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ABSTRACT

UV curable adhesives offer major advantages in comparison to other polymeric based
adhesive systems, such as fast-curing rate and control of the polymerization heat

evolution, being ideal for application on damaged tissues.

Herein, functionalized polymers were prepared by modifying polycaprolactone diol (PCL)
with an isocyanate-functional unsaturated acrylic ester, Laromer® 9000, using two
different proportions. These functionalized materials were chiemica'ly/physically
characterized and, after the addition of a biocompatible photoinitizior (Irgacure® 2959),
were crosslinked by UV light irradiation. Such procedure allows tihe obiention of flexible
transparent films. Films’ properties such as swelling, hydrmolytic degradation, thermal
stability, surface energy and adhesive capacity werc cvaiuated. Furthermore, to assess
the applicability of the films in biomedical applications, their haemocompatibility and

biocompatibility were determined using humzn dermal fibroblasts as model.
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1. Introduction

The production of biomaterials by photopolymerization or photocrosslinkage has shown
to provide a number of advantages when compared to the heating techniques, such as:
high cure rate even at room temperature, possibility of avoiding the use of certain
solvents, control of polymerization temperature and elasticity, low energy requirements

and high storage stability [1-4].

This procedure relies on the incidence of radiation to start the photochemicai reactions
in monomers, macromers or polymers, resulting in a new polymeric system. This
outcome is possible due to the presence of a photoinitiator, which, by absorbing UV
irradiation undergoes excitation, giving rise to free radicals, whicli subsequently initiate

the mechanism of polymerization of the materials [51. Herein, the efficiency of the

polymerization reaction is dependent on the monoriers, the photoinitiator and the beam
wavelength [6]. In addition to the inherent properties of the photopolymerization
technique, UV curable materials arc widely used in biomedical applications, including

development of drug delivery sysiems [/, 8], orthopaedic [9], dental restorations [10],

tissue engineering [6, 11] and bicadhesives [12, 13].

The use of photopolymerization in the development of an adhesive for medical
application wiil pioviae several benefits inherent to the method itself. UV curable
adhesivec offer major advantages such as a high cure rate, which leads to a reduction
of surgical time, a reduction of trauma applied on weakened and traumatized tissues and
a superior control over the final properties of the material [14—16]. Hence, a

photocrosslinkable adhesive will exhibit a combination of easy application and efficacy.

The development of this type of functionalized materials was mainly registered during
the second half of the 20" century. Materials such as N-vinylpyrrolidone (PVP) [17],
chitosan [18], polyethylene glycol (PEG) [19], polylactic acid (PLA) [13],

polycaprolactone (PCL) [12], and even polymeric blends [20], have been chemically



modified by different methods and tested as photocrosslinkable bioadhesives. Despite
some promising results, such as adherence efficacy, other properties such as curing

times and biocompatibility, may still be improved.

During the work reported herein, a photocrosslinkable biodegradable bioadhesive based
on PCL was developed and tested as a possible surgical adhesive for treatment and
regeneration of injured organic tissues. PCL is a semi-crystalline linear biodegradable
aliphatic polyester with hydroxyl (OH) terminal groups, that has becn used in several
medical applications already approved by the US Food and Drug Adriinistration [21]. Its
structure contains several aliphatic ester linkages which may unc=rgo Iydrolysis and its
degradation products can be either metabolized and naturally included in the tricarboxylic
acid cycle or eliminated by renal secretion. This OH terminated polyester was
functionalized with a low-viscous isocyanate-iunctional unsaturated acrylic ester,
Laromer® LR 9000 (LAR). The produced macrorrier wac crosslinked under UV irradiation
using a biocompatible photoinitiator Ir2959 [22]. In order to evaluate its feasibility for the
intended application, the syinthesized materials were properly characterized. Their
haemolytic and thrombogenic character were also assessed as well as their cytotoxicity

in human fibroblasts culturs.

2. Experimentai Procedures

2.1. \aterials

PCL diol (Mn = 530), diethyl ether (99%), formamide (99%), diiodomethane (99%),
ethylene glycol (99.8%), potassium ferrocyanide (99%), formaldehyde (37%, stabilized
with methanol), nonionic surfactant Triton X®-100, Dulbecco’s modified Eagle’s medium
(DMEM-F12), gentamicin, LB Broth, phosphate-buffered saline tablets (PBS),
streptomycin and trypsin were purchased from Sigma-Aldrich (Sintra, Portugal).

