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Abstract

Polysilsesquioxanes are extensively studied as durable and anti-adherent coatings for medical devices due to their super-
hydrophobic properties. However, their particular influence on the thermo-mechanical properties and biocompatibility of
poly(lactic acid) (PLA)-based materials obtained by melt compounding is scarce. Herein, a facile and promising method to
improve the performances of PLA for biomedical applications via the incorporation of different mass proportions of POSS
nanoparticles with allyl-heptaisobutyl (AH-POSS) substituent through a melt-blending technique is proposed. The thermal,
morpho-structural, mechanical properties at room (RT) and body temperatures (BT), and in vitro biocompatibility of the
developed PLA/AH-POSS nanohybrids were investigated. AH-POSS nanoparticles were found to have simultaneous nuclea-
tion and plasticizing effects on the PLA nanohybrids, inducing enhanced thermal resistance and easy control of crystallinity
while preserving PLA’s biocompatibility. An interesting effect of AH-POSS on the mechanical properties of PLA at body
temperature was observed. These results indicate the considerable potential of the PLA/AH-POSS nanohybrids obtained by
melt compounding in the fabrication of biomedical devices.

Keywords Poly(lactic acid) - Polyhedral oligomeric silsesquioxane - Crystallinity - Thermal properties - Thermo-
mechanical properties - Biocompatibility

Introduction

The excessive consumption of goods that has been govern-
ing our society for decades led to serious problems such as
the depletion of oil reserves and environmental pollution
[1]. Therefore, there has been a great deal of motivation for
scientists and industries to study and develop biodegrad-
able materials as an alternative to conventional plastics [2].
Nowadays, poly(lactic acid) (PLA) is one of the most impor-
tant industrial biopolymers due to its mass production from
renewable resources such as corn starch, sugarcane or sugar
beets [3-5]. It presents good processability, thermal, and
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mechanical properties, along with a lower price as compared
to other biopolymers. Due to its biocompatibility and lack of
toxicity, PLA can be used in biomedical applications like tis-
sue engineering, drug delivery systems, orthopedic devices,
surgical sutures, or pharmaceutical packaging. However, its
brittleness, low crystallization rate, and moisture sensitivity
significantly limit its use in a wide range of applications [6,
7]. Several strategies like plasticization, copolymerization,
melt blending with other polymers, and the addition of dif-
ferent fillers have been proposed to solve these issues [3, 4,
7-13].

Polyhedral oligomeric silsesquioxanes (POSS) are a class
of three-dimensional organic—inorganic hybrid silicon—oxy-
gen nanoparticles with the general formula (RSiO, s),,
whose utility as fillers in different polymeric systems knows
a continuous increasing trend [14-20]. The lack of toxicity
and no release of volatile organic components along with
the presence of cytocompatible moieties make POSS mol-
ecules ideal candidates for biomedical and engineering
applications [21]. POSS molecules have a Si—O- cage-like
structure with organic side groups (alkyl, aryl, or any of
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their derivatives) linked to the silicon atoms by covalent
bonds [19]. The organic moieties ensure the compatibility
between POSS and the polymeric matrix, their solubility and
reactivity whereas the inorganic structure provides increased
thermal stability and mechanical properties along with a bet-
ter flame resistance [22, 23]. POSS nanoparticles can be
incorporated into the polymer matrix by physical blending or
chemical reactions but achieving a controlled nanostructure
and a good dispersion of the nanoparticles into the polymer
matrix remains an open challenge [15, 18].

The use of PLA-based biomaterials in the medical field
has seen remarkable growth especially in wound dress-
ing and tissue engineering [24, 25]. In several biomedical
applications, anti-adherent properties are desired. In par-
ticular, such biomaterials are needed in hernia repair to
avoid peritoneal adhesions after surgical interventions [24,
26]. Polysilsesquioxanes are extensively studied for dura-
ble and anti-adherent coatings for medical devices due to
their superhydrophobic properties [27, 28]. However, a lim-
ited number of studies regarding the effect of POSS on the
mechanical and thermal properties of PLA and scarce results
on the surface chemical properties and biocompatibility of
such hybrid materials were found in the literature [3, 17,
22]. Rezaei et al. compared the influence of trifluoropropyl
POSS and titanium dioxide on the morphology, rheology,
and crystallization of PLA-based nanocomposites prepared
via solution casting [5]. They found that POSS had a better
distribution within the PLA matrix compared to TiO,, and
a lubricating effect that caused a boost in PLA crystallinity
according to differential scanning calorimetry (DSC) anal-
ysis [5]. PLA composites with octaphenyl silsesquioxane
(OPS), obtained through extrusion and injection molding,
showed flame retardancy properties, which were affected by
the degree of crystallinity and crystalline structure of PLA
[6]. In particular, a higher PLA crystallinity led to better
flame retardancy and mechanical properties for the result-
ing PLA/OPS composites. The effect of various mass ratios
(1, 3,7, and 10 mass%) of octavinylisobutyl silsesquioxane
on the fracture behavior of PLA composites was studied
through essential work of fracture (EWF) methodology
and the maximum EWF values were obtained for the PLA
composite containing 7 mass% POSS [22]. The addition of
biodegradable aliphatic poly(carbonate) (PPC) along with
polyethylene glycol-polyhedral oligomeric silsesquioxane
(PEG-POSS) in PLA and the use of reactive melting extru-
sion were also proposed for improving the properties of PLA
[29]. This route has the advantage of better tailoring the
tensile, bending, and impact strength of the obtained com-
posites due to the presence of more components with differ-
ent properties. A simultaneous improvement in the tough-
ness and strength of PLA was obtained by synthesizing a
three-dimensional POSS structure with a SigO,, core and
eight branched PLLA arms, which was added to PLA using
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a solution casting method [11]. Although complicated due
to the synthesis of the POSS modifier, this method ensured
the improvement of properties due to the stronger interface
between the PLA matrix and POSS nanoparticles [11].

