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Abstract

Polycaprolactone (PCL) and PCL-based materials are widely applied in the bio-
medical field, however, their slow biodegradation profile makes them more
suitable to be used in hard tissues, where healing requires longer periods of
time. In order to adjust their properties to suit for soft tissues applications,
PCL can be blended with other biodegradable materials in order to tune its
degradation rate. Herein, polymeric blends of PCL and castor oil (CO) were
prepared after their chemical modification with 2-isocyanatoethylmethacrylate
(IEMA) in order to be applied as photocrosslinkable tissue adhesives. These
functionalized macromers were chemically characterized and used to prepare
polymeric blends (PCL-IEMA/CO-IEMA) with variable mass proportions. A
biocompatible photoinitiator (Irgacure 2959) was added to these macromers
blends which were then irradiated under UV light. The feasibility of the pre-
pared materials as tissue adhesives was evaluated by assessment of their chem-
ical/physical properties as well as their interaction with blood. Moreover, their
cytotoxic profile was also evaluated through in vitro studies using human der-
mal fibroblasts as model cells.
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surgical devices, given their ease and ready-to-apply fea-
tures, reduction of induced trauma in the surrounding tis-

Surgical adhesives are medical devices of indisputable
value that are aimed for the treatment and regeneration
of biological tissues, since they are able to hold both
wound edges together, until the tissues present sufficient
mechanical strength to properly withstand wound
healing.!"*! Throughout several decades, intensive studies
have been performed to improve the effectiveness of sur-
gical adhesives, in different tissues and application condi-
tions. Recent progresses made them revolutionary

sues, greater comfort offered to the patient, the ability to
act as a controlled drug delivery system as well as the pos-
sibility of being biodegradable and therefore absorbed by
the organism. !

Nowadays, there are several commercially available
bioadhesives classified as natural or biological
(e.g., collagen adhesives,** fibrin glues,>® chitosan!”*!),
synthetic and semisynthetic (cyanoacrylates, %! gelatin-
resorcinol-formaldehyde!'') and biomimetics (marine
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mussel extracts!*?!). However, most of these adhesives
still present several limitations in their application,
namely the release of toxic byproducts, inadequate
mechanical properties, risk of transmitted blood diseases,
risk of infections, delayed application, need of further
removal, and relatively slow degradation.

To overcome such drawbacks, other options have been
continuously explored, and among synthetic materials,
urethane-based tissue adhesives are considered quite prom-
ising 134! These materials are good contenders due to the
possibility of being biocompatible and if synthesized in the
form of prepolymers, have the ability to react with amino
groups of the proteins existent in the living tissues. This reac-
tion results in the formation of urea linkages and on the pro-
motion of adhesion since these covalent bonds will hold the
tissue together.[ls] Moreover, urethane-based adhesives pre-
sent other advantage like the possibility of being biodegrad-
able if they are synthesized with natural compounds, for
example, castor oil (CO). CO is an aliphatic carboxylic acid
with an 18-carbon chain, having a double bond between car-
bon 9 and 10 and a hydroxyl group on the carbon 12. This
combination of hydroxyl group and unsaturation occurs
exclusively in the castor oil molecule.” Considering the
medical and pharmaceutical fields, CO is mainly used as a
laxative and as an additive in skin moisturizers,'®! contra-
ceptive gels, herbal preparations for labour stimulation”!
and drug delivery systems.[ls] Moreover, CO-based polyure-
thane prepolymers have also been previously developed as
potential bioadhesives.!'! However, despite the good adhe-
sion results obtained with these materials, as well as with
other urethane prepolymers,'>?? the registered curing
times were too long to face surgical demands.

A possible solution to overcome this limitation relies
on the use of biodegradable, biocompatible, and phot-
ocrosslinkable polymers. Photocrosslinkable polymers
have been increasingly seen as an attractive strategy in
the biomedical field, since they can be produced in situ,
that is, the exposure of the polymers to an UV irradiation
source will result in stable polymeric matrices, in a short
period of time. Further, it is possible to tailor the proper-
ties of the adhesives (e.g., mechanical strength, hydrophi-
licity, and porosity) through the control of some
parameters, such as polymer formulation, type and
amount of photoinitiator, beam wavelength, and irradia-
tion time.[23-2¢!

