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Effect of Starch Laurate Addition on the Properties of Mango Kernel Starch Films
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In this work, starch obtained from mango kernel seeds was applied in the preparation of films in
combination with its hydrophobic derivatives. Chemical modification of starch was carried out at two
different concentrations of vinyl laurate, in dimethyl sulfoxide, under basic catalysis. The degrees of
substitution of the starch laurates were 2.4 and 0.3, respectively. None of the products formed films
when dispersed in water. However, blends of starch/starch laurate (degree of substitution = 0.3) formed
films after microfluidization of their aqueous suspensions. The blends with up to 15% wt of starch
laurate (degree of substitution = 0.3) resulted in films of higher elongation at break, higher opacity
and lower tensile strength and elastic modulus. The microfiuidization of biopolymer suspensions was
crucial to obtain films with lower water vapor permeability. X-ray diffraction results corroborated to
the mechanical properties of the films, showing that the incorporation of starch laurate reduced the

starch films crystallinity.
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1. Introduction

The interest in materials from renewable resources
with low market value and low environmental impact has
grown significantly'2. Starch is one of the most abundant
polysaccharides on the planet and can be obtained from
many conventional sources, such as cassava, potatoes, rice,
corn and wheat*°, and from non-conventional sources, such
as plantain, jaca seed, and pea, among others. One non-
conventional source less studied is the kernel of seed of
mango fruits™. Due to its low price, biodegradability and
renewable origin, starch is one of the raw materials with
high potential for food packaging application'®'3.

The use of kernel seeds of mango fruits (Mangifera Indica L.,
variety Tommy Atkins) to extract starch is a very interesting
proposition in many ways. One of them is the fact that this
variety of mango is the most produced and has the largest
share in the volume traded in the world, mainly due to its
intense coloration, high yields and long-distance transport
resistance'*!¢. Brazil occupies a prominent place in the
production and exportation of this fruit, producing more than
1 million tons of mango annually'. Besides, after industrial
processing of mango, portions of the fruit, such as peel and
seed, are discarded without proper use. About 22% of the
weight of the mango is due to the seed, from which starch
can be obtained'”. In this sense, the use of mango starch to
obtain biodegradable films is very promising, since it enables
the reduction of the environmental impacts and leads to
economic benefits based on utilization of waste materials's'°.

*e-mail: rosangelabalaban@hotmail.com

Although starch films have advantages related to renewal
and biodegradation, they have limitations on their mechanical
and barrier properties, forming brittle and hygroscopic
materials?*. Therefore, the incorporation of additives capable
of improving these properties have been investigated?>+%%.
For instance, formulations based on starch/lipid blends have
been studied extensively, generating improvements on the
mechanical and barrier properties of films***. However,
lipid-containing films have some disadvantages in the control
of film properties, such as: low lipid melting temperature,
strong effect of emulsion droplet size distribution, phase
separation and strong oxidation tendency over long periods®.

The use of nanoparticles, such as starch and cellulose
nanocrystals, as reinforcing additives on starch films has
been investigated'*'s. The literature reports positive results,
mainly regarding the tensile strength, Young modulus as well
as the reduction on water vapor permeability (WVP)!*1517,
However, the use of those nanocrystals significantly reduces
the elongation of the films, because of the progressive
increase on hydrogen bonding, making the films stiffer and
less extensible'”.

Blending starch with more hydrophobic polymers has
been shown to be an interesting combination to produce
films for packaging with improved properties®. However,
because of the intrinsic hydrophilicity of native starch,
the poor compatibility between starch and hydrophobic
polymers can become a problem to the production of the
films’'. From this perspective, microfluidization, a high-
pressure homogenization technique, would constitute and
alternative route to obtain films from polymers of different
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hydrophilicities, improving miscibility and film properties,
including appearance and mechanical properties®>¥.

In this sense, in this work, starch obtained from mango
kernel was hydrophobized by the reaction with vinyl laurate
and a new methodology for producing flexible films was
elaborated based on microfluidization. The effect of the
introduction of different amounts of starch laurate into
unmodified starch mango kernel films on the final properties
of the products was evaluated. The use of blends composed by
starch with starch esters would increase the hydrophobicity of
the system, without losing important environmental features.

