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Biodegradable and bioassimilable poly((R,S)-3,3 dimethylmalic acid) (PDMMLA) derivatives were synthesized
and characterized in order to develop a new coating for coronary endoprosthesis enabling the reduction of reste-
nosis. The PDMMLA was chemically modified to form different custom groups in its side chain. Three side groups
were chosen: the hexyl group for its hydrophobic nature, the carboxylic acid and alcohol groups for their acid and
neutral hydrophilic character, respectively. The sessile drop method was applied to characterize the wettability of
biodegradable polymer film coatings. Surface energy and components were calculated. The van Oss approach
helped reach not only the dispersive and polar acid-base components of surface energy but also acid and basic
components. Surface topography was quantified by atomic force microscopy (AFM) and subnanometer average
values of roughness (Ra) were obtained for all the analyzed surfaces. Thus, roughness was considered to have a
negligible effect on wettability measurements. In contrast, heterogeneous surfaces had to be corrected by the
Cassie-Baxter equation for copolymers (10/90, 20/80 and 30/70). The impact of this correction was quantified
for all the wettability parameters. Very high relative corrections (%) were found, reaching 100% for energies
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and 30% for contact angles.
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1. Introduction

Bio-polyesters are widely recommended in biomedical applications
[1] as drug carriers [2] such as poly(L-lactic acid) (PLA), poly(glycolic
acid) (PGA), poly(e-caprolactone) (PCL) [3] and poly(malic acid)
(PMLA) [4-8]. These biodegradable polyesters were used either alone
or as copolymers side-chains to improve their mechanical properties,
hydrolysis, long-term biodegradation or biocompatibility behavior for
the desired therapeutic applications (PLGA [9,10], PLMA [11-15]...).
Among this class of polymers, the PMLA is known to present good bio-
compatibility, non-toxicity in vitro and in vivo, non-immunogenic prop-
erties and stability in the bloodstream [5,16-19]. The particularity that
led us to choose this family of polyesters is the presence of functional-
ized groups in their side-chain which, furthermore, allow chemical
modification for grafting and thus, delivering drugs [20]. The copoly-
mers derived from PMLA studied in this work were chosen to cover a
coronary stent, and thus deliver a drug.

Indeed, surface wettability of the film coatings is directly governed
by their chemical composition, which is known to modulate the implant
biointegration [21]. Thus, it is of importance to measure contact angles
in order to calculate the values of surface free energy and its compo-
nents (dispersive, polar, acid and basic) for the films coatings. Indeed,
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this characterization could then be used to research relationships be-
tween surface chemical composition and cell response for further stud-
ies. However, copolymer surfaces are chemically heterogeneous and
wettability of non-ideal surfaces is still under consideration in literature
[22.23].

Basically, it is necessary to bring correction to contact angles because
the different chemical composition in amphiphilic polymers is responsi-
ble for surface energy modifications compared to ideal homogeneous
surfaces. Cassie-Baxter equation is generally used to perform theses
corrections [24,25]. For heterogeneous surfaces composed of two
homogeneous component surfaces (labeled 1 and 2 respectively) the
equation is [26]:

cosO” = fy cosO; + f; cos6, (1)

Where 64, 05, f; and f; (with f; + f, = 1) are contact angles and area
surface fractions respectively for each component individually. 6* is the
Cassie apparent contact angle.

Moreover, surface roughness is also a parameter that has to be taken
into account when contact angles studies are undertaken because in
cases where average surface roughness (Ra) is important, contact angles
can be increased due to this roughness [27]. Finally, correction due to
the different chemical composition was calculated and the impact of
this correction on surface free energies and components (dispersive,
polar (acid and basic)) values was quantified. This quantification was
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performed as a function of the acidic percentage (AP) of the polymers
chemical formulae.

The purpose of the present study was the characterization of
polymer surfaces having a wide range of chemical composition by
determining the contact angle, surface roughness and surface free ener-
gies and components for each sample. Therefore, this material is the
poly((R,S)-3,3 dimethylmalic acid) (PDMMLA) obtained by anionic
ring-opening polymerization of racemic o,o,B-trisubstituted-p-
lactones as previously published [28-30].

