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bstract

Adhesives provide a needle-free method of wound closure and do not require local anaesthetics. Polymeric adhesives have been used for about
decades for joining several tissues of the organism. Also, they can accomplish other tasks, such as haemostasis and the ability to seal air leakages

nd have the potential to serve as delivery systems.
PCL was modified with 2-isocyanatoethylmethacrylate to form a macromer that was crosslinked via UV irradiation using Irgacure 2959 by

IBA® as the photoinitiating agent. The characterization of the materials was accomplished by: attenuated total reflectance–Fourier transform
nfrared (ATR-FTIR), swelling capacity determination, evaluation of adhesive capacity (by reaction with aminated substrates) and determination of
urface energy by contact angle measurement. Thermal characterization of the adhesive was performed by dynamical mechanical thermal analysis

DMTA) and thermogravimetric analysis (TGA). The morphology of PCL networks was observed using scanning electron microscopy (SEM) both
fter crosslinking process and following biodegradation in human plasma.

The haemocompatibility of the membranes was also evaluated by thrombosis and haemolysis tests.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Although suturing remains the most common method of clos-
ng wounds, topical skin adhesives are increasingly being used
y health professionals to replace sutures, staples and adhesive
trips in the fields of trauma, plastic and other surgeries, emer-
ency medicine and paediatrics. They represent a fast and less
raumatic closure method that includes less pain and for that
eason does not require anaesthesia and also eliminate the prob-
em of suture removal. Another advantage of bioadhesives is the
act that they usually allow obtaining excellent cosmetic results.
issue adhesives also present the potential to serve as deliv-

ry systems and can be engineered for slow, localized release of
edications, such as pain treatment drugs, antibiotics (Fujimoto

t al., 1997) or chemotherapy treatment. They can be used as
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ehicles to growth factors (Zarge et al., 1997), and actual cell
ines to assist on healing, namely, in poorly healing tissues like
artilage (Hoemann et al., 2005).

Surgical adhesives must obey some clinical requirements.
hey must hold the two sides of the tissue together, until it is
o longer necessary, and then they should be degraded to bio-
ompatible products (Lipatova, 1986). Also, an adhesive would
deally present the ability to cure in a moist environment.

The most used surgical glues nowadays are the fibrin
ased adhesives (Silver et al., 1995; Dunn and Goa, 1999)
nd cyanoacrylates (Leahey et al., 1993; King and Kinney,
999). The fibrin based adhesives present several problems, e.g.
mmunogenicity and risk of blood transmission diseases such as
IV and BSE. On the other hand, cyanoacrylates have been

eported to degrade in aqueous media to produce formalde-
yde, which causes inflammation and has got carcinogenicity

otential.

Other options are now coming into light, and among the syn-
hetic materials, urethane-based adhesives have been considered
o be quite promising for this application. However, although

mailto:pcnferreira@gmail.com
dx.doi.org/10.1016/j.ijpharm.2007.10.026
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everal studies have already been conducted by other authors
Lipatova, 1986; Sheikh et al., 2001) and also by us in trying
o develop urethane pre-polymers to be applied as bioadhesives,
hese have proved that despite the good adhesion results, the
uring time is too long to face surgical demands. UV curable
dhesives offer major advantages compared to pre-polymers sys-
ems, such as fast-curing rate, control of the polymerization heat
volution and are ideal for application to weakened and diseased
issue (Benson, 2002).

Kao et al. (1997) have prepared ultraviolet (UV) irradiation
urable bioadhesives based on N-vinylpyrrolidone. Although
hese adhesives presented suitable adhesive strength, the UV
nduced setting time was of approximately 3 min, which is a
alue that should be improved when surgical applications are
oncerned.

In this paper we wish to report the synthesis of ure-
hanes based on polycaprolactone diol (PCL). PCL consists on
emi-crystalline linear biodegradable aliphatic polyester. The
iodegradability of this compound is based on the susceptibility
f its aliphatic ester linkage to hydrolysis and its products of
egradation are either metabolised by being included in the tri-
arboxylic acid cycle or eliminated by renal secretion (Kweon
t al., 2003). This polymer has been used in several medi-
al applications already approved by the US Food and Drug
dministration (Bezwada et al., 1995; Darney et al., 1989).
owadays, PCL is being applied not only in the development
f drug delivery systems (Giavaresi et al., 2004), and resorbable
utures (Tomihata et al., 1998), but also as a material for tissue
egeneration (Sarasam and Madihally, 2005).

