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Abstract

In this work, the peel of Arapey Sweet Potato (Ipomoea batatas), a vegetable waste, was used as a source of phenolic com-
pounds which are widely recognized as beneficial antioxidants for human health. The extract obtained from Ipomoea bata-
tas exhibited an antioxidant activity significantly higher than many antioxidant agents reported in literature (476.96 mg of
TROLOX mL™), as well as good thermal stability. Nanocapsules of the extract coated with low molecular weight polylactic
acid were prepared by the emulsification-solvent evaporation method and the nanoparticles obtained were characterized
physical; thermal; and morphologically. An analysis of the variables that were investigated to increase the encapsulation
efficiency is presented here. Besides, PLA films prepared via the solution-casting method exhibited good compatibility with
the nanoparticles loaded with the antioxidant extract, as was evidenced by the uniform and stable dispersion of these particles
in the films. Furthermore, an improvement of the mechanical properties of the PLA films due to the presence of the nano-
particles were clearly observed. Results reported here are encourage enough to propose the nanocapsules described in this
work as additives or to be used immersed in films for controlled release of antioxidants, putting in value a vegetable waste.

Keywords Nanocomposites - Biodegradable - Biopolymers - Antioxidants - Film

Introduction

Currently, most industries are interested in environmentally
friendly, versatile and low-cost raw materials. On the other
hand, composite materials are attractive because they com-
bine the properties of different compounds to obtain new

B0 Norma D’Accorso materials with improved properties. These materials are par-
norma@qo.fcen.ubg.ar ticularly interesting when they are obtained from biodegrad-
P< Nancy L. Garcia able polymers and renewable biomass, [1] such as natural
nancylis@qo.fcen.uba.ar antioxidants obtaining from vegetable waste [2—4].Natural
' Universidad de Buenos Aires, Facultad de Ciencias Exactas antioxidants are primarily phenols synthesized by plants as
y Naturales (FCEyN), Departamento de Quimica Orgénica, part of their secondary metabolism [5] and the possibility
Buenos Aires, Argentina of obtaining them from plan waste represents an economic
2 CONICET- Universidad de Buenos Aires. Centro de advantage. Particularly, we are interested in the peel of Ara-
Investigaciones en Hidratos de Carbono (CIHIDECAR), pey Sweet Potato (Ipomoea batatas), a variety widely con-
Buenos Aires, Argentina sumed in Argentina. As a result of the industrialization of
3 Instituto Nacional de Tecnologia Agropecuaria Estacién this root, tons of peels are generated and discarded annually

Experimental Agropecuaria San Pedro (INTA),

’ ¢ and, to the author’s knowledge, this waste is not currently
Buenos Aires, Argentina

used. Considering that phenols are very vulnerable to oxidiz-
ing environment, they must be encapsulated to improve their
storage stability [6].

Instituto Tecnoldgico de Buenos Aires (ITBA),
Buenos Aires, Argentina

5 Univ. Grenoble Alpes, CNRS, Grenoble INP,
LGP2, F-38000 Grenoble, France
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Many articles describing encapsulation procedures have
been published, in which a wide variety of encapsulation
agents are proposed [7-17]. Among them, polylactic acid
(PLA) is especially attractive due to its biodegradability
and non-toxicity. In addition, due to its interesting physical
properties, the use of PLA has become popular and is one
of the first options to consider when an environmentally
friendly polymer is required for a wide range of applica-
tions [13, 18-21].

Considering the above discussion, the aim of this work
was to develop and characterize antioxidant-loaded biode-
gradable PLA films to be used in multiple ways including
intelligent packaging, agro-mulching, eco green coatings,
among others.

Materials and methods
Materials

High molecular weight poly(lactic acid) (PLA) pellets
were provided by Shenzhen Bright China Industrial Co.,
Ltd. (Wuhan, China) (L-LA 90%, 10% D-LA; Mw =
200,000 g mol!; polydispersity index = 1.8) and purified
before use by dissolving in dichloromethane and re-pre-
cipitating in methanol. Poly (vinyl alcohol) (99 % hydro-
lyzed, Mw = 89,000 — 98,000 g mol'l) was purchased from
Sigma-Aldrich (USA). Solvents were reagent grade, and
they were dried and distilled before use according to stand-
ard procedures. All other reagents were of analytical grade
and used without further purification.