2. Material and methods
2.1. Polymers synthesis

Amorphous PLA (M, = 20 000 g/mol) was purchased from
Sigma Aldrich (France). Anhydrous THF was distilled on sodium-
benzophenone. In all other cases, the commercially available
chemicals were purchased from Sigma Aldrich (France) and
employed as received. All reactions, with anhydrous organic solvents
were performed under nitrogen atmosphere. Synthetic PDMMLAs
were prepared in anhydrous THF solution using the previously re-
ported procedure [30]. The 3-lactones monomers were synthesized
according to the literature procedure as well [31]. Benzylic lactone
(4-benzyloxycarbonyl-3,3-dimethyl-2-oxetanone), hexylic lactone
(4-hexyloxycarbonyl-3,3-dimethyl-2-oxetanone) and benzyloxypropylic
lactone (4-(3-benzyloxypropyl)carbonyl-3,3-dimethyl-2-oxetanone)
were used for the synthesis of corresponding homopolymers PDMMLA-
H, PDMMLA-He and PDMMLA-OH, respectively. For the synthesis of the
different copolymers, only benzylic and hexylic lactones were used. Brief-
ly, as an example for the preparation of PDMMLAH,0-co-Hegq (20/80),
513 mg (2,9 mmol) of benzylic lactone and 2 g (8,76 mmol) of hexylic
lactone were dissolved in 50 mL of anhydrous THF solution and added,
to a two-neck flask containing initiator (102 equiv., 0.116 mmol,
29.26 mg) under nitrogen atmosphere. The polymerization was followed
by FTIR spectroscopy analysis indicating the disappearance of the lactone
band at 1850 cm™! and stirred at room temperature for 24 h (100%
conversion). The polymer was isolated by precipitation in ethanol and
then it underwent a catalytic hydrogenolysis in presence of palladium
on charcoal to obtain carboxylic acid (PDMMLA-H and PDMMLA copoly-
mers) and alcohol (PDMMLA-OH) [30]. The polymers with 0, 10, 20, 30
and 100% of acidic groups were named as 0/100, 10/90, 20/80, 30/70
and 100/0, respectively.

2.2. Samples preparation

To obtain polymer films, the PDMMLAs were dissolved in acetone
and PLA in chloroform. The polymer solution was then deposited on
glass slides. After the evaporation of solvant at room temperature,
glass slides were dried at 37 °C overnight in a vacuum oven. Glass is
used as a reference sample.

2.3. PDMMILA polymers characterization

2.3.1. Characterization of chemical structure

FTIR spectra were recorded on AVATAR 370 TF-IR Thermo Nicolet
spectrometer using Nicolet OMNI-Sampler ATR Smart Accessory (Ge,
DTGS). Adsorption bands are given in cm™".

'H and '3C NMR spectra were recorded on BRUKER AM-400 MHz
spectrometer using CD3COCD5 as solvent and with the residual solvent
signals as internal standard, unless otherwise indicated. Chemical shifts
were given in ppm (8) and coupling constants in Hz. The following
abbreviations were used to describe the peak pattern: s (singlet), d
(doublet), t (triplet), q (quartet) and m (multiplet).

The absolute average molecular weights and molecular weight dis-
tributions were determined at room temperature by coupling online a
high performance size exclusion chromatograph (HPSEC), a multi-

angle laser light scattering detector (MALLS), a viscometer and a differ-
ential refractive index (dRI) detector. THF, used as carrier, was filtered
through a 0.1 um filter unit (Millipore, Billerica, USA), carefully degassed
(DGU-20A3R Shimadzu, Kyoto, Japan), and eluted at a 0.5 mL/min flow
rate (LC10Ai Shimadzu, Kyoto, Japan). 100 pL of a 0.2 um-filtered sample
solution (at about 20 mg/mL) were injected with an automatic injector
(SIL-20A HT Shimadzu, Kyoto, Japan). The column packing was a
polystyrene-divinylbenzene gel. The MALLS photometer, a miniDawn
TREOS from Wyatt Technology Inc. (Santa Barbara, CA, USA) was pro-
vided with a fused silica cell and a Ga-As laser (N = 665.8 nm). The
whole collected data: light scattering (LS), dRI were analyzed using
the Astra v6.0.6 software package. Molar mass were obtained with the
Zimm order 1 method. The concentration of each eluted fraction was
determined with dRI (RID10A Shimadzu, Kyoto, Japan) according to
the measured values of dn/dc (0.05 mL/g) [32].

