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1 | INTRODUCTION
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Elaine Cristina Paris’

Abstract

Starch materials are subject to loss of initial characteristics due to the retrogra-
dation degenerative effect, high hygroscopicity, and favoring the growth of the
microorganisms, which reduces the shelf life of packaging. In this sense, the
insertion of nanoparticulated CuO was evaluated for the best performance.
CuO is a semiconductor that can improve optical, mechanical, and antimicro-
bial properties, enabling excellent promotion of starch films. The hot injection
precipitation method was used to obtain CuO nanoparticles in the nanometric
scale rapidly. The films were carried out from the starch homogenization in
water and urea under temperature, followed by thermopressing at 120°C. As
a result, the 1% CuO (w w ') increased tensile strength from 0.87 + 0.40 to
1.92 + 0.09 MPa. Furthermore, the films containing nanoparticles showed a
barrier property against radiation in the ultraviolet-visible spectrum, not
observed for the micrometric scale. Such results were attributed to the superior
opacity of the films generated by nanometric reinforcement. Concerning anti-
microbial activity, the films containing CuO showed a fungistatic effect (33%)
for the Alternaria alternata fungus, a microorganism very susceptible to
carbohydrate-rich sources. Thus, the CuO-reinforced starch films improved
physicochemical and biological properties, making them promissory candi-
dates for commercial application.

KEYWORDS

antifungal, copper oxide, cytotoxicity, fertilizer, optical, packaging

sizeable residual amount available from agricultural proces-
sing, besides being biodegradable and biocompatible.

Biopolymers obtained through renewable sources have
been studied as an alternative to polymers from petroleum
refinement due to the lower environmental impact and
energy cost. Starch is a polysaccharide obtained from natu-
ral sources such as potato, corn, and cassava, presenting a

Starch biopolymer features high sensitivity to water
due to the presence of hydroxyl groups along the polymer
chain. In addition, starch films have adversities in the
face of mechanical responses and sensitivity to water
compared to polyolefins. One challenge is controlling the
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retrogradation phenomenon, which causes a mechanical
performance loss and other initials physicochemical
characteristics due to the crystallinity increase over time.”
Thus, reinforcement materials can better stabilize and
respond to retrogradation, increasing mechanical and
hydrophilicity properties.>*

The particle insertion efficiency depends on the inter-
action of the reinforcing filler matrix with the polymer,
concentration, size, and shape of added particles. In this
sense, materials on the nanometer scale have a high
potential due to their smaller size and larger surface area,
characteristics that facilitate energy transfer with the
polymer.>® Among the ceramic materials, highlight
mineral clays such as montmorillonite, zeolites, silica,
graphene, and oxides (CuO, ZnO, TiO,).”"* In addition
to increasing the intrinsic properties of the polymer
and more outstanding durability, these materials can
favor the appearance or intensify properties such as
ultraviolet-visible radiation barrier, antimicrobial, and
electrical or magnetic conductivity.”>'> On the other
hand, starch-based materials are pretty susceptible to
bacteria and fungi growth due to the high energy source
available (glucose), which causes a decrease in the viabil-
ity of packaging materials due to the contamination sus-
ceptibility and the shorter shelf life.'®

Copper oxide (CuO) is a compound with a cubic struc-
ture. It can be obtained with stable physicochemical proper-
ties, high surface area, and distinct morphologies.'”*° In
addition, it is a lower-cost candidate than silver nanoparti-
cles in antimicrobial activities, which may allow the preser-
vation of starch films and longer shelf life.****

The authors found bactericidal activity similar to silver-
supported films in the unique paper about starch films rein-
forced with CuO particles.7 However, the literature found
no studies regarding the CuO antifungal activity in starch
films. Fungi are one of the main microorganisms that
degrade carbohydrates-base materials due to their metabolic
activity. In this way, the starch films proposed in the pre-
sent work become an alternative and an advance in the
investigations, aiming to gain mechanical resistance and
maximum performance, increasing the commercial viability
and the biopolymer shelf life due to less degradation by
microorganisms.

2 | MATERIALS AND METHODS

2.1 | Materials

The CuO nanoparticles and starch films were obtained
from the following precursors: copper acetate (Acros
Organics, 98%) and corn starch (Amidex 3001, Ingre-
dion). Synth produced sodium hydroxide, stearic acid,
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acetic acid, and urea. Malt-agar extract (Acumedia) and
Tween 80% (Sigma-Aldrich) were used in biological anal-
ysis. Commercial CuO (CuO-micro) was supplied by Her-
inger Fertilizers (Brazil).

