks. This incubation medium was chosen in order to simulate as

losely as possible the medium that the films would be subjected
o in vivo. The lachrymal fluid contains a large variety of proteins
rom which lysozyme is one of the primary proteins (reviewed by
ohnson and Murphy [17]). Its normal concentrations are between
.6 and 2.6 mg/mL, representing around 20–40% of the total tear
rotein (reviewed by Ohashi et al. [18]). The dried film samples
ere weighted and placed in the incubation medium. This was

efreshed twice a week. At predefined periods of time samples were
emoved, carefully wiped, dried in a vacuum oven at room temper-
ture and finally weighted (n = 3 for each time point). The mass loss
as calculated as expressed in Eq. (2):

ass loss (%) =
(

1 − Wt

W0

)
× 100 (2)

here Wt and W0 are the dry sample weight at time t and the
nitial weight of the sample, respectively. Data are expressed as

ean ± standard error of the mean.
One of the removed samples at the 4-week incubation period

as held in reserve for SEM analysis.

.6. Scanning electron microscopy (SEM)

In order to visualize the morphology of the prepared films, they

ere placed over carbon ribbon in an appropriated support and

hen covered with a copper thin layer. The analyses were performed
n a Scanning Microscope JSM–5310 from Jeol with an accelerating
oltage of 25 kV, and different magnifications were used to observe
he surfaces and the cross sections of the membranes.
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.7. Mercury intrusion porosimetry

The pore size distribution and total pore volume of the St-
EMA-UV film was determined by mercury intrusion porosimetry
Micromeritics, Model Poresizer 9320). The pore diameter was cal-
ulated according to the Washborn equation (Eq. (3)):

= −4� cos �

P
(3)

here P is the applied external pressure to intrude mercury, a non-
etting liquid, into the pores with diameter D, � is the surface

ension of mercury and � the contact angle between mercury and
olymer [19].

The pressures applied in the low pressure and high-pressure
omains were from 0.5 to 30,000 psi, respectively. These pressures
orrespond to pore sizes ranging from 360 �m and 6 nm. The con-
act angle of mercury with the St-IEMA-UV film was 140◦ and the
urface tension of mercury was 485 mN/m.

.8. Drug loading into St-IEMA-UV membrane

To perform the drug delivery studies, the 1 mm thick St-IEMA-
V membrane was cut into 9 mm diameter discs using a cork borer.
hese discs were vacuum dried at room temperature and used for
he following study. Drug loading was performed by a soaking pro-
edure, as described elsewhere [20,21]. In short, the samples were
mmersed either in 5 mL of timolol maleate or sodium flurbiprofen
queous solutions (0.5 mg/mL) for 3 days at 37 ◦C. The equilibrium
rugs concentrations in the outer solutions were measured by UV-
IS spectrophotometry at their maximum absorvance: 294 nm for
imolol and 247 nm for flurbiprofen, using a UV-VIS spectropho-
ometer (model V550, Jasco). The amount of drugs loaded by each
ample was calculated as the difference between the initial and the
nal concentrations in the surrounding solution. After loading, each
ample was quickly rinsed with distilled water and dried in a vac-
um oven at room temperature until constant weight. The loading
rocedure was performed in triplicate for each template drug.

.9. In vitro drug release and data treatment

Each previous loaded polymer disc was put in an individual vial
ith 5 mL of 0.9% NaCl aqueous solution. The vials were kept at a

7 ◦C water bath with gently constant stirring for the whole release
rocess. At predetermined time intervals, 0.5 mL of the release
edium was sampled and replaced with fresh 0.9% NaCl solution

o imitate the drainage by tears and maintain sink conditions. The
rug concentrations present in the samples were determined by
V-VIS spectrophotometry at their maximum absorvance. More-
ver, blank polymer discs (i.e., unloaded polymer discs) were also
repared and used as references. For each time point, their resid-
al absorvance was monitored. The difference in the absorvance
etween the loaded and the blank samples was used to calculate
he drug concentration in the release media [22]. Each data point
s the average of three cumulative individual measurements and
esults are expressed as mean ± standard error of the mean.

The drugs’ release kinetics study was based in the proposal of
itger and Peppas [23] where the quantity of drug release from the
olymeric matrix is analyzed according to the Eq. (4):

Mt = ktn (4)

M∞

here Mt is defined as the mass of released drug at time t, M∞ is the
ass of released drug at the equilibrium, k is a kinetics constant and
is the difusional exponent which is indicative of the release kinet-

cs order. In this equation Mt/M∞ represents the fractional release

o
p
m
a
f
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f the drug normalized with respect to the equilibrium conditions
24].