In this work, PCL was modified with 2-isocyanatoethy-
methacrylate to form a macromer that was easily crosslinked via
V irradiation. Irgacure 2959 by CIBA® was used as the pho-

oinitiating agent since it was proved to be well tolerated over a
ide range of cell types and chemical concentrations (Williams

t al., 2005).

. Experimental procedure

.1. Materials

Hydroxyl end functionalized PCL diol (Mn ≈ 530), 2-
socyanatoethyl methacrylate (IEMA) and diethyl ether were
urchased from Sigma/Aldrich Chemical Company (Spain) and
sed with no further treatment.

Human plasma was kindly supplied by the Coimbra Univer-
ity Hospital in the fresh frozen state in which was kept until
se.

Rabbit venous blood used in haemocompatibility studies was
olleted in polypropylene tubes with a 9:1 blood acid citrate
extrose (ACD) solution (ACD, 1995) ratio and was used imme-
iately after collection.

.2. Synthesis of the macromers
PCL macromers containing urethane groups were synthe-
ized by modification of hydroxyl end functionalized PCL
iol with IEMA. The ratio of NCO:OH groups used was 2:1

r
a

b
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nd the chosen solvent was diethyl ether because of its high
olatility.

The reaction was performed by stirring the two components
n a conventional two neck round-bottomed glass flask, in the
bsence of air (under a nitrogen atmosphere), and refluxing the
olvent. The flask was placed in a water bath at the temperature
f 40 ◦C. The ATR-FTIR technique showed that after 24 h of
eaction all the NCO groups of the isocyanate had reacted with
he PCL hydroxyl groups resulting in the formation of urethane
roups. All these analysis were performed on a Magma-IRTM

pectrometer 750 from Nicolet Instrument Corp., equipped with
Golden Gate Single Reflection Diamond ATR. Spectra were

ecorded on an average of 128 scans at a resolution of 4 cm−1.

.3. Synthesis of the crosslinked networks by UV irradiation

The crosslinked networks were prepared by photocrosslink-
ng with ultraviolet (UV) irradiation and using Irgacure 2959 by
IBA® as the photoinitiating agent.

The photoinitiator was added to the macromer solution in a
ercentage of 4% of the number of moles of the IEMA. The
ddition of the compound was done while the glass flask was
till inside the water bath at 60 ◦C. The mixture was kept in
eflux and in stirring conditions until complete solubilisation
f Irgacure 2959. The resultant solution was removed from the
ater bath and was irradiated for the period of 60 s by using a
V lamp (Model UVGL-48, Multiband UV, from Mineral light®

amp). After this period of time, a membrane was obtained.

.4. Water sorption capacity

Three samples of crosslinked polymer were primarily dried
ntil constant weight at 60 ◦C under vacuum conditions. The
eight of the dried sample was obtained (Wd). These samples
ere then placed in a container with a saturated solution of
entahydrated copper sulphate and were weighted at different
imes until a maximum weight was achieved (Ws). The swelling
atio was evaluated by using Eq. (1).

welling ratio (%) =
(

Ws − Wd

Wd

)
× 100 (1)

.5. Evaluation of adhesive capacity – reaction with
minated substrate

In order to evaluate the binding capacity of the macromer,
t was applied in the form of a solution containing the pho-
oinitiator and placed between gelatine sheets that present a
reat amount of amino groups and therefore simulate the living
issues. The gelatine pieces dimension was of 1.5 × 3 cm and
hey were overlapped in 1 cm in which the adhesive was placed.
he glued gelatine films had the final dimensions of 1.5 × 5 cm

n total. They were then irradiated using the same conditions
escribed for the synthesis of the crosslinked networks (60 s UV

adiation). The macromer was therefore crosslinked between the
minated substrates.

The gelatine sheets were then subjected to the “pull to
reak” test, using a Chatillon TCD 1000 (Lloyd InstrumentsTM,
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metek, USA). The pulling velocity was 20 mm/min, and the
istance between the probes was established at 1 cm. The assays
ere carried out at room temperature. The software program

oupled to the apparatus registered the force and length varia-
ion. The tests terminated with the fracture of the gelatine sheets
r their separation in case adhesion failed to occur. A gelatine
heet with no treatment (1.5 × 5 cm) was also subjected to the
ame test in order to act as a negative control.

