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ABSTRACT: Mechanical properties of poly(p,r)lactic acid films enriched with Vitamin E and Vitamin E Acetate (5-40% w/w) were
investigated. The addition of both formulations resulted in increased polymer Young’s modulus and tensile strength. Human foreskin
fibroblasts and murine pre-osteoblasts were used to assess the biocompatibility of polymers. Pre-osteoblasts adhesion and prolifera-
tion were strongly decreased by Vitamin E, whereas Vitamin E Acetate did not alter cell proliferation. Collagen deposition was lower
onto Vitamin E blended polymers than onto native and Vitamin E Acetate blended ones. Fibroblasts adhesion and proliferation were

increased by both Vitamin E and Vitamin E Acetate addition. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39970.
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INTRODUCTION

Biodegradable polymers are widely used in the medical field,
both as drug delivery devices and scaffold for tissue engineering.
Their wide use in this field is because of the fact that after their
implantation they do not require second surgery for removal, as
they can degrade and gradually be absorbed or eliminated by
the body. "

In particular, polylactic acid (PLA) is a biocompatible aliphatic
polyester that can degrade into nontoxic compounds, specifi-
cally lactic acid, which is metabolized through the tricarboxylic
acid cycle and excreted as carbon dioxide and water. >*
In fact, PLA was approved by the US Food and Drug Adminis-
tration as far back as in the 1970s and is primarily used for
biomedical applications such as absorbable sutures, stents,
drug delivery systems, bone fixation devices, and tissue engi-
neering scaffolds. *~’

As lactide is an enantiomeric compound, the general name PLA
refers to three possible isoforms, namely poly (r-lactide)
(PLLA), poly (p-lactide) (PDLA), and poly (p,i-lactide)
(PDLLA), which are chemically identical, but differ in their
crystallinity. PLLA is a semicrystalline polymer characterized by
high tensile strength, low elongation, and consequently high
Young’s modulus value, making it suitable for orthopedic appli-
cations and sutures. On the contrary, P(p,L)LA is an amorphous

© 2013 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

39970 (1 of 7)

polymer exhibiting lower tensile strength, higher elongation,
and lower modulus, and is then less applicable than crystalline
polymers for load-bearing applications. Moreover, P(p,L)LA,
because of its amorphous structure, can degrade quickly; in
fact, the degradation time of P(p,L)LA is about 12-16 month,
compared to 3-5 years required by PLLA to be completely
degraded. Moreover, it is an interesting drug delivery system,
when it is essential to have a homogeneous dispersion of the
drug within a monophasic matrix. >*° Although P(p,L)LA
mechanical properties are not adequate to fix the majority of
bone fracture, it has been extensively investigated for biomedical
coating for orthopedic implants because of its good osteocon-
ductive potential, high mechanical adherence to substrates and
excellent biocompatibility in vivo.'*'?

Vitamin E (a-tocopherol, Vit. E) [Figure 1(A)] is a natural bio-
logical anti-inflammatory and antioxidant agent protecting cells
from the damaging effects of free radicals by preventing perox-
ides accumulation, and can potentially be used to prevent dis-
eases associated with oxidative stress.''* Moreover, Vit.E is also
believed to act via antioxidant-independent mechanism, directly
affecting blood coagulation, connective tissue growth, inflamma-
tion, and cell proliferation.'>'® Furthermore, several studies
indicate that Vit. E has a positive effect on bone tissue, prevent-
ing bone loss, maintaining bone mineral density, and improving
its mechanical properties. '~
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Figure 1. Chemical structures: chemical structure of (A) Vit. E and (B)
Vit. E Ac.

Vitamin E acetate (Vit. E Ac, tocopheryl acetate) [Figure 1(B)],
is the artificial esterified form of Vit. E, commonly used as an
alternative to tocopherol itself because its phenolic hydroxyl
group is blocked resulting in a less acidic product. It is believed
that this molecule, when absorbed at skin level, undergoes
hydrolysis, regenerating alpha tocopherol.?’