2.2 | CuO nanoparticles

The CuO nanoparticles (CuO-nano) were synthesized by
the hot precipitation method based on Zhu et al.** This
method enabled the formation of centers for rapid nucle-
ation and particle growth control. In a volumetric flask
containing 300 mL of deionized water, 0.038 mol of cop-
per acetate was added and homogenized at room temper-
ature with magnetic stirring. Then, 1 mL of acetic acid
was added to stabilize and control the oxidation of Cu®*
ions with the temperature increasing. The solution was
subjected to the heating process in a glycerin bath at
80°C. The NaOH pellets were quickly added to the solu-
tion to obtain a 1 mol L™* concentration. Subsequently,
the formation of a black precipitate was instantly
observed. The solution was cooled and separated from
the reaction medium by centrifugation at 10,000 rpm for
10 min at a temperature of 10°C until a pH close to
8. The precipitate was dried in a circulation oven at 50°C
for 24 h.

2.3 | CuO characterizations

2.3.1 | The X-ray diffraction

The X-ray diffraction (XRD) structural analysis verified
the particles’ phase formation and purity. The diffracto-
grams were obtained from Shimadzu® equipment, model
LabX XRD-6000 using Cu-Ka radiation of A = 1.5406 A,

26 from 5 to 85° at the scanning speed of 1°min".

2.3.2 | Field emission scanning electron
microscopy

Field emission scanning electron microscopy (FE-SEM)
was used to elucidate the particles' size distribution and
shape from the images obtained in a JEOL microscope
(model 6701F). Image J software verified the mean diam-
eter values of the obtained particles.

2.3.3 | N, physisorption/desorption

The textural analysis made it possible to evaluate the
pore's surface area, size, and volume with the N,
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physisorption/desorption isotherms using the Brunauer,
Emmett, and Teller (BET) method in MicroMetrics equip-
ment (model ASAP 2020).

2.34 | Zeta potential

The second hydration layer charge was found from the
zeta potential, making it possible to evaluate the stability
of the particles in a colloidal system. The results were
obtained using Malvern Instruments equipment Zetasizer
(Nano ZS90 model).

2.3.5 | Cytotoxicity

This test was performed to simulate the interaction of the
particles with plants in a natural environment, using a
methodology adapted from Pignatelli et al.*® The test
consisted of the germination of seeds of watercress (Lepi-
dium sativum Linn), selected visually, with color homoge-
neity and preservation of the seed coat. First, CuO-micro
and CuO-nano particles were suspended in distilled
water (100 mg L™"). Then the seeds (50 samples) were
inserted into a Falcon-type flask (50 mL) to stay in con-
tact with CuO particles at ambient temperature for 1 h. A
seed growth as blank negative was performed in CuO
particulate absence. After the exposure period, the seeds
were separated from the aqueous medium and placed in
a Petri dish containing filter paper, allowing the seeds to
germinate for 3 to 4 days (under natural lighting). When
the roots emerged, the quantity of germinated seeds was
counted, qualifying the viability of the seeds.

2.3.6 | CuO solubility
The solubility assay of the CuO particles (CuO-nano and
CuO-micro) was carried out at room temperature to eval-
uate the release of Cu®* ions as a mineral source of fertil-
izer. For this, 10 mg of the material and 10 mL of
deionized water were added to a 10 mL Falcon-type flask.
After the solubilization period, the vial was sent for cen-
trifugation at 8000 rpm for 10 min. Then, an aliquot was
removed in periods of 0, 5, 10, 15, and 30 min; 1, 2, 4, 6,
and 4 h; and 1, 2, and 4, and 8 days. After that, the ali-
quots were frozen for later analysis. A flame atomic
absorption spectrophotometer (FAAS), Perkin Elmer
brand, PinAAcle 900 T model was used to quantify
Cu*" ions.

Subsequently, a procedure similar to the one described
above was carried out, changing the water with neutral pH
by an extractive medium of citric acid 2% (w w™ '), thus

making it possible to make available the maximum of
Cu®" ions from the samples. For this, 5 mg of the mate-
rial was added to 50 mL of extractive medium. The
superior ratio between the material amount and the
solution volume compared to the test with water is due
to the more significant amount released, minimizing
dilutions for reading in the FAAS and avoiding possible
reading errors.

2.4 | CuO-reinforced starch films

The preparation of pure starch films was adapted from
Moreira et al.,”® using a homogenization procedure in a
Haake-type torque rheometer, followed by thermo-
pressing. The film's precursor formulation for processing
contained 28 g of corn starch, 7 g of urea, 0.28 g of stearic
acid, and 15 g of water to enable homogenization. Previ-
ously, the physicochemical characteristics by dispersion
charge and surface area responses were evaluated to elu-
cidate the behavior of CuO-nano and CuO-micro parti-
cles. Initially, 0.028 g of CuO particulates, corresponding
to 1% (w w™ '), were dispersed in the water using a tip
ultrasound sonication (brand Branson Digital Sonifier) at
40% amplitude for 1 min. Then, the CuO suspension was
homogenized manually with the other dry compounds in
a plastic bag, obtaining a homogeneous mass. Next, the
mixture was submitted to a Haake-type rheometer and a
mixer with roller rotors (PolyLab Rheodrive 4, Rheomix
0OS4). In the processing, the temperature of 110°C and
rotation of 160 rpm was used for 4 min. In the end, the
thermoplastic material was pressed in a thermopress
heated to 120°C, with 10 tons for 5 min, using aluminum
molds to obtain the starch films.