2. Experimental

2.1. Materials

Starch (amylose/amylopectin content of 25/75 wt%) was
extracted from mango (variety Tommy Atkins - Mangifera
indica L.) kernel (SISGEN: AD3DC70), according to the
procedure described by Cordeiro et al.'®. Sodium hydroxide,
hydrochloric acid, hydrogen peroxide solution (30 vol%),
sodium carbonate, potassium carbonate, Tween® 20 and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Vinyl laurate (ethenyl dodecanoate) was acquired
from Tokyo Kasei. Ethyl alcohol and methyl alcohol were
purchased from ISOFAR. Sunflower oil was kindly provided
by Embrapa-CE. All the compounds were used without
further purification.

2.2. Determination of weight average molecular
weight

The weight average molecular weight (47 ) of starch
was obtained using an Agilent 1260 Infinity Gel Permeation
Chromatography (GPC) system equipped with a 1260 Quaternary
Pump VL, a PL aquagel-OH MIXED-H 8 pm column and a
1260 Infinity Dual Angle Light Scattering (15° and 90°) detector.
The eluent was a 0.15 mol/L sodium nitrate aqueous solution
containing 0.2 w/v of sodium azide, previously filtered through
0.45 pum pore size cellulose acetate Millipore membranes.
The column and the detector operated at the temperature
of 40 °C, with a flow rate of 1.0 mL/min. Calibration was
made using dextran standards (American Polymer Standards
Corporation). The starch sample (0.05 mg/mL) was prepared
by dissolving the polysaccharide in a 90/10 v/v mixture of
dimethyl sulfoxide (DMSO)/water. The biopolymer solution
was left under stirring for 24 h and then it was filtered through
0.5 um pore size polytetrafluoroethylene (PTFE) Millipore
membranes. The M was 3.6 x 10° g/mol.

2.3. Synthesis of starch esters

Acylation of mango kernel starch (MKS) with different
amounts of vinyl laurate (VL) was performed under basic
catalysis, according to described in literature’*, but with
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some modifications. In this case, the objective was to evaluate
the effects of different degrees of substitution on the final
properties of the starch derivatives and their films. Specifically,
5 g of mango starch was added slowly to 50 mL of DMSO, at
room temperature (~25°C), and the biopolymer dispersion was
maintained under magnetic stirring for 24 hours. The obtained
solution was then transferred to a three-necked flask coupled
to a reflux condenser, mechanical stirring, thermometer and
a heating mantle, under N (g) atmosphere. Then, the basic
catalyst (K,CO,) and vinyl laurate were added in the amounts
shown in Table 1. The system was heated to 110 °C, at a
heating rate of 3 °C/min. The reaction proceeded at 110 °C,
for 3 hours. The acetaldehyde gas by-product was removed
from the system by absorption in 1M NaOH, with the aid of
abubbler coupled to the reflux condenser outlet. The system
was then cooled to room temperature. Starch laurate 1 (SL1)
was recovered by precipitation with methyl alcohol and the
purification was carried out by successive washings in a
sintered glass Buchner funnel, under vacuum, with methyl
alcohol, until the smell of vinyl laurate disappeared. Starch
laurate 2 (SL2) was precipitated with water. Afterwards,
it was purified by successive washings in a sintered glass
Buchner funnel, under vacuum, with water, and subsequently
with ethyl alcohol 95%, to remove the unreacted reagents
and water. Finally, SL1 was filtrated under vacuum and
dried in an oven, at 65 °C, for 24 hours. SL2 was dispersed
in water and lyophilized. The yields for SL1 and SL2 were
52% and 59%, respectively.

2.4. Determination of the Degree of Substitution
(DS)

The DS values were determined using titration method,
according to the procedure described in literature®’.
The DS was calculated using the following formula:
DS =162M(V,-V)/1000W, where V represents the volume in
milliliters of 0.1 mol dm™ HCl solution used for titrating the
blank (unmodified starch) and V is the volume in milliliters
of 0.1 mol dm HCI solution used for titrating the sample
(starch ester, SL1 and SL2). M is the exact molarity of HCIl
solution, W is the sample weight in grams and 162 represents
the molecular weight of the anydroglucose units on starch.