All glass transition (Tg) temperatures of different polymers were
obtained using Differential Scanning Calorimetry (DSC). DSC was mea-
sured on a SDT Q600 analyzer (TA instrument, Guyancourt, France). In
a typical run, polymers were first put in the furnace and heated from
— 60 °Cto 200 °C by means of a temperature ramp of 10 °C/min. This op-
eration was repeated twice. Tg was determined from the inclination
point of the second heating curve.

2.3.2. Atomic force microscopy (AFM)

AFM was used to obtain topographic images of surface samples.
The AFM machine was a nanoscope 5 (Bruker-Nano) and the cantilever
was a Veeco tip silicon probe with aluminum reflex coating (resonant
frequency: 300 kHz) and with a constant force of 40 N/m. Imaging
was performed in the air, at room temperature, and using the tapping
mode. Surface morphology and roughness parameters were deter-
mined by the AFM software program. The (10 um x 10 um) 2D images
of topography were obtained with a resolution of 256_256 pixels.
Surface roughness (Ra (nm)) was then evaluated from 10 pm x 10 um
(100 pm?) images.

2.3.3. Contact angle measurements and surface free energy (SFE)
calculations

Contact angles were carried out using a GBX Scientific Instrument
(Romans, France). A drop of 2 pL of a chosen probe liquid was deposited
on the sample surface through a syringe. The drop image was stored by
a video camera and an image analysis system (Windrop ++ software)
calculated the contact angle (6) from the shape of the drop. Before mea-
surement, samples were rinsed in distilled water and dried under N,.
Contact angles were measured in the air at room temperature. For each
substratum, three probe liquids (L) of different polarities were used: dis-
tilled water, formamide (Sigma Chemical CO) and diiodomethane (Sigma
Chemical CO—St. Louis MO USA). For each probe liquid and surface, 10
contact angles were measured (with two separate samples) and the
mean value was calculated. The total SFE (yror) of the different surfaces
were calculated using the Van Oss model [33] which brings together
the dispersive (y.w) and the polar acid-base (yag) components. The
polar acid-base (yag) components are itself divided into two parts, acid
('va) and basic (7ys).

2.34. Statistical analysis

The statistics used here for contact angle and AFM measurements
were based on a comparison of variances and means of two populations
by the Student test (t-test with Excel software). Statistical calculations
were performed using n = 10 different values (two separate samples)
for contact angles measurements and using n = 3 different areas
(4 pm?, 25 um? and 100 um? separate samples) for AFM roughness
calculations. The probability of correlation was based on the Pearson
coefficient (p). While p-value is less than 0.01, a statistically significant
difference is achieved between the two populations of values that are
compared.
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3. Results and discussion
3.1. PDMMILA polymers synthesis

For this study, six polymers were chosen: three homopolymers and
three statistical copolymers. Only copolymers are tested in selected bio-
medical applications in other studies (data not shown). For a closer
characterization of the behavior of polymers, the homopolymers should
also be studied. Since the six polymer films were deposited on glass
slides and the PLA was the most used polymer for the coating of stents
in recent years [34], all results in this study were also compared for each
case with glass and PLA. The -COOH group in the side-chain furnishes
the acid hydrophilic character for copolymers, the hexyl group brings
the hydrophobic character and the -OH group provides the neutral hy-
drophilic character. The alcohol functions on the homopolymer chains
(PDMMLA-OH named HP-OH) were often used for its opsonization phe-
nomenon [35]. At the same time, acid hydrophilic and hexylic homopol-
ymers (PDMMLA-H 100/0 in the present paper and PDMMLA-He
labeled as 0/100, respectively) were synthesized. Three statistical copol-
ymers with different hydrophobic/hydrophilic balance in the side-chain
of copolymers were also prepared: PDMMLAH;o-co-Hego named 10/90,
PDMMLAH,-co-Hego named 20/80 and PDMMLAH30-co-He;o named
30/70 (Fig. 1).