The photopolymerization and photocrosslinkage of poly-
mers intending the preparation of tissue adhesives has been
largely developed over the years.”?”?*! As an example,
Ferreira and coworkers developed a UV-curable biodegrad-
able bioadhesives polycaprolactone (PCL) based.””! PCL is a
semicrystalline linear biodegradable aliphatic polyester
already approved by the US Food and Drug Administra-
tion'® and that has been used in several medical

applications such as drug delivery systems,**! resorbable

sutures”>" and as a material for tissue regeneration.*? Its
structure presents several aliphatic ester linkages susceptible
to hydrolysis and its products of degradation are either
metabolized by being included in the tricarboxylic acid cycle
or eliminated by renal secretion.’***! Within this study, a
PCL-based macromer was developed by functionalization
with 2-isocyanatoethylmethacrylate 1EMA) which was fur-
ther photocrosslinked via UV irradiation, using Irgacure
2959 (Ir2959) as the photoinitiating agent.**! This chemical
functionalization with an acrylate based monomer allowed
decreasing curing times in order to match them with surgi-
cal demands. Still, PCL presents a slow degradation rate and
a possible way of tuning its degradation rate is by blending
it with other biodegradable materials. Therefore, the aim of
this work was the preparation of blends of functionalized
PCL and CO and their following characterization in order to
establish their suitability as photocrosslinkable bioadhesives.
Three different stoichiometric proportions were tested using
the biocompatible photoinitiator 1r2959.** The chemical/
physical and thermal properties of the final materials were
assessed by 'H NMR, water sorption evaluation, surface
energy determination, and hydrolytic degradation. Their
adhesive capacity was also assessed by in vitro tests with gel-
atine sheets and their haemolytic and thrombogenic charac-
ter were also determined as well as their cytotoxicity in
human fibroblasts culture.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Hydroxyl end functionalized PCL diol (Mn ~ 530), diethyl
ether (99%), formamide (99%), diiodomethane (99%), eth-
ylene glycol (99.8%), potassium ferrocyanide (99%), formal-
dehyde (37%, stabilized with methanol), nonionic
surfactant Triton X-100, Dulbecco's modified Eagle's
medium (DMEM-F12), gentamicin, phosphate-buffered
saline tablets (PBS), streptomycin, and trypsin were pur-
chased from Sigma-Aldrich (Sintra, Portugal). Castor oil
(Mn »~ 928.5) was obtained from ACROS Organics. The
functional monomer TEMA (98%) was acquired from TCI
(Belgium). Photoinitiator 2-hydroxy-1-[4-(2-hydro-
xyethoxy) phenyl]-2-methyl-1-propanone, under the trade
name of Irgacure 2959 (97-99%), was kindly provided by
BASF (Germany) and used without purification. Potas-
sium dihydrogen phosphate (99.5%) and calcium chloride
(99.5%) were obtained from CHEM-LAB.

Anticoagulated rabbit blood (ACD blood), used in
the haemocompatibility tests, was bought from
PROBIOLOGICA (Biologic Products Company) (Lisbon,
Portugal) and used in the same day it was received.
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Normal adult human dermal fibroblasts (NHDF)
were obtained from PromoCell (Labclinics, SA; Barce-
lona, Spain) and used in cytotoxicity experiments.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Alfa Aesar (Ward
Hill, USA). Fetal bovine serum (FBS) was bought from
Biochrom AG (Berlin, Germany).

2.2 | Methods

2.21 | Synthesis of the macromers
Macromers containing urethane groups were synthesized
by modification of hydroxyl end functionalized PCL or
CO with IEMA in distinct glass flasks. The ratio of NCO:
OH groups used was 2:1 in the case of PCL and of 3:1 in
the case of CO. The chosen solvent was diethyl ether due
to its high volatility.

The reactions were performed by stirring the two com-
ponents (PCL/IEMA or CO/IEMA) in conventional two
neck round-bottomed glass flasks, in the absence of air
(under a nitrogen atmosphere), and refluxing the solvent
using a long condenser with a drying tube filled with cal-
cium chloride to maintain reflux and avoid humidity. The
flasks were placed in a water bath at the temperature
of 40°C.

The obtained functionalized macromers (PCL-IEMA
and CO-IEMA) exhibited low viscosity and transparent
appearance and were properly stored.

2.2.2 | Preparation of the blends and
photocrosslinking reaction

Polymeric blends were prepared from the previously
obtained macromers by mixing them in different pro-
portions: 90% PCL-IEMA with 10% CO-IEMA
(PCL90/C0O10); 75% PCL-IEMA with 25% CO-IEMA
(PCL75/C0O25), and 25% PCL-IEMA with 75% CO-
IEMA (PCL25/CQO75). Once homogenized, 1r2959 was
added to each mixture in a percentage of 6% of the
carbon double bonds moles, keeping the reaction
glass flask in a dark environment until complete
solubilization.