In our laboratory P(p,L)LA films enriched with Vit. E,
showing increased wettability and haemocompatibility were
produced.?"*

In this article, the effects of different concentrations (5-40%
w/w) of Vit. E and Vit. E Ac to P(p,L)LA films on the polymer
mechanical properties have been investigated, along with the
cellular behavior of human foreskin fibroblast (HFF) cells and
MC3T3 murine pre-osteoblast cells seeded onto the control and
Vit. E and Vit. E Ac enriched P(p,L)LA (10% w/w) films.

EXPERIMENTAL

Preparation of P(p,L)LA Films

P(p,L)LA (average molecular mass 75-120 kDa), vitamin E
(a-tocopherol) and Vit. E Ac were purchased from Sigma-
Aldrich (Milwaukee, WI, USA). P(p,L)LA films were prepared
by casting 0.05 g/mL P(p,L)LA solution in chloroform with or
without Vit. E and Vit. E Ac in 150-mm glass dishes. After 5
min shaking 5%, 10%, 20%, and 40% (w/w) Vit. E or Vit. E
Ac, both diluited 1 : 1 in chloroform, were added to P(p,L)LA
solution and the solvent was evaporated at room temperature
for 24 hours under vacuum in the dark. Film sheets (approx.
I-mm thick) were then cut under sterile conditions into
square samples (1 cm?) and stored at 4°C for no more than 1
week.

Thermal and Mechanical Characterization

Differential scanning calorimetry (DSC) was carried out using a
Mettler-Toledo DSC 821 apparatus. Samples of about 5 mg
were employed. The instrument was calibrated with high purity
standards. Dry nitrogen was used as purge gas. All film samples
were preconditioned in a vacuum oven set at 50°C for 24 h.
The thermal cycle consists in a first heating at 20°C/min from -
65°C to 200°C, then to cancel the thermal history, first cooling
at —10°C/min to —65°C and second heating at 10°C/min to
200°C. The mechanical tests were performed using a dynamical-
mechanical analyzer DMTAV (Rheometer Scientific). All tests
were carried out at a temperature of 25°C using the rectangular
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tension geometry on specimen machined into bars with size of
20 X 5 X 0.01 mm with a gauge length of 10 mm. The stress—
strain mechanical analysis was performed at a shear rate of 0.01 s~
with a preload force of 0.01 N. Five measurements were carried
out on different specimens for each composite sample.****

Cell Culture

HFF, established from normal human foreskins pooled from
three to five donors, obtained from ATCC (Manassas, VA,
USA), was a kind gift from Dr. M. Landini, Microbiology
Laboratory, University of Eastern Piedmont “A. Avogadro”.
HFF cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Euroclone, Milan, Italy) supplemented with 10%
foetal bovine serum (FBS), penicillin (100 U/mL), streptomy-
cin (100 mg/mL) and t-glutamine (2 mM) (Euroclone,
Milan, Italy) in a humidified atmosphere containing 5% CO,
at 37°C.

Murine pre-osteoblasts MC-3T3 E1 (ATCC CCL-240) were
grown in Iscove’s Modified Dulbecco’s Medium (IMDM)
medium (Euroclone, Milan, Italy) supplemented with 10% heat
inactivated FBS, penicillin (100 U/mL), streptomycin (100
mg/mL) and L-glutamine (2 mM) (Euroclone, Milan, Italy) in
a humidified atmosphere containing 5% CO, at 37°C.

Cell Adhesion and Proliferation

Cell adhesion and proliferation onto native, unmodified and
modified P(p,L)LA films was evaluated by dropping 1 X 10*
cells/50 uL onto control and 10% Vit. E and Vit. E Ac P(p,1)LA
samples (1 cm?). Cell adhesion was evaluated after 6 hours
incubation, whereas cell proliferation has been evaluated after
72 hours of incubation by fluorescence microscopy. At the end
of each time point, cells were fixed in 3.7% formaldehyde-3%
sucrose solution in PBS (pH = 7.4) and stained with 1% acri-
dine orange aqueous solution for 5 min in the dark. Stained
cells were counted in 10 different fields per sample at 10X mag-
nification using a fluorescence microscope (Leica DM500). Scor-
ing was performed by three separated observes, blind to
P(p,L)LA type observed, using Particule software and expressed
as total adherent cell number/mm? = standard deviation
(S.D.).