2.5 | CuO-reinforced starch film
characterizations

Additionally to XDR structural analysis, as described to
CuO particles 2.3.1. item, the following techniques were
performed:

2.5.1 | Fourier transform infrared
spectroscopy

Fourier transform infrared spectroscopy technique was
used to observe the vibrations of the molecular groups in
the films and evaluate possible structural modifications.
The analysis was performed in Bruker VERTEX FT-IR
equipment with 32 scans in the 4000 to 400 cm ™' wave-

length range and resolution of 4 cm™".
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2.52 | Mechanical test

The mechanical test (traction) was carried out in decapli-
cate according to ASTM D882-97 standard at a displace-
ment rate of 0.8 cm s™! in a Stable Micro System TA.XT
Plus texturometer. By this analysis, the behavior of the
films under a uniaxial tensile force application supplied
the deformation and tension responses.

2.5.3 | Colorimetric assay

The color change measurements of the CuO reinforce-
ment films were performed according to the “Hunter
scale” based on the parameters L, a, and b in a Chroma
Meter CR-410 equipment (Konica Minolta). The L* parame-
ter indicates the luminosity, based on the amount of
reflected light, indicating the number of photons in the
range of 0 - black and 100 - white. The parameters a* and
b* represent the chromaticity index, with a* being the
degree between green (—a) and red (+a) and b* between
blue (—b) and yellow (+b). From the parameters, the white-
ness index (WI) and total color difference (AE) were calcu-
lated from the white standard with L* = 100, a* = —1, and
b* = 2, following Equations 1 and 2.*

WI =100 — \/(100 —L)* +a%+b* (1)

AE=\/(L-L'V+@-a)+0b-b) (2

The variation values compared to the original film
show a greater degree of color change and the influence
of the reinforcing materials.

2.54 | Optical properties

Diffuse reflectance spectroscopy (DRS) was used to evalu-
ate the capacity to absorb radiation in the ultraviolet-
visible range of starch films reinforced with different
CuO sources. The analysis was performed using the
reflectance mode, in the radiation range between 200 and
1200 nm, at room temperature in a Shimadzu UV-vis
model 2600 equipment, where reflectance values were
transformed in absorbance coefficient.

2.5.5 | Antifungal activity

The tests were conducted to verify the fungicidal activity
of the starch films on the starch films against the

microorganism Alternaria alternata CCT 1250. This
selected fungus is the most common in potatoes, corn,
and tubers, rich in the starch carbohydrate macromole-
cule. Initially, the microorganisms were isolated and rep-
licated in a Petri dish with the culture medium with malt
agar extract (MEA), grown in a circulating oven at 28°C
for 1 to 2 weeks. Then, spore solutions were prepared
from the growth of fungi at a concentration of 1 x 10°
spores mL ", using sterile Tween 80 solution (0.1% v
v~ 1). The concentration of spores was determined using a
Neubauer chamber, being realized dilutions until the
number of spores was standardized by counting them
inside this chamber (Kasvi, Parand, BR) as described by
Guarro et al.*® and Pujol et al.*’

After adjusting the spore concentration, growth inhi-
bition halo assays were performed against the Alternaria
alternata. In a Petri dish with MEA, 100 pL of the spore
suspension was added to the center, and a 2 x 2 cm film
sample was added on top of the spores. At the same time,
plates with the positive control (only with fungi) and the
negative control (only starch film) were prepared and
placed in a circulation oven at 28°C. Fungal growth was
monitored on the plates daily for 14 days, and the inhibition
halos' size was measured with a caliper's aid. At the end of
the analysis, the antifungal properties of copper-reinforced
starch films were elucidated. In addition, the difference in
the size of the growth zones (micellar diameter), it was pos-
sible to determine the fungicide (kill fungi) or fungistatic
activity (growth inhibition) present in the active copper
oxide films. A Two-way ANOVA model performed statisti-
cal analysis according to Turkey's test.

2.5.6 | Stability copper-starch

The stability test was performed based on releasing Cu**
ions in an aqueous medium at room temperature in quin-
tuplicates. The films were added to 500 mL of distilled
water and periodically removed (3 mL) for 30 days. These
aliquots were centrifuged at 8000 rpm for 5 min to quan-
tify Cu®* ions by flame absorption spectroscopy (FAAS).

3 | RESULTS AND DISCUSSION

CuO nanoparticles used as reinforcement in the starch
films were obtained by precipitation with the hot injec-
tion method. The XRD diffractograms in Figure 1 indi-
cate that the synthesis made it possible to get CuO pure
crystalline structural phase (Cuo-nano), similar to that
found in the commercial material (CuO-micro).