Synthesis of low molecular weight poly (lactic acid)
(PLA)

Low molecular weight PLA was synthesized by direct con-
densation method using a reactor equipped with a vacuum
pump and cold traps for removing water using p-toluene
sulfonic acid as catalyst. The crude product was purified
by dissolving in dichloromethane and re- precipitating in
methanol[22].

Molecular weight determinations

PLA molecular weight was determined by Size Exclusion
Chromatography (SEC) on a Waters 600 at 31 °C, through
a Styragel HR 4 THF- 7.8 x 300 mm - (5K-600K) column
and a refractive index detector 2414 at a flow rate of 1 mLL
min~!, using polystyrene standards.

@ Springer

Preparation of Arapey sweet potato (Ilpomoea
batatas) peel extract (PExt)

Fresh roots harvested in San Pedro (Buenos Aires) were well
cleaned. The peel was carefully removed (50 g) and sus-
pended in methanol (400 mL). The suspension was heated
to 80° C for 10 min and then stored under continuous stir-
ring for 24 h at room temperature. After that, the mixture
was filtered and the solution containing the antioxidants
was evaporated under reduced pressure (extract yield: 4 %
of fresh Arapey sweet potato peel). Then, the residue was
resuspended in methanol and stored, as a stock solution, at
4°C in a dark flask for further analyses.

Characterization of the extract

Identification and quantification of individual phenolic
acids

Analyses were carried out by reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) using Agilent
Series 1200 (Agilent Technologies, USA) system, equipped
with an ultraviolet detector. Aliquots of the extract were
filtered through a 0.45mm membrane filter. Antioxidant
methanolic extract (20 uL) was injected onto a ZORBAX
Eclipse XDB-C18.5 um, 4.6 mm x 250 mm column (Agi-
lent Technology). The gradient elution program was 20%
acetonitrile: 80% water (0—10 min), 20-30 % acetonitrile
(10-20 min), 30-50 % acetonitrile (20-30 min) at a flow rate
of 0.7 mL min~".

The peaks detected were identified and quantified by
comparing the retention time and peak area to that of known
standards. Quantification was based on absorbance at 320
nm.

Determination of antioxidant activity-(DPPH radical
inhibition assay)

The antioxidant activity of the extract was estimated accord-
ing to the procedure described by Brand-Williams et al.[23]

Briefly, a 0.1 mM solution of 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) in methanol was prepared and 2 mL of this
solution was mixed vigorously with different volumes of the
methanolic extract PExt (10-50 puL). The samples, by dupli-
cates, were kept at room temperature for 30 min in the dark.
Methanol and each sample solution were used as a blank.

Absorbance (A) was measured at 517 nm and the extend
of radical scavenging was calculated based on Eq. 1:

Ablank — Asample
Ablank

% Scavenging = x 100 (1)
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The IC50 value, defined as the concentration of the sam-
ple leading to 50% reduction of the initial DPPH concen-
tration, was obtained from the linear regression of plots of
mean percentage of the antioxidant activity against the con-
centration of the test extracts (ug mL™!). Antioxidant capac-
ity of the extract was expressed as: Trolox equivalent antiox-
idant capacity (TEAC) calculated using Trolox as standard
to construct the calibration curve, expressed by TROLOX

mL, [24, 25] where Trolox is the 3, 4- d1hydr0 -6-hydroxy-2,
Bl Total mass of cqmpynd — (non — encapsulate cmpoundmass)

widely used antioxidant. Total mass of compound

at 40°C under reduced pressure and the residue was re-
suspended in methanol. After 24 h of gently stirring, the
solution was filtered and the absorbance at 328 nm of the
filtered solution was measured. Experiments were per-
formed in duplicate. A linear calibration curve was con-
structed using methanolic solutions of the extract From
supernatant average absorption value, the mass of the non-
encapsulated PExt was calculated and applied in Eq 2:

x100 @

Preparation of PLA nanoparticles (NP)

PLA nanoparticles were prepared by the emulsification-sol-
vent evaporation method, as previously reported by Rous-
saki et al. [26]. Briefly, solutions of PLA (Mw=18,000 and
24,500 g mol™!) in acetone (10 mg mL™") (, were added to
an aqueous solution of PVA (1 % w w') and the mixtures
were kept at room temperature under magnetic stirring (150
rpm) overnight. After that, low RCF (2683) in a centrifuge
(Beckman J2-21M / E, California, USA) at 5°C for 5 min
was applied to remove aggregated nanoparticles. The super-
natants were separated and further centrifuged at RCF of
10733 at 5 °C for 20 or 40 min. The pellets containing the
nanoparticles were washed with Milli-Q water to remove
residual solvent and surfactant, re-suspended in 5 mL of
water, and stored at 4°C in a dark flask.

