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ABSTRACT

Thermoplastic biodegradable polymers displaying elastomeric behavior and mechanical
consistency are greatly appreciated for the regeneration of soft tissues and for various medical
devices. However, while the selection of a suitable base material is determined by mechanical and
biodegradation considerations, it is the surface properties of the biomaterial that are responsible for
the biological response. In order to improve the interaction with cells and modulate their behavior,
biologically active molecules can be incorporated onto the surface of the material. With this aim, the
surface of a lactide and caprolactone based biodegradable elastomeric terpolymer was modified in
two stages. First, the biodegradable polymer surface was aminated by atmospheric pressure plasma
treatment and second a crosslinker was grafted in order to covalently bind the biomolecule. In this
study, albumin was used as a model protein. According to X-ray photoelectron spectroscopy (XpS)
and atomic force microscopy (AFM), albumin was efficiently immobilized on the surface of the
terpolymer, the degree of albumin surface coverage (FBSA) reached ~35%. Moreover, gel
permeation chromatography (GpC) studies showed that the hydrolytic degradation kinetic of the
synthesized polymer was slightly delayed when albumin was grafted. However, the degradation
process in the bulk of the material was unaffected, as demonstrated by Fourier transform infrared
(FtIR) analyses. Furthermore, XpS analyses showed that the protein was still present on the surface
after 28 days of degradation, meaning that the surface modification was stable, and that there had
been enough time for the biological environment to interact with the modified material.
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1 INTRODUCTION

The synthesis of lactide and caprolactone based copolymers (PLCL) could play a role in the
growing demand for highly elastic and biodegradable materials in the biomedical field. The
mechanical properties displayed by these copolymers are of key importance regarding cardiac tissue
engineering applications, where biomaterials should have enough elasticity to respond
synchronically with the myocardium contraction and to transfer effectively the mechanical stimuli
from the myocardial microenvironment to the transported cells." Moreover, the elastomeric behavior
and shape recovery capacity of these materials create a dynamic cell culture with mechanical
stimulation, this promotes cell proliferation, extracellular matrix production and gene expression for
the regeneration of muscles, tendons or ligaments.? The degradability of these copolyesters is also
highly appreciated for its use in tissue engineering applications. For example, in urothelium tissue
engineering, the use of these resorbable polymers could be a promising alternative to the techniques
currently employed, such as the use of the patient’'s own genital tissue or buccal mucosal grafts.?

Both the mechanical properties and degradation behavior of these materials can be tuned by
controlling the composition and chain microstructure.*® For example, the presence of e-caprolactone
improved the elastomeric behavior of the obtained material, avoiding problems related to brittleness
associated with poly (L-lactide) (PLLA), poly(D,L-lactide) (PDLLA) or poly(lactide-co-glycolyde)
(PLGA) polymers, making them unsuitable for biomedical applications requiring elastomeric
behavior. On the other hand, some PLCL copolymers found in the literature present initially
elastomeric behavior but, during hydrolytic degradation, they become glassy plastics.®” Amorphous
character is also very important for the use of this material in tissue engineering and biomedical
applications. Commonly employed synthetic biodegradable polymers, such as PLLA, poly(e-
caprolactone) (PCL) or other PLCL copolymers are highly crystalline or develop crystalline domains
during hydrolytic degradation, thus displaying slow degradation rates.%®

The aforementioned crystalline residues are highly resistant to hydrolytic degradation and can
remain in the body for years, causing foreign body reactions.®'® In contrast to other commonly
employed lactide and caprolactone based copolymers (PLCLs),” the PLCLs developed in our
laboratory, due to a specific lactide/caprolactone ratio, exhibited minor changes in their
microstructure during hydrolytic degradation, retaining their elastomeric behavior and amorphous
character during application.® The formation of non-desirable crystalline residues is avoided thanks
to the random distribution of polymer chains and the corresponding shortening of the average-
sequence length of crystallizable units.

As an illustration, in our previous work we synthesized several PLCLs displaying different
average-sequence lengths of L-lactide (ILa), that were hydrolytically degraded for a period up to 98
d.® All the studied PLCLs presented initially a completely amorphous character, showing a single
glass transition temperature and no melting peaks. However, while those PLCLs that showed ILA
shorter than ~3.2 were able to maintain their amorphous character during the hydrolytic degradation
study, PLCLs that displayed longer values of I.a slightly crystallize in the late stages of degradation.
In this sense, the PLCL that had a I.a of 3.62 showed a melting peak at day 35 of degradation that
gradually increased as the time submerged in phosphate-buffered saline increased. On the other
hand, the PLCL that had a I of 3.28 was able to preserve the amorphous character until day 49. In
order to avoid the formation of hydrolytically resistant crystalline residues and the brittleness
problems associated to the development of crystalline domains, we synthesized in this work a PLCL
with reduced I.a (<3.28). This polymer, having a very similar composition and chain microstructure
of one of the polymers studied previously,® does not crystallize during degradation and keeps its
elastomeric behavior and structural properties during the first 3—4 wk of degradation.