Determination of Collagen Production

Sirius Red staining was performed to evaluate collagen produc-
tion. It is a strong anionic dye with sulfonic acid groups that
interact with the basic groups of collagen, resulting in red stain-
ing of collagen fibers. * Sirius red powder (Sigma Aldrich, St.
Louis, MO, USA) was dissolved in saturate aqueous picric acid
at a 100 mg/100 mL concentration. P(p,L)LA fixed samples
were air dried before adding the dye. Cells were stained for 1
hour under mild shaking. The solution was then removed and
the stained cells were extensively washed with 0.01N hydrochlo-
ric acid. The stained material was dissolved in 0.01N sodium
hydroxide for 30 min at room temperature, under mild shaking.
Optical density (O.D.) was measured at 570 nm, using 0.1N
sodium hydroxide as blank. *°

Statistical Analysis
Unpaired Student’s t-tests were done for statistical analysis.
Probability values of P < 0.05 were considered statistically
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Figure 2. DSC second heating at 10°C/min for various samples with (A)
Vit. E and (B) Vit. E Ac. al
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RESULTS AND DISCUSSION

The aim of this study was to investigate the effects of Vit. E and
Vit. E Ac addition to P(p,L)LA films in terms of mechanical
properties and biocompatibility. The use of Vit. E, and its acety-
lated form, was suggested by the anti-oxidative and antinflam-
matory properties of these agents, which can potentially be used
to prevent diseases associated with oxidative stress. Recent stud-
ies have demonstrated that oxidative stress can stimulate osteo-
blasts apoptosis and can reduce osteoblastogenesis. >’ Excessive
accumulation of reactive oxygen species leads to cellular damage
via peroxidation of lipid membrane, proteins and nucleic acids;
moreover, they are also involved in the formation and activation
of osteoclasts and consequently bone resorption. These findings
suggest a positive effect of Vit. E on bone tissue by preventing
bone loss. ¥’

In our laboratory, P(p,L)LA films enriched with Vit. E and Vit.
E Ac (5-40% w/w) have been produced.

The thermal properties of the various P(p,L)LA films and rela-
tive composites were investigated with DSC. Figure 2 reports
the second heating at 10°C/min for various samples. P(p,L)LA
is an amorphous polymer having a random distribution of both
isomeric forms of lactic acid and accordingly is unable to
arrange into a crystalline organized structure. For polylactic
acid polymers, the glass transition ranges from 30°C to 60°C
and increases with molecular weight and depends on the ratio

Table I. Thermomechanical Behavior for Various Samples

0 10 20 30 40

Vitamin/ %

Figure 3. Trend of glass transition at second heating (10°C/min): Vit. E
(fully symbols) and Vit. E Ac (open symbols).

of stereoisomers of lactide.”® The glass transition of P(p,L)LA
pure sample occurs at 47°C, as reported in the literature.”’
Using Vit. E, the glass transition decreases with increasing
amount of additive. The T, of the sample with 40% of Vit. E
was 42°C (Figure 3 and Table I). Using Vit. E Ac, the glass tran-
sition is independent by the amount of additive and decreases
to 45°C. The T, depression is also obtained using biocompatible
plasticizers as citrate ester,”® glycerol,”’ or blending with other
polymers,”>* suggesting the plasticizer effect of both Vit. E and
Vit. E Ac.

In order to investigate the effect of the Vit. E and Vit. E Ac
addition on the modulus and its ultimate mechanical proper-
ties, native, Vit. E and Vit. E Ac enriched P(p,L)LA films were
subjected to a stress—strain analysis at a low shear rate. Figure 4
reports the stress—strain curves for the composites with Vit. E
and Vit. E Ac, respectively. The tensile testing results for
P(p,L)LA film and relative composites are shown in Figure 5
and Table I. Stress, strain at break, and Young’s modulus of
P(p,L)LA film prepared by solvent casting were 40.0 MPa,
60.0%, and 450 MPa, respectively, according to the literature.**
Young’s modulus as well as the tensile strength of both sample
series increase with the increase of vitamin content until 10%