Laromer® LR 9000 oligomer (LAR) and photoinitiator 2-hydroxy-1-[4-(2-hydroxyethoxy)



phenyl]-2-methyl-1-propanone, under the trade name of Irgacure® 2959 (97-99%), were
kindly provided by BASF (Germany) and used without purification. Potassium
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.

Normal adult human dermal fibroblasts (NHDF) were obtaincd from PromoCell

(Labclinics, SA; Barcelona, Spain) and used in cytotoxicity experinents.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brcrmide (V7 T) was purchased from
Alfa Aesar (Ward Hill, USA). Fetal bovine serum (FBS, was purchased from Biochrom

AG (Berlin, Germany).

2.2. Methods
2.2.1. Functionalization of PCL

Macromers containina urethane groups were synthesized by modification of hydroxyl
end functionaiized PCL with LAR using ratios of OH:NCO groups of 1:1 and 1:2. Diethyl

ether was used as solvent due to its high volatility.

The reactions were performed by stirring the two components 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 calcium chloride

to maintain reflux and avoid humidity.



The obtained functionalized macromers (PCL-LAR(1:1) and PCL-LAR(1:2)) exhibited a
low viscosity and a transparent appearance. Finally, the materials were stored until

further use.

2.2.2. UV-curing and films preparation

Ir2959 was added to each macromer in a percentage of 4% of the carbon dcouble bonds
moles, keeping the reaction glass flask in a dark environmen: until complete
solubilisation. The final solutions were then individually poured onto Petri dishes, and
then irradiated using a Multiband UV UVGL-48 model iror Mineral Light® Lamp
(wavelengths of 254—354 nm). Dry, transparent and flexible fiiii.c were obtained after 30s

for the PCL-LAR(1:1) macromer and after 60 s for PCL-I AR(1:2).

2.3. Characterization technicucs

2.3.1. Attenuated Total Refleciance - Fourier Transform Infrared spectroscopy

(ATR-FTIR)

ATR-FTIR analysis of the adhesives was carried out with a Jasco FT-IR-4200
spectrometer, {rom Jasco Inc. (Easton, USA) equipped with a Golden Gate Single
Reflecticn Diemond ATR. Data collection was performed with 4 cm~' spectral resolution

and 128 accumulations.

2.3.2. Nuclear Magnetic Resonance (NMR)
The 'H NMR spectra of PCL, LAR and of both prepared macromers were obtained on a
9.4 Tesla Spectrometer, at room-temperature using CDCI; as solvent. Tetramethylsilane

(TMS) was used as the internal reference.



2.3.3. Water sorption capacity

Three samples of each prepared film with an area of 4 cm? and 1 mm thick were dried
under vacuum at 60 °C until a constant weight (Wy) was attained. The dried samples
were then placed in a closed container with a saturated solution of pentahydrated copper
sulphate and then they were weighted at different times until a maximum weight was

achieved (Ws). Finally, water sorption (%) was assessed by using Eq. (1).

Water sorption (%) = (WSW:Nd) x 100 (1)

2.3.4. Hydrolytic degradation in phosphate buffer solution (¥BS)

Dried samples (n = 3) of each film (1 mm of thickiass) were weighted (Wy,), immersed
in 10 mL of PBS 0.01M (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 (Wg4:). The degree of degradation was

calculated from the weight loss, which was determined as represented in the Eq. (2).

. W0 - Wa,i
Weight loss (%) = —, . — =100 (2)
where Wy, and Wy, are the average samples weights before the degradation test and at

time t, respectively.

2.3.5. In vitro adhesion tests — Evaluation of films’ adhesive capacity

In order to evaluate the bonding performance of the photocrosslinkable macromers, the
formulations 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 irradiated under the same conditions as



described for the preparation of the films. The gelatine sheets were then subjected to the
“pull to break” test at room temperature using a Chatillon TCD 1000 (Lloyd Instruments™,
Ametek, USA). The assays were carried out at room temperature with a pulling velocity
of 20 mm/min, and the distance between the probes was established at 1 cm. Force and
length variation were recorded and tests were terminated with the fracture of the gelatine
sheets or their separation until adhesion failed to occur. A plain gelatine sheet (1.5 x 5

cm) was also subjected to the same test to be used as a control.