The diffractogram suggests the CuO single-phase
obtaining (JCPDS n° 048-1548) with a monoclinic
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FIGURE 1 X-ray diffraction of (a) CuO-micro and (b) CuO-
nano. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2
(b) CuO-nano. [Color figure can be viewed at
wileyonlinelibrary.com]

SEM images of particles: (a) CuO-micro and

structure. No additional peaks were observed, indicating
the absence of a secondary phase or contamination. The
differences were noticed in the broadening peaks com-
pared to both diffractograms (Figure 1a, b). This behavior
can be attributed to the synthesis performed via a fast

method, interfering in the CuO crystallinity and resulting
in expected smaller particle sizes.*°

An analysis of the images obtained by the scanning
electron microscopy (SEM) technique (Figure 2) shows a
particle size difference between the commercial and syn-
thesized material. Commercial CuO showed particles
with high values superior to the nanometric scale
(<100 nm) with a medium of 156 + 22. On the other
hand, the synthesized CuO was proven to obtain parti-
cles on the nanometer scale with a homogeneous diam-
eter distribution (18 + 4 nm). The result obtained in
the present work corroborates that Sagadevan et al.*!
applied to CuO particles in the range of 10-32 nm
(average value of 20.25 nm) performed by the hot injec-
tion method.

Evaluating CuO synthesized (CuO-nano) microscopy
images verified undefined shape nanoparticles. Zhu
et al®? observed that copper nitrate as a precursor
enabled nanorods aspects, varying the synthesis tempera-
ture from 2 to 100°C. However, the authors verified a
lower growth of the rods at higher temperatures, attribut-
ing to the higher energy that promotes the hydrogen
bonds breaking and stabilizing the Cu®" ions in the octa-
hedral complex of Cu(OH)s*~. Dehydration occurs
mainly in the axial axes during this stage, leading to the
formation of the nanorods, preferably at lower tempera-
tures (lower energy). However, increasing nucleation
centers promote a significant reaction rate by increasing
temperature and more hydrogen bond breakage. Further-
more, the copper acetate as a precursor may have inhib-
ited the preferential growth since it can be readily
adsorbed on different crystalline planes of the nuclei,
unlike other anions such as C1~ and (SO,*").>* Thus, in
the present work, the copper acetate as a precursor asso-
ciated with the acetic acid at a temperature of 80°C by
rapid injection of mineralizer favored CuO nanoparticles
obtaining without preferential growth.

Comparing the textural analysis of commercial and
synthesized CuO particles by N, physisorption/
desorption (Table 1) were respectively determined the
surface area values of 12 and 112 m* g~ '. The superior
surface area value of the synthetic sample is attributed to
the difference in the particle sizes concerning the com-
mercial one (CuO-micro) (Figure 2). This synthetic route
allowed the formation of particles with high homogene-
ity, nanometer size, and high specific surface, promoting
a contact area increase.>*

Zeta potential analysis was performed to verify the
stability of CuO dispersions in water from the repul-
sion/attraction interactions. The results obtained nega-
tive values of —37.4 + 2.2 mV for the CuO-nano and
—19.1 £ 0.8 mV (pH around 7.4) for CuO-micro, as
shown in Table 1.
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The zeta potential higher value for CuO-nano
(—37,4 mV) agrees with the particles’ decreased diameter
medium that promotes incomplete bonds on the surface
at the nanometer scale.®* Usually, particle stability
increases with zeta potential values, independent to be a
positive or negative charge (pH medium). The zeta poten-
tial indicates the surface charge on the second layer with
the determined solvent. Therefore, zeta potential values
suggest a possible condition of the suspended particles
repelling each other and presenting good stability
(+ 30 mV).* In the case of lower values close to zero, the
repulsion is reduced, favoring the particles to agglomer-
ate.*® Thus, the synthesized CuO-nano presented high
stability in aqueous suspension, showing a zeta potential
value of around —37 mV.

Microscopy images in Figure 3 show the fractured
surface film characteristics from a cryogenic fracture. In
the cross-section images, bubbles or starch granules are
absent in the fracture surface for the pure starch film, a
smooth surface (Figure 3a). The result can be attributed
to the processing carried out by mixing and homogeniza-
tion enabled the gelatinization and plasticization of the

TABLE 1 N, physisorption/desorption and zeta potential

values.
Specific surface Zeta
CuO area (m”g ) potential (mV)
CuO-micro 12 —19.1 + 0.8
CuO-nano 112 —37.4+22