We hypothesize that a better route to improve the proper-
ties of PLA films for biomedical applications is the addition
of POSS nanoparticles containing a reactive monofunction-
ality using a melt compounding technique. Melt blending is
a preferred route due to the lack of solvents and easy scal-
ability in industrial facilities. The addition of a POSS with
an allyl-heptaisobutyl substituent (AH-POSS) may increase
the compatibility between PLA and POSS by specific inter-
actions, thus improving nanoparticles’ dispersion and, con-
sequently, PLA’s properties. Here, the role of AH-POSS in
the absence of any compatibilizer on the thermal, mechani-
cal properties, and biocompatibility of PLA/AH-POSS
nanohybrids was studied. For the first time, the mechanical
properties of PLA/POSS nanohybrids were assessed at body
temperature for estimating the mechanical performance of
these materials when they are used in vivo. Moreover, this
study gives insight into how to tailor the PLA’s properties
for biomedical applications by changing AH-POSS content
and annealing conditions.

Experimental
Materials

Polylactide pellets (PLA — Ingeo™ 4043D grade) with
the isomers ratio L/D=98/2 and a density of 1.24 g cm™
were supplied by Nature Works LLC (USA). The 1-allyl-
3,5,7,9,11,13,15-heptaisobutyl-POSS (denoted AH-POSS)
with empirical formula C;;Hg40,,Sig, in powder form,
showing a density of 1.07 g cm™ and a molecular mass
of 857.55 g mol~!, was purchased from Sigma-Aldrich.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), N-N-dimethylformamide (DMF), sodium
dodecyl sulfate (SDS), acetic and hydrochloric acids were
supplied by Sigma-Aldrich (USA), fetal bovine serum was
obtained from Biochrom AG (Germany), while Dulbecco's
modified Eagle’s medium (DMEM) and penicillin/strepto-
mycin were purchased from Lonza (Belgium).

Preparation of nanohybrids

The PLA pellets and AH-POSS powder were dried in a vac-
uum oven at 80 °C for 4 h prior to processing. Afterward,
they were melt-mixed in a Brabender LabStation (Germany)
equipped with a 30 cm® mixing chamber at a temperature
of 175 °C and a rotor speed of 75 min~'. AH-POSS was
added after PLA melting (about 2 min) and the materials
were mixed for another 8 min, the total mixing time being
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10 min. The obtained nanocomposites containing 1, 3, 5, and
7 mass% (w/w) AH-POSS were molded into sheets with a
thickness of 0.25 +0.03 mm through hot pressing (P200E,
Dr. Collin, Germany) in the following conditions: tempera-
ture of 170 °C, 150 s of preheating at 0.5 MPa and 60 s of
compression at 10 MPa, followed by rapid cooling in a cool-
ing cassette. A neat PLA sample was obtained in the same
conditions and used as a blank sample. The nanohybrids
were denoted as PLA/AHX, with x the concentration of AH-
POSS in the samples.

Characterization
Thermal characterization

The thermal decomposition of PLA/AH nanohybrids was
investigated by thermal gravimetric analysis (TGA) using
a Q50001IR (TA Instruments, USA) analyzer. The measure-
ments were carried out under a N, atmosphere at a heating
rate of 10 °C min~' from 35 to 700 °C. The sample mass was
5 to 6 mg for each measurement.

The crystallization and melting phenomena were assessed
by differential scanning calorimetry (DSC) with a DSC
Q2000 calorimeter (TA Instruments, USA). Samples weigh-
ing ~4 mg were placed in aluminum pans and heated from 5
to 205 °C, held for 2 min to erase the thermal history, then
cooled to 5 °C, and again heated to 205 °C at a constant heat-
ing—cooling—heating rate of 10 °C min™' under helium flow
(25 mL min~!). The melting temperature (T,,) was taken
as the peak temperature of the melting endotherm, and the
degree of crystallinity (X,) was calculated from the first heat-
ing scan as follows:

AH - AH,,

X [%] =
%] AHywpy o

x 100 (1)

where AH and AH_, are the melting and cold crystallization
enthalpies of the nanohybrids, AH, is the melting enthalpy
of 100% crystalline PLA, and wp; 4 is the mass fraction of
PLA in the nanohybrids. AH, was taken as 93 J g~! [6].