2.3.6. Determination of surface energy by contact angle meacsurement

The surface energies of the films were determined, in crder t¢ 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 [23, 24]. All the
assays were conducted on the air-facing surfaces of the films with three liquids (water,
ethylene glycol formamide and diiodomethane) using the sessile drop method. Ten
measurements on several points were performed on the samples surface to determine
the mean static contact angle and its standard error. The surface free energies (y;) as
well as their dispersive (y”) and polar (y£) components were assessed according to the

Owens-Wendi-Rauel and Kaelble (OWRK) method [25].

2.3.7. Tnermal properties

The thermal stability of PCL, LAR and the developed photocrosslinked adhesives PCL-
LAR(1:1) and PCL-LAR(1:2) was evaluated in the range of ca. 25-600 °C, in an SDT
Q600 from thermal analysis, with a heating rate of 10 °C-min~" under dry nitrogen purge

flow of 100 mL-min~".



The glass transition temperature, T,, was determined by DMTA with a Tritec 2000 DMA,
from Triton Technology, Ltd (Keyworth, UK). The crosslinked adhesives were analysed
in the single cantilever bending geometry using stainless steel material pockets. All
DMTA measurements were carried out in a -150 to 200 °C temperature range, at
frequencies of 1 and 10 Hz, using a heating rate of 5 °C-min-'. The T, was determined

from the maximum of tan o, at 1 Hz.

2.3.8. Haemocompatibility analysis

Blood compatibility of the UV-cured films was evaluated in wiiro 2ccordingly to the
International Organization for Standardization (ISO) 10933-4 [26] and by assessing two

types of blood interaction: thrombogenicity and hacinclytic potential [27].

Surface morphology and thrombogenicity

The surface morphologies of the membrancs were analysed by scanning electron
microscopy (SEM). The saimples were piaced on double-sided graphite tape, attached
onto a metal surface, and sputtei-coated with gold. SEM images were acquired at 10 kV

with a JSM-5310 (JEQL, Japan) scanning electron microscope.

Thrombus formation oii ihe surface of the films (n=3) was evaluated using the gravimetric
method ¢f Imai and Nose [28]. Anticoagulated rabbit blood (ACD blood) was used for
this purpose and contact time between the samples and blood was established at
40 min. The samples were previously immersed in PBS solution at 37 °C for 24 h.
Suosequently, the PBS was removed and the ACD blood (250 uL) 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 (100% thrombogenicity). Blood clotting tests were
started with the addition of 25 uL of a 0.10 M calcium chloride solution to each sample
which were posteriorly incubated at 37 °C for 40 min. The process 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 h and finally weighted. The

percentage of thrombogenicity was assessed according to Eq. (3).

Mclot sample = Maverage negative control

% ThrombogeniCity = Maverage positive control = Maverage negative control % 100 (3)
Haemolytic Potential
The haemolysis tests were performed according to the American Sociaty ior Testing and

Materials (ASTM) F 756-00 standard [29]. Dried samples with 21 ¢in? were placed in
polypropylene test tubes and 7 mL of PBS 0.01M (pH 7.4} were added. After 24 h of
incubation at 37 °C, the PBS was removed and the sampies were left to dry. Then, 7 mL
of PBS and 1 mL of diluted ACD blood (10 mg/mL = 1 mg/mL) were added to each
sample (indirect contact) as well as to three sampies of the same membranes with no
previous incubation with PBS (direct contact). Positive and negative controls were
prepared by adding the same amount oi ACD blood to 7 mL of water and PBS,

respectively.

The tubes were placed at 37 °C, for 3 h, and cautiously inverted twice every 30 min for
enhancing the coniact between materials and blood. After incubation, the fluids were
transferred to suiteble tubes and centrifuged at 700-800g, for 15 min. The amount of
haemoaqlobin (Hi) released by haemolysis was measured by optical densities (OD) of
the supernatants at 540 nm using a spectrophotometer UV-vis (Jasco V550). The

percentages of haemolysis (HI) were calculated as described in Eq. (4).

ODrtest - ODnegative control

% Haemolysis (HI) = ( ) x 100 (4)

ODpositive control = ODnegative control

10



2.3.9. Evaluation of films biocompatibility

Cell culture of human fibroblasts in presence of the PCL-LAR films

Cell culture in the presence of the films was performed as previously described [13, 30].
In detail, samples of each film were sterilized by ultraviolet radiation for 30 min. Then,
normal human dermal fibroblasts adult (hFib) were seeded in the presence of the
different films (20x103 cells/well) in 96-well plates, using DMEM-F12, supplemented with
FBS (10% v/v), streptomycin (100 pyg/mL) and gentamicin (100 ug/mL). Cell proliferation
was monitored using an Olympus CX41 inverted light microsccpe (1Tokyo, Japan)

equipped with an Olympus SP-500 UZ digital camera.