Applied Polymer_wiLEy-L ¢

starch polymer chains.?” Both nanocomposite films rein-
forced with CuO-micro (Figure 3b) and CuO-nano
(Figure 3d) showed a roughness aspect. This aspect can
be attributed to residual starch crystals after processing
and CuO containing between the polymeric chains.?®
EDS images (Figure 3c, e) exhibit Cu element distribu-
tion, showing larger dots attributed to agglomeration
sites correlated with a lower dispersion of particles dur-
ing the mass precursor preparation used for rheometer
homogeneity. Particles with minor diameter particles and
superior potential zeta value (Table 1) as CuO-nano pro-
moted better stability, minimizing agglomeration in
CuO-reinforced starch films. This fact, improved the film
processing allows better intercalation with the polymeric
starch chains.*

XDR and FTIR analysis carried out the structural
effects that may have been caused in the starch films with
the CuO reinforcement material. Figure 4a illustrates the
diffractograms for the starch films verifying an amor-
phous halo and peaks with 20 located at 13.5, 17.7, 19.5,
and 22° characteristic of the semicrystalline starch.*’ No
significant changes were found between the commercial
CuO-reinforced starch film (CuO-micro) and the pure
one. However, for the synthesized CuO-reinforced starch
film (CuO-nano), the presence of the most intense peaks,
typical of each reinforcement material, is verified, as
shown in Figure 1. This result can be attributed to more
considerable interaction with the starch chains attributed
to an intrinsic chaotropic effect of the plasticizer urea,
which increases intramolecular interaction.*'

FIGURE 3 Images of starch films: pure (a), CuO-micro (b), Cu-EDS CuO-micro (c), CuO-nano (d), and Cu-EDS CuO-nano (e). [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Structural analysis of CuO-reinforced starch films:
(a) XRD and (b) FTIR. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 4b shows a wide vibrational band in the region
of 927.8 and 1023 cm ™!, attributed to the vibrations of
the C—O—C bonds present in the glucose chains 1-4, and
of the bonds between hydrogen and oxygen present in
the glucose rings (C-O—H), respectively.** Furthermore,
a band at 1645 cm™ ' and another intense at 3389 cm ™'
were attributed to water and hydroxyl groups (O—H).
The presence of urea is verified in the region of
1718 cm™ ', referring to the vibration of the ester group. It
is possible to confirm that in this region, there is an
unfolding of vibration with increasing concentration, in
addition to a shift to a lower wave number, indicating
changes in the interaction of the matrix with the plasti-
cizer.” In addition, the vibration 991.4 cm™! is verified
for urea, referring to the interaction with starch, and
three vibrational modes located at 1659, 1626, and

1453 cm™ !, related to the stretching of the C—O bonds,
N—H, and C—N, respectively. The bands in the region
between 3449 and 3339 cm ™! belong to urea, associated
with hydrogen bonding (N—H); vibrations are increas-
ingly evident with increasing concentration of the plasti-
cizer.***> Thus, it is possible that during the process of
plasticizing starch with urea, due to its chaotropic effect,
it enabled the formation of interactions between the plas-
ticizer and the starch. In addition, the two vibrations
located at about 2900 cm ™}, the vibrational region of the
CH bond present in the glucose rings, indicate that the
chaotropic plasticizer caused changes in the mobility of
the polymeric chains. The FTIR spectra did not show the
insertion of CuO particles (1% w w™ ). CuO presents typi-
cal vibrational bands in the 500 to 400 cm ' region,
attributed to the Cu—O bond, commonly found for
metal-oxygen bonds (M—O0).*® This result can be attrib-
uted to the low concentration in CuO-reinforced starch
films, associated with the high intensity of the starch
vibrational bands masking the presence of CuO.

Colorimetric analysis was performed to understand
the effects of the color changes in the CuO-reinforced
starch films, as seen in Figure 5 and Table 2. The visible
alterations in films indicate the insertion of the CuO par-
ticles, causing both color changes and film opacity. Con-
cerning the pure starch film, a color variation for the
white background (AE) with a value of 25.8 + 5.2 was
observed, resulting in a high whiteness index of 73.8
+ 5.2. Figure 5a-c indicates that the synthesized CuO-
reinforced starch films (CuO-nano) suffered the most
color and opacity changes. The color changes greater sen-
sitivity for the nanoparticulate CuO film than the micro-
metric form may be due to the more effective dispersion
and homogeneity of the particles in the starch matrix,
allowing a better interaction between the polymeric
chains and reducing the light passage.

Diffuse reflectance spectroscopy analysis assessed the
optical effects of the composite films. The absorbance
spectra of pure starch and CuO-reinforced starch films
(Figure 6) indicate that only the film with CuO-nano
showed a radiation absorbance capacity, covering the
ultraviolet to the visible region (200 to 800 nm). This
result may be attributed to the high degree of opacity that
the CuO-reinforced starch films (CuO-nano) present, as
evidenced by the significant change in the colorimetry
parameters (Figure 5). In this way, even with low concen-
tration, this reinforced matrix allowed high activity
against UV-vis radiation incidence due to the high
degree of barrier to the light passage. This result presents
a desirable characteristic, minimizing the degradation of
both the polymeric matrix and the components of the
films, enabling internal storage of the assets, and increas-
ing shelf life.
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FIGURE 5
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FIGURE 6
the pure starch and CuO-reinforced starch films. [Color figure can