.6. Scanning electron microscopy (SEM)

In order to allow the visualization of the crosslinked net-
orks, the membranes were placed over carbon ribbon in an

ppropriated support and then covered with a copper thin layer.
hen cross section visualization was pretended, the membranes
ere cooled in carbon dioxide (high pressure) and once their Tg
as reached, they were easily fractured.
The analyses were performed in a Scanning Microscope

SM–5310 from Jeol and different magnifications were used to
bserve the surfaces and the cross sections of the membranes.

.7. Thermal properties

Thick specimens (15.20 × 7.45 × 1.10 mm) were analysed
y dynamical mechanical thermal analysis (DMTA). A Triton
ritec 2000 analyser was used in the constrain layer damping
ode, with a standard heating rate of 2 ◦C min−1, in multifre-

uencies mode (1, 3, and 10 Hz) and a displacement of 0.05 mm.
he glass transition temperature (Tg) was determined as the peak

n tan δ (tan δ = E′′/E′) where E′′ and E′ are the loss and stor-
ge modulus, respectively, derived from DMTA. The differential
canning calorimetry (DSC) curves were also obtained at a heat-
ng rate of 2 ◦C min−1 in a TA Q100 from thermal analysis. The
hermo gravimetric analysis (TGA) was carried out in a SDT
600 from thermal analysis again at a 2 ◦C min−1 heating rate.
oth DSC and TGA were performed in nitrogen atmosphere at
flow rate of 100 mL min−1.

.8. Biodegradation in human plasma

Biodegradation studies were carried out in human plasma for
he period of 6 weeks. Each membrane was primarily dried in
acuum conditions and its weight was registered. They were
hen placed inside glass tubes and 1 mL of plasma was added
o each one of them. All the tubes were then closed and incu-
ated at 37 ◦C. At predefined periods of time (48 h, 1, 2, 4 and
weeks) three samples were removed from plasma, cleaned

nd dried again under vacuum. Their weight was registered in
rder to calculate mass variation. One of the removed samples
t the 6 weeks incubation period was held in reserve for SEM
nalysis.

.9. Determination of surface tension and surface energy
It is widely recognized that surface energy is an important
arameter affecting polymers adhesion, material wettability and
ven biocompatibility (Kwok et al., 2005).

w
T
h
w

Pharmaceutics 352 (2008) 172–181

The measurement of contact angles is considered the most
onvenient method for determining the surface free energy of
olid samples. This technique relies on the determination of the
nteractions between the solid sample of interest and liquids with
ell-determined surface tensions.
According to Owens, Wendt, Rabel and Kaelble, the inter-

acial tension can be divided in two components: dispersive
nteractions and polar interactions (Owens and Wendt, 1969).
olar interactions contain Coulomb interactions between per-
anent dipoles and the ones between permanent and induced

ipoles. The interactions caused by time fluctuations of the
harge distribution within the molecules are called dispersive
nteractions.

During this work, surface energies of the crosslinked poly-
er and a gelatine sheet were evaluated, by static contact angle

θ) measurements in an OCA 20 from Dataphysics in order to
ompare them with the ones obtained from literature for skin and
lood. All the tests were performed on the air-facing surfaces of
he samples with four liquids: water, formamide, ethylene gly-
ol and propylene glycol using the sessile drop method. Nine
easurements on different points were performed to calculate

he mean static contact angle θ and its standard deviation.
The dispersive γD

S and polar γP
S components of the urethane as

ell as the one of the gelatine sheets were determined according
o the Owens–Wendt–Rabel and Kaelble relationship.

However, the adhesive will be in the liquid form when applied
nd before photoirradiation. Therefore, surface tension of the
iquid adhesive was also determined by the Young–Laplace

ethod using the same apparatus employed during surface
nergy determination. The measurement was performed by
nalysing the profile of an adhesive drop in contact with air
rough time and by applying Laplace–Young equation.

.10. Haemocompatibility

The haemocompatibility was evaluated in vitro according to
he International Standard Organization 10993-4 (ISO, 1999)
nd both the thrombogenicity and haemolytic potential of the
rosslinked networks were evaluated.