These solutions were then poured onto Petri dishes
and irradiated using a Multiband UV UVGL-48 model
from Mineral Light Lamp (wavelengths of 254-354 nm).
Once completed the UV irradiation, transparent, uni-
form, and flexible films were obtained.

Gel content of the crosslinked matrices was also
determined. Samples of dried films were weighted (W)
and immersed in diethyl ether overnight in sealed
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containers (under stirring conditions, at room tempera-
ture). The samples were afterwards removed, dried under
vacuum, and reweighted (Wy). Gel content was deter-
mined as represented in Equation (1).

Gel content (%) = C%) % 100 (1)

1

2.3 | Characterization techniques

2.3.1 | Nuclear magnetic resonance

The '"H NMR spectra of PCL, CO, IEMA, and of the
macromers were obtained on a 9.4 Tesla Spectrometer, at
room temperature and using CDCl; as solvent. Tetra-
methylsilane was used as the internal reference.

2.3.2 | Water sorption capacity

Three samples of each prepared film with an area of
4 cm? and 1 mm thick were properly dried under vacuum
at 60°C until constant weight (Wy). The dried samples
were then placed in a closed container with a saturated
solution of pentahydrated copper sulfate and were
weighted at different times until a maximum weight was
achieved (W;). Finally, water sorption (%) was assessed
by using Equation (2).

Ws—=W,
Water sorption (%) = <5Td> % 100 (2)
d

2.3.3 | Hydrolytic degradation in
phosphate buffer solution (PBS)

Dried samples (n = 3) of each film (1 mm of thickness)
were weighted (W), immersed in 10 ml of PBS 0.01 M
(pH 7.4), and then incubated for 6 weeks at 37°C. The
films were afterwards removed from PBS, washed with
distilled water and dried in vacuum conditions, at 60°C,
until constant weight (Wy,). The degree of degradation
was calculated from the weight loss, which was deter-
mined as presented in Equation (3).

Wao—Way

Weight loss (%) = %100 (3)

d,0

where Wy, and Wy, are the average samples weights
before the degradation test and at time ¢, respectively.
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2.3.4 | Invitro adhesion tests—
Evaluation of the adhesive capacity

In order to evaluate the bonding performance of the
photocrosslinkable macromers, the viscous formula-
tions containing the photoinitiator were applied
between gelatine sheets (dimensions 1.5 X 3 cm). The
gelatine pieces containing the adhesives formulations
were overlapped (active area 1.5 X 1 cm) and then irra-
diated under the same conditions described for the
preparation of the films obtaining a specimen with
total dimensions of 1.5 5 cm. The gelatine sheets
were then subjected to the “pull to break” test at room
temperature using a Chatillon TCD 1000 (Lloyd Instru-
ments, Ametek, Berwyn, PA). The pulling velocity was
20 mm/min, and the distance between the probes was
established at 1 cm. The assays were carried out at
room temperature. The software program coupled to
the apparatus registered the force and length variation.
The tests terminated with the fracture of the gelatine
sheets or their separation in case adhesion failed to
occur. A gelatine sheet with no treatment (1.5 X 5 cm)
was also subjected to the same test in order to act as a
control.

2.3.5 | Determination of surface energy
by contact angle measurement

The surface energies of the films were determined, in
order to compare their values with the ones obtained
from literature for skin and blood. An OCA 20 unit from
Dataphysics was used to measure the static contact
angles at room temperature.'** All the assays were con-
ducted on the air-facing surfaces of the films with three
liquids (water, ethylene glycol formamide, and
diiodomethane) using the sessile drop method. Ten mea-
surements on several points were performed on the sam-
ples surface to determine the mean static contact angle
and its standard error (SE). The surface free energies (ys)
as well as their dispersive (yY) and polar (y) components
were assessed according to the Owens-Wendt-Rabel,
and Kaelble (OWRK) method.*°!

2.3.6 | Thermal properties

The thermal stability of PCL, CO and the three developed
adhesives was evaluated in the range of ca. 25-600°C, in an
Q500 of TA Instruments from thermal analysis, at inert
atmosphere with a heating rate of 10°C/min under dry
nitrogen purge flow of 100 ml/min. Differential scanning
calorimetry (DSC) studies were performed within a

temperature interval ranging from —80 to 100°C, in a TA
Q100 instrument at a heating rate of 10°C/min in the tem-
perature modulated mode, and under a nitrogen flow of
50 ml/min.