2.5. Fourier-transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) analyses
of native starch and laurate starches

Fourier-transform infrared spectroscopy (FTIR) was
performed to observe the appearance/disappearance of
functional groups that could characterize the chemical
modification of starch. The samples were directly placed
at the Attenuated Total Reflectance (ATR) accessory and
analyzed the wavenumber range from 4000 to 400 cm™ by
the FTIR IRAffinity from Shimadzu.

Table 1. Parameters of vinyl laurate transesterification reaction with starch.

Product Molar ratio of AGU*/VL Catalyst (%)° Purification
SL1 1:3 2 methyl alcohol
SL2 1:0.13 2 water / ethyl alcohol 95%

sanydroglucose units on starch; "wt% relative to starch.
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In order to observe changes in crystallinity after chemical
modification of starch, the biopolymers in powder form were
directly placed into a sample holder and analyzed by using
a Bruker D2 Phaser diffractometer. The X-ray diffraction
(XRD) analyses were carried out using CuKa radiation
(L= 1,54 A), Ni filter, operated at 30 kV and 10 mA, at the
20 range of 10-90°, with a step size of 0.02° and scanning
speed of 1° min™".

2.6. Films preparation

Films of mango kernel starch (MKS), SL1, SL2 and
their combinations (biopolymer blend films) were produced
according to the method described in literature'* (Table 2).

In the case of films containing only one biopolymer,
5 gof MKS or SL1 or SL2 were added to 100 mL of distilled
water under stirring, and heated to 90/95°C, for 30 min, to
the gelatinization of starch and suspension of starch esters.
Glycerol (25 wt% with respect to starch) was then added to
the system at 60°C, under stirring, for 15 min. Tween®20
(10 wt% relative to SL1 or SL2) was added to the SL1 and
SL2 suspensions as a emulsifier to improve the dispersion of
the hydrophobic laurate chains on the polar aqueous medium?**.

For the preparation of the biopolymer blend films,
aqueous suspensions of starch and its derivatives were
prepared separately, according to the conditions shown
in Table 2. Starch was suspended in 90 mL of distilled
water and submitted to gelatinization. To SL1 and SL2
preparation, Tween®20 (10 wt% relative to SL1 or SL2)
was added to glycerol (25 wt% with respect to starch) and,
afterwards, the starch laurate (amount specified in Table 2)
was slowly added to the system, followed by 10 mL of water
to ensure homogenization of the medium. Then, the starch
laurate suspension was heated to 90/95 © C, for 15 minutes.
Finally, starch laurate suspension (SL1 or SL2) was slowly
poured into the MKS suspension, under vigorous stirring
in Ultra-Turrax (IKA®-T25), at a rotation of 12,000 rpm,
for 15 minutes, at 60 °C.

The second stage of development of the films was
divided into two routes:

*  Route 1: The biopolymer suspensions were transferred
to a kitassate, which was sealed and coupled to a
vacuum pump, to remove air incorporated during
mixture. The process took an average of 30 minutes,
with constant heating (60° C), in order to avoid
cooling during the vacuum application.

*  Route 2: The biopolymer suspensions were maintained
under magnetic stirring overnight, to ensure a good
interaction between the biopolymer chains. Afterwards,
they were homogenized through a microfluidization
processor (Microfluidizer® - Processor M-110EM).
The treatments used a mesh of 200 um, varying the
pressure (5000 and 8000 psi), as described in Table 2.
The mixtures went to the rotary evaporator (Buchi -
Switzerland vacuum controller V-80), under pressure
of 260 mbar, for 40 min, at 60 ° C, for removal of
air incorporated in the microfluidization process.