These carboxylic acid ratios incorporated during the polymer syn-
thesis (translated by “AP”) were selected to vary the kinetic of hydroly-
sis. The degradation, regardless of carboxylic acid percentage (10, 20
and 30), was more or less slower. Since these materials will be in direct
contact with blood and vascular cells, it is important to study the wetta-
bility, thermomechanical and viscoelastic properties and cell interaction
behavior. Finally, we will be able to determine the appropriate PDMMLA
copolymer having the best qualities to cover the metallic stent. Such an
attempt is essential to overcome the limitations of the existing degrad-
able polymers such as PLA. Despite its widespread use for medical appli-
cations, PLA exhibits frequently a limited cell response and poor
interaction with body tissue and fluids [14,19,36-38]. Its major disad-
vantages are slow degradation, poor hydrophilicity and poor ductility
(higher glass temperature (Tg)) which limit its applications [36,39].
Therefore, the modification of PLA surface properties has become crucial
to especially meet the requirements of biomedical applications [9,11,14,
40]. Unfortunately, adjusting its rate of degradation, surface wettability,
functionalization and thermo-mechanical properties is somewhat
deficient.

The objective of this work is to determinate the surface properties of
different PDMMLA polymer films.

Synthetic PDMMLAs were successfully prepared by a living anionic
ring-opening polymerization of corresponding (3-lactones as mono-
mers: benzylic lactone “R = -CH,Ph”, hexylic lactone “R = -(CH;)s-
CH3” and benzyloxypropylic lactone “R = -(CH,)3-0-CH,Ph” in
anhydrous THF solution using the previously reported procedure

0 HO,C H O

o

PLA

(Scheme 1) [30]. PDMMLA statistical copolyesters were prepared from
two different racemic (3-lactones (benzylic and hexylic lactones). The
latter were chosen because they bring the hydrophilic and hydrophobic
characters to these copolymers. The tetraethylammonium benzoate
was used as initiator (Scheme 1).

3.2. Polymer characterization

3.2.1. Characterization of polymers chemical structure

The different polymers were characterized by FTIR, 'H and '>C NMR,
SEC and DSC. The different copolymers characteristics are given in the
table. FTIR spectroscopy analysis showed the ester characteristic band
at 1751 cm~ ! and the disappearance of the lactone band at 1838 cm ™!
for all polymers (Fig. 2).

The chemical structure of all PDMMLA polymers was confirmed
by 'H and '>C NMR (Table 1). Therefore, signals around 5.20 and
7.38 ppm on 'H NMR spectrum confirmed the presence of benzylic
group and those around 0.89, 1.26 and 4.10 ppm characterized the
hexylic group. In addition, signals assigned to benzyloxypropylic
group are appeared at 1.93, 3.54, 4.27 and 4.49 ppm.

The co-monomers relative contents (10, 20 and 30%) were obtained
by 'H NMR using the integration ratio of peak at 4.15 ppm correspond-
ing to —-CH,-0-hexyl and that at 5.20 ppm corresponding to —~CH,-0-
benzyl (Fig. 3a).

Fig. 3a showed that the proportion of the benzylic and the hexylic
units in the copolymer 30/70 was 30.1% and 69.9%, respectively.

After a catalytic hydrogenolysis in presence of 10% of palladium on
charcoal on the polyester, it's possible to obtain carboxylic acid group
(when R = -CH,Ph) and alcohol group (when R = -(CH,)3-0O-CH,Ph)
(Scheme 1). As mentioned above, these ionic and non-charged groups
(carboxylic acid and alcohol, respectively) are used one hand for their hy-
drophilic properties and other hand for the possibility to react with bioac-
tive or targeting molecules [28,41,42]. The hexyl group is used for their
hydrophobic properties, which gives access to a wide variety of amphi-
philic copolymers. Polymers catalytic hydrogenolysis was confirmed by
the disappearance of benzylic peaks at 5.2 and 7.4 ppm on 'H NMR spec-
trum for 100/0 and copolymers (Fig. 3b) and with the disappearance of
benzyloxypropylic peaks at 1.93, 3.54, 4.27 and 4.49 ppm.

Glass temperature (Tg) of PDMMLA copolymers don't exceed 20 °C
which is lower than the physiological temperature whereas PLA
has a higher Tg (about 63 °C) having thus less ductility and softness
(Table 2). These thermal properties of PDMMLA polymers present an
encouraging result for applying these biomaterials to cover the cardio-
vascular stents.