Young's Yield Yield Stress at Strain at
Samples Tg (°C) modulus (MPa) strength (MPa) strain (%) break (MPa) break (%)
P(,L)LA 47.3 0.5 453 = 21 344 +18 91 +038 384 1.4 598 21
Po,ULA + Vit. E 5% 437 + 0.5 1070 = 60 91.6 2.9 92+07 832=x21 446 + 1.6
Po,UJLA + Vit. E 10% 422 + 05 805 + 38 90.1 =32 183 =13 841 +23 324 +13
Po,ULA + Vit. E 20% 408 + 0.5 440 = 25 514 =27 145=12 335+11 602 = 2.5
Po,ULA + Vit. E 40% 421 + 05 649 = 32 435 +19 122 =10 439 +15 838 29
Po,ULA + Vit. E Ac 5% 450+ 05 659 + 29 51124 91+06 435 +1.3 226 +14
P,ULA + Vit. E Ac 10% 450+ 0.5 837 + 36 731 +28 114 =09 626 =24 50323
Po,ULA + Vit. E Ac 20% 451 + 05 465 * 22 366 +1.7 95+11 357+15 933 +43
P.ULA + Vit. E Ac 40% 453 + 0.5 351 + 15 435+19 156 1.8 456 +1.7 750+ 34
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Figure 4. Stress—strain curve at 0.01s-1 for P(pb,L)LA composites with (A)
Vit. E and (B) Vit. E Ac.
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Figure 5. Trend of Young’s modulus as a function of Vitamin amount:
Vit. E (fully symbols) and Vit. E Ac (open symbols).
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Figure 6. Evaluation of HFF adhesion onto control and Vit. E and Vit. E
Ac enriched polymers. Adherent cells were counted in 10 different fields
per sample at 10X magnification. *P < 0.05

and a parallel decrease in strain at break is registered. When the
amount of additive exceeded 10%, Young’s modulus and stress
at break of composites are comparable to pure matrix and the
elongation at break increases. As observed for the thermal prop-
erties, P(p,L)LA blending with Vit. E and Vit. E Ac resulted in a
significant change of mechanical properties as reported in litera-
ture for systems like PLA/PEG or PLA/PEPG* and
PVA /Hyaluronic acid®.

In order to make P(p,L)LA more suitable for orthopedic appli-
cations, its toughness should be improved. Vit. E and Vit. E Ac
addition in a specific range (5-10%) improves P(p,L)LA
mechanical properties for this kind of application, as a bone
substitutes should be strong enough to fulfill the required load-
bearing functions, thus high tensile strength as well as high
Young’s modulus are required to match the mechanical proper-

. _— 36,37
ties of the native tissue.

P(D,L)LA+vit E Ac 10%

Figure 7. Representative fluorescent images of Acridine Orange stained HFF cells seeded onto control P(p,L)LA and P(p,L)LA enriched with 10% Vit. E
and Vit. E Ac after 6 and 72 h. Magnification = 10X. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Cellular count of adherent MC3T3 scored onto control P(p,L)LA
and P(p,L)LA enriched with 10% Vit. E and Vit. E Ac. Adherent cells were
counted in 10 different fields per sample at 10X magnification. **P <
0.001.

Implanted biomaterials surface characteristics determine host
organism biologic response. In fact, both natural and synthetic
materials induce both an acute and chronic local inflammatory
responses, whose intensity depends on their composition, as
well as on the implant site. Cell proliferation and differentiation
onto implanted biomaterials surface are the major hallmark of
material biocompatibility, which is the most fundamental and

. .. . . . 3,
crucial concern for designing implantable biomaterials. >**~*!

As 10% Vit. E and Vit. E Ac addition seems to increase Young’s
modulus value in a similar way, biocompatibility assays have
been performed on these samples, focusing on cell adhesion
and proliferation of two different cell models, HFF and murine
pre-osteoblast cells (MC3T3 El).

As shown in Figure 6, HFF adhesion was higher onto Vit. E
and Vit. E Ac enriched P(p,.)LA films. The total number of
adhered HFF cells/ mm? = S.D. onto control P(p,L)LA films was

P(D,L)LA

WILEYONLINELIBRARY.COM/APP

P(D,.L)LA+vitE 10%

- . ..
h . ..