For both routes, after degassing, the mixtures were

poured into a glass plate, previously coated with a polyester
film (Mylar®). The casting process was carried out with the
aid of a 1.5 mm thick stainless-steel bar, which provided
better spreading and uniformity of the mixture. The plates
were left in a climate-controlled room with controlled
temperature and relative humidity of, respectively, 23 £2 °C
and 50 £ 3%, for 48 h. Only the compositions on Route 2
were able to form films with homogeneous aspect. Then,
only the films obtained from Route 2 were able to further
characterization.

2.7. Roughness of films

For surface roughness determination, the films were
analyzed using a digital roughness meter (Taylor-Hobson
Surtronic 3, Barcelona, Spain). Each sample was fixed
with the aid of a double-sided tape on a test table and the
reading considered was the arithmetic mean (Ra) between
the peaks and valleys traversed by the active tip of the
device, with a measuring path of 0.25 mm. Three readings
were taken in different areas on the surface for each sample.

Table 2. Description of composition and conditions of treatment of the films.

Components

Treatments Water (mL) MKS (g) SLI1orSL2(g)* glycerol (g)° Tween (g)° Su(l)lg((jgv)ver presure (e Route
SL1 100¢ 100 - 5 1.25 1.5 - - 1
MKS-SL1 50/50¢ 100 2.5 2.5 1.25 1.5 0.6 - 1
SL2 100 100 - 5 1.25 0.5 - - 1
MKS-SL2 50/50 100 2.5 2.5 1.25 0.25 - - 1
MKS-SL2 5 100 5 0.25 1.25 0.025 - - 1
MKS 5000 100 5 - 1.25 - - 5000 2
MKS 8000 100 5 - 1.25 - - 8000 2
MKS-SL2 5/5000 100 5 0.25 1.25 0.025 - 5000 2
MKS-SL2 5/8000 100 5 0.25 1.25 0.025 - 8000 2
MKS-SL2 10/5000 100 5 0.5 1.25 0.05 - 5000 2
MKS-SL210/8000 100 5 0.5 1.25 0.05 - 8000 2
MKS-SL2 15/5000 100 5 0.75 1.25 0.075 - 5000 2
MKS-SL2 15/8000 100 5 0.75 1.25 0.075 - 8000 2

*wt% relative to starch; *25 wt% relative to the total amount of biopolymer; <10 wt% relative to SL1 or SL2; “Pressure used during microfluidization step.
“Compositions using SL1 did not form films or did not form films capable of being characterized.
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Measurements were made in triplicate (3 specimens for
each film formulation).

2.8. Opacity

Film opacity was determined in quadruplicate, following
the methodology described in literature®. Film strips measuring
2 cm x 5 cm were placed on the internal side of a Varian
Cary 50 UV-Vis spectrophotometer cell, perpendicularly
to the light beam. The absorbance spectra (400-800 nm)
of film samples were recorded and opacity was defined
as the area under the recorded curve (estimated by the
linear trapezoidal rule) and expressed as absorbance units
x nanometers (wavelength) per millimeter (film thickness)
(A. nm .mm™).

2.9. Water vapor permeability (WVP)

The water vapor permeability (WVP) determination
was based on the method E96/E96M-16%, with at least five
replicates. The measurements were made by using 1 mL
distilled water inside permeation cells (inner diameter, 24 mm;
height, 10 mm) and silica gel as the desiccant material, in
an Arsec DCV040 desiccator with air circulation, at 24 °C.
Eight measurements were made for each sample within the
period of 24 h. Prior to the tests, the sample thicknesses were
measured with a digital micrometer (Myutoyo - quantumike
IP65). The water vapor permeability (g.mm.Pa'.h'.m?) was
defined according to Equation 1:

WVP = WVPRT | AP 1

Where, “WVPR” is the water vapor permeability rate (g.m2.h")
through the film, “T” is the thickness (mm) of the sample
and “AP” represents the difference in partial pressure (Pa)
of water vapor between the faces of the film.