3.2.2. Atomic force microscopy

AFM images of surfaces are shown in Fig. 4a. Roughness surface
distribution appears to be more homogeneous 10/90 (0.106 + 0.002)
surface compared to the two other copolymers 20/80 (0.184 4 0.008)

CHy-(CHy)5-0,C H O

o ofn
CH3 H3C CH3
PDMMLA-H: 100/0

HC CHgy
PDMMLA-He: 0/100

HO-(CH,)3-0,C H O

HeC Oy

HC OHg

Statistical PDMMLA copolymers: 10/90, 20/80 and 30/70

HoC CHg
PDMMLA-OH: HP-OH

Fig. 1. Chemical structures of different studied polymers.
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Scheme 1. Synthetic route to PDMMLA derivatives.
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Fig. 2. FTIR spectra of the benzylic lactone monomer and PDMMLA polymers.

and 30/70 (0.216 + 0.014). All the other surfaces, except homopoly-
mers 0/100 (0.056 + 0.009) and 100/0 (0.169 4 0.014), are more
heterogeneous in term of surface topography (glass (0.362 + 0.004),
PLA (0.486 + 0.075) and HP-OH (1.112 + 0.355)). Fig. 4b summarizes
the Ra values of all the considered surfaces. Because surface roughness
was on the order of nanometers, it did not affect contact angles. Also,
the potential impact of surface roughness on surface energy calculation
and contact angle values was considered as negligible. Thus, it was not

Table 1
"H and '*C NMR data for all PDMMLA homopolymers and copolymers.

taken into account in this paper, as in other studies [43,44]. Moreover,
a statistically linear correlation (R? = 0.98, p <0.01) was found between
the four polymers versus AP (0/100, 10/90, 20/80 and 30/70) (Fig. 4b).
For all these samples, average roughness Ra (nm) was found to be sta-
tistically different, two by two using n = 3 different values for each
group. Indeed, a statistical significance difference was observed be-
tween two groups: PLA—0/100 (p < 0.01), 0/100—10/90 (p < 0.001),
10/90—20/80 (p < 0.001), 20/80—30/70 (p < 0.01), 30/70—100/0
(p<0.01) and 100/0—HP-OH (p < 0.001). A significant difference was
also obtained between “glass” and PLA, 0/100, 10/90, 20/80, 30/70,
100/0 and HP—OH (p < 0.05, p < 0.0001, p < 0.0001, p < 0.001, p <
0.001, p < 0.001 and p < 0.001, respectively).

3.2.3. Rough wettability

Water sessile drop contact angle values are shown in Table 3. Hydro-
phobicity in PDMMLA copolymers increases with the decreasing of the
acidic group's percentage incorporated in the side-chain of copolymer
(AP). The statistical analysis between all the samples two by two,
using n = 20 different values for each group, revealed that a statistical
significance difference was observed between two groups: PLA—0/
100, 0/100—10/90, 10/90—20/80, 20/80—30/70, 30/70—100/0, 100/
0—glass and 100/0—HP-OH (p < 0.0001 for all groups).

The PLA water contact angle is in accordance with the literature [45,
46]. Formamide and diiodomethanne contact angle values are also
shown in Table 3. They are used to calculate the total surface free ener-
gies and components (dispersive, polar (acid and basic)) for all samples.

For formamide contact angle values, a statistical analysis between all
the samples two by two, using n = 20 different values for each group,
gave that a statistical significant difference was observed between two
groups: PLA—0/100, 0/100—10/90, 10/90—20/80, 20/80—30/70 and
30/70—100/0 (p < 0.001 for all groups) and no significant difference
between 100/0—HP-OH group (p > 0.05). In the same manner, for
diiodomethane contact angle values, a statistical analysis between all
these samples groups indicated a significant difference, for the same
couples of surfaces as just above for formamide (p < 0.001).

Polymers "H NMR (5 ppm)®

13C NMR (6 ppm)®

Homopolymers 0/100 0.86

CH), 7.36 (m, 5 H, Ph).

(m, 3 H, CH3-CHs), 1.26 (m, 9 H, CHs, 3 x CH,), 1.40 (m, 3 H, CHs),
159 (m, 2 H, CH,), 4.10 (m, 2 H, CH,-0), 5.38 (m, 1 H, CH).
100/0 1.20 (m, 3 H, CHs), 1.29 (m, 3 H, CH3), 5.17 (m, 2 H, CH,), 5.35 (m, 1 H,

14.47 (CHs-CH,), 23.35 (CHs), 26.34 (CH,-CHs), 29.34 (CHs), 32.25 (3 x
CH,), 46.03 (C), 66.29 (CH,-0), 77.15 (CH), 168.25, 173.71 (2 x C=0).
21.54,30.60 (2 x CHs), 45.78 (C), 67.72 (CH,-0), 76.83 (CH), 129.18,
129.32, 136.08, 136.17 (Ph), 167.88, 173.57 (2 x C=0).