2.3.7 | Haemocompatibility analysis

The assessment of haemocompatibility is an essential
requirement for all materials intended to contact
with blood. During this work, the compatibility of the
prepared materials with blood was evaluated in vitro
accordingly to the International Organization for Stan-
dardization (ISO) 10993-41*") and by assessing two types
of blood interaction: thrombogenicity and haemolytic
potential.

Thrombogenicity

Thrombus formation on the surface of the films (n = 3)
was evaluated using the gravimetric method of Imai and
Nose.*®! Anticoagulated rabbit blood (ACD blood) was
used for this purpose and contact time between the sam-
ples and blood was established at 40 min. The samples
were previously immersed in PBS solution at 37°C, for
24 hr. Subsequently, the PBS was removed and the ACD
blood (250 pl) was placed on the adhesives surface. The
same amount of blood was sited over empty Petri dishes
(n = 3), which acted as the positive control. Blood
clotting tests were started with the addition of 25 pl of a
0.10 M calcium chloride solution to each sample which
were posteriorly incubated at 37°C for 40 min. The pro-
cess was terminated by adding 5 ml of distilled water to
each sample. The resultant clots were fixed with 1 ml of a
36% formaldehyde solution, dried at 37°C for 24 hr and
finally weighted. The percentage of thrombogenicity was
assessed according to Equation (4).

%Thrombogenicity

Meclot sample — Maverage negative control 4

Maverage positive control — Maverage negative control

Haemolytic potential

The haemolysis tests were performed according to the
American Society for Testing and Materials (ASTM) F
756-00 standard.**! Dried samples with 21 cm? were placed
in polypropylene test tubes and 7 ml of PBS (0.01 M,
pH 7.4) were added. After 24 hr of incubation at 37°C, the
PBS was removed and the samples were left to dry. Then,
7 ml of PBS and 1 ml of diluted ACD blood (10 + 1 mg/ml)
were added to each sample (indirect contact) as well as to
three samples of the same membranes with no previous
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incubation with PBS (direct contact). Positive and negative
controls were prepared by adding the same amount of
ACD blood to 7 ml of water and PBS, respectively.

The tubes were placed at 37°C, for 3 hr, and cau-
tiously inverted twice every 30 min for enhancing the
contact between materials and blood. After incubation,
the fluids were transferred to suitable tubes and cen-
trifuged at 700-800g, for 15 min. The amount of hemo-
globin (Hb) released by haemolysis was measured by
optical densities (OD) of the supernatants at 540 nm
using a spectrophotometer UV-Vis (Jasco V550). The per-
centages of haemolysis (HI) were calculated as described
in Equation (5).

ODtest - ODnegative control ) %100
ODpositive control — ODnegative control

(5)

%Haemolysis (HI) = (

2.3.8 | Evaluation of films
biocompatibility

Cell culture of human fibroblasts in presence of the
polymeric blends

Cell culture in the presence of the films was assessed as
previously described.***”! Briefly, samples of each film
were sterilized using ultraviolet radiation for 30 min.
Afterwards, normal human dermal fibroblasts adult
(hFib) were seeded in the presence of the polymeric
blends (2 x 10* cells/film) in 96-well plates, using
DMEM-F12, supplemented with FBS (10% vol/vol), strep-
tomycin (100 pg/ml), and gentamicin (100 pg/ml). Cell
growth was monitored using an Olympus CX41 inverted
light microscope (Tokyo, Japan) equipped with an Olym-
pus SP-500 UZ digital camera.

Evaluation of cell viability in the presence of the
polymeric blends

The cytotoxic profile of the produced materials was eval-
uated by seeding NHDF (2 x 10 cells/well) in the pres-
ence of the materials, in 96-well plates, with 100 pl of
DMEM-F12 and then incubated at 37°C, in a 5% CO,
humidified atmosphere. After 24 and 72 hr of incubation,
cell viability was assessed by performing an MTT assay.
To accomplish that 50 pl of MTT (5 mg/ml PBS) was
added to each sample and then was incubated for 4 hr, at
37°C, in a 5% CO, atmosphere. After that, the medium
was removed and cells were treated with 150 pl of DMSO
(0.04 N) for 30 min. The absorbance of each well was
determined at 570 nm using a microplate reader (Biorad
xMark microplate spectrophotometer). Wells containing
cells in the culture medium without materials were used
as negative control (K—). EtOH 96% was added to wells
containing cells to be used as a positive control (K+).39!

Applied Polymer wiLEy-L ==

Statistical analysis of the obtained results was performed
using one-way ANOVA with the Newman-Keuls post
hoc test.