2.10. Tensile tests

Tensile properties of 125 mm x 12.5 mm film strips were
measured according to the D882-12 standard®’, with at least
five replicates. For that purpose, a Universal Testing Machine
(Emic DL-300), equipped with a load cell of 100 N, initial grip
separation of 100 mm, and crosshead speed of 50 mm/min
was employed. Prior to tests, the sample thicknesses were
measured with a digital micrometer (Myutoyo - quantumike
IP65) and stored for 48 h, under controlled conditions of
temperature (23 + 2°C) and relative humidity (45 £ 5%), kept
through a saturated saline solution of potassium carbonate.

2.11. XRD of films

X-ray diffraction analyzes were performed to verify
the retrogradation tendency (recovery of crystallinity) of
starch films, as well as the influence of the addition of starch
laurate on the morphology of these materials. The films were
analyzed on a Bruker D8 ADVANCE diffractometer, using
copper radiation (CuKa, L= 1.54A). Scans were performed
at a 10 mA current and 30kV voltage, using a Lynxeye
detector, with a step size of 0.02° and 0.1 s acquisition time.
The analysis was performed with an angle of 20, from 10
to 70 degrees.

2.12. Statistical analysis
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Values were expressed as mean =+ standard variation.
Comparisons between groups were performed using ANOVA
and with Tukey’s multiple comparison test, performed with
Graph Prism 7.0, GraphPad Software Inc., La Jolla, CA, USA.

3. Results and Discussion

3.1. Characterization of biopolymers

The reaction mechanism for starch laurate formation
involved three steps. Initially, an alkoxide is formed by
the reaction of the polysaccharide with the base. Then, the
carbonyl group of the fatty derivative is attacked by the
alkoxide, giving rise to a tetrahedral intermediate. Finally,
the leaving group (acetaldehyde) is eliminated and starch
laurate is formed'**, according to the mechanism indicated
in Figure 1.

The SL1 formed brownish gels which became lighter
after precipitation of the product and washing with methyl
alcohol. The SL2 product, on the other hand, remained
soluble in the solvent (DMSO), since the proportions
employed among the reagents tend to generate a low degree
of substitution?4!. The precipitation and purification of SL2
with methyl alcohol was unsuccessful, giving an unclear
product with a strong smell of vinyl laurate. Literature states
that highly substituted starch laurates are often purified
with methyl alcohol*. However, starch laurates with low
degree of substitution are better precipitated and purified
with water and ethyl alcohol*. The use of water and ethyl
alcohol 95% to precipitate and purify SL2 led to a higher
yield of a clear product without the characteristic vinyl
laurate smell. The degrees of substitution determined by
titration for SL1 and SL2 were 2.4 and 0.3, respectively,
which are in agreement with the behavior observed during
the purification step. After drying, the products were isolated
as clear and yellowish solids.

The chemical modification of starch by reaction with
vinyl laurate was evidenced by IR spectra (Figure 2), with
the appearance of a band at 1740 cm™! for SL1 and SL2,
attributed to the C=0 elongation vibration of the saturated
ester. The higher intensity observed to C=0 of SL1
(Figure 1c) spectrum may be related to its higher degree of
substitution***!. A band centered at 3350 cm™ can be related
to O-H stretching vibration of the polysaccharide units and
even to some water trapped into the samples. The high
intensity of the band at about 1150 cm™ (compatible to C-O
stretching of esters) on the SL1 spectrum, can be related to
its high degree of esterification. The absorptions at 2924 and
2854 cm! can be ascribed respectively to C-H asymmetric
and symmetric stretching of both anydroglucose units and
laurate portions in the modified starch**#. Starch showed an
intense band at 1001.89 cm™, attributed to C-O stretching
of the polysaccharide repeat units. SL2, the copolymer
with a lower degree of substitution (DS = 0.3), exhibited an
enlargement of the C-O stretching band, with two absorptions
at999.37 and 1017 cm’!, whereas SL1 (DS = 2.4) underwent
a shift on the band to 1040 cm™. These changes observed
between 1100 and 900 cm™! are typical of starch changing
from semicrystalline to amorphous state**.