.10.1. Thrombogenicity
The evaluation of thrombus formation on three samples of

he membranes surfaces was carried out using the gravimet-
ic method of Imai and Nose (1972). Anticoagulated rabbit
lood was used for this purpose. This sample was prepared by
dding 1 mL of ACD solution to 9 mL of fresh rabbit blood.
efore performing the tests, the membranes were immersed in
BS solution (phosphate buffered saline pH 7.4) at a constant

emperature of 37 ◦C. After 48 h of incubation, the PBS was
emoved and the ACD blood was placed in contact with the sur-
ace of the polymers and also with an empty Petri dish, which
cted as a positive control. Blood clotting tests were initiated
y adding 0.02 mL of a 0.10 M calcium chloride solution and

ere stopped after 45 min by the addition of 5 mL of water.
he resultant clots were fixed with 5 mL of a 36% formalde-
yde solution and were then dried with tissue paper and finally
eighted.
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.10.2. Haemolytic potential
The haemolysis tests were performed as described in Amer-

can Society for Testing and Materials (ASTM, 2000). Three
amples of the membrane (21 cm2) were placed in polypropy-
ene test tubes and 7 mL of PBS were added. After 72 h
f incubation at 37 ◦C, the PBS was removed and 1 mL of
iluted ACD rabbit venous blood (9.02 mg/mL) was added to
ach sample. ACD blood was also added both to the PBS
xtraction solution and to three samples of the same mem-
ranes with no previous treatment with PBS and they were
ll maintained at 37 ◦C for 3 h. Positive and negative con-
rols were prepared by adding the same amount of ACD
lood to 7 mL of water and PBS, respectively. Each tube
as gently inverted twice each 30 min to maintain contact
f the blood with the material. After incubation, each fluid
as transferred to a suitable tube and centrifuged at 2000 rpm

or 15 min. The haemoglobin released by haemolysis was
easured by the optical densities (OD) of the supernatants

t 540 nm using a spectrophotometer UV–vis (Jasco V-550).
he percentage of haemolysis was calculated as described in
q. (2).

Haemolysis =
(

ODtest − ODnegative control

ODpositive control − ODnegative control

)
×100

(2)

. Results and discussion

.1. Synthesis

A macromer based on polycaprolactone was synthesized by
eacting its hydroxyl groups with 2-isocyanatoethyl methacry-
ate. This reaction resulted in the formation of urethane groups.

ratio of 2/1 of NCO/OH groups was used to ensure that
he urethanes would end up with terminal carbon double
onds.

The formation of the urethane groups was monitored by ATR-
TIR by detection of the bands at 3378 cm−1 (N H hydrogen
onded stretching) and at 1525 cm−1 (C N stretching and N H
ending from urethane group) (Fig. 1).

It was also observed that all PCL hydroxyl groups reacted
ith the NCO groups of the isocyanate since the band that corre-

ponded to the OH groups (3492 cm−1) was no longer detected in
he macromer spectra. The band correspondent to the isocyanate
roups that was possible to visualize in the IEMA spectrum was
o longer detected at the one of the urethane, meaning that all
he isocyanate groups reacted with the PCL. The presence of the
arbon double bonds in the modified PCL was also confirmed
y the visualization of the bands at 1637 and 814 cm−1.

The macromer was then photocrosslinked by UV irradia-
ion using Irgacure 2959 as a photoinitiator. The scheme of the
eactions is presented in Fig. 2.
An ATR-FTIR analysis was also performed to the crosslinked
olymer. The resultant spectrum is presented in Fig. 3.

The main difference registered between the ATR-FTIR spec-
ra performed before and after UV irradiation is the absence of

c
T
f
p

ig. 1. ATR-FTIR spectrum obtained for the PCL modified with IEMA in liquid
tate (before UV irradiation).

he carbon double bonds band in the irradiated polymer. The dis-
ppearance of this band suggests that the crosslinking reaction
as complete after 60 s of irradiation.

.2. Water sorption capacity

The swelling capacity of a polymer is a very important
arameter when biomedical applications are pretended. When
polymer presents high swelling values when placed in vivo,

ide effects, such as compression of vascular structures or even
ard tissues such as bone tissue may be observed (Torchiana,
003). This phenomenon can lead to a deficient healing process
nd possible secondary effects such as infections and inefficient
icatrisation.

The swelling ratio (%) was calculated for the prepared mem-
rane and the obtained value was 3.22 ± 0.26%. Considering the
esults obtained when this parameter was evaluated, one could
onclude that the percentage of polymer swelling was very low.

herefore, it is possible to suggest that the volume increase suf-

ered by the synthesized urethane will not prevent its use for the
retended purpose.
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.3. Evaluation of adhesive capacity – reaction with
minated substrate
The binding capacity of the adhesive was determined by plac-
ng it between gelatine sheets. These were then irradiated with

ig. 3. ATR-FTIR spectrum obtained for the crosslinked PCL-IEMA (after UV
rradiation).
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actions involved in the membrane synthesis.