Mechanical tests

Dynamic mechanical analysis (DMA) was conducted in
multi-frequency-strain mode using a Q800 analyzer (TA
Instruments, USA). Samples with the length X width X thick-
ness of 12 x6x0.2 mm? were heated from room temperature
to 150 °C with a heating rate of 3 °C min~".

Tensile tests were carried out on an Instron 3382 Uni-
versal Testing Machine using dog-bone shaped specimens
according to ISO 527, and three specimens were tested for
each sample. A crosshead speed of 2 mm min~' was used for
the measurements which took place at room temperature and

at 37 °C (body temperature). For the increased temperature,
an Instron heating chamber with controlled temperatures in
the range from —70 °C to+250 °C was used. Each specimen
was kept in the heating chamber for 5 min before starting the
tensile test for ensuring that the temperature of 37 °C was
reached throughout the specimen.

Structural analysis

The X-ray diffraction (XRD) patterns for the nanohybrids
were recorded with a Rigaku SmartLab diffractometer oper-
ated at 45 kV and 200 mA, parallel beam configuration (26/0
scan mode), using Cu (Ka) radiation (4= 1.54059 10\).
Fourier transform infrared (FTIR) spectroscopic analysis
was performed at room temperature on a Jasco FTIR 6300
spectrometer equipped with an ATR Specac Golden Gate
accessory (KRS5 lens). Neat PLA and nanohybrids sheets
obtained through hot pressing were analyzed as such and
after annealing at 90 °C for 60 min followed by slowly cool-
ing until room temperature. FTIR spectra were obtained by
accumulating 32 scans per spectrum with a resolution of
4 cm™! in the wavenumber range of 4000-400 cm™'. The
background spectrum was collected before each sample.

Atomic force microscopy (AFM)

A MultiMode 8 atomic force microscope from Bruker Nano
Inc. (USA) equipped with a Nanoscope V controller and
Nanoscope Software version 1.20 was used for the AFM
measurements. The images were taken in Peak Force Quan-
titative Nanomechanical Mapping (PF-QNM) mode in air,
using silicon nitride tips, at a constant scan rate of 1.3 Hz
and a scan angle of 90°.

Cytotoxicity and cell proliferation studies

The cytotoxic potential of the neat PLA and PLA/AH-POSS
nanohybrids was evaluated against L.929 murine fibroblast
cells type ECACC (European Collection of Authenticated
Cell Cultures, England) by LDH assay. All samples were
sterilized with 70% ethanol solution and round disk-shaped
samples, 10 mm in diameter, were cut from each sample
and further sterilized for 15 min using UV irradiation. 1.929
cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS, Biochrom AG, Germany) and antibi-
otics, 100 U mL™! penicillin—100 pg mL™" streptomycin
on 75 cm? flasks in a humidified atmosphere at 37 °C and
5% CO,. L929 cells were seeded in 96-well plates, bottom
covered by the round disk-shaped nanocomposite samples
at a starting density of 10* cells/well and grown overnight to
allow adherence (100 pL/well) in complete culture medium.
Cell viability was measured using the lactate dehydrogenase
detection kit (CytoTox 96R, Promega). Briefly, 50 pl culture

@ Springer



10468

A.N.Frone et al.

mediums from all wells were changed to a fresh 96-well flat-
bottom plate and 50 pL. CytoTox 96R reagent was added to
each sample. The samples were incubated with the reagent
at room temperature in the dark for 30 min. LDH concentra-
tion was determined by measuring the optic density of the
resulting solution at 492 nm within 1 h after adding the stop
solution.

The morphology and proliferation of L929 cells cultured
on neat PLA and PLA/AH-POSS nanohybrids were investi-
gated by fluorescence microscopy. Each sample with L.929
cells, cultured this time in 24-well plates, was washed with
phosphate-buffered saline (PBS) and fixed with 2% para-
formaldehyde solution (Sigma-Aldrich) for 30 min. After
fixation, the samples were stained with 4',6-diamidino-
2-phenylindole (DAPI, Life) for nuclei and Texas-Red-
X Phalloidin (Molecular Probes, Thermo Fisher Scientific)
for actin filaments. Images were acquired using an Eclipse
TE2000 inverted fluorescence microscope (Nikon, Austria)
and processed with ImageJ software.

Results and discussion
Thermal stability of PLA/AH-POSS nanohybrids

TGA and derivative (DTG) curves along with the corre-
sponding data for the neat components and the PLA/AH-
POSS nanohybrids are shown in Fig. 1a—d and Table 1. The
onset degradation temperature (7,), the temperature at 10%
mass loss (T'}(4), and the temperature at maximum mass loss
rate (T,,,), along with the char residue at 600 °C (Rgpp-c),
were obtained from these curves. AH-POSS showed a two-
stage decomposition process, with the major one having a
T hax at 245 °C and the minor one showing a 77, at 496 °C.
In the first decomposition stage, more than 77 mass% of the
total mass of AH-POSS was lost up to 260 °C. The T, of
AH-POSS was 223 °C; therefore, it was not degraded during
the melt-mixing process employed in the preparation of the
nanohybrids, which took place at 175 °C. This is also sup-
ported by the small mass loss recorded for all nanohybrids at
the processing temperature, WL 5. varying between 0.28
and 0.34% (Table 1). The residue Ry of AH-POSS was
10.81% (Fig. 1a).