239 |
analysis

Scanning electron microscopy

To characterize the cellular attachment on films surface,
scanning electron microscopy (SEM) analysis was per-
formed. Briefly, samples were washed with PBS at room
temperature and fixed overnight with 2.5% (v/v) glutaral-
dehyde. Then, films were frozen, freeze-dried for 3 hr,
and finally mounted onto aluminium stubs with double
adhesive tape and sputter-coated with gold using a Quo-
rum Q150R ES sputter coater. SEM images were acquired
with an acceleration voltage of 20 kV at different magni-
fications in a Hitachi S-3400N Scanning Electron
Microscope. 264!

3 | RESULTS AND DISCUSSION

3.1 | Synthesis

The preparation of the crosslinked adhesives was con-
ducted through two distinct steps, being the first one the
synthesis of prepolymers based on PCL and CO were
functionalized with IEMA, an isocyanate-functional
monomer containing carbon double bonds. The ratio of
NCO:OH groups used was 2:1 and 3:1, for PCL-IEMA
and CO-IEMA, respectively. This reaction between the
isocyanate groups of IEMA and the OH groups of PCL
and CO, lead to the formation of urethane groups,
which can promote the restoration of living tissues.!?!!
The synthesis of the macromers is summarized in
Figure 1.

Afterwards, the macromers were mixed with each
other, leading to the following proportions: 90%
PCL-IEMA with 10% CO-IEMA (PCL90/C0O10), 75%
PCL-IEMA with 25% CO-IEMA (PCL75/C025), and 25%
PCL-IEMA with 75% CO-IEMA (PCL25/CO75). Finally,
the polymeric blends were photocrosslinked under UV
irradiation using Ir2959, in a percentage of 6% of the car-
bon double bonds moles. Irradiation times varied with
composition and were determined to be 3 min. For
PCL90/CO10 (gel content of 92%), 6 min. For PCL75/
CO25 (gel content of 89%) and 8 min. For PCL25/CO75
(gel content of 78%), showing that a higher amount of
PCL-IEMA in the composition of the macromers leads to
an increased curing efficiency.

The films obtained from each composition were then
physical/chemically and biologically characterized.
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3.2 | H NMR of functionalized
macromers

Functionalized macromers (PCL-IEMA and CO-IEMA)
were synthesized by reaction between OH groups
from PCL and CO with the isocyanate groups
from IEMA attaining urethane linkages. 'H NMR
technique was used to characterize PCL, CO, IEMA,
and the synthesized macromers, shown in Figures 2
and 3. The spectrum of IEMA in Figures 2 and 3
(2) shows the characteristic isocyanate peak at
3.6 ppm (i), the olefinic protons (—HC=C—) from 5.5
to 6.5 ppm (k) and the CH; of the terminal group at
1.9 ppm. The PCL spectrum in Figure 2 (1) shows a

peaks at 3.7 assigned respectively to the OCH,— and
(a) 14, (b) 1.6, (c) 2.3, and (f) 4.1 ppm ascribed to
—CH,CH,— protons in the backbone chain of PCL.[?
Castor oil spectrum (Figure 3 (1)) shows the
methine proton of the glycerol at (c) 5.4 ppm, and the
cis-double bonds at (d) 5.6 ppm.'**! The 'H NMR
spectrum of obtained macromers (3) both exhibited
three new resonances: (k) from 5.5 to 6.5 ppm,
assigned to the olefinic protons (—HC=C—); (i) at
3.6 ppm attributed to the protons of CH, groups
linked to the NH of the urethane function® and
(h) 1.9 ppm ascribed to the CH; of the terminal
groups of IEMA linked to the macromers,**
firming the synthesis.

con-
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FIGURE 2 'H NMR spectra of o
PCL-IEMA. The numbered signals
correspond to the protons assigned d

to the displayed structure
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3.3 | Water sorption capacity

Water sorption, and consequent materials’ volume increase
(swelling), is a fundamental parameter to be assessed in
order to determine its suitability as a tissue/surgical adhe-
sive. These adhesives are designed to assist the healing pro-
cesses of damaged tissues, promoting their restructuring,
reconstitution, and treatment.[*°! Therefore, high swelling
degrees (above 20%), may impair these stages of healing by
keeping the wound edges apart and by damaging surround-
ing tissues due to excessive compression of vascular struc-
tures or to inflammatory responses.*’!