HPOH 1.24 (m, 6 H, 2 x CHs), 1.93 (m, 2 H, CHy), 3.54 (m, 2 H, CH,-0), 427 (s, 22.35 (2 x CH3), 45.74 (C), 63.47, 63,56 (-O-CH,~CH,~CH,-0-), 66.95

2 H, CH,-CO;), 449 (s, 2 H, CH,-Ph), 5.39 (m, 1 H, CH), 7.28 (m, 5 H, Ph).

(~CH,-CH,-0-), 73.21 (CH,-Ph), 77.01 (CH), 128.09, 128,20, 128,98,
139,56 (Ph), 168.04, 173,62 (2 x C=0).

Copolymers ~ 10/90 0.89 (t, 3 H, CHs~CH,), 1.31 (m, 18 H, 4 x CH; and 3 x CH,), 1.64 (m, 2 H, 14.45 (CH5-CH,), 23.32 (2 x CHs), 26.31 (CH,-CHs), 29.31 (2 x CHs),

20/80 CH,),4.15 (m, 2 H, CH,-CH,-0), 5.20 (m, 2 H, Ph-CH,-0), 5.33 (m, 2 H,

30/70 2 x CH), 7.40 (m, 5 H, Ph).

32.22 (3 x CH,), 45.98 (2 x C), 66.28 (CH,-CH,~0), 67.88 (Ph-CH,-0),
77.14 (2 x CH), 129.38, 129.62, 136.45 (Ph), 168.22, 168.29, 173.68, 173.90
(4 x C=0).

2 NMR data for all PDMMLA polymers before hydrogenolysis. 'H NMR (400 MHz in CD3COCDs) and '>C NMR (100 MHz in CD;COCD3).
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Fig. 3. "H NMR spectra of PDMMLA copolymer 30/70 (a)

Fig. 5a shows the total surface free energy (yror) for each surface
(non-Cassie corrected). Its value clearly increases with AP. It also in-
dicates the values of non-corrected dispersive (y.w) and polar acid-
base component (yap) of the surface free energy. Polar interactions
are due to Coulomb interactions between permanent dipoles but
also to interactions between induced and permanent ones whereas
time fluctuations in the molecules charge distribution contribute to
dispersive interactions [47]. For surface free energy, dispersive and
polar acid-base components, the statistical analysis between all the
samples two by two (PLA—0/100, 0/100—10/90, 10/90—20/80, 20/
80—30/70, 30/70—100/0, 100/0—glass and 100/0—HP-OH), using

Table 2
Characterization of different homopolymers and copolymers.

before hydrogenolysis and (b) after hydrogenolysis.

n = 20 different values for each group, revealed that a statistical
significance difference was observed between all groups (p <0.001
for all groups).

For all the surfaces vy is higher than yap due to the major presence
of -CH, groups inside the polymer chains. However yug is not negligible
and is increasing regularly with AP which brings polar oxygen atoms in
the structure. This correlation includes not only the chemically hetero-
geneous copolymers (10/90, 20/80, 30/70) but also the two homoge-
neous references (0/100 and 100/0). Glass exhibits a high polar
component due to its oxygen atoms containing free electrons as well.
This is confirmed by Fig. 5b where it can be seen that non-corrected

Polymers Copolymers composition (%) Characterization of polyesters
PDMMLA-H PDMMLA-He My (g/mol)(© M,, (g/mol)© M,, (g/mol)(© D Tg (C°) &)
Homopolyesters PLA® / / 20 000 12 805 13 042 1.02 +63.4(©
0/100 / / 23400 19789 21283 1.07 —15.0
100/0 / / 22 800 29393 30120 1.02 +67.9
HP-OH / / 29200 19955 20842 1.04 +7.6
copolyesters 10/90 9.99 90.01 22 860 18 062 19109 1.05 —14.2
20/80 19.90 80.10 22920 18293 20015 1.09 +8.2
30/70 30.10 69.90 22980 18 549 20776 1.12 +20.0