Biodegradable materials for biomedical applications should not only have appropriate mechanical
and biodegradation properties, but also good interactions with the surrounding tissues of the
implantation site. Indeed, the biological response is mainly influenced by the surface properties of
the biomaterial. Therefore, incorporation of biologically active molecules, such as proteins or



peptides, on the surface of biomaterials is recognized as a promising strategy to improve the
bioactivity of the materials employed in the medical field."""? In order to obtain a stable protein layer,
the biomolecule should be covalently bonded on the surface of the material. However, PLCL
copolymers do not have any reactive groups in their chemical structure for further covalent
attachment of proteins. Thus, they should be functionalized, which is a major challenge for this kind
of material. Indeed, special care has to be taken when trying to modify the surface of biodegradable
polymers showing glass transition temperatures similar to room or body temperatures such as the
PLCL used in this work. Moreover, the functionalization should not affect the copolymer structural
composition in order to keep all its initial properties.

Among the numerous techniques described in literature for the introduction of reactive groups,
surface modification by plasma treatment is the most adequate''® since it allows the efficient
incorporation of functional groups onto the biomaterial surface without affecting their bulk properties
(chain reorganization, crystallinity, faster degradation).'”'® Regarding plasma treatments applied on
biodegradable polymers, to our knowledge, no study on PLCL has been reported whereas such
treatments have already been done on PLLA, poly(glycolide) (PGA), PLGA or PCL."%%2

In this work a terpolymer composed of e-caprolactone (CL), D-lactide (D-LA) and L-lactide (L-LA)
was used as base material and fully characterized in terms of molecular weight, molecular
organization, chemical structure and mechanical properties before surface modification. The
terpolymer functionalization was done under N2> and H, atmospheric pressure plasma discharge.
The amino groups created were used as the anchoring point for the covalent grafting of albumin by
using a heterobifunctional crosslinker. X-ray photoelectron spectroscopy (XPS), contact angle and
atomic force microscopy (AFM) were used to characterize the surface modifications of the material.
Finally, a hydrolytic degradation study of untreated terpolymer (PLCL), plasma modified PLCL (P-
PLCL) and albumin grafted PLCL (BSA-PLCL) in phosphate-buffered saline (PBS) at 37 °C was
performed for a period up to 63 d. The changes in crystallinity, molecular weight and chemical
composition of the samples were followed by using differential scanning calorimetry (DSC), gel
permeation chromatography (GPC), Fourier Transform Infrared spectroscopy (FTIR) and XPS.

13,14

2 MATERIALS AND METHODS
2.1 Synthesis of the PLCL terpolymer

The statistical poly(lactide-co-e-caprolactone) (PLCL) terpolymer containing L-lactide, D,L-lactide
(>99.5%, Purac Biochem BV) and e-caprolactone (>98%, Merck KGaA) was synthesized following
the procedure described in a previous work.*? In brief, the polymer was synthesized by ring opening
polymerization (ROP) catalyzed by bismuth (lll) subsalicylate (BiSS, 99.9% trace metals basis,
Sigma-Aldrich, 1500: 1 comonomers: catalyst molar ratio) for 72 h at 130 °C, adding 50 wt% of L-
lactide, 35% of D,L-lactide and 15% of e-caprolactone. The obtained product was dissolved in
chloroform (Labbox) and precipitated by pouring the polymer solution into an excess of methanol
(Labbox) in order to remove the catalyst impurities and the monomers that did not react. The
chemical structure of a lactide and caprolactone based polymer is displayed in Figure 1.

2.2 Surface modification and albumin grafting

The surface modification procedure followed in this work is illustrated in Figure 1. First, the
polymer was dissolved in chloroform (Laboratoire MAT, 15 wt%) and poured onto glass slides (1.25
x 1.25 cm?). To evaporate the solvent, the samples were placed under ambient conditions for 24 h
and thoroughly dried in a vacuum oven for another 72 h.
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Figure 1. Synthesis of the PLCL (above) and schematic representation of the covalent grafting of
BSA on its surface (below).