V light for 60 s and then subjected to the binding strength test
hich were programmed to end either with the fracture of the
elatine sheets or their separation if adhesion failed to occur. A
ample of gelatine alone was also tested and acted as the control.
he values of the maximum force were registered. For control
elatine sheet the fracture occurred at 79.0 ± 3.6 N and for glued
elatine at 70.7 ± 2.5 N.

The results obtained with this test indicate that the urethane
as able to bind the two gelatine sheets together since the break
ccurred in one of the gelatine pieces without compromising
he glued section. In fact, the break occurred with almost no
longation and the maximum peak force obtained corresponds to
he force necessary to fracture the gelatine sheet itself (control).

.4. Scanning electron microscopy (SEM)

The SEM technique allows one to obtain high resolution
mages, which enables the visualization of morphologic details
ithout losing any accuracy during the analyses.

The synthesized membrane was examined using this tech-

ique and both its surface and its cross section were observed.
n Fig. 4(a and b) are presented the images obtained during this
nalysis at different magnifications.
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RT

(3)

where, f is the frequency of analysis, R is the gas constant,
Fig. 4. SEM images obtained for cross section of the synthesize

As visible in Fig. 4, the membrane presents a porous structure.
his porosity was confirmed to be uniform as can be seen in the

ower magnification image (a).

.5. Thermal properties

The DMTA technique has been intensely used and recognized
s a powerful tool to identify the materials thermal transition
ue to its extremely high sensibility. The main goal is to obtain
nformation about the mechanical and thermal properties of the

aterials by applying a sinusoidal load to a specimen and mea-
uring the resultant deformation, while the sample is subjected
o a controlled temperature programme.

During this work, the analyses were carried out in the con-
train layer damping mode, which was previously used by the
uthors for different materials with good results (Coelho et al.,
006; Santos et al., 2006; Ferreira et al., 2006, 2007).

Figs. 5 and 6 show the DMTA traces in multifrequency mode
or the unmodified PCL and the crosslinked macromer, respec-

ively.

Fig. 5 suggests the presence of two peaks in the PCL trace.
he first one at −62.3 ◦C is sensitive to the frequency being for

hat reason ascribed to the Tg. The second peak at −10.6 ◦C,

Fig. 5. Multifrequency tan � traces obtained for the PCL.

(

F

branes at different magnifications: (a = 750× and b = 3500×).

hich shows no dependence with the frequency and represents
he crystallization. These results are close to the reported by
ther authors even considering that such values can vary sev-
ral degrees with the molecular weight (Sarasam and Madihally,
005). It is possible to observe also from the DMTA trace a
mall inflexion in the region of 50 ◦C. This region is believed to
orrespond to the melting of some crystalline zones of the PCL.

Analysing Fig. 6, it is possible to verify that the trace presents
first peak in the region at −40 ◦C which is sensitive to the

requency of test. This feature allows ascribing the referred peak
o the glass transition temperature. The modification of the PCL

olecule led to appearance of a single peak in comparison to
he two peaks observed in the starting material.

The apparent activation energy (�H) for �-relaxation can be
etermined form the Arrhenius rate relationship

(
ΔH

)

�H) is the activation energy and T is the temperature in Kelvin.

ig. 6. Multifrequency tan δ traces obtained for the crosslinked macromer.
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ig. 7. Thermogravimetric traces obtained for PCL-IEMA before UV irradiation
dotted line) and after UV irradiation (filled line) at a heating rate of 2 ◦C min−1.

he �H value for the synthesized material was of 124.4 kJ/mol
hich is higher than 42.0 kJ/mol for PCL.
The membrane prepared by photocrosslinking and the PCL-

EMA before irradiation (liquid state) were characterized by
GA (Fig. 7).