M, = theoretical M,,.
2 Commercial amorphous PLA.
b Calculated from 'H NMR results.
¢ HPSEC-MALLS-dRI in THF, 0.5 min.
4" Determined by DSC.
€ Obtained from literature [41].
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Fig. 4. Polymers AFM: (a) 2D and 3D images and (b) average roughness Ra (nm) and Ra linear correlation with % A of polymers.

basic component of the surface energy is very small for all the samples
and statistically significantly different (p < 0.001 for all groups), two
by two (10/90—20/80, 20/80—30/70, 30/70—100/0 and 100/0—HP-
OH), using n = 20 different values for each group. No significant differ-
ence (p > 0.05) between groups (PLA—0/100, 0/100—10/90) was

observed. In addition, the non-corrected acidic components (Fig. 5b)
are related to AP and statistically significantly different, two by two
(0/100—10/90, 10/90—20/80, 20/80—30/70, 30/70—100/0 and 100/
0—HP-OH) using n = 20 different values for each group (p < 0.001
for all groups) except for PLA—0/100 group (p > 0.05).
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Table 3

Water, formamide and diiodomethane contact angles by sessile drop method for all the surfaces.
Samples Glass PLA 0/100 10/90 20/80 30/70 100/0 HP-OH
Water contact angle (°) 39.24 4+ 0.80 77.28 £ 0.58 92.44 + 0.36 88.73 £ 0.61 85.94 + 0.09 81.10 £ 0.88 25.68 + 1.35 72.15 £ 0.18
Formamide contact angle (°) 30.04 £ 1.47 37.45 £+ 1.05 66.44 + 0.08 71.76 £ 0.74 76.65 £ 0.14 78.21 £ 047 21.96 + 1.07 22.11 £ 0.80
Diiodomethane contact angle (°) 446 + 1.18 2534 +1.70 41.42 £+ 0.01 42.69 + 0.04 45.25 + 0.50 47.25 + 049 53.13 £ 1.50 43.35 4+ 1.04

All of the above data of PLA sample were in accordance with the
reported studies in the literature [46].

3.3. Cassie corrections of contact angles and surface energies

Fig. 6a details the linear fit of relationship between the Cassie
corrected surface energy and components versus the Cassie corrected
water contact angle for the two references samples and the three copol-
ymers. These five samples range from 0 to 100% of AP with the refer-
ences located at the extremes. All the energy components are found to
be different significantly, two by two (p < 0.01), except 0/100 compared
to 10/90 for basic component because of very small values.

All the energies, except the LW component, decrease when contact
angle increases (surface more and more hydrophobic). Fig. 6b shows
the reverse behavior versus AP.

However, little discrepancies were observed between the two repre-
sentations and this was quantified by the values of R? correlation coeffi-
cient (linear fit extrapolation) in all the cases (Fig. 7). The linear fits
were compared for corrected (*) or non-corrected contact angles and
energy values in versus contact angle or AP. The basic component is
the one that needs to be corrected the most.

O TOT mAB ®ILW

POy PR
M
Surface
HAmB

$ F S PR
& ¥ S
Surface

Fig. 5. (a) Total surface free energy (yTOT) dispersive (LW) and polar acid-base (AB).
(b) Acidic and basic components of surface energy for each surface.

It was worth noting that if Cassie correction is applied, representa-
tions versus contact angles or versus AP bring both R? values closer to
1 than if not corrected (Fig. 7). After correction it was observed that R?
for contact angle was higher than for AP whereas it is the reverse if no
correction is made. In case it is impossible to apply Cassie correction, it
is better to represent the relationship between surface energy and com-
ponents versus AP than versus water contact angle.

In order to go further on the evaluation of the impact of Cassie
correction on contact angles (Fig. 8a) and on surface energies (Fig. 8b)
relative percentage of the correction was calculated as a function of AP.
Relative impact of Cassie correction is maximum for formamide first
(maximum 28%). then water (6% maximum) and finally diiodomethane.
This result can be explained by the fact that formamide and water are
polar solvents compared to diiodomethane. The necessity for correction
increases with AP.

Moreover, total and acid energy components relative corrections (%)
increase with AP whereas base and acid-base ones diminish. Correc-
tions could reach 100% for basic component around 80% for acid-base
one and around 50% for acidic surface energy.