Evaluation of cell viability in the presence of the PC! -L/A R films

To characterize the cytotoxic profile of the diffarent films, hFib (2x104 cells/well) were
seeded in the presence of the imaterials, in 96-well plates, with 100 yL of DMEM-F12
and then incubated at 37 °C, in 2 5% CO, humidified atmosphere. After 24 and 72 h of
incubation, an MTT assay was carried out to assess cell viability. In detail, 50 yL of MTT
(5mg/mL PBS) was adcied tc each sample followed by their incubation for 4 h, at 37 °C,
in a 5% CO, aimospiicre. After that, the medium was removed and cells were treated
with 150 /L of UMSO (0.04 N) for 30 min. Subsequently, the absorbance of each well
was mecsured at 570 nm using a microplate reader (Biorad xMark microplate
spectropnotometer). Wells containing cells in the culture medium without materials were
uscd as negative control (K-). EtOH 96% was added to wells containing cells to be used
as a positive control (K+) [31]. Statistical analysis of the obtained results was performed

using one-way ANOVA with the Newman-Keuls post hoc test.

11



2.3.10. Scanning electron microscopy analysis

Cell adhesion and proliferation at the films surface was characterized by scanning
electron microscopy (SEM) analysis. Briefly, samples were washed with PBS at room
temperature and fixed overnight with 2.5 % (v/v) glutaraldehyde. Then, films were frozen,
freeze-dried for 3 h, and finally mounted onto aluminium stubs with double adhesive tape
and sputter-coated with gold using a Quorum Q150R ES sputter coater. SEM images
were acquired with an acceleration voltage of 20 kV at different magriiications in a

Hitachi S-3400N Scanning Electron Microscope [13, 32].

3. Results and Discussion

3.1. Synthesis of LAR macromers

Macromers containing urethane groups were synthesized by modification of hydroxyl
end functionalized PCL with (ha isocyanate groups, NCO of LAR. Two distinct
macromers were prepared, with different molar ratios of OH:NCO groups: PCL-LAR(1:1)

and PCL-LAR(1:2).

The reactions were performed by stirring the two components in a conventional two neck
round-bottorned giass flasks, under a nitrogen atmosphere and refluxing the solvent
using 2 loino condenser with a drying tube filled with calcium chloride to maintain reflux
ana avoid humidity. The flasks were placed in a water bath at the temperature of 60 °C.
Optimal reaction time was established as 6 h. The obtained functionalized macromers
PCL-LAR(1:1) and PCL-LAR(1:2) exhibited low viscosity and transparent appearance

and were properly stored for further use.

Afterwards, the obtained macromers were photocrosslinked under UV irradiation using
[r2959, in a percentage of 4% of the carbon double bonds moles. Irradiation times varied

with OH:NCO groups ratio and were determined to be 30 s for PCL-LAR(1:1) and 60 s

12



for PCL-LAR(1:2) showing that a higher amount of LAR in the composition of the
macromers leads to a higher curing time. Later, the photocrosslinked macromers were

physical/chemically and biologically characterized.

3.2. Chemical characterization

ATR-FTIR and "H NMR techniques were used to follow the reactions and to prove the
success of the macromers synthesis. The ATR-FTIR spectra of the develoed adhesives
as well of the components of the formulations are presented in Fig.1. ihe CH, stretching
region, at 2800 cm-' was detected as well as the typical isocyarate band, around 2260
cm-, characteristic of LAR [13]. The presence of this banc on the spectrum of the final
adhesives suggest that there are free NCO groups [33]. These NCO free groups present
on the adhesives structure are crucial, since they will enhance the adhesion capacity to
the substrate surface. The N-H stretching hand was ai=o detected, at 3360 cm-! and at
1650-1550 cm'in LAR and adhesives spectra [34]. The ester group was detected in all
the spectra, around 1730 crii'. The presence of the carbon double bonds (C=C) was

confirmed with a band at 1680 cm-".