The XRD patterns of mango kernel starch (MKS) and starch
esters are shown in Figure 3. Diffractogram of starch showed
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Figure 1. Representation of the steps of starch esterification mechanism with vinyl laurate.

four main peaks at 15°, 17°, 18° and 23° (20), corresponding
to the type A crystallinity pattern. Only a broad amorphous
peak was detected in the X-ray pattern of SL1. Clearly, the
crystal region of native starch was damaged, indicating that
inter- and intramolecular hydrogen bonds in starch molecules
were broken during the chemical modification process.
However, the copolymer with a low degree of substitution
exhibited two diffraction peaks (13° and 20°), giving a
characteristic V-type pattern. The V-type crystallinity of SL2
could originate from the single-helical structure “inclusion
complex” composed of starch laurate chains. These results
are in accordance with the properties of corn starch laurate
found in previous studies*°.

3.2. Characterization of films

Preliminary tests were performed to verify the formation
of films with the obtained esters and the main results are
summarized in Table 3.

After the unsatisfactory results obtained in Route 1, an attempt
to improve the polymeric interactions and homogenization
of the medium was made through microfluidization (second
route). This methodology was satisfactory, since the films
presented a homogeneous, flawless and unbreakable aspect
during the removal from the support. The microfluidization
step was crucial to ensure the homogeneity of the mixture
during drying, improving the interaction between the
unmodified starch chains and its ester derivative®.

The films presented homogeneous appearance in all
compositions and pressures used during their preparation.
This indicates that the microfluidization process improved
the biopolymer dispersion in the aqueous medium. On the
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Table 3. Preliminary tests carried out to verify the formation of films with the obtained products (SL1 and SL2).

Treatments Film

Aspect

SL1 100 No

SL1 was insoluble in the aqueous medium even with the use of surfactant.

MKS-SL1 50/50 Yes

Film had a soaked aspect, exhibiting cracks and small droplets of gels, which were attributed to the

laurate suspension’, unable to be characterized.

SL2 100 No

It formed only aggregation points, attributed to the aggregated SL2.

MKS-SL2 50/50 Yes o
characterization.

Film had a dry skin aspect and it could not be removed from the drying support, unable to further

Film was formed and was easily removed from the drying rack with only a few grain-like structures

MKS-SL2 5 Yes on the surface.
MKS 5000 Yes
MKS 8000 Yes

MKS-SL2 5/5000 Yes

MKS-SL2 5/8000 Yes

Films presented homogeneous appearance.

MKS-SL2 10/5000 Yes

MKS-SL210/8000 Yes

MKS-SL2 15/5000 Yes

MKS-SL2 15/8000 Yes

(@)

1740

r T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm")

Figure 2. Infrared spectra of MKS (a), SL2 (b) and SL1 (¢).
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Figure 3. XRD patterns of MKS and its starch esters.

other hand, films prepared by Fakhouri et al.! exhibited
white spots when lauric acid was directly added to starch
suspensions'.

Control group films (MKS 5000 and MKS 8000) had a
statistically smaller thickness (p < 0.05) than the films with
starch laurate. Among the films containing starch ester, no
statistically significant differences were observed (Figure 4a).
Probably the increase in the thickness of the films containing
SL2 is related to different packaging between starch and
SL2 macromolecules. In this case, part of the hydrogen

bonds made by the starch molecules (films without SL2) are
replaced by additional van der Waals interactions between
the hydrophobic laurate chains.

In general, the roughness of the films was statistically
different for each percentage of added starch laurate, so that
the higher the percentage, the higher the roughness values
(Figure 4b). The results indicated that the starch laurate
modified the packaging of macromolecules during the
microfluidization and drying process, causing difference in
roughness. However, the films remained with good appearance
and homogeneity.

The different pressures used during microfluidization
had no significant influence on the average film thickness
values. On the other hand, for the roughness of the materials,
the pressure was significant for the samples containing 10
and 15% of starch laurate. This may have occurred because
increased pressure promoted greater orientation and better
packaging of the molecules, thus changing the topographic
characteristics of the films, without changing their thickness.