Preparation of antioxidant-loaded PLA
nanoparticles (NPp,,)

Encapsulation of PExt was carried out following the pro-
cedure described above but, in this case, a PExt organic
solution was added to an organic solution of PLA and the
mixture was added to the aqueous solution of PVA. Different
organic solvents were tested.

In order to study the best encapsulation conditions, differ-
ent experiments were performed modifying the PExt: PLA
ratio (0.2:1 or 0.6:1), RCF of 10733 or 18138, centrifugation
time (20 or 40 min) and PLA molecular weight (My, 18,000
or 24,500 g mol ™).

Encapsulation efficiency (EE%)

The amount of PExt entrapped within the nanoparticles
was determined indirectly, i.e. by measuring the amount
of free PExt in the supernatant recovered after centrifuga-
tion, using a UV-Vis spectrometry (Jenway 6705 spectro-
photometer). The drug entrapment efficiency (EE %) was
expressed as the difference between the amount of PExt
in the supernatant relative to the total amount used for the
nanoparticle preparation. The supernatant was evaporated

Preparation of PLA and PLA-NP .y films

PLA films were obtained via the solution-casting method
as follows: 1 g of commercial high molecular weight
PLA, previously purified as described before, was added
to 11 mL of dichloromethane (DCM) and the mixture was
stirred for 1 hour at room temperature. Thereafter, the
PLA solution was cast on glass petri dishes, dried under
ambient condition for 24 h and further oven dried under
vacuum at 50 °C for 24 h.

In the case of PLA-NPppxp films, 12.2 mg of lyophi-
lized NPpg, were sonicated for 1 min in 2 mL of DCM
prior to adding to the DMC PLA solution, prepared as
described above. Then, the mixture was cast on glass petri
dishes and dried in the conditions described above.

Particle size and polydispersity index

Nanoparticle size was measured by using dynamic light
scattering (DLS) (Zetasizer Nano-ZS of Malvern Instru-
ments). Prior to analyses, nanoparticle suspension (100 pl)
was diluted in 900 pl of deionized water. For each sample,
both the particle size (PS) and the polydispersity index
(PdI) were calculated in triplicate, at 25 + 1 °C at a scat-
tering angle of 173°.

Tensile tests

Uniaxial tensile tests were carried out on type IV (ASTM
D638) dumbbell samples cut out from the PLA matrix and
nanocomposite films using an INSTRON dynamometer
5982 with a crosshead speed of 5 mm / min and using a
load cell of 1 kN . Stress-strain curves were obtained from
these tests, and tensile parameters (Young’s modulus, ten-
sile strength, and strain at break) were determined from the
curves. The measurements were performed at room tem-
perature and at least five samples for each material were
tested. Average values and their deviations are reported.
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Scanning electron microscopy (SEM)

Nanoparticles or films (cryogenically fractured) were depos-
ited on microscope glasses and vacuum dried at 50°C for
24 h. Samples were coated with gold using an ion sputter
coater and observed by using a scanning electron micro-
scope Zeiss Supra 40 with field emission gun operated at 3
kV. Images were processed by using digital image analysis
software (ImageJ).

Transmission electron microscopy (TEM)

Transmission electron micrographs of PLA nanoparticles
were taken with an EM 301 Philips transmission electron
microscope at an acceleration voltage of 60 kV. A drop of
the nanoparticle suspension was deposited onto a carbon
coated microscopy grid and negatively stained with an aque-
ous 2% solution of uranyl acetate for 1 min. The liquid in
excess was blotted with filter paper and the remaining liquid
was dried before the specimen observation.

Migration studies

To study the release of the antioxidant-loaded nanoparticles
from the PLA films, samples of 100 mm? were immersed
in 100 mL of distillate water and kept at room temperature,
under magnetic stirring. Samples were taken at different
times, i.e. 2, 5, 10, 20 and 30 days of incubation in order
to follow the release by UV-Vis spectrometry and observed
by SEM.