Water sorption capacity was determined for three
samples of each prepared film (Figure 4). Since PCL is a
mildly hydrophobic material/**! medium water sorption
value for PCL90/CO10 is 6.7 + 0.2%. Moreover, results
show that increasing the amount of CO in the composi-
tion of the polymeric blends decreases the hydrophilicity
of the final material.

This fact is due to the highly hydrophobic nature of
the castor oil molecule associated to its structure com-
posed of long carbon chains.[*®! Therefore, the most visi-
ble effect in swelling was registered to the material with
75% of CO-IEMA (PCL25/C0O75) with a medium value of

T T T T T T T T T
S.0 4.5 3.0 25 20 15 1.0 0.S 0.0

water sorption of 4.7 + 0.4%. These results are consistent
with the ones obtained during surface energy assessment,
since this was the sample with the lower polar
component.

Despite the observed differences, all the materials
exhibited a moderate water uptake in agreement with the
initial requirements which will contribute to their
biocompatibility.

3.4 | Hydrolytic degradation in
phosphate buffer solution (PBS)

The degradation rate by hydrolysis of the crosslinked
adhesives is presented in Figure 5 and was measured as
the mass loss over time of exposure to the buffer solution,
at 37°C. According to Figure 5, the copolymer presenting
a higher content of CO, PCL25/CO75, also exhibited the
highest value of weigh loss of 9.5 + 0.8%, while the copol-
ymers PCL75/C0O25 and PCL90/CO10 presented a weight
loss of 6.8 + 0.4% and 6.3 + 0.9%, respectively. Therefore,
increasing the amount of CO in the copolymer formula-
tions resulted in an increase of the weight loss, which
corroborates the gel content of the materials, in which
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FIGURE 3 'H NMR spectra of CO-IEMA. The numbered
signals correspond to the protons assigned to the displayed structure

copolymer PCL90/CO10 presented the highest degree of
crosslinking.

3.5 | Invitro adhesion tests—Evaluation
of the adhesive capacity

In order to evaluate the binding capacity of the copoly-
mers, the different formulations were placed between

8 -

HH

Water sorption (%)
S

PCL90/CO10 PCL75/CO25 PCL25/CO75

FIGURE 4 Swelling behavior of the adhesives after 6 weeks

FIGURE 5 Hydrolytic degradation profile of the adhesives
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PCL90/CO10 PCL75/C0O25 PCL25/CO75 GELATINE

FIGURE 6 Adhesion capacities of the different copolymers
and gelatin sheets (acting as a control)

two gelatine sheets which were then irradiated with UV
light during the preestablished period of time for each
polymeric blend. The choice of the substrate is justified
by the high presence of amino groups, therefore mimick-
ing the living tissues.'*! The assay was concluded either
by the gelatine sheets fracture or by their separation. The
maximum force (N) obtained for the copolymers and gel-
atine sheets are displayed in Figure 6. According with
Figure 6. the copolymers revealed good adhesion to the
substrate with values of force higher than the substrate
(89.2 N + 3.7). Copolymer PCL25/CO75 was the only
adhesive presenting a maximum force slightly lower than
the gelatine sheet with a maximum force of 87.7 N + 3.2.
Despite this value, no detachment of the gelatine sheets
was observed in any of the assays.

3.6 | Determination of surface energy by
contact angle measurement

To evaluate the interaction between the copolymers and
liquids, surface energy of the materials was determined.
This is an important parameter since it allows inferring
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about polymer's wettability, the interaction between
polymer-substrate and biocompatibility.!*”!

The values were assessed by determining the static
contact angle using three liquids: water, ethylene glycol,
and diiodomethane. Gelatine sheet surface tension was
also determined and then compared with those exhibited
by the skin and blood. Skin's surface energy varies
between 38 and 56 mN/m,*® since it is affected by rela-
tive humidity and temperature of the skin. For blood, the

TABLE 1
their dispersive (y0) and polar (y£) components

Surface energies/superficial tensions (mN/m) and

Surface energies and surface
tensions (mN/m)

Applied Polymer_wLgy_ 2

surface tension reported is 47.5 mN/m.[*>*"! The disper-
sive y0 and polar yf parts of the surface energy, deter-
mined by the Owens—-Wendt-Rabel and Kaelble model,
were obtained for the adhesives and the results are sum-
marized in Table 1.