The results obtained by this technique suggest that the weight
oss of the polymer before the irradiation occurs in two different
tages. The first starts immediately after 30 ◦C and the second
ccurs around 240 ◦C. The first step is very close to the boiling
oint of the solvent, (supplier data), and could correspond to
he onset of its volatilization. It is significant the absence of any
oss peak at 211 ◦C that would match to the IEMA boiling point.
ased on that, it is possible to conclude the inexistence of any

ree unreacted isocyanate.
The same transitions observed for the polymer in its liquid

tate were observed in the TGA traces of the membrane (PCL-
EMA), being the first weight loss at 30 ◦C. However, the weight
oss is more pronounced in the liquid polymer compared to
he membrane. The membrane presents a second weight loss
t 226 ◦C. These results allow us to conclude that the photoir-
adiation lead to the formation of products with similar thermal
tability comparing to the initial material. On the other hand,
he polymer before crosslinking degraded completely at 514 ◦C,
hile the membrane remained to degrade completely at 600 ◦C,
hich is a clear indication of increased thermal stability at higher

emperatures. Taking into account the target biomedical appli-
ation for this new material, it is predictable the inexistence
f contraindications for its use at physiological temperature
≈37 ◦C), considering that the adhesive (even before crosslink-
ng) is stable at this temperature.

.6. Biodegradation in human plasma

According to the obtained results, it was possible to verify

hat biodegradation of the samples followed a logarithmic profile
Fig. 8).

This means that weight loss occurs more significantly during
he first days of incubation. In fact, approximately 60% of total

p
p
v
5

ig. 8. Biodegradation results obtained for the crosslinked macromer during 6
eeks of plasma incubation. Logarithmic adjust line is also represented ( ).
ata are expressed as mean ± SME (n = 3).

eight loss was verified after 48 h of plasma incubation. At the
nd of the 6 weeks, the sample had lost 10.4 ± 0.66% of its
eight. This mass loss results initially from a non-enzymatic
egradation that is a consequence of the ester bond susceptibility
o hydrolysis (Kweon et al., 2003).

The samples subjected to biodegradation were also observed
y SEM analysis after the total incubation time. This tech-
ique allowed the visualization of the membrane morphology
nd confirmation of the pores size augmentation resultant from
he degradation process (Fig. 9).

.7. Determination of surface energy by contact angle
easurement

For any adhesive to adhere to a substrate, one fundamental
hermodynamic requirement has to be satisfied first: the mea-
ured surface energy of the adhesive must be equal to or less
han that of the adherent. Unless this condition is satisfied, a

aterial cannot adhere to the substrate (Venkatraman and Gale,
998).

The main purpose of this measurement was to evaluate how
ell the adhesive would spread when placed over the ami-
ated substrate (gelatine), over skin itself and over a bleeding
urface. For skin, the critical surface energy varies between
8 and 56 mN/m depending on the temperature and relative
umidity of the skin (Venkatraman and Gale, 1998). The value
or surface tension of blood is 47.5 mN/m and was assessed
y Agathopoulos and Nikolopoulos (1995) by the sessile drop
ethod at a temperature of 37 ◦C .
In order to evaluate this parameter, surface tension of the

CL-IEMA macromer with Irgacure 2959 before UV irradia-
ion was determined and the obtained value was of 33.51 mN/m.
urface energies (γS) of the gelatine and of the irradiated

olymer were also obtained as well their correspondent dis-
ersive and polar components. For gelatine, the surface energy
alue was of 44.24 mN/m with a dispersive component (γD

S ) of
.00 mN/m and a polar component (γP

S ) of 39.24 mM/N. The sur-
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mer before (a) and after 6 weeks of plasma incubation (b).
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slightly haemolytic. Although, when extraction with PBS was
conducted, the values of haemolysis dropped to very low values,
resulting in non-haemolytic samples. These values indicate that
the haemolysis was caused by products that were washed away

Table 1
Samples classification according to their % of haemolysis
Fig. 9. SEM images obtained for the crosslinked poly

ace energy of the photocrosslinked polymer was estimated as
S = 40.77 mN/m, being γD

S = 6.76 mN/m and γP
S = 34.01 mN/m.

The obtained results showed that the surface energies of gela-
ine, skin and blood are higher than the surface tension of the
iquid adhesive. Therefore, we may expect that the intermolecu-
ar forces of the liquid adhesive will be overcome by the adhesive
orces between these surfaces and the adhesive. Spreading of the
iquid adhesive is, for this reason, likely to happen. It was also
ossibly to verify that the surface energy of the adhesive after
V photocrosslinking is very similar to the ones of the men-

ioned surfaces. For that reason, it is possible to suggest that
hen the films are formed over them, they would not slough off

asily since adhesion forces will be considerable.