Thermal analysis

Thermogravimetric analyses were carried out using a TGA-
60 Shimadzu thermogravimetric analyzer under N, atmos-
phere. Samples (5-7 mg) were placed into alumina crucibles
and heated from room temperature to 500°C at a heating rate
of 10 °C min™.

Differential scanning calorimetry (DSC) measurements
were made on a TA Q20 differential scanning calorimeter
under dry nitrogen atmosphere. Indium standard was used
for calibration. Dynamic experiments were performed to
obtain Tg values of nanostructured thermosets. Films were
first removed from the substrate and placed (5—10 mg) in
the DSC pan. Samples were heated to 200 °C, and the tem-
perature was held for 10 min to remove the thermal history.
Subsequently, the samples were cooled to —70 °C for 15
min and heated to 200 °C at a rate of 5 °C min’!. All Tg
values were taken as the midpoint of the transition during
the second heating scan.

@ Springer

Results and discussion
Phenolic acid composition of PExt

Phenolic acids detected in major proportion were: chlo-
rogenic (CLA); caffeic; 4,5- dicaffeoylquinic (4,5-DCQ);
3,5-dicaffeoylquinic (3,5-DCQ); 3,4-dicaffeoylquinic (3,4-
DCQ) and chlorogenic acid, being 4,5 DCQ and CLA the
most abundant (HPLC chromatogram of phenolic acids is
presented in supplementary data). On the other hand, caffeic
acid was the phenolic structure found in minor proportion.
A high proportion of 3,5-DCQ and CLA acids in the tissue
of purple-skinned sweet potatoes has already been reported
for other plant varieties (Beauregard, Evangeline, Golden
Sweet).[27, 28] Figure 1 shows the chemical structure of
the phenolic acid found in the sweet potato extract and their
content (expressed in mg kg™! of fresh peel weight).

The concentration of chlorogenic acid found in this
extract (784 mg kg™! fresh weight), was considerably higher
than that observed in other varieties of this root (usually
ranging from 117 to 467 mg kg™ fresh weight) [29]. Many
studies have linked chlorogenic acid consumption to a wide
range of health benefits, including neuroprotection, cardio-
protection, weight loss, chemopreventive properties, anti-
inflammatory activity, decreased blood pressure, decreased
diet-induced insulin resistance, decreased blood pressure,
anxiolytic effects, and antihyperalgesic effects. Pre-clinical
and clinical studies provide evidence that chlorogenic acid
supplementation could protect against neurological degener-
ation and resulting diseases associated with oxidative stress
in the brain [30-33].

Considering the multiple benefits associated with con-
sumption in the diet of chlorogenic acid, the possibil-
ity of obtaining it from vegetal waste makes this meth-
odology attractive from the point of view of health and
cost-effectiveness.

Antioxidant activity

From the DPPH radical inhibition assay (see supplemen-
tary data), the calculated IC50 of the PExt was equivalent
to 476.96 mg of TROLOX mL!. The TEAC of the extract
is even more relevant when comparing with values obtained
for other vegetal sources such as orange juice (6.64 mg
TROLOX mL™) or limonene (1.26 mg TROLOX mL"1)[24,
25].

These values show that the effect of this antioxidant is
more significant than most other species, giving great added
value to the sweet potato peel, which is considered as a waste
in the potato industry.
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Fig. 1 Phenolic acids found in the sweet potato peel extract (content is expressed in mg kg™' of fresh peel weight)
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Fig.2 Thermogravimetric analysis of PExt

Thermogravimetric analysis (TGA)

In the thermogram for the extract of the sweet potato skin
(Fig. 2) a first mass loss (4.5%) was observed between 30
and 135 °C, attributed to the loss of water and volatile
low molecular weight compounds.[27]. From 135 °C to
approximately 170 °C, a weight loss of 5.5% was observed,
attributed to the degradation of volatile compounds, polar
lipids, and small acid molecules. At higher temperatures, the
weight mass loss was due to pyrolysis of compounds such
as insoluble fiber: cellulose, hemicellulose and lignin. [34].
The residue was approximately 43%.