2800 cm! 1730 cm™
PeL (CHy) (COOR)
LAR 1650-1550 cm! (N-H)
'—
PCL-LAR(1:2)
PCL-LAR(1:1)
3360 cm"" \/\f_ Y
(N-H) 2260 cm™! 1680 cm-!
(NCo) (c=C)

4000 3000 2000 1000

Wavenumber (cm-)

Fig.1. ATR-FTIR of PCL, LAR and the developed macromers.
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Fig.2 shows the obtained '"H NMR spectra of (1) PCL, (2) LAR and both macromers
prepared: (3) PCL-LAR(1:1) and (4) PCL-LAR(1:2). In the PCL spectrum the typical
backbone peaks are observed at (a) 1.4 ppm, (b) 1.7 ppm, (c) 2.4 ppm and (f) 4.0 ppm
assigned to -C(O)OCH2CH2CH2-, -C(O)OCH2CH2CH2CH2CH2-, -CH2C(0)O- and -
C(O)OCH2CH2, respectively, as well as the methylene protons of the molecular chain
terminal (-CH20H) at (d) 3.6 ppm [35, 36]. All these peaks can be seen in both macromer
spectra with the exception of the later one, which confirms the linkage of the PCL terminal
OH groups with the NCO groups of LAR [13], leading to the appearance Gi a new peak
(o) at around 3.1 ppm, which was assigned to the urethane groups (-NHCH,-) [13, 20,
36]. Moreover, the vinylic protons of LAR from 5.9 to 6.5 pprii (1) aie 2iso present in the

macromers spectra, confirming the success of the reaction.

14
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Fig.2. '"H NMR spectra of PCL, LAR and the macromers PCL-LAR (1:1) and PCL-
LAR(1:2). The numbered signals correspond to the protons assigned to the displayed

structure.
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3.3. Water sorption capacity

Adhesives volume increase (swelling) caused by water sorption is an important
characteristic to evaluate the suitability of the materials for tissue engineering
applications. Surgical adhesives designed for wound closure must help in the healing
process and promote the healing of the damaged tissue [12, 13]. A certain percentage
of swelling is benefic to facilitate the tissue regeneration; above 20%, the volume
increase is too high and prejudicial for the healing process to occur, since it is responsible
for causing inflammatory responses, compression of the vascular structures of the
surrounding tissues, and keeping the wound limits apart [12, 13]

Materials swelling degree was evaluated after 6 weeks of incubation in a water saturated
atmosphere, using three samples of each film. The resulis presented in Fig.3 show that,
although the materials present similar swelling values, a higher amount of LAR,
increases water sorption capacity, as it can be scen in iunctionalized PCL samples PCL-

LAR(1:1) (5.8 + 0.1%) and PCL-LAR(":2) (7.0 . 0.7%).

’

Water sorption (%)

PCL-LAR(1:1) PCL-LAR(1:2)

Fig.3. Water sorption of the crosslinked films after 6 weeks of incubation.
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All the analysed samples proved to be suitable to be applied as wound dressings since
they exhibit moderated swelling degrees that fit the requirements and the hydrophilic

nature of the final adhesives contributes to improve their biocompatibility.

3.4. Hydrolytic degradation in phosphate buffer solution (PBS)

Tissue adhesives must be easy to remove, or degradable in vivo to biologically
compatible components or in products that can be excreted by the body. The analysis of
materials degradation when placed in an environment similar to the imedium in which
they will be applied, is fundamental to understand their biodegrad=bility end decide about

their final application [13, 37, 38].

The weight loss evaluation was performed by incucating the synthesized materials in
PBS at 37 °C. Fig.4 presents the weight loss perceiitagc after 6 weeks incubation in the
buffer solution and it shows that the material with higher proportion of LAR exhibits
similar hydrolytic degradation (0.5 £ 0.078%) when compared with PCL-LAR(1:1) (0.7 =
0.1%). These results are consistent with the reported swelling degrees and show that
LAR amount do not influences significantly the weight loss percentage of the final
material. Also, due to e siow degradation rates, these materials are suitable to external

applications, as is the case for cyanoacrylates adhesives [13].

|
l

Weight loss (%)

0.4

0.2

PCL-LAR(1:1) PCL-LAR(1:2)

Fig.4 Hydrolytic degradation (% of weight loss) of the prepared materials in PBS.
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3.5. Invitro adhesion tests — Evaluation of the adhesive capacity