It is important to quantify Polar acid-base and/or apolar surface
energy components with accuracy for a better understanding of cell be-
havior in contact with a biomaterial [27]. Indeed, water contact angle
and total surface free energy are generally not sufficient parameters to
explain differences in cell response. In contrast, acidic or basic surface
energy components can be parameters but enable us to discriminate

(a) Cassie corrected energies and contact angle

60

=20 e TOT
«’g 40 mLW
E 30 AAB
= 20 £ XA

10 o~ XB

PN
0 . ; : —— ¥
102 3 45 55 65 75 8 95
6 ()

(b) Cassie corrected energies and %A

60 -

50 - % & TOT
T 40 mLW
E 30 + PPN
;_" 20 i XA

10 - ) B

P& %

-me 10 20 30 40 50 60 70 80 90 100

AP

Fig. 6. Surface free energy and components versus water contact angle after Cassie correc-
tion (a) versus 0 and (b) versus % A.
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Fig. 7. Linear correlation coefficient R? as a function of water contact angle or AP for surface
energy components.

between biomaterial surfaces [27]. That is why it is of importance, in
biomaterial research, not only to reach these values but also to correct
them from artifacts such as those induced by the different chemical
composition of polymers structure. Besides, an analysis of protein
adsorption onto the surfaces of interest could help to go further in the
understanding of the correlations between material surface chemistry
and biocompatibility. For example, dynamic contact angle (DCA) could
detect particular protein adsorption behavior depending on the bioma-
terial surface chemistry as it has been shown for polysaccharides
polyelectrolytes films. In this study, endothelial cell proliferation was
found to be in relation with the ability of fibronectin to easily change

(a) m Water & Formamide = Diiodomethane
35 -
30 -
254
& 2
S 15
T
& 10
5 4
0 T T
P 20 30 100
AP
(b) B 70T mlLW oA EAB BB
115
100 -
= 85
o~
= 701
= 55
ol
= 40 -
25
10 A
_5 )
0 10 20 30 100
AP

Fig. 8. (a) Impact of Cassie-Baxter correction on contact angle versus AP for water form-
amide and diiodomethane probe liquids. (b) Relative modification of surface energy
values after Cassie-Baxter correction.

the conformation during DCA cycling depending on the film surface
chemistry [21].

Biocompatibility, mechanical properties, and drug-loading capacity
are the general considerations of a selected polymer as stent-coating
for eluting drugs. Indeed, the surface properties of the polymer which
covers the stent are the main factor that affects the biological response
(immediate and long-term response) between the stent and the vascu-
lar tissue and blood. These stent-coating surface properties are the sur-
face texture, charge and energy. According to literature, the surface
energy is the most important factor in determining the thrombogenicity
in blood. The affinity of the polymer surface with water increases with
increasing surface energy and therefore the increase of thrombogenicity
in the blood medium [48].

Another very important factor is the surface roughness. The
thrombogenicity increases on rougher surfaces. This due to the higher
blood protein adsorption, activation and aggregation of platelet [48].
Thus, a stent coating should have good interaction with blood, be incor-
porated by the vascular tissue and present the advantage to minimize
the inflammatory response. This is thanks to its good surface properties.

The present work shows that this biomaterial presents good thermal
and surface properties (low Tg and surface energy and functional hydro-
philic molecules on its chain which adjusts their properties and interac-
tions with body tissue). This precisely meets the requirements of the
intended cardiovascular application.

4. Conclusion

In this work, the wettability of the different PDMMLA derivatives'
surfaces was successfully characterized. On the one hand, the surface
free energy and its components (dispersive, polar, acid and basic)
were determined for each surface. On the other hand, influence of acidic
percentage incorporated in the side-chain of copolymers on wettability,
morphology and surfaces properties of polyesters was investigated
because three of these samples exhibited a heterogeneous chemical
composition. Cassie-Baxter equation was used to bring corrections to
the experimental contact angles. Finally, the impact of this correction
on contact angles and subsequent surface energy and components
was quantified. It was found necessary to apply correction in order to
improve the quality of the relationships obtained between the wettabil-
ity parameters and the percentage of acid indicated in the chemical
formula of the polymer. Moreover, as shown in this study, adding only
10% of acidic hydrophilic group in a polymer chemical composition, al-
lows us not only to shape rational design structure and the morphology
of the PDMMLA copolymers, but also to control and tailor their wettabil-
ity properties. This approach that focuses on their thermomechanical
properties is important to study their degradation rate and their biolog-
ical effects considering that hydrophilic/hydrophobic balance plays an
important role in the material/cell's interactions.
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