Eq. (4) has been frequently used in the literature as it gives
nformation on difusional mechanism. The value n = 0.5 indicates
Fickian diffusion process and n = 1 indicates Case II transport in

nomalous diffusion. In the representation of ln(Mt/M∞) vs. ln t, a
inearity must be observed until values of the fraction Mt/M∞ ≤ 0.60
first 60% of the release data), and n and k are got from the slope
nd the intercept, respectively.

In this condition, Fick’s diffusion is characterized by t1/2 – time
ependence of the solute release [25]. Fick’s second law may be
ritten as

Mt

M∞
= 4

(
D

� �2

)1/2
t1/2 (5)

here k = 4 (D/�l2)1/2, D is the diffusion coefficient and l is the
olymer thickness.

. Results and discussion

.1. Synthesis and ATR-FTIR analysis

A photocrosslinkable polymer based on starch was synthesized
y reacting part of its hydroxyl groups with 2-isocyanatoethyl
ethacrylate. This reaction resulted in the formation of urethane

roups and allowed the insertion of terminal carbon–carbon double
onds in starch structure.

The formation of the urethane groups was monitored by ATR-
TIR by detection of the bands at 3361 cm−1 (N–H hydrogen bonded
tretching) and at 1560 cm−1 (C–N stretching and N–H bending
rom urethane group) (Fig. 1).

Fig. 1 shows that the band correspondent to the isocyanate
roups present in the IEMA spectrum at 2260 cm−1, was no longer
etected at the one of the St-IEMA, meaning that all the isocyanate
roups had reacted with the starch OH groups.

The presence of the carbon–carbon double bonds in the mod-
fied starch was also confirmed by visualization of the bands at
676 cm−1 and 822 cm−1.

The modified starch was then photocrosslinked by UV irradia-
ion using Ir2959 as a photoinitiator. The scheme representing the
hemical reactions involved throughout the synthesis process is
resented in Fig. 2.

An ATR-FTIR analysis was also performed to the pho-
ocrosslinked polymer. The resultant spectrum is presented in
ig. 3.

The main difference registered between the ATR-FTIR spectra
erformed before and after UV irradiation is the decrease in the

ntensity of one of the bands correspondent to the carbon–carbon
ouble bonds (1676 cm−1) and total disappearance of the other
822 cm−1). These factors suggest that although the crosslinking
eaction was extensive after 2 min of irradiation, some double
onds were still present in the polymer structure.

.2. Water sorption capacity and water contact angles

The swelling capacity of a polymer is a determinant parameter
hen they are designed for biomedical applications and bioadhe-

ive systems are no exception. The swelling behaviour of systems
ased on mucoadhesive polymers has a significant influence on
everal of their properties, like adhesiveness, stability and release

f incorporated drugs [26]. The water uptake ability of hydrophilic
olymers is partially responsible for their strong adhesion to the
ucosa. This fact is based on the contribution of several effects like

bsorption, swelling and capillary effects that lead to a water flux
rom the underlying tissue to the polymer [27].
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Fig. 2. Schematic representation of the chemical reactions involved in the film
preparation. In a first step St is modified with IEMA resulting in the introduction
of carbon–carbon double bonds in its structure. After this modification, Ir2959 was
added to the solution that was finally subjected to UV irradiation resulting in the
formation of a film (St-IEMA-UV).
ig. 1. ATR-FTIR spectrum obtained for starch (St) and modified starch (St-IEMA)
olutions in DMSO (10% m/v) as well as for 2-isocyanato-ethyl methacrylate (IEMA).

The swelling capacity of the synthesized films was evalu-
ted at two different temperature values (room temperature and
7 ◦C) in artificial lachrymal fluid. Both assays suggested that the
rosslinked polymeric material presented a hydrophilic character,
eaching a maximum weight increase of 78.8 ± 2.2% at room tem-
erature (approximately 25 ◦C) and of 90.6 ± 2.1% at 37 ◦C (Fig. 4).
he obtained values revealed a statistically significant difference
etween the two experimental conditions (p < 0.05; unpaired two-
ailed Student’s t-test).

The polymer may therefore be classified as a hydrogel. This
ifference between swelling values when measurements are per-
ormed at different temperatures was stated by other authors when
orking with other polysaccharides (chitosan and sodium algi-
ate) based drug delivery systems [28]. The same authors obtained
igher swelling values at 37 ◦C than at 25 ◦C. This difference was
ttributed to the higher kinetic energy of water molecules mov-
ng inside the polymer matrix. However, when starch is concerned,
he interactions between the chains that are present in its struc-
ure should also be considered. It is known that when starch

olecules are placed in warm water, their crystalline structure may
e disrupted. This phenomenon allows water molecules to link by
ydrogen bonding to hydroxyl groups of amylose and amylopectin
hich become exposed and causes an increase in swelling. Both fac-
ors can influence swelling capacity dependence with temperature
f starch-based materials.