One important property required for adhesives is the ability to adhere to living tissues, in
order to assist the healing process. To evaluate this capacity, the maximum rupture force
(N) was determined by performing mechanical tensile tests. The different materials were
applied between two gelatine sheets, since this substrate mimics the presence of amino
groups in the living tissues [13, 39]. Each assay ended by doing the “pull to break” test
to analyse if the gelatine sheets fracture or separate. All the materials presented
satisfactory adhesion results since gelatine sheets ruptured. According witn Fig.5, the
sample prepared with PCL-LAR(1:2) exhibited maximum force of 97.5 £ 5.6N, which is
higher than the substrate alone (89.2 + 3.7). Comparing with " CIL-LAR(1:1) sample (70
1 2.8N), it was found that a higher amount of LAR improves (h= adhesion capacity of the
material. The free isocyanate groups of the adhesive structure react with the amino
groups of the gelatine, forming urea linkages and promoting a greater adhesion [39].
These results are consistent with the FTIR spectra, which show the presence of peaks

related to the isocyanate grourc of the final materials PCL-LAR(1:1) and PCL-LAR(1:2).

120 -

100 J

HH

0]
=
S
HH

=l
|

Maxiiium Force (N)
8

[ne]
(=]
L

PCL-LAR(1:1)  PCL-LAR(1:2) Gelatine

Fig.5. Values of maximum force registered during “pull to break” for gelatin sheet

(control) and gelatin sheets glued with each macromer.
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3.6. Determination of surface energy by contact angle measurement

In order to determine the surface energy of the developed adhesives, the contact angles
were determined using specific liquids. Therefore, the surface energy of the macromers
was calculated from the contact angle values, using the Owens and Wendt equation and
the obtained values are given in Tab.1. The surface energy of gelatine sheet was also
determined, for comparison purposes, alongside with skin [40] and blood [41, 42]

literature values.

According to Tab.1, the vy, of the macromers are lower than thoce obiained for the
gelatine sheet, skin and blood which is a good indicator of the viabllity of the synthesized
material as adhesives. These is one of the main requirerien's to ensure the adhesion to
a substrate, since the surface energy of the adhesive must he equal to or less than that
of the adherent [40]. Also, based on the ratio between polar and dispersive parts it is
possible to predict the adhesion behaviour of the macromers. Concerning the adhesive
PCL-LAR(1:1), the polar and dispeisive cciiiponents are very similar, therefore more
interactions between the phases and a higher adhesion is to be expected. For PCL-
LAR(1:2), the polar component is higher than the dispersive component which is
explained by the higher amount of the urethane linkages, which ultimately lead to an

increase on the polar intcractions by hydrogen bonds formation [43].
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Table 1. Surface energies/superficial tensions (mN/m) and their dispersive (y?) and

polar (y¥) components.

Surface energies and surface tensions (mN/m)

Substrate
¥s 143 143
Gelatine 441 +23 53+0.6 38.9+2.2
Skin 43.7 35.7 8.0
Blood 47.5 11.2 36.3
PCL-LAR(1:1) 304+22 154 +1.0 15.0+ 1.2
PCL-LAR(1:2) 349+20 9.7+0.8 25.2+1.8

3.7. Thermal properties

The thermal stability of the photocrosslinked macroiners was assessed by TGA and the
thermogravimetric curves and respective derivatives are displayed in Fig.6. The
temperatures of maximum degradaiion wcie determined considering the derivative
curves and the results are shown in Tab.2. According to Fig.6 the adhesives exhibit a
good thermal stability, showing the first decomposition at 250 °C, ascribed to the

degradation of the ureinane honds [13].

A second and a third decomposition step was observed, for both adhesives, around
350 °C and! 460 “C, respectively. This second major degradation step can be assigned
to the degradation of the ester bonds present in the soft segment of the urethane [44]
and it is slightly higher than the PCL, due to an increase at the hard segments, by the
formation of hydrogen bonds between NH and CO groups [33]. Although the T, obtained
for the adhesives is quite similar, PCL-LAR(1:2) shows a slightly higher T4, which can be
explained by the higher amount of LAR in the adhesive structure. Finally, the third
decomposition step, detected at 456.42 °C and 463.47 °C for PCL-LAR(1:1) and PCL-

LAR(1:2), respectively, is attributed to the decomposition of bonds of higher energy such
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as C=0, C=C, C-0 and C-H bonds. Overall and regarding the intended application, the

adhesives showed to be stable at physiological temperature (37 °C).

120 1

Weight (%)
Deriv.VW aight(%/°C)

25 125 225 326 425 526

Temperature (°C)

Fig.6. TGA thermograms and derivate thermogravimetic curves of PCL-LAR(1:1) and

PCL-LAR(1:2).