Diffuse reflectance spectroscopy (DRS) analysis of

be viewed at wileyonlinelibrary.com]

The CuO-micro starch film does not present a similar
response to radiation absorption compared to CuO-nano
one. This result can be attributed to a micrometric size
that does not favor an equivalent dispersion and homoge-
neous interaction with the matrix for better light disper-
sion. On the other hand, the nanoparticulate ceramic
fillers present smaller particle diameters, allowing a
greater contact area with the polymeric matrix. Neverthe-
less, the results obtained in the present work were supe-
rior to those verified by Peighambardoust et al.” for silver
(Ag), ZnO, and CuO-reinforced starch films by the cast-
ing method. In their results, the films containing 1% to
5% of CuO did not show visible radiation absorption
capacity due to the transparency, with a narrow
absorbance range in the 300-400 nm region. Thus, the
material obtained in this work presented a greater
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Starch-based films images: pure starch (a), with CuO-micro (b) and CuO-nano (c). [Color figure can be viewed at

AE WI TABLE 2 L*a*b chromaticity
indices values for starch-based films.
258 +£5.2 73.8 +£5.2
414 +£13 583+ 1.3
72.1 + 0.1 27.8 +£0.1
2.0;
©
o 15 — Pure starch
s ’ —— CuO-micro
—— CuO-nano
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o 1.0;
()
f
ey
(/2]
0.5;
0.0 - : : : . .
0 25 50 75 100 125 150
Strain / %
FIGURE 7 Tensile strength versus elongation at break (EB) of

CuO-reinforcement starch films. [Color figure can be viewed at
wileyonlinelibrary.com]

ultraviolet-visible absorbance capacity, resulting in more
extended durability since its degradation by radiation is
attenuated.

The mechanical tensile strength test was performed
to understand the mechanical response of the CuO-
reinforced starch films, as shown in Figure 7 and Table 3.
The commercial CuO (CuO-micro) 1% (w w ') films
indicate a tensile strength increase concerning pure
starch from 0.87 MPa to a maximum of 1.77 + 0.26 MPa.
In Table 3, a tensile strength higher value of 1.92
+ 0.09 MPa (CuO-nano) and a lower standard deviation
is observed than the film with CuO-micro. According to
Sun et al,” this improvement is explained by the
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adequate interface between the filler nanometric with the
polymeric matrix, favoring the stress transfer. Peres
et al.¥’ obtained films of corn starch reinforced with
montmorillonite (MMT). The film reinforced with 1%
(w w ') MMT showed the best mechanical strength
results, increasing the tensile strength from 2.5 to
3.8 MPa and maintaining the deformation at 60% com-
pared to the pure film. In another work, Sun et al.*
obtained films based on corn starch reinforced with
CaCO; nanoparticles from 0% to 0.5% (w w™'). The
authors verified that adding the nanoparticles increased
the tensile strength from 1.40 to 2.24 MPa. The increased
tensile strength can also be correlated to starch granules
in the CuO-reinforcement starch films, as indicated by
microscopy images (Figure 3). In the literature,*®*° starch
films containing starch (nanocrystals or nanoparticles)
improved the tensile strength. The reason is an interfacial

TABLE 3 Mechanical response of starch films containing CuO
particles.
Tensile Elongation
Film strength (MPa) at break (%)
Pure starch 0.87 + 0.40 133 +7
CuO-micro 1.77 + 0.26 123 + 16
CuO-nano 1.92 + 0.09 105 + 19

3
4
8
FIGURE 8 Micellar growth of the
Alternaria alternata fungus in the 14

absence and presence of CuO-reinforced
starch films. [Color figure can be viewed
at wileyonlinelibrary.com]

Positive
control

bonding that stresses transfer, similar to that between
CuO particles in the starch film. Thus, the CuO-
reinforcement starch results found in this work are
according to the expected tensile strength gain and
values.

Subsequently, the antimicrobial activity of the CuO-
reinforced starch films was carried out to evaluate the
microorganisms’ proliferation resistance that promotes
polymer matrix degradation. The antifungal assay was
realized using a disk diffusion analysis for the fungus
Alternaria alternata, commonly found in carbohydrate-
rich foods, such as corn and potato. The results are
observed in Figures 8 and 9.

An increasing micellar growth (white color) is observed
by the fungus growth over 14 days, indicating the microor-
ganism development with time. In addition, the conidia ger-
mination or sporulation stage (black color) is also verified
in the reproduction stage. For the positive control (pure
fungus), the growth conditions (nutritional culture medium
and temperature) promote an effective growth microorgan-
ism. A similar result was observed for the negative control,
indicating that the pure starch film under the fungus did
not inhibit its growth by smothering (lower oxygen avail-
ability), demonstrating the Alternaria alternata develop-
ment susceptibility in this condition.