In order to introduce amino functionalities onto the surface of the samples, an atmospheric
plasma treatment was performed.31 Samples were placed in a conventional parallel-plate dielectric
barrier discharge (DBD) reactor on the grounded electrode. Gas flow (95% N? + 5% H?) was
introduced directly between the electrodes through a diffuser and was maintained constant at 10
L/min. The frequency, the applied voltage, the gas gap and the treatment time were kept constant
(3 kHz, 15 kV, 1 mm and 60 s). Before and after each plasma treatment, the plasma chamber was
purged for 5 min to ensure homogeneity and gas purity for the discharge and to avoid post-plasma
oxidation reactions with free radicals or unstable functional groups present on the surface. Plasma
treated samples were then submerged in phosphate buffered saline (PBS, pH 7.4, Sigma) containing
2-3 mg/mL of sulfo-SMPB (G-Biosciences) for 2 h at 4 °C under stirring and sheltered from light to
prevent light-induced degradation of the crosslinker. It should be mentioned that, when trying to
perform the grafting reaction between the amino groups and sulfoSMPB at room temperature, no
maleimidyl group conjugation was achieved. Considering the glass transition temperature of our
material close to room temperature, working at 21 °C and in the presence of water may have favored



the chain mobility and the resulting surface reorganization, causing the migration of amino
functionalities from the surface to the bulk material or the solubilization of some short polymer chains
bearing amino groups. After the grafting of sulfo-SMPB, films were washed with PBS and
subsequently immersed in a bovine serum albumin solution (BSA, = 96%, Sigma) overnight at 4 °C
under stirring, allowing the reaction between the maleimidyl functionalities present in sulfo-SMPB
and the sulfhydryl groups contained in the free cysteine residues of the protein.

After the immobilization of BSA, the samples were vigorously rinsed with nanopure water and
0.1% Triton X-100 (Sigma-Aldrich) aqueous solution in a vortex. This washing procedure was
demonstrated to effectively remove the physically adsorbed BSA. In fact, pristine PLCL samples
were also immersed in BSA solution to physically adsorb the protein on the surface of the material.
After the rinsing method mentioned above, no BSA associated signals were observed in the XPS
survey and high-resolution spectra, indicating the complete removal of physically adsorbed
molecules from the surface.

2.3 Hydrolytic degradation study

For the in vitro degradation study, square samples [initial weight (W0) = 28 + 2 mg and initial
thickness = 156 £ 24 ym (n = 3)] of pristine terpolymer (PLCL), plasma modified terpolymer (P-
PLCL) and albumin grafted terpolymer (BSA-PLCL) were placed in Falcon tubes containing PBS
(pH = 7.2, Fluka) maintaining a surface area to volume ratio equal to 0.1 cm™. The samples were
stored in an oven at 37 °C. At different periods of time, three samples of each group were removed
from the PBS, rinsed with nanopure water and vacuum-dried for 48 h prior to their characterization.

2.4 Characterization
2.4.1 Characterization of the synthesized polymer

Proton nuclear magnetic resonance (1H NMR) spectra of the synthesized polymer were recorded
in a Bruker Avance DPX 300 at 300 MHz, using 5 mm O.D. sample tubes following the experimental
conditions described in the previous work.5 The signals of the lactide methine, centered at 5.15
ppm, and the signals of the a and € methylenes of the e-caprolactone, around 2.35 and 4.1 ppm,
from the 1H NMR spectrum can be assigned to the different dyads.4 The lactide and e-caprolactone
molar content and the microstructural magnitudes of the terpolymer were obtained from the average
dyad relative molar fractions. L-LA and D-LA are indistinguishable in the NMR spectrum so their
contents and average sequence lengths are approximate values calculated under the assumption
that the reactivities of both L-LA and D-LA are the same (taking into account the L-LA:D-LA feed
ratios). Equations 1-4 were employed to obtain the number-average sequence lengths (li), the
Bernoullian random number-average sequence lengths (I ) and the randomness character (R):*?

_2(LA) _2(cL)
la = (La-cr)’ "L T (La-cL) (1)
1 1
(lLA)random = E; (lCL)random = @ (2)
R = (lLd)random — (leL)random (3)
lpa ler

1 1
l—1a = (O-LA)+(CL)R’ Ip-1a = (@-LA)+(CL)R “



Where (LA) and (CL) are the lactide and e-caprolactone molar fractions obtained from the
integration of the lactide methine signals and the e-caprolactone methylene signals, (L-LA) and (D-
LA) are the L-lactide and D-lactide approximate molar fractions and (LA-CL) is the LA-CL average
dyad relative molar fraction.

For the mechanical characterization of the synthesized polymer, films of 150-200 ym were
prepared by compression molding in a Collin’s P200E hydraulic press at 180 °C and 240 bar followed
by water quenching in order to guarantee an amorphous state. From these films repetitive samples
for mechanical characterization (10 x 1 cm?) were obtained. The mechanical properties of these
samples were determined by tensile tests with an Instron 5565 (Instron) testing machine at a
crosshead displacement rate of 10 mm/min. These tests were performed both at room (21 + 2 °C)
and at body (37 °C) temperature following 1ISO 527-3/1995. The mechanical properties reported
correspond to average values of at least 5 determinations.