The glass transition tamperatuie, Tg, of the prepared adhesives was determined by
dynamic mechanical tharmal analysis (DMTA). DMTA is a highly sensitive technique that
allows the detection of all the relaxation temperatures. During the assays, the storage
modulus (elastic response, E') and loss modulus (viscous response, E") of each sample,
under osciilating load, are monitored against time, temperature, or frequency of
osciliation. Their ratio (E"/E') defines the loss tangent (tan 8) [45]. The obtained results

are nresented in Tab.2 and Fig.7.

The T, of PCL-LAR(1:1) and PCL-LAR(1:2) obtained at 1Hz, appeared at -86.31 °C and
-75.13 °C, respectively. The adhesives exhibit a single T, indicating miscibility of the
components of the adhesives. Also, T, increased with the increase of the NCO

proportion, which is expectable since a higher OH:NCO ratio led to a more crosslinked
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material, due to the formation of more urethane linkages, thus a higher amount of energy

is necessary to promote chain mobility.

Table 2. Thermal properties of the developed adhesives, T, (onset of decomposition

temperature) and T, (glass transition temperature), determined by DMTA.

Tdmax
(] 0
Sample Ts (°C)  Taow (°C) 1st stage 2nd stage 3rd stage
(°C) (°C) cc _
PCL 195.82 219.34 243.81 319.6 -
LAR 225.86 240.64 245.19 326.21 466.0¢
PCL-LAR(1:1) 257.53 292.16 251.51 346.30 45842
PCL-LAR(1:2) 256.57 297.59 248.10 353.92 463.47
4.E-01 -
A — PCL-LAR(1:1) Tan Deltat
——————— PCL-LAR(1:1) Tan Delta10
3E-01 -
w
c 2.E-01 -
S
P
1.E-01
0E-0D A— : : : : .
120.00 -160.00 -100.00 -40.00 20.00 80.00
Temperature (°C)
R E-0U1 1~ B
——PCL-LAR(1:2) Tan Delta1
----- PCL-LAR(1:2) Tan Delta10
2.E-01 4

2.E-01 A

Tan &

1.E-01 A

5.E-02

0.E+00

T, (°C)

-86.31

-75.13

-220.00

-160.00

-100.00

-40.00 20.00 80.00

Temperature (°C)

Fig.7. DMTA thermograms of the macromers, at frequencies of 1 and 10 Hz, under a

heating rate of 5 °C-min-".
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3.8. Haemocompatibility assessment

3.8.1. Surface morphology and thrombogenicity

Thrombogenicity is related with the ability of a surface to induce blood clotting and
therefore the creation of thrombus. This phenomenon has been associated with several
surfaces’ characteristics such as surface energy, charge and surface roughness [46, 47].
During this work, the surface of the photocrosslinked membranes was observed by SEM
(Fig.8) and no morphological differences were observed between the campies. Also,

both surfaces proved to be quite regular and with no significant roughness.

Fig.8. SEM images of the surface morphology of the (A) PCL-LAR(1:1) and (B) PCL-

LAR(1:2) at a magnification of 50Ux.

However, and aecpitc thie smoothness of the surfaces, high values of thrombogenicity
were registered for both samples (Fig.9) meaning that roughness was not the key factor
influencing clotting in these materials. Other authors have reported similar results when
assessing thrombogenicity and concluded that the inherent chemical characteristics of
he surface, such as wettability and interfacial free energy played a more significant role

in the thrombosis mechanism than the surface’s morphology [48].
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Fig.9. Thrombogenicity (%) of the crosslinked materials after 45 min of conlact with

blood.

Several studies have shown that thrombogenicity is diracily related to the value of energy
presented by a surface [49]. More specifically, low surface energy values are reported to
be an important factor on the first stage of ilic coagulation cascade that ends in thrombus
formation [50]. Considering the maizriaic herein produced, it was verified that both
presented low surface energy levels and are in fact thrombogenic. This type of surfaces
presents an increased ability of adsorbing plasma proteins when comparing with
hydrophilic ones. Whi'e in i ydrophilic surfaces the water molecules are strongly bounded
hampering protein adsorption, in hydrophobic surfaces water molecules are easily
displaced by plasma proteins which, once adsorbed, trigger the complex series of events

leading fo thirombosis [51].