The visual appearance of films for food packaging such as
gloss, color and transparency can affect consumer acceptability
and even food quality. In this sense, the influence of the SL2
addition on the opacity of the films was evaluated*. The
opacity values of all studied films were obtained on a UV-vis
spectrometer, using visible light wavelength in the range of
400 to 800 nm. Thus, the opacity was related to the visible
light transmission by the films, and the higher the opacity,
the lower the visible light transmission, consequently, the
lower the transparency.

The films prepared with SL2 displayed a statistically
significant difference in opacity in relation to the control
group films (MKS 5000 and MKS 8000) from 10% of SL2
on (Figure 3). This behavior suggests that the SL2 with
hydrophobic laurate chains occupy the interchain spaces of
the starch matrix, reducing the voids and consequently the
transparency of the films!2¢38,

Control films (without SL2 addition) and films containing
5% SL2 showed no statistical difference in opacity values.
The average opacity value (210.5 A.nm.mm) for these films
was similar to that reported in literature'* (228.8 A.nm.mm'")
in their control films (composed by starch and glycerol).
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Figure 4. (a) Thickness, (b) roughness, (c) opacity and (d) water vapor permeability of the films. Values sharing a common letter are not

significantly different (p < 0.05).

The effects of starch laurate addition and film homogenization
pressure variation on the water vapor permeability (WVP)
values are illustrated in Figure 4 (d). The lowest WVP values
were found for treatments containing 10% starch laurate
(MKS-SL2 10/5000 and MKS-SL2 10/8000), indicating that,
at this composition, there was the largest fill of intermolecular
spaces in the starch matrix, with homogenization by higher
pressure (MKS-SL2 10/8000) being essential to reduce
WVP. Farias et al.*® stated that the increase in film thickness
is also responsible for the increase in WVP. Probably, the
microfluidization and the greater hydrophobic character
of the films MKS-SL2 10/5000 and MKS-SL2 10/8000
contributed to a lower WVP, even with greater thickness.
Similarly, Zahedi et al.*” also attributed the decrease of WVP
of films based on pistachio globulin protein and fatty acids
to the increase on the hydrophobicity.

There are statistically significant differences (p < 0.05)
in WVP values with increasing pressure for the addition of
5, 10 and 15% of starch laurate. The pressure increase is
more significant of WVP results when comparing the samples
with 5% (MKS-SL2 5/5000 and MKS-SL2 5/8000) and
15% (MKS-SL2 15/5000 and MKS-SL2 15/8000) of SL2.
Possibly, 5% of SL2 was not enough to fill the gaps between
starch matrix chains, and the effect was minimized with
increased pressure from 5000 to 8000 psi, due to a greater
packing of the polymeric chains, thus promoting lower WVP

values. When the starch laurate concentration was increased
from 10% to 15%, it may have generated the formation of
aggregates, leading to an increase of WVP. This result is
similar to that reported in literature'*, that revealed an increase
of WVP when the concentrations of starch nanocrystals in
starch films was equal to or greater than 15%.

XRD patterns for control films (MKS 5000 and
MKS 8000) and with addition of different starch laurate
concentrations (MKS-SL2 5/5000, MKS-SL2 5/8000,
MKS-SL2 10/5000, MKS-SL2 10/8000, MKS-SL2 15/5000
and MKS-SL2 15/8000) are shown in Figure 5. The diffraction
pattern of the control films (without starch laurate) showed
peaks at about 17°, 20° and 22°, which are close to type B
structures, with a maximum at 17°, associated to crystallization
of amylose, due to its linear structure®. The peak located
at =~ 32° can be related to a crystalline organization formed
during storage, similarly to the reported by Mendes et al.*°.
Although starch gelatinization is an irreversible process,
retrogradation process occurs during drying of the films,
leading to the reorganization of the components in crystalline
segments, as indicated in the XRD''. The addition of SL2
to the formulations gradually decreased the crystallinity of
the films. However, a crystalline peak can be observed at
approximately 20° for films with starch laurate, which may be
related to V -type crystallinity, indicating a higher moisture
content present in the formation of the films®.
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Figure 6. (a) tensile strength, (b) elastic modulus and (c) elongation at break of the films. Values sharing a common letter are not

significantly different (p < 0.05).