2.4.2 Characterization of PLCL after surface modifications

XPS analyses were performed on samples after each surface modification step. A PHI 5600-ci
spectrometer (Physical Electronics) was used to record the spectra. A standard aluminum X-ray
source (1486.6 eV) at 200 W was used along with a charge neutralizer to record survey spectra
while a standard magnesium X-Ray source (1253.6 eV) at 150 W without charge neutralization was
used to record high resolution spectra. Detection was performed with a take-off angle of 45° on a
0.5 mm? area. The binding energies were referenced to the C1s peak at 285.0 eV to compensate
for charging effects. Three measurements were made on each sample to ascertain the homogeneity
of the surface chemistry.

To quantify the amount of amino functionalities on the surface of our material after plasma
treatment, a vapor-phase derivatization reaction with 4-(trifluoromethyl)benzaldehyde (TFBA,
Aldrich) was performed at room temperature for 2 h. TFBA specifically reacts with the amino
functionalities present on the surface of the material and contains one atom (fluorine) in its structure
that is neither a part of the polymer structure nor the gas used to perform the plasma. In this way,
the XPS signal from this particular atom can be used to quantify the surface concentration of the
derivatized surface moieties according to the following equation:2%4*

_ %F/3
[NHa] = 100-11(%F/3) x 100 (5)

Atomic force microscopy (AFM) investigations were performed using the tapping mode on a
DimensionsTM 3100 atomic force microscope (Digital Instruments, Bruker) with an etched silicon tip
(model NCHYV, tip radius = 10 nm, Bruker). Surface topography was evaluated for areas of 20 x 20
um? and the surface roughness was evaluated using root mean square average of height deviations
(RRMS) using NanoScope Analysis software.

Finally, static contact angle measurements were recorded on the samples using a VCA 2500 XE
system (AST, Billerica, MA, USA). At least three nanopure water drops (3 uL) were deposited on
different parts of each sample.

2.4.3 Characterization of the samples during hydrolytic degradation

The thickness of the initial PLCL films employed for the hydrolytic degradation study (see section
3.3.) was determined by using a DektakXT Advanced System (Bruker). A force of 0.3 mg was applied
on the 12.5 ym stylus to limit the damage of the samples. The thermal properties of the samples
during hydrolytic degradation were determined by DSC823e (Mettler Toledo). Samples of ~10 mg
were heated from -50 °C to 185 °C at 20 °C/ min. After this first scan the sample was cooled at 20



°C/min and reheated from -50 °C to 185 °C at 20 °C/min. In this second scan the glass transition
temperature (Tg) was determined from the inflection point of the heat flow curve.

The molecular weight evolution of the samples during hydrolytic degradation was measured by
GPC using two Shodex KF804 columns (Waters) and the RI detector 401 (Waters) at 35 °C.
Tetrahydrofuran (HPLC grade, Fisher) was used as an eluent at a flow rate of 1 mL/min and
polystyrene standards (Shodex Standards, SM-105, Waters) were used to obtain a primary
calibration curve.

Changes in the chemical structures of these samples during degradation were analyzed by ATR-
FTIR (Cary 660 FTIR, Agilent Technologies) equipped with a DLaTGS detector, a Ge coated KBr
beam splitter and a Si crystal. Spectra were taken with a resolution of 4 cm-1 and were averaged
over 64 scans.

3 RESULTS AND DISCUSSION
3.1 Initial characterization of the synthesized polymer

As previously described, the chain microstructural and mechanical properties as well as the
amorphous character of PLCL materials should be suitable for use in many biomedical applications.
Therefore, the terpolymer employed in this work was fully characterized (Table 1). The obtained
material showed a single glass transition temperature at ~34 °C and was completely amorphous,
limiting the foreign body reactions due to the highly resistant crystalline residues.®'® The initial
molecular weight was 101.6 x 10° g/mol with a dispersity of 2.3. From 1H NMR, it was concluded
that the terpolymer was composed of 66.9% of L-lactide, 17.4% of D-lactide and 15.7% of e-
caprolactone. The high randomness character (R close to 1) and the incorporation of D-lactide,
which disrupts the chain microstructural arrangements of crystallizable L-lactide, allow its average
sequence length to be shortened (IL-LA = 3.18).