According to Table 1, the surface energies of the mate-
rials are lower than the obtained for the gelatine sheet
(44.1 + 2.3 mN/m) and the ones documented for skin and
blood, which is a good indicator of the viability of the
materials as adhesives since the surface energy of the
adhesive is lower than that of any of these adherent.!*®!
Also, the polar components are significantly higher in
comparison with the dispersive part, meaning that the
adhesion forces are predominant over the cohesive forces.
Comparing the three adhesives, no significant changes

D P
ST Is ’s ’s occur with the increase of CO in the formulations.
Gelatine 441 +23 53+0.6 389 +2.2
Skin 43.7 35.7 8.0
Blood 475 112 363 3.7 | Thermal properties
PCL90/CO10 312+ 24 2.4+ 0.6 28.8 +2.4
The thermal stability of PCL, CO, and the polymeric
PCL75/C0O25 292+ 2.6 20+0.5 273425 y i ’ . poly
blends was also evaluated by TGA under nitrogen atmo-
PCL25/CO75 31.1+ 28 74+ 1.1 23.7+ 2.6 .
sphere (Figure 7 and Table 2).
@, (0) 4
——PCL ——pCL
S co | co
——PCL25/CO75 2 —— PCL25/CO75
---- PCL75/CO25 - - -~ PCL75/CO25
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FIGURE 7 TGA thermograms (a) and derivate thermogravimetric curves of the reactants and final adhesives (b) [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 2
transition temperature)

Thermal properties of the developed adhesives, degradation temperature (Tys), onset temperature (Tg), and T, (glass

Ta
Sample Tsq (°C) T109 (°C) First stage (°C)
PCL 195.82 219.34 243.81
CO 317.15 332.81 367.39
PCL90/CO10 214.40 259.09 223.72
PCL75/C0O25 213.28 258.02 224.28
PCL25/CO75 208.15 254.50 220.31

Second stage (°C) Third stage (°C) T, (°C)
319.6 - -
475.49 = =
325.24 402.38 —75.8
334.88 401.81 —-74.9
321.84 363.24 —75.2
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The results obtained through TGA analyses showed
that thermal degradation of PCL occurred in two stages
at 243.81 and 319.60°C suggesting a double degradation
mechanism that occurs at different temperatures. These
results were previously obtained and explained by other
authors.®™" While the first degradation step results in
water, CO,, and carboxylic acid formation, the second
one leads to the depolymerization of the PCL chains
resulting in the formation of e-caprolactone.

The registered thermogram for castor oil also displays
a two-stage decomposition mechanism. The first Ty at
367.39°C is attributed to the thermal degradation of the
ester bonds while the second one at 475.49°C corresponds
to the breaking of high energy double and single bonds of
the remaining fatty acids from castor oil.[%?!

Considering the polymeric blends, three decomposi-
tion stages were observed in the thermograms of PCL90/
CO010 and PCL75/CO25 as confirmed in the correspondent
derivative TGA curves, which showed three maximum
peaks. The first thermal decomposition was registered at
around 220°C and is related to the degradation of the ure-
thane bonds which results in the formation of carbon
dioxide, carbon monoxide, amines, and aldehydes.”*?! The
second decomposition, around 330°C, is attributed to the
degradation of the ester bonds in the soft segments of the
urethanes. The value of this degradation temperature is
higher than for unmodified PCL due to presence of ure-
thane hard segments, which allows the establishment of
hydrogen bonds between urethanes NH and CO/C=0O
groups.[53] In these blends, only one peak was observed for
this second stage of decomposition indicating that the mis-
cibility of the blends.** Finally, a third stage of thermal
degradation was registered at 402°C attributed to the
decomposition of the bonds with higher energy such as
C=0, C=C, C—0, and C—H bonds."**!

Considering the PCL25/CO75 blend, a significant dif-
ference was observed at the second stage of decomposition,

100 A T
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-g 40
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PCL90/CO10 PCL75/C0O25 PCL25/CO75

FIGURE 8 Weight of thrombus formed after 45 min of
contact with blood

which in fact presented itself as two separated stages at
323.78 and 363.33°C. When observing the thermograms of
PCL and CO, it is possible to verify that these values are
close to those of the original polymers, and therefore indi-
cate a degree of immiscibility of the blends at this propor-
tion.[>*! All the other decomposition stages are the same as
previously described, including the degradation of the ure-
thane linkages and the final decomposition stage.

The T, values were determined by DSC and are pres-
ented in Table 2. All the values were registered at low tem-
peratures, around —75°C. This means that the polymer
chains have high mobility and therefore high flexibility at
physiological temperature. Also, no significant differences
are detected between the three developed adhesives.