The mean values of tensile strength, elongation at break
and elastic modulus of starch films are shown in Figure 6.
These results were calculated from the average data of five
specimens for each composition.

The highest rupture stress value (16.26 MPa) was
observed for MKS 8000, suggesting that the high pressure
microfluidization process increased the interaction
of polymeric chains during film drying, helping the
reestablishment of hydrogen bonds, which gave rise
to crystalline regions, responsible for the hardness and

strength of starch structures!'. On the other hand, the lowest
tensile strength values were found for samples with 10%
and 15% starch laurate, with no statistically significant
difference (p < 0.05) between MKS-SL2 10/5000, MK S-
SL2 10/8000, MKS-SL2 15/5000 and MKS-SL2 15/8000.
One possible explanation for this decline is that the long
hydrophobic laurate chains (C12) distributed along the
starch derivative (SL2) can decrease the hydrogen bonds
interactions among starch chains, which would lead to
reduced film resistance (Figure 6a).
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As also shown in Figure 6b, starch laurate insertion
significantly reduced the elastic modulus of the films, reaching
statistically equivalent values from 10% of starch laurate,
corroborating with the tensile stress results.

Increasing SL2 content resulted on a decreased tensile
strength and modulus, and increased elongation at break,
indicating a plasticizing effect by SL2 (Figure 6¢), as observed
by Rodrigues et al.” for tamarind kernel xyloglucan with
sesame seed oil, and by Nur Fatin Nazurah & Nur Hanani®!
for carrageenan films with oils. Probably, the gradual increase
in the amount of SL2 promoted the increase of amorphous
regions by filling the interstitial spaces among starch
macromolecules, thus significantly reducing the network
restructuring through hydrogen bonding**2.

Fakhouri et al. (2009)' observed an increase in the
elongation from 2.5 to 5% when the lauric acid was added
in the concentration range of 5 to 50% to films based
on lipophilic maize starch and gelatin'. In our work, the
elongation of starch films was increased from about 30 to
80% by addition of starch laurate in the range of concentration
5 to15%. This improved performance can be attributed to
changes in the polymer chains interactions. In the presence
of'starch laurate, the retrogradation of starch is inhibited by
the long and hydrophobic laurate chains, that decrease the
hydrogen bonds between starch chains leading to increase
of biopolymer mobility, corroborating with XRD results.

Anyway, the films containing 5 and 10% SL2 presented
the higher and the minimal, respectively, strength acceptable
value for food packaging purposes (4MPa, according to
Tajeddin, Rahman, & Abdulah®) and higher elastic modulus
than low-density polyethylene (ASTM D88-12, 2002%).
Furthermore, all films presented much higher elongation than
the lowest acceptable value of 10% for food packaging™.

4. Conclusion

The applied strategy of insertion of vinyl laurate
hydrophobic chains on starch at high DS (2.4) did not give
homogeneous mixtures with water for production of films with
profitable properties for food packages, even in the presence
of surfactants. However, the starch derivative with DS of 0.3
proved to be a good additive in starch films, in formulations
up to 15 wt% of SL2 (relative to starch). Microfluidization
proved to be a crucial step to ensure the homogeneity of the
mixture during drying, improving the interactions of SL2
with the unmodified starch chains. The increase in pressure
during the microfluidization stage resulted in films with less
roughness and lower water vapor permeability. The films
containing SL2 showed greater thickness, roughness and
opacity, compared to the control films (films without SL2).
The addition of SL2 was also essential to obtain starch films
of higher elongation values, which increased almost eight
times (by adding 15% of SL2). The results obtained in this
work show a promising applicability of starch laurate to
improve the physical-chemical properties of starch films, that
could be used in substitution to synthetic materials in food
packages. In addition, the use of starch from a non-eating
source and by-product of agribusiness (mango kernel) in
industrial products gives the opportunity of a valorization
of industrial waste. However, it is still necessary to adjust
the composition of the proposed films to improve the tensile

strength and elastic modulus to effectively replace materials
from non-renewable sources.
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