The polymers hydrophilicity was also confirmed by the
easurement of the water contact angles. The WCA for the

Fig. 3. ATR-FTIR spectrum obtained for the modified starch (St-IEMA) solution (10%
in DMSO) and for the totally dry crosslinked St-IEMA film (St-IEMA-UV) after rinsing
with distilled water.
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ig. 4. Swelling capacity of St-IEMA-UV films at two different temperature values:
oom temperature (�) and 37 ◦C (�) in artificial lachrymal fluid. Data are expressed
s mean ± S.E.M. (n = 3).

ative St film was 59.6◦ ± 3.6, while the WCA for the St-
EMA-UV film was slightly higher, 71.2◦ ± 1.5. This means that
ven though the hydrophilicity of the modified starch film was
ecreased by the synthesis method, the polymeric matrix remains
ydrophilic. This property is a very important one as previously
xplained.

.3. In vitro biodegradation

The findings describing the degradation process of polymeric
iomaterial are of significant importance in the estimation of its

ifetime within the body. Furthermore, it may regulate the release

rofile of the incorporated drugs.

The degradation of the film was evaluated as mass loss (%) by
ravimetric method (weight measured in the dry state) when incu-
ated in lachrymal fluid supplemented with lysozyme, at 37 ◦C.
ccording to the obtained results, it was possible to verify that

e
t

(
m

ig. 6. SEM images obtained for the surfaces of St-IEMA-UV film and for St-IEMA-UV film
ysozyme.
ig. 5. Mass loss (%) of the St-IEMA-UV film incubated in artificial lachrymal fluid,
upplemented with 2 mg/mL lyzosime, at 37 ◦C. Data are expressed as mean ± S.E.M.
n = 3).

iodegradation of the samples remains almost constant during
xperimentation time (Fig. 5).

In fact, weight loss of the samples was registered as being near
% trough the 6 weeks that they were kept in incubation medium. If
tandard error is considered, there are no significant statistical dif-
erences between degradation values along time. This means that
iodegradation of the synthesized films occurs almost exclusively
uring the first 48 h of incubation.

The possible degradation mechanisms in this system are hydrol-
sis and enzymatic degradation. Nonetheless, the degradation of
he St-IEMA-UV film is proposed to be due to hydrolysis, as the
nzyme present in the incubation medium has no specificity for

he �-d-glucosidic linkages of starch.

The morphology of the surface of the synthesized membrane
St-IEMA-UV) was observed by SEM (Fig. 6A and B) at different

agnifications. Using SEM, it is possible to visualize morphologic

after 4 weeks incubation in artificial lachrymal fluid, supplemented with 2 mg/mL
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etails in samples with no accuracy loss. The membrane showed
ome roughness at the surface with holes and a few cavities. Indeed,
his texture gave evidence of the porosity of the material.

This technique allowed also the visualization of the variation
n the integrity of the membrane structure after biodegradation.
rom the analysis of Fig. 6 (C and D) one can clearly see the pores
ize increasing due to the degradation process. The presence of
ysozyme in the incubation medium, did not affect the degrada-
ion behaviour. This finding is in accordance with the gravimetric
tudy.

.4. Drug loading capacity

St-IEMA-UV membranes were loaded with timolol and flur-
iprofen at 37 ◦C. Their loading capacity is represented in Fig. 7. It

as found that the amount of different loaded drugs is very similar,

round 4.7 mg/mg dry polymer. This observation suggested a com-
arable number of loading sites within the matrix, possibly due to
he interactions capability with drugs and conformational features
f the membrane networks.

u
i
m

Fig. 8. Surface SEM images of St-IEMA-UV membrane without drug load
ig. 7. Drugs adsorption capacity into St-IEMA-UV membrane. Three-day incubation
n 0.5 mg/mL flurbiprofen or timolol at 37 ◦C.
Morphological analysis was also performed on the loaded and
nloaded films by scanning electronic microscopy (Fig. 8). SEM

mages showed an evident topologic modification of the film
embrane surface after the drugs incorporation. The superficial

ing (A–B), and loaded with timolol (C–D) and flurbiprofen (E–F).
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ig. 9. Mercury intrusion porosimetry. Pore size cumulative volume distribution
urve of the St-IEMA-UV membrane without any treatment (control) or drug loaded.

oughness deformation was perfectly visible, not only in size but
lso in the amount of holes. The morphology was alike for both
rugs. Films’ surface became smoother and with less porosity in
omparison to the unloaded film (Fig. 8A and B). Furthermore, some
mall granular-shaped particles could also be seen. However, the
imolol loaded membrane surface (Fig. 8C and D) seemed to have
igger holes in relation to the flurbiprofen loaded one (Fig. 8E and
).