.8. Haemocompatibility

.8.1. Thrombogenicity
The induction of thrombus formation on the surface of

he prepared films was evaluated by gravimetry after a con-
act time of 45 min. The weights of the blood clots resultant
rom this test were of 0.038 ± 0.01 for the positive control and
.030 ± 0.01 for the membrane surface. These measurements
llowed confirming that the cured adhesive presents throm-
ogenic character. In fact, there is no significant difference
etween the thrombus weights formed over control (glass) or
ver the films. This thrombogenic capacity is directly related to
he value of surface energy presented by the urethanes. When
ontacting with low surface energy materials, proteins adsorb
trongly and irreversibly and at high surface energy materials,
roteins adsorb weakly and reversibly (Changsheng et al., 2003).
onsidering that protein adhesion constitutes the first step to

nitiate the coagulation cascade that ends in thrombus forma-
ion (Poussard et al., 2005), it is understandable that the films
ould present thrombogenic character. This feature, although
ndesirable for some biomaterials applications, such as for the
nes designed to act as implants, would consist in a important
dvantage in this case, since the adhesives would be applied in

leeding conditions. Because of its haemostatic character, this
aterial would largely contribute to stop the bleeding, initiat-

ng coagulation, and consequently help the cicatrisation of the
ound.

H

0
2
>

ig. 10. Values of haemolytic index of the samples not subjected to extraction
direct contact), the samples incubated in PBS and of the PBS extraction solution
indirect contact). Data are expressed as mean ± SME (n = 3).

.8.2. Haemolysis
The haemolytic index was evaluated for the prepared films,

nd they were conducted under different conditions. The
aemolysis resultant from contact of the films with ACD-blood
as evaluated for samples contacting directly with blood, sam-
les which were kept with PBS and finally for PBS extraction
olution (indirect contact) (Fig. 10).

According to literature (ASTM, 2000) materials can be clas-
ified in the categories described in Table 1.

When direct contact was performed, the films showed to be
aemolysis (%) above negative control Haemolytic grade

–2 Non-haemolytic
–5 Slightly haemolytic
5 Haemolytic
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ffectively by the PBS (probably the solvent), and not by the
rethanes themselves.

Haemolysis is regarded as an especially significant screen-
ng test, once it provides quantification of small levels of plasma
aemoglobin that may not be measurable under in vivo con-
itions. However, it is not possible to define a universal level
f acceptable or unacceptable amounts of haemolysis (ISO,
999). Although by definition a blood-compatible material
hould be non-haemolytic, the truth is that in practice sev-
ral medical devices cause haemolysis. This means that when
uch haemolytic effect takes place, it is important to make
ure that clinical benefits overcome the risks and that the val-
es of haemolysis are within acceptable limits. In this case,
he samples did not present considerable values of haemolysis
nduction.

. Conclusions

PCL macromers containing urethane groups were synthe-
ized by modification of hydroxyl end functionalized PCL
iol with IEMA. This reaction was confirmed by ATR-FTIR
nd also by DMTA technique. These macromers were then
hotocrosslinked with UV irradiation, by using Irgacure 2959
y CIBA® as the photoinitiating agent and membranes were
btained.

The resultant crosslinked polymer was then characterized
y several techniques. These included swelling evaluation. In
his case, percentage of polymer swelling was low, which indi-
ates that volume increase in situ will not be significant and
urrounding tissues damage will not occur.

The adhesive was also able to promote efficient adhe-
ion between the aminated substrates since during the binding
trength tests the gelatine pieces broke without compromis-
ng the glued section. The morphology of the photocrosslinked

embranes was analysed by SEM and it showed to be uniformly
orous. The biodegradation of the sample was performed in
uman plasma and the weight loss after 6 weeks was around
0%. This technique followed by SEM analysis allowed the visu-
lization of fibrin fibbers produced on the membranes surface.
his induction capacity of fibrin formation was also confirmed
hen haemocompatibility studies were performed, since the

urface revealed thrombogenic character. The haemolytic poten-
ial of the synthesized material was also evaluated, and results
howed that it could be classified as slightly haemolytic when in
irect contact with blood. However, this haemolysis was elim-
nated when the samples were subjected to the extraction with
BS solution (indirect contact). This result does not mean, how-
ver that this material cannot have a clinical application, since
s already reported, values of haemolysis are within acceptable
imits.
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