Neat PLA started to degrade at 336 °C (7,,), showing a
T ax1 at 361 °C, when it lost more than 67% of its mass, and
a small shoulder at 435 °C (T},,,)- According to Fig. 1b, c
and Table 1, the addition of AH-POSS induced a delay in the
thermal decomposition of PLA matrix in all nanohybrids.
Thus, for the PLA/AH nanohybrids with 3—7 mass% AH-
POSS, the T, shifted to higher values by about 10 °C and
the T,,,; by 4-5 °C. Moreover, T,,,., shifted by 50-80 °C in

max

all PLA/AH nanohybrids as compared to neat PLA (Fig. 1d).
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It is worth mentioning that, although AH-POSS had
poorer thermal stability compared to PLA (Fig. 1a), the
PLA/AH nanohybrids exhibited better thermal behavior
when exposed to increased temperatures. This behavior
could be due to the barrier effect of the AH-POSS nano-
particles and their degradation compounds that limited
the heat flux to the PLA matrix and hindered the release
of degradation products. A good interaction between the
PLA and POSS nanoparticles could also contribute to an
improved thermal stability. These findings are in agree-
ment with literature reports on similar nanocomposite
systems [3, 11]. Looking at the char residue variation one
may observe a continuum increase with the increase in the
AH-POSS content (Fig. 1e). However, the theoretical resi-
due values calculated for the nanohybrids by considering
the Ry values for neat PLA and AH-POSS were higher
than the experimental ones for a content of AH-POSS of
3 — 7 mass% in the nanohybrids (Fig. 1e). This behavior
may be due to the decomposition products of AH-POSS
which partially leaves from the residue with the gaseous
products [6].

Interestingly, the increase in the characteristic tempera-
tures did not follow the concentration of AH-POSS in the
nanohybrids, the maximum values for T, T}y, and T},
being observed for 3 and 5 mass% POSS in the nanohybrids.
One cause of this behavior could be the poor dispersion of
AH-POSS nanoparticles and the occurrence of agglomerates
at higher concentrations (7 mass%) of AH-POSS nanopar-
ticles in PLA. This aspect was verified by the AFM mor-
phological investigation of the PLA/AH-POSS nanohybrids
(Fig. 2).

Figure 2 shows the AFM Peak force error (PFE) images
of neat PLA and nanohybrids with 1, 3, 5 and 7 mass% AH-
POSS. The AH-POSS nanoparticles appeared on the sur-
face of the nanohybrids as well-defined formations, lighter in
color than the PLA matrix due to the difference in densities.
An agglomeration tendency was observed at a higher amount
of AH-POSS in nanohybrids (PLA/AHS and PLA/AH7),
similar to other observations on polymer/POSS hybrids [30].
Moreover, a poor distribution of AH-POSS was also noticed
in PLA/AH7 nanohybrids, where areas with agglomerated
nanoparticles are separated by areas without nanoparticles
(Fig. 2). Remarkably, these AH-POSS formations have an
elongated form, with a width varying between 20 and 60 nm
and a length between 100 and 500 nm. A similar elongated
morphology of POSS aggregates in the form of elongated
formations was reported by Soong et al. for plasticized PVC/
POSS hybrids [30]. Furthermore, in the magnified inset PFE
images, one can observe that the AH-POSS nanoparticles
are covered by a polymer layer. Along with the tip widening
effect characteristic to AFM imaging of nanostructures [31],
this polymer covering made difficult an accurate determina-
tion of the dimensions of the AH-POSS structures; however,
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e theoretical and experimental residue at 600 °C

this also showed a good interfacial adhesion between the

AH-POSS and PLA matrix.

FTIR spectroscopy

FTIR spectra of neat PLA and AH-POSS along with those
of nanohybrids are shown in Fig. 3. AH-POSS showed a
strong peak at 1085 cm™! with a shoulder at 1037 cm™!
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setiien ::‘;zlf;’gr“lzzt PLA Sample ToC Tyl'C  WLipsd®C TpotlC TpofC Regec/°C
PLA 335.9 3276 021 3612 435.4 0.10
PLA/AHI 3384 3286 0.28 361.8 488.2 021
PLA/AH3 3460 3327 0.29 365.2 498.9 036
PLA/AHS 3451 330.5 031 366.0 517.0 0.54
PLA/AH7 3439 3273 0.34 365.8 515.8 0.78

Fig.2 PFE images of PLA
nanohybrids with different AH-
POSS loadings

0.0 Peak Force Error

corresponding to the asymmetric and symmetric stretching
vibrations of Si—O-Si in the silsesquioxane cage [32, 33],
characteristic peaks at 1229 and 899 cm™! (Si—C stretch-
ing) [32, 34, 35], 837 and 745 cm™! (Si-C wagging) [32,
35], and a well-defined peak centered at 1635 cm™! resulting
from the vibration of the allyl double bond of the functional
group (Fig. 3b) [36]. The C-H stretching and deformation
vibrations of the isobutyl substituents of AH-POSS were
observed at 2953/2871 cm™' and 1464/1367 cm™", respec-
tively [35, 37].