This terpolymer exhibits excellent mechanical properties, showing a neat yield point at 21.1 MPa,
a secant modulus of 763.2 MPa and elongation at break of 354% at room temperature (Table 1).
Moreover, the polymer presented 79% of strain recovery after break. For this reason, the behavior
of the material at room temperature can be considered as that of a thermoplastic elastomer (TPE),
showing an intermediate behavior between a glassy plastic with yield point and an elastomer of high
strain capability and elastic recovery.8 Please note that TPEs do not need covalent crosslinking but
soft and hard domains in the chain microstructure that will interact through entanglements (physical
crosslinks) providing elastomeric behavior. At body temperature (37 °C), the material also showed
an elastomeric behavior having a secant modulus of 10.5 MPa, no neat yield point and elongation
at break > 300%. This improved elastomeric behavior of the material is mainly due to the presence
of e-caprolactone, which prevented the brittleness related problems associated with PLLA, PDLLA
or PLGA polymers. Indeed, these materials usually show a high Young’s modulus (~3 GPa) but low
elongation at break (~4%).23,24 On the other hand, some PLCL copolymers found in the literature
present initially elastomeric behavior but, during hydrolytic degradation, they are submitted to
microstructural rearrangements and their mechanical properties shift from elastomeric to glassy
plastics.®’ For example, Fernandez et al.6 found that a PLCL with a composition of 74% of L-lactide
and 26% of e-caprolactone exhibited initially a low Young’s modulus (19.4 MPa) and high elongation
at break (~324%). However, after two weeks immersed in PBS at 37 °C, the material lost its
elastomeric character presenting a Young’'s modulus of 135 MPa and an elongation at break of
~121% due to the development of crystalline domains. Karjalainen et al.7 also found this transition
from elastomeric to glassy plastic in a PLCL copolymer composed of 40% of L-lactide and 60% of
e-caprolactone. In this sense, this material became more brittle in the course of hydrolysis and it
exhibited plastic-like rather than rubber-like deformation.



The mechanical properties of this PLCL at 37 °C make the obtained material into a promising
candidate for application in the regeneration of soft tissues and the fabrication of medical devices
requiring elastomeric behavior and mechanical consistency at body temperature.

Table 1. Main characteristics of the lactide and caprolactone based terpolymer

M, 101.6 g/mol :
(x10°) 1
: : 1
Structural properties Dispersity (D) 23 1
%L-lactide 66.9% :
Composition' %D-lactide 17.4% !
1
Yoe- 15.7% !
caprolactone !
| 6.68 ;
LA
LLA 3.18 :
Microstructural magnitudes? LA 127 1
: 1
1
e, 1.25 |
0.95 |
physical properties t, ~34°C :
21°C 763.2 + 68.3 Mpa !
Secant modulus (at 2%) !
37 °C 10.5 + 1.4 Mpa :
21°C 21.1+1.8 Mpa !
. . Yield strength !
Mechanical properties 37 °C# 0.7 + 0.1 Mpa :
21 °C* 17.1 £ 0.9 Mpa !
tensile strength !
37 °C¢ 1.6+ 0.1 Mpa 1
1
21°C 354 + 1
elongation at break 35% !
37°C >300% :
Strain recovery 21°C 79 :
4% |

'Calculated from 'H NMR spectra. Because of the impossibility of offering the exact L-LA and D-LA molar content (indistinguishable in
thNMR spec- trum), approximate values are given under the assumption that the reactivity of both L-LAand D-LA are the same. ?/ ,and /.
are the LA and CL number average sequence lengths obtained from 'H NMR. These values are compared with the Bernoullian random
number-average sequence lengths (/,= 1/ CLand/, = 1/LA),obtainingtherandomnesscharactervalue (R).%/_,and/, ,aretheL-LAandD-
LAapproximatevaluesofnumberaverage sequence lengths underthe assumptionthatthereactivity ofbothL-LAand D-LA are the same.
‘offset Yield Strength was calculated ata 10% of strain using the secantmodulus at2% as elasticmodulus (e) forthe materialat37 °C since
noyield pointwas observedinthe stress-strain plot. sthe tensile strength was determined as ultimate stressvalue (o). the tensile strength
was determined asthe stress value at 300% of deformation.”At37 °C, the maximum permit- ted distance between clamps corresponds to
a sample deformation of 300%.

3.2 Albumin grafting

3.2.1

Surface chemical characterization

In order to improve the interaction between the PLCL and the biological environment, surface
modifications were investigated. In this work we used atmospheric pressure plasma and sulfo-SMPB
(sulfosuccinimidyl 4-[p-maleimidophenyl]butyrate) in order to graft the albumin, as biomolecule
model, onto PLCL film (Fig. 1).