ODirect contact Bindirect contact

haemolytic

slightly haemolytic

non-haemolytic

M Mo

PCL75/CO25 PCL25/CO75

Haemolytic Index (%)
w

1 i

PCL90/CO10

FIGURE 9 Values of haemolysis of the three adhesives
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FIGURE 10 Characterization of cell viability when cultured
in contact with the different material blends after 24 and 72 hr; live
cells (K-); dead cells (K+). Each result represents the mean + SD
of the mean of at least three independent experiments. Statistical
analysis was performed using one-way ANOVA with Newman-
Keuls post hoc test (*p < .05)
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3.8 | Haemocompatibility analysis The percentage of thrombogenicity was calculated and
expressed as mean + SE of the mean (Figure 8).
3.81 | Thrombogenicity Other studies have shown that thrombogenicity is

directly related to the value of surface energy presented
To evaluate the materials’ thrombogenicity, the formation by materials’ surface.**! More specifically, low surface
of thrombus on the surface of the membranes was assessed ~ energy values are reported to be an important factor on
by gravimetry using glass plates as the positive control. the first stage of the coagulation cascade that ends in

24h 72h

PCL90/CO10

PCL75/CO25

PCL25/CO75

FIGURE 11 Microscopic images of Hfib in
contact with the different material blends after
24 hr, and 72 hr of incubation at a magnification
of X100
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FIGURE 12 SEM images of Hfib interacting with PCL90/
CO010, PCL75/C025, and PCL25/CO75 films surface after 24 and
72 hr of incubation

thrombus formation.[*®! All the materials used herein
presented low surface energy levels and are in fact
thrombogenic. However, it was verified an increased
thrombogenic activity with the incorporation of CO in
the materials despite the surface energies of the mem-
branes were not significantly different between them.
This fact is associated with the lower value of the polar
component of the surface energy of the PCL27/CO75 as
well as its lower water sorption capacity, since more
hydrophobic surfaces induce increased protein adsorp-
tion and therefore thrombus formation.*®

3.8.2 | Haemolytic potential
The haemolysis index of the membranes prepared from
the polymeric blends was evaluated according to ASTM F
756-00>%! using the cyanmethemoglobin method. Due to
its sensitivity, this method allows quantifying levels of
plasma hemoglobin that may not be measurable under
in vivo conditions. The haemolysis results obtained for
all samples during direct and indirect contact with blood
are presented in Figure 9.

The haemolytic indexes of all the materials were lower
than 2%, being therefore classified as nonhaemolytic
according to the ASTM F 756-00. These results indicate

that no disruption of the erythrocyte membranes and con-
sequent Hb release is verified during incubation in the
anticoagulated blood during HI assessment. For this rea-
son, materials are considered blood-compatible which is a
fundamental feature for the intended biomedical
application.

3.9 | Evaluation of tissue adhesives
biocompatibility

The cytocompatibility of the tissue adhesives was also
evaluated through an MTT assay (Figure 10). The results
obtained show that after 72 hr of cells being seeded in
contact with the produced materials, no acute cytotoxic
effect was noticed. The SEM and optical microscopic
images presented in Figures 11 and 12 show that, despite
of the hydrophobic character and lack of cell-binding
motifs on PCL structure, cells were able to adhere and
proliferate in contact with the produced materials for at
least 72 hr.*"32 These results also support the future
application of the produced materials as tissue adhesives.

4 | CONCLUSIONS

PCL and CO macromers were prepared by func-
tionalization with IEMA in order to obtain phot-
ocrosslinkable materials. This allowed the incorporation of
carbon-carbon double bounds in the macromer structure
as could be confirmed by '"H NMR analyses. Three differ-
ent stoichiometric proportions were then tested in the
preparation of the PCL/CO polymeric blends. The adhe-
sion capacity tests of the developed blends using gelatine
sheets as the substrate demonstrated that the adhesive
strength of the materials was extremely high and that their
break point was similar to the gelatine maximum force.
These macromers were then photocrosslinked with UV
irradiation, by using Ir2959 as the photoinitiator and mem-
branes were obtained which were further characterized.

The presence of CO in the polymeric blends reflected
in a lower water sorption capacity and an increased hydro-
lytic degradation after 6 weeks of incubation. However,
thermal properties and surface energies showed to be quite
similar among all the materials, regardless their polymeric
composition. The same conclusions were achieved when
assessing their interaction with blood since all samples
showed to be thrombogenic and nonhaemolytic.

In vitro studies showed that, despite the hydrophobic
character of the produced materials, cells were able to
adhere and proliferate for at least 72 hr.

Based on the overall results it one may suggest that
polymeric blends based on PCL and CO present
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interesting features and are good candidates to be used as
surgical adhesives.
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