All nanohybrids displayed similar peaks to those charac-
teristic of PLA (Fig. 3a) at 2995/2945 and 2880 cm™! due
to CH; asymmetric/symmetric stretching vibration and CH
stretching, respectively [6, 38], 1749 cm™! corresponding
to the C=0 stretching vibration of carbonyl group [38, 39],
1453, 1382 and 1360 cm™! due to C—H deformation in CH,4
and CH [6, 38], 1266, 1180 and 1080 cm”! corresponding to
the asymmetric and symmetric stretching vibration of C-O
bond in the C-O—-C group [39, 40], and at 1043 cm™! due
to C-CH; symmetrical stretching [38, 39]. It is worth men-
tioning that the peak corresponding to the C=0 stretching
vibration from 1749 cm™! corresponds to the amorphous
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PLA. Nevertheless, the signal attributed to the allyl double
bond in the AH-POSS structure from 1635 cm™! was not
visible in the PLA/AH-POSS nanohybrids (Fig. 3c). There-
fore, it may be supposed that the allyl groups were consumed
in the coupling of AH-POSS with the polymeric matrix at
elevated temperatures and under mechanical stress, which
are characteristic to the melt processing of nanohybrids.
Furthermore, it can be seen that the intensity of the C=0
bonds at 1749 cm™' [38, 39] decreased in the nanohybrids
with 1 and 3 mass% POSS due to the possible participation
of this bond in the chemical reaction with the allyl group.
A schematic representation of a possible chemical linkage
between PLA and AH-POSS is presented in Fig. 4.

Calorimetric analysis of PLA/AH-POSS nanohybrids

The DSC curves of neat PLA and PLA/AH nanohybrids
corresponding to the first heating and cooling scans are illus-
trated in Fig. 5a. The typical calorimetric data, including the
degree of crystallinity, glass transition of PLA (T,), cold
crystallization (7.), and melting temperatures along with
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Table 2 DSC results determined o o -1 o -1
S 1 T,/°C T./°C AH_/] T./°C AH_/] X /%
from the first heating scan for ampe £ « o’ 8 o " & ¢
neat PLA and PLA/AH-POSS PLA 56.3 1263 9.4 149.7 183 9.6
nanohybrids PLA/AHI1 57.3 120.8 15.7 148.4 25.6 10.8
PLA/AH3 58.0 116.4 18.3 147.3 28.8 11.6
PLA/AHS5 56.7 116.7 16.8 147.2 28.1 12.8
PLA/AH7 57.6 120.5 12.7 147.8 25.2 14.5

the enthalpies of cold crystallization (AH ) and melting
(AH,,) processes, are collected in Table 2.

The addition of AH-POSS had a low influence on the 7,
value of the neat PLA, with all the nanohybrids showing
a T, between 56 and 58 °C, similar to that of PLA (56 °C)
(Fig. 5a, Table 2). A noticeable difference between neat
PLA and nanohybrids is the presence of a small endotherm
that overlapped the glass transition only for nanohybrids
(Fig. 5a). This endothermic event that occurred at the higher
temperature side of the 7|, signal is generally ascribed to the
relaxation of the ordered polymer chains resulted from the
processing step [41]. This enthalpy recovery peak was also
observed in PLA nanohybrids with cellulose fibers and it
appeared more prominent in nanohybrids compared to neat
PLA [42].

The weak effect of the AH-POSS on the 7, of PLA sug-
gests a small influence of the AH-POSS on the mobility
of PLA chains and questions the existence of interactions
between the two components. On the contrary, the enthalpy
relaxation observed only in nanohybrids highlights a strong
influence of the AH-POSS on the organization of PLA in
the glassy state, in particular on its orientational order [43].
In addition, the presence of bonds between AH-POSS and
PLA in nanohybrids could also lead to a more stable phase
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and, therefore, to an enthalpy relaxation during glass transi-
tion [43]. These results which seem contradictory suggest
the influence of more factors on the thermal behavior of
nanohybrids. The analysis of the melt viscosity during the
melt-mixing process showed lower torque values in the case
of nanohybrids compared to neat PLA (Fig. 5b). Therefore,
AH-POSS also had a plasticizing effect, similar to other
POSS modifiers [3]. This effect could overlap with the
reduced mobility caused by the AH-POSS-PLA interactions,
leading to small or no variation in the 7|, value, as observed
in the case of nanohybrids (Table. 2). This plasticizing role
of AH-POSS nanoparticles is very important for the further
processing of these materials through 3D printing for obtain-
ing medical devices.

During heating, all PLA nanohybrids started to crystal-
lize from a lower temperature with up to 10 °C than the neat
PLA and showed increased AH_, values with up to 100%,
showing the nucleating effect of the AH-POSS nanoparticles
(Table 2). The nanohybrids containing 3 and 5 mass% AH-
POSS showed the highest crystallization ability i.e. the low-
est T, and the highest AH_ values (Table 2, Fig. 5a). Oth-
erwise, the incorporation of AH-POSS in PLA had almost
no influence on the melting temperature of PLA (Table 2);
however, the melting endotherms of nanohybrids were larger
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and sharper compared to that of PLA (Fig. 5a), showing the
ability of AH-POSS to enhance PLA’s crystallization [42].
The effect of the AH-POSS nanoparticles was important,
leading to a continuous increase in the PLA’s crystallinity
by 20-50% with the increase in their concentration in nano-
hybrids from 3 to 7 mass% (Table 2). An increase in crystal-
linity of only 4% was reported for the PLA composites with
10 mass% OPS type POSS particles [6].