Itis important to note that, since degradation of the extract
starts at a higher temperature (135 ° C) than temperature used
in encapsulation protocol, then the extract properties should
not have been affected during the encapsulation process.

Characterization of NP by SEM and DLS

PLA nanoparticles were characterized by scanning electron
microscopy (SEM) and dynamic light scattering (DLS). The
best results were achieved when the nanoparticles where syn-
thesized using PLA with a molecular weight of 24,500 g mol™!
under an RCF of 10733, and for 20 min. SEM micrographs
showed nanoparticles with spherical morphology, regular sur-
face and homogeneous size (Fig. 3a and 3b) with an average
size of 74 nm (Fig. 3¢c). On the other hand, and as expected, the
average hydrodynamic diameter (Dh) measured by DLS was
slightly higher than that measured by SEM (121 nm), because
in the DLS technique, NPs are solvated. The polydispersity
index (PdI) was 0.13.

On the contrary, when the synthesis was carried out using
lower molecular weight PLA (18,000 g mol'l) and shorter cen-
trifugation times (40 min), the presence of surfactant surround-
ing the nanoparticles was observed in the images. A summary
of the parameters evaluated for each method (SEM and DLS)
is shown in supporting.
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Fig.3 a and b SEM micrographs (50 K X and 200K X), of the nanoparticles (centrifugation time 20 min, PLA Mw: 24, 500 g mol ~!) ¢ Nano-

particles size distribution

Evaluation of encapsulation

through the encapsulation efficiency, size,
and morphology of particles with different
variables

Influence of solvents on the nanoparticle’s synthesis

In the emulsification-evaporation method, an internal
organic phase (polymer and extract) is added to an exter-
nal phase that contains the surfactant or stabilizer (in our
case (PVA + Water, aqueous phase), which is evaporated
to obtain the nanoparticles. The success in the formation of
the nanoparticles depends on the degree of emulsification
achieved by mixing the internal and external phases in the
process, so a search for the right solvent is required. For
the internal phase, different solvent systems were evaluated:

System 1: PLA / Extract: Acetone / Water

System 2: PLA / Extract: Acetone: Water 3: 1 / Acetone:
Water 3: 1

System 3: PLA / Extract: Acetone / Methanol

The best results were obtained when the nanoparticles
were synthesized using as internal with PLA in acetone

200 nm

EHT = 300KV WO= §3mm Mg S000KX  SgalA=intens B Jounm EHT = 300KV

WO = §3mm

and the pellet was resuspended in methanol (solvent sys-
tem 3). In this condition, SEM micrographs showed nano-
particles with spherical morphology and regular surface
(Figs. 4a and 4b) with an average size of 84 nm (Fig. 4¢),
throughout the entire sample. The results observed for the
other solvent systems can be found in supplementary data.

Figure 5 shows a TEM micrograph of PLA nanopar-
ticles. TEM was made using a drop of a suspension of
the nanoparticles. As can be seen, nanoparticles have an
average size of 80 nm and form aggregates of 1 mm. The
encapsulation efficiency was 96 %. The use of methanol as
a solvent avoids the formation of agglomerates, probably
due to its low affinity with PLA, allowing a better organi-
zation of the polymer chains. The viscosity of methanol
(0.59 cp. at 20 °C) could also prevent the aggregation
through an efficient stabilization of the nanoparticles[35].
Besides, the high encapsulation efficiency achieved using
the methanolic antioxidant extract suggests that methanol
could also prevent the migration of the antioxidant into
the aqueous phase.

] Number of Nps C

Mean: 84 nm

0 100 12 1 ) 180
Mag= 20000KX  Signal A= inLens '

Diameter (nm)

Fig.4 a and b SEM micrographs (50K X and 200K X), of the nanoparticles prepared using the solvent system 3 (PLA/ acetone: PExt/methanol)

¢ Nanoparticles size distribution calculated from the SEM images
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Fig.5 TEM micrographs of the
nanoparticles (centrifugation
time 20 min, PLA Mw: 24, 500
gmol 1)

Influence of the PExt: PLA ratio, centrifugation
parameters and PLA molecular weight

The influence of different parameters in the encapsulation
efficiency was evaluated: PExt: PLA ratio (0.2-0.6), centrifu-
gation time (20-40 min), RCF (10733 or 18138) and PLA
molecular weight (My,= 18,000 or 24,500 g mol™).