Applied Polymer

IENCE

32.98 = 19.11, while 80.45%30.17 and 111.7%£42.6 Cells/mm2
were scored onto Vit. E and Vit. E Ac P(b,L)LA, respectively
(P < 0.05). HFF cell proliferation was evaluated after 72 hours
of incubation. The number of adhering HFF cells was signifi-
cantly higher onto 10% Vit. E and Vit. E Ac enriched P(p,L)LA
compared to control P(p,L)LA films. It was noteworthy that cells
seeded onto control and Vit. E Ac P(p,L)LA films display an
elongated morphology, whereas cells seeded onto Vit. E
enriched P(p,L)LA films showed a round shape (Figure 7).

As shown in Figures 8 and 9, the difference in MC3T3 adhesion
onto different polymers was statistically significant. In particu-
lar, a higher MC3T3 adhesion onto native polymer was
observed as compared to both Vit. E and Vit. E Ac blended
ones.

The total number of adhering MC3T3 cells/mm® + S.D. onto
control P(p,L)LA films was 27.02+7.62 cells/ mm?, whereas
4.25+0.1 and 13.83+5.59 cells/mm? were scored onto Vit. E
and Vit. E Ac P(p,L)LA, respectively (P < 0.005).

MC3T3 proliferation was evaluated after 72 hours of incuba-
tion. The number of MC3T3 adhering onto the scaffolds was
significantly decreased onto 10% Vit. E P(p,L)LA at each time
point compared to that observed onto control P(p,L)LA films.
On the contrary, the number of cell adhering onto 10% Vit. E
Ac P(p,L)LA was similar to that observed onto control sample.

No toxic effect on HFF and MC3T3 cells (floating dead cells)
was observed during daily optical inspection of cell cultures.

In previous studies, it has been demonstrated that Vit. E addi-
tion to P(p,L)LA films increased serum protein adsorption as
well as surface wettability, finally resulting in a more hydrophilic
polymer, probably because of the increased amount of the -OH
groups introduced by the presence of Vit. E. *' On the contrary,

P(D,L)LA+ vitE Ac 10%

Figure 9. Representative fluorescent images of adherent MC3T3 cells seeded onto control P(p,.)LA and P(p,L)LA enriched with 10% Vit. E and Vit. E Ac
after 6 and 72 h. Magnification = 10X. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Sirius red quantification of collagen after 72 hours incubation
onto control P(p,L)LA and P(p,L)LA enriched with 10% Vit. E and Vit. E
Ac. *P < 0.05

Vit. E Ac, in which the -OH groups are replaced by acetate
groups, did not modify P(p,L)LA hydrophobicity. ** Moreover,
several studies demonstrated that Vit. E inhibited cell prolifera-
tion, irrespective of its antioxidant properties. *>=*

As osteoblasts proliferation and differentiation enable the pro-
duction of extracellular matrix (ECM), and as fibroblasts are
the main source of connective tissue and play pivotal role in
regulating ECM homeostasis, we investigate the production of
collagen-containing ECM. **

Picro-sirius red staining was used to evaluate the secretion of
the collagen-containing ECM by fibroblasts and pre-osteoblasts
grown onto control, Vit. E and Vit. E Ac enriched P(p,L)LA
films. As shown in Figure 10, spectrophotometric analysis con-
firmed the secretion of collagen by HFF and MC3T3 cells on
the different polymers. Considering HFF cells, no differences
were observed in collagen production when grown onto the var-
ious polymers. On the other hand, there was no difference in
collagen secretion by MC3T3 cells grown onto control and 10%
Vit. E Ac blended P(p,L)LA films, while there was a significant
decrease in collagen secretion when cells were grown onto 10%
Vit. E blended films.

CONCLUSIONS

These data demonstrate that 10% Vit. E Ac addition to
P(p,L)LA films modify its mechanical behavior, improving
Young’s modulus as well as tensile strength, thus increasing their
toughness. Moreover, this modification improves or at least did
not alter P(p,L)LA biocompatibility, and could make this bioma-
terial more attractive for orthopedic engineering applications.
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