3.8.Z2. Haemolytic potential

Haemolysis is described as the breakdown of erythrocytes with subsequent release of
intracellular contents [52]. The disruption of the erythrocytes’ membranes increases
levels of free plasma haemoglobin capable of inducing toxic effects or other effects which
may stress the kidneys or other organs and is therefore an undesirable effect for any

material designed to be applied in vivo [29]. The haemolysis index of the prepared
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membranes was evaluated according to ASTM F 756-00 [29] using the
cyanmethaemoglobin method which allows quantifying levels of plasma haemoglobin
that may not be measurable under in vivo conditions. The haemolysis results obtained
for all samples during direct and indirect contact with blood showed that both materials

are classified as non-haemolytic (haemolytic index <2) (Fig.10).

0o ODirect contact DOindirect contact

0.8 q

0.7 4

0.6 I
0.5 4 I-

04 ‘ '

0.3 1

Haemolytic Index (%)

0.2 4

0.1 |

PCL-LAR (1:1) CL-LAR (1:2)

Fig.10. Values of haemolysis (%) of PCL-LAR(1:1) and PCL-LAR(1:2).

These results indicate tinat no disruption of the erythrocyte membranes and consequent
Hb release is verified during incubation in the anticoagulated blood during HI
assessment. -or this ieason, materials are considered blood-compatible which is a

fundamenial fealure considering the intended biomedical application.

3.9. Evaluation of films biocompatibility

The cytotoxic profile of the produced films was evaluated through an MTT assay. A
model cell line of hFib was seeded over the film samples. As can be observed, for both
film samples, cells were able to adhere and proliferate during 72 h (Fig.11A). During this
period, no acute cytotoxic effect was registered, suggesting that these films may be

promising candidates for the intended application (Fig.11B). Additionally, SEM images
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of hFib in contact with the films were also acquired, where it is possible to verify that cells
were able to adhere and spread at the surface of the different samples along 72 h of

incubation (Fig.11C). Such features are crucial for improving the healing process.

O 24h (

B 72h

Viable Cells (%)

PCL-LAR 1:2 PCL-LAR 1:1

Fig.11. A. Microscopic images of hFib in contact with the different films after 24 and 72h
of incubation at a magnification of 100x; B. Characterization of the hFib viability in contact
with the different films after 24 and 72 h; live cells (K-); dead cells (K+). Each result
represents the mean  standard deviation of the mean of at least three independent
experiments. Statistical analysis was performed using one-way ANOVA with Newman-
Keuls post hoc test (*p<0.05); C. SEM images of hFib adhesion and elongation at the

surface of the different films after 24 and 72 h of incubation.
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4. Conclusions

PCL was chemically modified with two different proportions of LAR in order to incorporate
carbon-carbon double bounds while maintaining free isocyanate groups in the final
macromer structure. These chemical modifications were confirmed by ATR-FTIR and by
'H NMR analyses. The adhesion capacity tests of the developed macromers using
gelatine sheets as the substrate demonstrated that they were able to promote adhesion
and that the breaking point was similar to the gelatine maximum force. Also, the adhesive
capacity was improved when LAR proportion was increased due to the existernce of NCO

free groups.

Crosslinked films were then prepared by UV irradiation of these macromers and by using
Ir2959 as the photoinitiator, yielding flexible crosslinkead networks after 30 and 60 s.
These films were characterized in terms of swelling canacity and hydrolytic degradation.
The samples presented a low water sorplion capacity as well as slow degradation rates
and therefore more suitable to exteinal application. While thermal degradation profiles
were quite similar for both chemical compositions, T, was shown to increase with a
higher amount of LAR in the pclymeric structure due to a more effective crosslinking

process.

Concerning haemocoriipatibility, both materials showed to be thrombogenic due to their
low surface eneigy values. In addition, the haemolytic indexes showed to be lower than

2 and thercfore these materials are classified as non-haemolytic.

In vitro studies showed that, despite all materials presenting a biocompatible profile after
24 h, a higher amount of LAR, and therefore a higher crosslinking degree, had a positive
impact on the biocompatibility of the materials after 72 h of cells being in contact with

them.

Based on the overall results, PCL-based macromers present suitable characteristics and

are good candidates to be used in the near future as surgical adhesives.
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Highlights

e Photocrosslinkable PCL based macromers were synthesized by functionalization with
Laromer® 9000;

e The macromers were crosslinked via UV irradiation using Irgacure 2959° as the
photoinitiator;

e All samples showed to be thrombogenic and non-haemolytic;

e Higher crosslinking degrees had a positive impact on the hiocornpatiiility.
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