The efficiency of the CuO-reinforced starch films
(micro and nanometric scale) allowed a similar delay in

Negative
Control
(Pure starch)

¥

CuO-micro CuO-nano
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FIGURE 9 Starch films fungistatic behavior over 14 days for
Alternaria alternata fungus (a) and statistical analysis, using the
Two-way ANOVA model according to Turkey's test (b). [Color
figure can be viewed at wileyonlinelibrary.com]

the fungus development, verified by the micellar diame-
ter smaller size concerning the negative (pure film) and
positive (only fungus) controls. Thus, the CuO in both
films allowed the fungistatic activity appearance, which
was non-existent for the pure starch film. Furthermore,
the CuO made possible a toxicity level that caused partial
death and lower development of microorganisms. The
values of the growth halos over time can be verified in
Figure 9a.

In Figure 9a, the negative and positive controls
reached the maximum possible diameter of the Petri dish
on the 11th day. The films with CuO presented more
accentuated growth curves when compared to controls
until the 8th day, demonstrating the lower development
degree of the Alternaria alternata fungus. The CuO-
reinforced starch films showed values within the same
deviation range from the fungus sensitivity results and
the micellar growth curve behavior.
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In the case of CuO-nano compared to the CuO-micro
one, the faster activity can be associated with the greater
penetration degree and reactivity of the particles in the
fungal cells due to the smaller sizes. After the 8th day,
the fungus showed a constant plateau for the CuO-
reinforced starch films, with similar micellar diameter
values around 60 cm. This stabilization indicates that the
films with CuO inhibit the fungus growth and prolifera-
tion. Comparing the maximum diameter value reached
on day 11th (plate size) is verified that the CuO-
reinforced starch films showed a decrease of about 33%.
The antifungal activity for Alternaria alternata proved for
CuO films corroborates with the activity found for this
microorganism in assays evaluating other free particu-
lates of copper, Cu(OH),, and CuSO, *° Statistical results
(Figure 9b) demonstrated no distinction in activity
between CuO-reinforced films. Additionally, both films
showed statistical significance in controlling the micellar
growth diameter of the fungus compared to the pure
starch film from the 8th day. Thus, CuO presence had a
positive effect on controlling fungal growth, indicating
antimicrobial activity.

The antimicrobial activity arising from CuO is attrib-
uted to semi-permeability (osmotic balance) and enzy-
matic protein denaturation in the cell membrane.”
Internally in fungal cells, copper can promote the pro-
duction of highly reactive oxidant radicals (Reactive Oxi-
dative Species - ROS), causing structural changes in
lipids, proteins, DNA, and nucleic acids that can decrease
micellar growth rate, fungi sporulation, and even death.”
The antimicrobial activity efficiency is directly linked to
the concentration and the antimicrobial material applied,
influencing the adhesion and accumulation of particles
on the surface of the fungi and, consequently, in the met-
abolic activities.>

In the literature, the essential oils are commonly
antifungal agents in a biopolymer starch film matrix. Sap-
per et al.> obtained a blend via starch casting with gellan
gum, an anionic polysaccharide isolated from the Sphin-
gomonas elodea bacterium with high water solubility.
They evaluated the essential oil extracted from thyme as
an antifungal agent for Alternaria alternata. In the results,
the authors observed that incorporating 0.5 g of oil per
g ! of total solids (polymers) was necessary to promote a
similar performance to the present work. Thus, the cur-
rent CuO-reinforced starch films proved to be an alterna-
tive with lower energy expenditure as an active agent in
low concentration and a more accessible performance.

The level of viability of these seeds was evaluated to
quantify the harmfulness of CuO by a germinated
amount after exposure to particulates, as shown in
Figure 10 and Table 4. The results indicate that the con-
tact during 1 h with 100 mg L™*, did not cause significant

54,55
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FIGURE 10 Optical microscopy
images of watercress roots germinated
after exposure to CuO-micro and CuO-
nano particles (100 mg L") after 1 h.

Negative
CuO-micro control

CuO-nano

TABLE 4 Development of watercress roots germinated after
exposure to CuO particles.

Sample Seed viability (%)
Negative control (water) 96 + 3
CuO-micro 93+3
CuO-nano 91+5

seed death since the level of viability of root development
was in a range of 90% (Table 4). The result was similar to
the control medium using pure water.