XRD analysis

The crystalline structure and crystallinity of PLA matrix,
AH-POSS nanoparticles and nanohybrids were studied by
XRD (Fig. 6a).

The patterns of AH-POSS nanoparticles revealed a spe-
cific rhombohedral crystal profile with strong crystalline
peaks at 260=28.00°, 8.81°, 10.85°, 11.72°, 18.49°, 19.22°
and 19.86° corresponding to a d-spacing of 11.04, 10.02,
8.14,7.54,4.79, 4.61 and 4.46 A, respectively. The peak at
20 =8.00° with a d-spacing of 11.04 A is determined by the
size of the heptaisobutyl POSS molecules [44]. The XRD
pattern of neat PLA contains only a broad hallow at 26~ 15°,
which corresponds to the amorphous PLA, also observed
in the FTIR spectra. Therefore, the crystallinity of the PLA
film obtained by compression molding and rapid cooling was
too small to be detected by the XRD analysis.

The XRD patterns of the nanohybrids (Fig. 6a) displayed
similar amorphous hallows as neat PLA and the reflections
characteristic to the AH-POSS crystals, whose intensity
increased with the increase in nanoparticles content. This
may indicate that the POSS moieties were chemically linked
to PLA according to a previously published report [37].

(a)
25
. 2.0-
=}
g
>
% 15l AH-POSS
2
£
°
(0]
N
©
£
(]
zZ
0.0 : , . . . . : .
5 15 25 35 45
20/°

Interestingly, the crystalline structure of PLA and
nanohybrids was not revealed by XRD or FTIR measure-
ments, probably due to the slow crystallization of PLA in
the absence of additional treatments [45], as also observed
from the lack of a crystallization event in the DSC cooling
scan (Fig. 5a). Moreover, the AFM investigation of PLA and
nanohybrids revealed a typical amorphous structure free of
visible formations or defects in the PFE images from Fig. 2.
Therefore, the PLA and nanohybrids films were thermally
treated in order to enhance the crystallization capacity of
PLA by annealing in an oven at 90 °C for 60 min followed
by slowly cooling until room temperature. The films were
characterized after annealing by XRD, AFM, and FTIR.

Crystalline structure and morphology of PLA
and nanohybrids after annealing

The XRD patterns of the annealed samples (Fig. 6b) showed
the characteristic peaks of the a-form of PLA at 20=14.8,
16.6, 19.1° and 22.3° consistent with previously published
data [6, 11]. These peaks correspond to the (010), (200)/
(110), (203) and (015) planes of the orthorhombic crys-
tal lattice of PLA [46, 47]. Therefore, the incorporation
of AH-POSS did not influence the crystalline structure of
PLA. However, the XRD peaks at 8.1-8.2°, belonging to
the crystalline structure of AH-POSS, increased linearly in
intensity with the increase in the AH-POSS content in the
nanohybrids.

AFM topographic and PFE images of PLA and PLA-
AH7 annealed for 60 min at 90 °C are shown in Fig. 7. The
images illustrate the formation of thin lamellae which have
grown along random axes similar to leaf veins. The lamel-
lae thickness was found to be 10-20 nm for both samples,

b
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>
% 0.94 /
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8
IS
)
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Fig.6 XRD patterns of neat PLA, AH-POSS and nanohybrids a before and b after annealing
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Fig.7 AFM topographics and PFE images of PLA and PLA-AH7 annealed at 90 °C for 60 min and 24 h

while the space between crystalline lamellae was 10-15 nm.
A clearer lamellar structure was observed in the nanohy-
brids compared to neat PLA. This highlights the favorable
effect of the AH-POSS on the crystallization of PLA, also
noticed by DSC. However, the AH-POSS presence on the
surface of PLA/AH7 nanohybrids was hardly detected: the
few objects that can be ascribed to the AH-POSS nanopar-
ticles or their agglomerates were covered by a layer of well-
structured polymer matrix (Fig. 7). Increasing the annealing
time to 24 h has the effect of enhancing the crystallization
of both samples. A spherulitic morphology with lamellar
structures of more uniform shape and size was observed in
the case of PLA/AH7, which highlights the nucleation effect

(a)

100~
° 757
e
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Fig.8 ATR-FTIR spectra of a neat PLA and b PLA-AH?7 after annealing
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of the siloxane networks upon PLA crystallization. Lamellar
stacks with almost parallel lamellae are frequently observed
in Fig. 7 (PLA/AH7-24 h). On the contrary, lamellar bundles
aggregated into different geometric shapes with a shorter
distance order were noticed in the neat PLA sample (Fig. 7:
PLA-24 h).