In addition to the topography study, the porosity of the mate-
ial was analyzed by mercury intrusion porosimetry. Porosity is

very important factor that controls the swelling drug release
ehaviour. These features depend upon the penetration of the
queous medium into the pores of the material. The pore size dis-
ribution is presented in Fig. 9. The St-IEMA-UV film exhibited most
f its pores sized about 10 �m of diameter.

The material showed 33.81% of total porosity, whereas loaded
amples demonstrated to have a considerably lower porosity.
n fact, the porosity observed was 24.12% and 20.86% for timo-
ol and flurbiprofen loaded membranes, respectively. Despite the
eduction of total pore volume, the drugs incorporation into the
rosslinked matrix caused an increase of small pore size volume as
ell. These quantitative findings were consistent with the qualita-

ive SEM observation.

.5. Release profiles of drugs

It was our purpose to study the behaviour of our drug release
ystem in a simulated ocular environment. In this way, the loaded
amples were placed in release medium imitating lachrymal fluid
0.9% NaCl solution) at 37 ◦C. The normalized fractional release of
rugs plotted versus of time is shown in Fig. 10. It could be seen
hat both drugs obtained a similar steady-state velocity. However,
he difference in the initial drugs release kinetics must be stressed.
lurbiprofen revealed to have faster release kinetics than timolol.
ccording to Tuovinen et al. [29] similar timolol release profile was
btained for starch–acetate microparticles. To a first approximation
t may be considered that this initial fast release was probably due
o the fraction of drugs which were adsorbed or weakly bond to the
urface area of the membrane .

The drugs diffusion processes were studied according to Eq. (4)
or the first 60% drug release data. It was observed that timolol
elease was a Case II diffusion with n value close to 1 (n = 0.96;
2
 = 0.98). In the words of Alvarez-Lorenzo et al. [21] the release pro-
le of timolol from crosslinked hydroxyethyl methacrylate (HEMA)
ydrogels was found to be slow with a n value characteristic of
non-Fickian, anomalous transport. These authors ascribed this

nding to a possible increase in hydrogen bonds with the hydroxyl
[

ig. 10. Release profiles of timolol (×) and flubiprofen (©) in 0.9% NaCl solution at
7 ◦C from loaded St-IEMA-UV membranes. Results are expressed as mean ± S.E.M.
n = 3).

nd/or amino groups of timolol. On the other hand, the diffusion
rocess of flurbiprofen from St-IEMA-UV film gave evidence for a
ickian diffusion process with a n value of 0.56 (r2 = 0.98).

The drug diffusion through the polymeric matrix seems to be
he rate-limiting step. Indeed, from the degradation studies one
an take for granted that the matrix degradation is negligible and
an be out of conjecture. The diffusion coefficients found confirm
he delayed release of timolol (2.38 × 10−9 cm2/s) in comparison to
urbiprofen (15.34 × 10−9 cm2/s).

Nevertheless, this polymeric system showed a sustained release
rofile for both template drugs for several weeks and seems useful
or therapeutical system.

. Conclusion

The proposed photocrosslinked starch-based polymer with
rethane linkages has demonstrated to be a biocompatible and
iodegradable hydrogel. The differences observed were related
nly to the degradation profiles. In what morphology is concerned,
t-IEMA-UV polymer demonstrated a rough and porous morphol-
gy. Best possible conditions were obtained for drug loading and
elease. It was possible to verify that the drugs’ incorporation
nto the polymer matrix was mainly controlled by the swelling
ehaviour of the polymer, rather than the different characteristics
f each drug. In addition, the drug loading led to a pore size decrease
f the polymeric network, as well as smoother surface morphology.
rug release studies proved to have different difusional behaviours.
imolol revealed to be a Case II difusional anomalous process,
hereas flurbiprofen diffusion was a typical Fickian release pat-

ern. However, diffusion of both drugs from the polymeric matrices
eems to be the main driving force of the release pattern.

Despite the differences in the release profiles of the drugs tested,
he polymeric material synthesized in this work may therefore be
onsidered a promising biomaterial for use in ophthalmic applica-
ions as sustained drug delivery system.
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