Table 2. Surface compositions determined by XPS survey analyses and contact angle (CA) values
after each surface modification step

C(%) O(%) N(%) C/o %NH, CA(°)
ratio

pristine 61.5+0.7 38.5+0.7 - 1.6 - 732
plasma 67.7£0.9 28.8+1.9 35%+1.0 24 04+0.1 29+2
treated
SMpB 62.0+ 0.5 37.8+04 0.2+0.1 1.6
grafting
Albumin 65.8+1.2 29.8+1.3 44+06 22 - 52+2
grafting

Table 2 and Figure 2 show the XPS survey data and the C1s high resolution (HR) spectra of the
samples after each surface modification step. The surface of the untreated terpolymer contained
61.5 £ 0.7% of carbon and 38.5 + 0.7% of oxygen, which correspond to a C/O ratio of 1.6, that is
very close to the theoretically calculated value of 1.7. Furthermore, the C1s HR spectrum of the
pristine PLCL (Fig. 2A) can be satisfactorily fitted with three peaks at 285.0, 286.9 and 289.0 eV,
which correspond to C—C/C—H, C—-0 and O-C = O groups respectively.? After plasma treatment,
the C/O ratio increased to 2.4, meaning that oxygen containing chemical groups were reduced
during the plasma treatment, due to PLCL surface degradation. This observation can be explained
by ester group scissions followed by decarboxylation step as already described in literature on
polyesters.?®? This hypothesis was also correlated by the significant drop in the relative area of O—
C = O peak in the C1s HR spectrum (Fig. 2B) while the contribution at 285.0 eV (C-C and C-H)
increased. The contribution at 286.9 eV (Fig. 2B), associated with C-O and C-N bonds, and the
nitrogen peak in the surveys (3.5 = 1.0%) increased after the plasma treatment, indicating the
presence of nitrogen containing chemical groups on the surface of the material. In order to
differentiate amino groups from the other nitrogen containing groups (imine, nitrile, etc.) formed
during the plasma treatment and to quantify them, a derivatization reaction with 4-
(trifluoromethyl)benzaldehyde (TFBA) was performed.? Indeed, the aldehyde group of TFBA reacts
specifically and quantitatively with NH2 groups to form azomethines. The detection of fluorine in the
XPS survey spectrum confirmed the presence of amino groups (data not shown), and also allowed
the percentage of these groups to be calculated. According to equation 8 (see Materials and
Methods part), the surface amino content reached ~0.5%, producing enough reactive sites for further
biomolecule immobilization.

After the grafting of sulfo-SMPB, the nitrogen signal drastically decreased as this molecule
provides only one atom of nitrogen on the polymer surface after surface conjugation. However, it
was difficult to demonstrate the grafting of the crosslinker with the survey data and the C1s HR
spectrum (Fig. 2C) since this molecule contains C, O and N, all of which were previously found on
the surface of the plasma treated sample. Therefore, a similar crosslinker with succinimidyl end
group as sulfo-SMPB and containing a specific atom, iodine (N-succinimidyl iodoacetate, SIA), was
grafted onto the surface of the plasma treated sample.

The presence of iodine in the XPS surveys confirms without any doubt the crosslinker grafting
(data not shown), meaning surface amino groups were able to react with succinimydyl derivatives.

Once the SMPB was grafted onto the aminated surface, its free maleimidyl functionality can be
further used as an anchoring point for biomolecule immobilization as it reacts with cystein from
protein (Fig. 1). After this reaction, 4.4 + 0.6% of nitrogen was detected in XPS whereas only 0.2 +
0.1% was detected after SMPB grafting. As proteins are mainly composed of C, O and N, this
increase in nitrogen was associated with albumin grafting, which was ascertained by C1s HR
spectrum (Fig. 2D). Indeed, in order to fit the C1s spectrum correctly, an additional peak located at
287.6 eV, assigned to O = C-NH groups was necessary.
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Figure 2. High-resolution C 1s spectra of (A) pristine PLCL, (B) plasma treated PLCL, (C) sulfo-
SMPB grafted PLCL and (D) albumin grafted PLCL.

These functionalities are typically associated with peptide bonds coming from the albumin
immobilization on the terpolymer surface. It should also be mentioned that albumin adsorbed on the
PLCL sample in the same conditions as in the grafting process (with SMPB) was efficiently removed
by rinsing the surface thoroughly: no nitrogen detected in XPS. Therefore, the nitrogen content
measured from the XPS survey spectra after grafting can be used to roughly estimate the degree of
albumin surface coverage ('ssa) employing the following equation:

Tpoq = (%) x 100 (6)

where Amn is the nitrogen atomic percentage on the surface of the material measured by XPS
and Apn is the nitrogen atomic percentage of albumin under complete coverage of the surface with
the protein. Apn is 12.95% based on the total atomic composition of C, O, N, and S elements in pure
albumin.® According to the obtained results, the protein surface coverage is estimated at ~36%,
which means that more than one third of the surface is covered with albumin.