The crystallization of PLA and nanohybrids after
annealing was also highlighted in the FTIR spectra,
especially in the region from 1500 to 800 cm™!, which
is sensitive to the PLA crystallization [48] (Fig. 8). After
annealing, a new band appeared at 921 cm™! in the spectra
of PLA and PLA/AH?7, which is characteristic of PLA o-
form crystals. Similarly, the intensity of the bands from
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Fig.9 E’ and tan 6 as a function of temperature for neat PLA and
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Table 3 DMA data for neat PLA and PLA/AH-POSS nanohybrids

Sample E’/MPa T,/°C T.."I°C
E’30 E’SO

PLA 4045 19.82 78.49 116.8

PLA/AHI 4167 20.42 78.55 1105

PLA/AH3 3725 18.59 78.35 108.5

PLA/AH5 3950 22.09 78.41 108.8

PLA/AH7 3417 20.23 78.24 108.7

*T,, T.. determined from DMA

g ‘cc

870 to 755 cm™!, corresponding to the vibration of C—-COO
bond in the crystalline phase of PLA, was enhanced in
PLA and nanocomposite after annealing (Fig. 8).

DMA analysis of PLA/AH-POSS nanohybrids

The storage modulus (E’) and tan d of neat PLA and PLA/
POSS nanohybrids as a function of temperature are pre-
sented in Fig. 9. At temperatures below 60 °C, associated
with the PLA's glassy region, higher E’ values were obtained
only for the PLA nanohybrid containing 1 mass% AH-POSS
nanoparticles, the E’ values decreasing with the increase in
AH-POSS content from 3 to 7 mass% (Fig. 9, Table 3). The
decrease in the storage modulus of the nanohybrids com-
pared to neat PLA shows an increase in the PLA’s flexibility
imparted by the AH-POSS presence, therefore a plasticizing
effect. This was pointed out by the decrease in the torque
values with the increase in the AH-POSS concentration
in nanohybrids (Fig. 5b) and previously reported for other
polymer/POSS systems [3, 5].

At temperatures above 60 °C, the E' values of all nano-
hybrids were similar to or higher than that of neat PLA
(Table 3). A slight increase in the E’ value was noticed at
temperatures above 100 °C for all the samples as a result

of the cold crystallization phenomenon, also observed by
DSC. Moreover, the cold crystallization temperature of PLA
was seen at lower values in all PLA/AH nanohybrids com-
pared to neat PLA, in good agreement with the previous
DSC results. No obvious change in the tan d peak, showing
the Typma) Of PLA, was noticed for nanohybrids and neat
PLA, which is consistent with the results obtained by DSC
regarding the influence of AH-POSS nanoparticles upon the
glass transition of PLA (Table 2, Fig. 5a).

Surprisingly, a small but almost gradual downward shift
in the tan 6 peak intensity was observed with increasing the
content of AH-POSS in nanohybrids (Fig. 9). This suggests
decreased chain mobility in the amorphous phase of PLA
[49], which may result from an increase in the crystalline
content or from enhanced interactions between the compo-
nents. Indeed, a higher crystallinity was obtained by DSC
for nanohybrids compared to neat PLA with the increase in
the AH-POSS content. In this case, the crystal formation
confined the segmental motion of the PLA chains in the
amorphous regions, which further led to a lower tan & peak
(Fig. 9) [50]. Moreover, possible chemical linkage between
AH-POSS and PLA was highlighted by FTIR and the occur-
rence of interactions between the components was supported
by the TGA, DSC, and AFM results.

Effect of AH-POSS on the mechanical properties
of PLA at body temperature

The stress—strain curves of PLA, PLA/AH3, and PLA/AH7
nanohybrids measured at room and body temperatures are
shown in Fig. 10a. At room temperature, PLA and nano-
hybrids showed similar mechanical properties, a tensile
strength at break of 25-27 MPa and a very low elongation
at break, of 2-4%, which emphasized their high brittle-
ness. Both PLA and nanohybrids fractured in a fully brittle
manner without yielding (Fig. 10a). A completely different
behavior was observed at body temperature. All the samples
showed yielding and a cold drawing plateau which is associ-
ated with necking propagation, as observed in Fig. 10b. No
strain-hardening was observed and the specimens fractured
during necking (Fig. 10a). It is well known that PLA can be
easily stretched and is able of large deformation at tempera-
tures close to Tg [51]. Chen et al. studied the mechanical
properties of uniaxially pre-stretched PLA correlated with
microstructural changes and proposed the mechanisms
which determined the ductile behavior of PLA during the
tensile test [52]. Thus, after pre-stretching around T,, the
network structure of cohesional entanglements, character-
istic to the undrawn PLA, was destroyed because of dis-
entanglements, which promoted the mobility of the PLA
molecular chains and the ductile behavior of PLA [52]. They
supposed that the orientation of the molecular chains and
the occurrence of mesophase during the tensile test might
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Fig. 10 a Stress—strain curves of PLA and nanohybrids with 3 and 7 mass% AH-POSS at 23 °C (RT) and 37 °C (BT) and b the elongation of a
PLA specimen in the heating chamber at 37 °C showing neck formation and cold drawing in the magnified image