In summary, longer times, lower PLA molecular weight
and low temperatures favor the formation of aggregates
(Summary in supplementary data). The best encapsulation
efficiency (96%) was observed for the following conditions:
PExt: PLA ratio: 0.2; Centrifugation time: 20 min; RCF of
10733; PLA molecular weight 24,500 g mol™!

Thermal analysis by differential scanning
calorimetry (DSC)

Figure 6 shows DSC traces for PLA (low molecular weight),
NP, and nanoparticles with PLA:PExt ratios of 0.2 and 0.6.
From this figure, we can observe that all the samples exhibit
a transition at 55 °C attributed to the glass transition. It
shows that the hydrodynamic volume for all samples does
not vary greatly between them. A similar phenomenon was
described for other PLA films containing nanoparticles [20,
36].

On the other hand, PLA exhibit a cold crystallization
peak near 100 °C [20, 37, 38]. For loaded nanoparticles this
peak shift to higher temperatures according to the antioxi-
dant content. The occurrence of cold crystallization is due to
the heating rate (5 °C/min in our case) which is slow enough
to allow smaller PLA crystals to melt and recrystallize[39].

The melting of PLA occurred around 130-140 °C as
shown by an endothermic peak, possibly resulting from
the superposition of two peaks. Yuzay et al.[40] reported

NPeex PLA:Pex10.2
. NPeex PLA:Pex70.6

Heat Flow (Mw)

-60 -30 0 30 60 90 120 150 180 210
Temperature (°C)

Fig.6 DSC thermograms for PLA, NPLA and NPy, at differents
PLA:PExt ratios

this fact as a consequence of formation of a disordered
alpha phase, existence of more than one crystalline struc-
ture and different morphologies formed during the heat-
ing and cooling process[37]. In the case of NPs, were
observed two glass transition temperature (Tg) defining
the different crystalline structures that appear superposed
in PLA pellets. Also, two narrow endothermic peaks have
been observed at 145 °C and 151 °C.

The crystallinity results are generally different to
that which occurs at a nanoscale and this occurs mainly
because of the ratio of surface atoms to the total atoms
in the material. This effect is observed between the PLA
pellets and the nanoscale PLA in different reports [41-43].
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Mechanical properties

The mechanical properties of the films are reported in
Table 1 and the representative stress—strain curves for
the samples are shown in Fig. 7 for neat PLA, PLA with
nanoparticles loaded with extract (NPpg,,) and PLA films
loaded with NPy, after 30 days after beginning the
migration experiments.

The results show that the addition of nanoparticles had
an effect on the mechanical properties of the PLA film. As
seen in Table 1, the elongation at break as well as the work
of fracture increased, while the tensile modulus and the
tensile strength decreased. The addition of NP with ratio
PLA:PExt of 0.2 raised the elongation at break by 171%
% and the work of fracture by 47%.

Other studies have also shown an increase in the elonga-
tion at break with the addition of nanoparticles; for exam-
ple, Jiang et al.[44] reported that the elongation at break of
PLA increased by 33% with the addition of 5 wt% and 7.5
wt% of CaCO; nanoparticles and increased by 433% with
the addition of 2.5 wt% of montmorillonite nanoparticles.
The solvent (used in the preparation of the films) remains
in the polymer network and has a positive effect on the
elongation at break and other ductile properties, since it
acts as a plasticizer[45]. Probably the nanoparticles influ-
ence the entrapment and dispersion of the solvent, which
remains in the intramolecular network despite the drying
stage of the films. It is very likely that the nanoparticles
generate a tortuous path[46] and hinder the passage of the
solvent and this is reflected in this plasticizing effect dif-
ferent from that observed for neat PLA.

However, when the film was tested after 30 days of
release, although the young’s modulus was maintained and
the elongation at break remained close to the value of the
PLA film, the value of the tensile strength was reduced by
almost 50% and the work of fracture by 72%. These results
show that that both the film and the nanoparticles possibly
present quite different characteristics to the initial ones,
propitiated by the particular process of antioxidant release,
which directly impact the mechanical properties. This will
be further corroborated by observing the morphology of
the films by SEM.
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Fig.7 Stress-Strain curves for PLA, PLANPpg, and PLANPpg, after
30 days of release

Morphology of films

SEM micrographs of the fractured surfaces of PLA (molec-
ular weight 200,000 g mol!) and its nanocomposites
PLANPp, are shown in Fig. 8.