3.2.2 Surface topography and hydrophilicity

The influence of each surface modification step was also followed by AFM (Fig. 3) and CA on
pristine PLCL, plasma-treated PLCL and albumin grafted PLCL. Pristine PLCL displayed a smooth



surface with no defects and presented a root mean squared roughness (RRMS) of 0.6 nm for 20 x
20 um?. After plasma treatment, the surface was slightly damaged and the RRMS increased to 4.5
nm. The filamentary discharge generated with the plasma conditions used in this work favors amine
formation on the surface but causes higher damage in comparison to the glow discharge regime.®"*2
Plasma treatment should be thus a good compromise between amine grafting and fragmentations
(polymer chain scission). For this PLCL, a treatment time of one minute seems to be the best option.
Indeed, a longer treatment time gave a high degree of fragmentation (exhibited by AFM images) and
degradation (evidenced by the C/O ratio increase in XPS) (data not shown).

AFM images on the albumin grafted sample showed that some aggregates can be ascribed to
the presence of albumin deposits (Fig. 3), bringing an increase in the surface roughness: RRMS
~7.3 nm. From these deposits, and by using ImageJ software, the surface coverage can be
estimated. The albumin surface coverage deduced was ~30%, which is in accordance with the value
obtained from XPS analysis, ~36%.

From water contact angle measurements (Table 2) it was observed that the hydrophilicity of the
surface considerably increased after plasma treatment. In fact, the water contact angle decreased
from 73 + 2° for the untreated polymer to 29 + 2° for the plasma-treated polymer due to the
incorporation of polar functionalities. Finally, after the albumin grafting the value of the water contact
angle increased to 52 + 2°, therefore indicating the surface chemistry modification resulting from the
albumin conjugation.

0.0 20.0pm 0,0 20.0

Figure 3. AFM images (20 x 20 um?) of pristine PLCL (top-left), plasma-treated PLCL (top-right),
albumin-grafted PLCL (bottom-left) and albumin grafted PLCL treated with Image J software
(bottom-right). In the image treated by Image J, white spots correspond to albumin deposits and
where used to estimate albumin surface coverage.

3.2.3 Hydrolytic degradation study

The control over the chain microstructure and the composition of the polymers allows the design
of materials with a predictable hydrolytic degradation rate. However, the surface modification and
the grafting of biologically active molecules may alter the expected degradation behavior.>*** In
order to evaluate the effect of surface modification, the hydrolytic degradation of the pristine



terpolymer (PLCL), plasma modified PLCL (P-PLCL) and albumin grafted PLCL (BSA-PLCL) were
studied in PBS at 37 °C for a period up to 63 d.

As determined by DSC (Fig. 4), all the samples maintained their amorphous structure during the
in vitro degradation study, displaying a single glass transition and no melting peaks in their
thermograms. It has been previously reported that those lactide and caprolactone based terpolymers
showing L-lactide average sequence length (I.a) shorter than 3.62 underwent minor changes in their
thermal transitions and maintained their amorphous nature during degradation, avoiding the
production of non-desirable crystalline residues.8 Neither the plasma modification (P-PLCL) nor the
albumin grafting (BSA-PLCL) influenced the observed thermograms during the course of this study.

Figure 5 shows the evolution of weight-averaged molecular weight (Mw) for the studied systems
and gravimetric data for PLCL and P-PLCL.

As it can be seen, Mw for both PLCL and P-PLCL followed (R? > 0.99) the exponential relationship
previously described for biodegradable polyesters degrading under bulk degradation satisfactorily:*

Ln MW = Ln MWO - KMWt (7)
Ln 2
b2 = KZ_W (8)

where Mw is the weight-averaged molecular weight, Mo is the initial weight-averaged molecular
weight, Kuw represents the apparent degradation rate and ti; is the half degradation time. Kuw for
PLCL and P-PLCL were respectively 0.036 and 0.035 d™' and their corresponding t12 were 19.3 and
19.8 d. In view of these results, it can be concluded that the incorporation of amino functionalities
on the surface of the pristine polymer did not modify its degradation behavior to a large extent. Amino
functionalities are relatively small, so they can easily migrate from the surface to the bulk material
due to the surface reorganization occurring at 37 °C and in aqueous medium. In fact, no nitrogen
signals were observed in XPS surveys after immersing the plasma treated sample during 1 hin PBS
at room temperature (not shown), indicating the migration of amino functionalities from the surface
of the sample to the bulk and/or the solubilization of small polymer chains containing amino groups
in the aqueous medium. Therefore, the effect of plasma treatment on the degradation behavior of
the studied terpolymer was almost negligible.
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Figure 4. DSC curves of the 1st scans of pLCL at different degradation times.