become stress concentration sites leading to fracture. In the
case of microporous PLLA, it was observed that shear yield-
ing prevailed over the interfacial debonding mechanisms
during the tensile tests at elevated temperatures (50-70 °C)
[53]. However, the body temperature in our tests was more
than 20 °C below the T, of PLA and the T/T , ratio was lower
than 0.65. Previous studies on the mechanical behavior of
polymethyl methacrylate in uniaxial tensile tests at differ-
ent temperatures have shown an almost linear stress—strain
response and brittle fracture for T/T, <0.8, similar to that
observed for PLA and nanohybrids at RM, and yielding
along with neck propagation at T/T, ratios between 0.8 and
1 [54]. The different behavior of PLA and its nanohybrids
might be determined by the temperature raise generated
during the deformation of the specimens. Indeed, the strain
energy is converted into heat due to the viscous nature of the
polymer and hybrids [55]. Due to the poor thermal conduc-
tivity of polymers, the local increase in temperature could
be important. An increase in temperature of about 10 °C
was reported for a polyamide-66 composite reinforced with
30 mass% glass fibers during the fatigue test [55]. However,
no information on the temperature raise in PLA during any
mechanical test was found in the literature and the mecha-
nisms which determined the ductile behavior of both PLA
and nanohybrids during the tensile test remain an open issue
to be clarified.

The stress—strain curves of PLA and nanohybrids with
3 and 7 mass% AH-POSS recorded at BT showed that the
cold drawing plateau exhibited different lengths depending
on the concentration of AH-POSS: higher for PLA and PLA/
AH7, and smaller for PLA/AH3. Moreover, different yield
strength values were noticed: 37 MPa for PLA, 33 MPa for

@ Springer

PLA/AH3, and only 25 MPa for PLA/AH7. Therefore, the
AH-POSS nanoparticles acted as plasticizers increasing
the flexibility and also as stress concentrators initiating the
breakage. It is worth mentioning that the determination of
the mechanical properties at the body temperature is very
important because it showed a ductile behavior instead of
a brittle one for both PLA and nanohybrids. This may also
change the strategy in the design of PLA-based nanocom-
posites for biomedical applications.

Cytotoxicity and cell proliferation evaluation

The release of LDH in the culture medium of the 1.929 cells,
grown at the surface of the prepared nanohybrids, was used
for evaluating their cytotoxicity (Fig. 11a). The quantitative
evaluation of materials cytotoxicity by LDH assay showed
that after 1 day of exposure, there was a negligible difference
in the levels of LDH released in the culture media for control
cells compared with cells put in contact with the nanohy-
brid samples. The statistical evaluation done by Student’s ¢
test showed statistically non-significant differences (p > 0.2)
between the control and the tested samples. These results
suggest that both neat PLA and PLA/POSS-AH nanohybrids
do not exert cytotoxic effects on murine fibroblasts cell line.

The morphology and proliferation of the adhered cells
on the neat PLA and PLA/AH nanohybrids surface are
displayed in Fig. 11b. Early proliferation was noticed after
only one day incubation, the surface of all the samples being
completely covered by L.929 cells having their characteris-
tic spindle-shape morphology. The results demonstrate the
ability of neat PLA and PLA/AH nanohybrids to promote
cell proliferation and allow cell adherence. This is a very
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Fig. 11 a Cytotoxicity and b morphology of 1.929 cells cultured on neat PLA and PLA/POSS-AH nanohybrids film surfaces

important result because AH-POSS is a hydrophobic addi-
tive which may increase the hydrophobicity of the matrix
and may lead to reduced cells’ adhesion [56]. Indeed, the
water contact angle of the films increased from 75° for PLA,
to almost 100° for PLA/AH7 nanohybrid, as expected. How-
ever, the increased hydrophobicity did not influence cells’
proliferation due to the lack of toxicity of AH-POSS.

Conclusions

In this study, a facile and easy scalable method was proposed
for improving PLA’s properties toward biomedical applica-
tions through the addition of different ratios of polyhedral
oligomeric silsesquioxane with isobutyl substituent via melt
blending. It was found that AH-POSS addition induced a
delay in the PLA’s thermal decomposition with about 10 °C
in nanohybrids with a content of AH-POSS of 3 mass% or
more. AH-POSS nanoparticles exhibited both nucleation
and plasticizing effects on PLA since an important increase
in crystallinity by up to 50% was observed for the nanohy-
brids as well as lower melt torque values as compared to neat
PLA. Furthermore, the as-prepared PLA/AH-POSS nano-
hybrids have tunable morpho-structural properties by vary-
ing the AH-POSS content and annealing conditions as seen
from AFM, XRD and FTIR results. The determination of the
mechanical properties at body temperature has shown a duc-
tile behavior for both PLA and nanohybrids and not a brittle
one, as usually observed after testing at room temperature.
Therefore, the mechanical properties at body temperature

are more suitable for the characterization of biomaterials
intended for biomedical applications. Cytotoxicity and cell
proliferation evaluation results confirmed the suitability of
the developed PLA/POSS-AH nanohybrids for the biomedi-
cal field due to their ability to promote cell proliferation and
cell adherence and the lack of cytotoxic effects.
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