The fractured surface for the PLA film showed a typical
brittle fracture (Fig. 7c) as expected and in agreement with
tensile test results, where neat PLA exhibited an elongation
at break of only 2%. When comparing the morphology of
the neat PLA film to that of the nanocomposite (Figs. 7b and
7d) it clearly appears that the fractured surface for the nano-
composite is shows numerous crazes, indicating a massive
crazing effect which resulted in a ductile fracture[46]. This
is in accordance with the effect that was noticed from tensile
tests with an elongation at break of 6% (Table 1).

This type of fractured surface is also observed when the
solvent acts as a plasticizer, as discussed in the mechanical
properties section. The dispersed nanoparticles most likely
influence the entrapment of the solvent. On the other hand,
no phase separation was observed, as expected considering
the structural similarity between the matrix (high molecular
weight PLA) and the shell of the nanoparticles (low molecu-
lar weight PLA).

Table 1 Mechanical properties

Film Tensile Strength ~ Tensile Modulus ~ Elongation at Work of
for PLA, PLANPy;,, and (MPa) (GPa) Break (%) Fracture
PLANPpg,, after 30 days of (MPa)
migration studies

Neat PLA 453+3.1 31+04 23+05 06+02

PLANPpg,, (PLA/PExt: 0.2) 231+1.0 08+0.2 6.0+0.1 09+0.1

PLA-NPpg,, after 30 days 120+ 0.8 09+0.1 3.0+0.1 03+0.1
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Fig.8 SEM Micrographs of the
fractured surface for PLA (a
and ¢) and PLA with NPy, (b
and d)
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Migration study by SEM

Specific migration tests of PExt from the film was stud-
ied in simulant distilled water and performed according to
European Standard EN 13130 Part 1 (European Standard
2004).

Samples taken at different times were analyzed by UV
spectroscopy. The measurements recorded before 30 days
of release showed absorbances corresponding to very low
concentrations of the antioxidant, with values close to the
equipment error. After 30 days of testing, the absorbance
recorded corresponds to less than 5% of the amount of added
extract, suggesting that the release of it is very slow from
the film. Since the detection of migration by UV is almost
imperceptible, we decided to evaluate how the release affects
the surface of the film, during the same time of migration
study by SEM.

SEM micrographs of PLA films loaded with NPpg,,
(PLA: PExt ratio 0.2) were taken at different times during
the release experiment. The sequence of images is displayed
in Fig. 9.

The image taken 30 days after the beginning of the study
(Fig. 9b) showed the total disappearance of the nanoparti-
cles and empty holes (yellow arrow) where the nanoparticles
were inserted before the release study.

It is important to note that, during the study, the nanopar-
ticles observed in the fractured surfaces have been deformed
and gradually released to the medium in which the film was
immersed as shown in Fig. 10.

This type of morphology supports the values obtained for
the mechanical properties, since although the elongation at
break decreased by 50%, most likely due to the presence of
holes that are observed in Fig. 8, the values of the modulus
and tensile strength indicate that there is still some plastici-
zation given by the process of migration of the antioxidant.
The value of the modulus does not vary considerably, indi-
cating the presence of some nanoparticles in the process of
deformation, as shown in Fig. 9.

Conclusions

In this work, nanoparticles of uniform size and shape loaded
with natural antioxidants were successfully synthesized.
Low molecular weight polylactic acid-coated particles were
uniformly dispersed in films prepared with high molecular
weight PLA, from which the complete release of the nano-
particles was observed one month after being exposed to an
aqueous medium. But the main achievement of this work is
the fact that the antioxidants were obtained from a vegetable
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Fig. 10 SEM Micrographs of NPpg, . Images taken 72 hours after starting the release study. a 100K X and b 400K X)

waste which is beneficial from both an economic and an
environmental point of view. Besides, the thermal stability
of the nanocapsules opens the possibility of incorporating
them in different polymer matrices, even in those obtained
through an extrusion process.

From the results presented in this article, the new biode-
gradable nanoparticles can be proposed to be incorporated
into films with antioxidant properties that extend the pres-
ervation times of the products they cover.
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