GPC results exhibited different degradation behavior between pristine or plasma-treated PLCL
and BSA-PLCL samples. In fact, during the first 4 wk of degradation, the Mw for BSA-PLCL was
maintained well above the Mw of both PLCL and P-PLCL. For example, after 28 d immersed in PBS,
the Mw of PLCL and P-PLCL were respectively (30.2 + 0.9) x 10° and (33.4 + 2.4) x 10° g/mol
whereas the Mw of BSA-PLCL was (46.6 + 4.5) x 10° g/ mol. At day 42, the observed Mw for BSA-
PLCL was very similar to those observed for PLCL and P-PLCL. On this day, the Mw of PLCL, P-
PLCL and BSA-PLCL were respectively (23.7 £ 0.8) x 103, (23.6 + 1.2) x 10%® and (21.3 £ 1.6) x 10°
g/mol.
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Figure 5. evolution of Mw at different times of degradation for pLCL ([7), p-pLCL (1) and BSA-pLCL
() (left axis) and gravimetric data for pLCL (1) and p-pLCL () (right axis).

According to the GPC results, the bulk degradation was different in the first 4 wk for the PLCL or
P-PLCL and the BSA-PLCL. However, FTIR analyses clearly showed that the degradation process
of BSA-PLCL samples was almost identical to PLCL and P-PLCL samples. Figure 6 shows FTIR
spectra of PLCL samples after 0, 14, 28, 42 and 63 d immersed in PBS at 37°C. The main bands
appearing in the spectrum of PLCL at day 0 are assigned to the carbonyl (C = O) stretching at 1750
cm-1, the —CHs bending at 1452 and 1370 cm™ and C-O stretching at 1185 and 1046 cm™.% Few
changes were observed in the spectra until 21 d of degradation. However, at day 28, a new band at
1600 cm-1 appeared and gradually increased as the degradation occurred. This band may have
been associated with the carboxylate (—COO-) groups formed due to the hydrolytic scission of the
ester groups present in the PLCL structure.®”*® The ratio between the (-COO-) and the (C = O) band
was employed as an indicator of water absorption and subsequent hydrolysis of ester bonds. As
seen in Figure 7, this ratio was almost identical for the PLCL and BSA-PLCL samples, indicating
that the hydrolysis of ester bonds and the resulting chain-scission was occurring in both samples in
a similar way.

In view of these results, it can be concluded that the incorporation of BSA on the surface of the
polymer did not affect the degradation of the bulk polymer to a great extent. The differences
observed by GPC measurements could be associated with the presence of albumin on the surface
of the BSA-PLCL samples during the first 28 d of degradation. In fact, as determined by XPS (Fig.
7), the nitrogen content associated with the presence of albumin on the surface of the sample
dropped from the initial value of 4.4 + 0.6% to 2.6 + 0.6% on day 28 of degradation and further
decreased to 1.3 + 0.5% at day 42. These results demonstrate that, despite the polymer degradation,
the albumin was still present after 28 d, confirming the stability of the surface modification. Therefore,



this could lead more time for the biological environment to interact with the modified materials,
favoring the biological activity and response of surrounding cells.

Day 63

Day 42 e

2000 1750 1500 1250 1000 750 500
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Figure 6. FTIR spectra for PLCL at different degradation times.

The mechanical properties and degradation times of the material employed indicate that it may
be a good candidate for use in vascular related tissue engineering applications. According to other
studies, elastomeric behavior and relatively short degradation times are required for these
applications.®**! Indeed, Pektok et al.39 found almost complete neointima formation in a PCL
scaffold implanted in a rat’s arteries after 6 wk of implantation. Finn et al.40 found 80% of
endothelialisation in a bare metal stent implanted in the artery of 38-y-old woman after 2 mo of
implantation. Finally, Kotani et al.41 reported complete neointimal coverage in bare metal stents
implanted in humans after 3 to 6 mo of implantation. The material employed in this work, presenting
an in vitro degradation time of 2 to 3 mo, could induce tissue regeneration and gradually degrade as
the new tissue (neoendothelium) is developing.
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4 CONCLUSIONS

In this work, a lactide and caprolactone based biodegradable elastomeric terpolymer with specific
ratio has been first aminated by atmospheric pressure plasma treatment. Then, the albumin was
efficiently immobilized on the PLCL surface, as demonstrated by XPS and AFM, with a surface
coverage (FBSA) around 30-35%.

Although slight differences were observed in the degradation behavior between BSA-PLCL and
pristine PLCL by GPC, the carboxylate/ester ratio, estimated by FTIR, did not show any evidence
difference in the degradation process of the bulk PLCL between these samples.

This polymer presents controlled degradability and adequate mechanical properties for the
regeneration of soft tissues and the fabrication of medical devices requiring elastomeric character.
Furthermore, as demonstrated by XPS, albumin was still present after 28 d of degradation, giving
more time for the biological environment to interact with the modified materials. Depending on the
biomedical application, specific proteins could be covalently grafted on PLCL surfaces using this
procedure in order to obtain stable and bioactive interfaces.
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