In Figure 10, it is possible to verify that the roots after
4 days of germination already had root roots, which
are more evident in the control seeds, followed by CuO-
micro and CuO-nano. This appearance of root roots
indicates proper root development and active metabolic
activity. For the CuO-nano particles, this lower shorten-
ing of the root length, and similar diameters throughout
the root part, demonstrates the lowest degree of develop-
ment and, consequently, a level of toxicity. A similar
result was found in the literature,’*” in which it sup-
pressed root elongation despite not affecting germination.
This result may be due to the accumulation of particles

Superior

Inferior

on the surface, causing oxidative stress in the plant. One
of the main action mechanisms is forming reactive oxi-
dant species (ROS), which can damage DNA, proteins,
cell ionic balance, oxidative degradation of lipids and
membranes, and even cell death.”® The toxicity found for
copper sources is due to the solubilization of Cu*" ions
and the adhesion of oxide particles on the plant's surface.
Perreault et al.*® found that both CuO nanoparticles and
the Cu®" ion promoted changes in the metabolic activi-
ties of lentil plants (48 h of exposure), attributing photo-
synthesis's deactivation, more excellent thermal energy
dissipation, and decreased electron transport. Stampoulis,
Sinha, and White® verified that applying CuO nanoparti-
cles at a concentration of 1000 mg L' reduced about
90% of the biomass in zucchini seeds after exposure and
incubation after 14 days. Furthermore, they found that
the maximum concentration for plant growth was
0.02 mg L', The material cytotoxicity depends on sev-
eral factors: type, concentration, stability (solubilization),
the plant, time exposure, and its growth phase.

One of the advantages of using CuO, in addition to its
antimicrobial properties, is that it can be used as a micro-
nutrient for plants, being a source of Cu®* jons mainly at
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the nanometric scale due to the gain in solubilization
capacity. Sha and Belozerova®" verified an increase in let-
tuce root growth by 40% and 90% when Cu concentra-
tions of 130 and 600 mg Cu per kg~ ' of the plant were
applied. Margenot et al.%® evaluated the efficiency of
using CuO nanoparticles as a source of Cu®" ions for
roots. The results showed that nanoparticles of 16 nm in
diameter increased growth by 52% and 26% in lettuce and
carrot roots, respectively. In this way, CuO nanoparticles
become attractive in optimizing the properties of the
starch film and contributing to the development of plants
when applied in adequate concentration.

From solubilization assays in an aqueous medium at
neutral pH and 2% (w w™ ') citric acid extractive medium,
the capacity of Cu”*" ions was evaluated as plant mineral
nutrients. Through the solubility results performed in
water (neutral pH, 10 mg of fertilizer in 10 mL of aque-
ous solution) shown in Figure 11 is observed that CuO-
nano showed a higher release of Cu®>" ions with a value
of 10 mg L™ after 8 days when compared to CuO-micro
with the respective released value of 1mgL~'. This
result is due to the greater reactivity of the particles in
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FIGURE 11 Assay of CuO solubility and release of Cu®* ions:
(a) water and (b) 2% citric acid extractive medium (w w™?). [Color
figure can be viewed at wileyonlinelibrary.com]
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the nanometer size, associated with the high surface area
and dispersion stability, allowing a minor agglomeration,
favoring the solubility of the oxide. Likewise, it is noteworthy
that the solubility test was carried out in a neutral aqueous
medium, releasing about 1% (800 mg L") of the maximum
expected amount for CuO, even in nanoparticulate form.

The maximum extraction capacity of Cu®*" ions from
the CuO particulates was verified by a solubility assay
performed in an extractive medium of 2% citric acid
(w w™ ) with pH < 2, using 5 mg for 50 mL of solution.
Figure 11b shows a higher release of Cu*" ions for CuO-
nano and CuO-micro, attributed to oxides tending solu-
bility in an acidic medium. For CuO-nano, the maximum
amount of release is observed after 1h. In addition,
values above 40 mg L™ (about 60%) were found in the
first 5 minutes. Compared to CuO-micro, similar values
were only observed after 6 h of release, demonstrating a
slower behavior when compared to the nanometric form.
Thus, both CuO could release more than 70% of Cu**
ions during 8 days. The higher solubilization rate
observed for CuO-nano is attractive once plants absorb
the micronutrient in ionic form. However, a more
extended period to solubilize the fertilizer increases the
probability of losses caused by leaching and complexation
in non-absorbable states. Thus, under environmental
conditions that allow the solubilization of CuO, it can
become a source of mineral fertilization when degraded
in the environment.

The stability of the CuO-reinforced starch film was
performed by image monitoring for 30 days and the
release quantity of Cu®" ions (Figure 12). In addition, the
assay was performed for CuO-nano, attributed to
the nanoscale properties. Visually, after 30 days, the films
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FIGURE 12 The behavior of CuO-reinforced starch films in a

neutral aqueous medium for 30 days with the release of Cu*" ions
from 0.65 g of material (2 x 2 cm). [Color figure can be viewed at
wileyonlinelibrary.com]
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maintained the apparent structure, not significantly
destroying the polymeric matrix, even with swelling. Fur-
thermore, at the end of the period, the films containing
CuO-nano showed a similar coloration observed at the
initial time, indicating high stability in aqueous media
attributed to the plasticization of the processed starch.

In this period, Cu?" ion values were constant and
inferior to 0.2mg L~ for CuO-reinforced starch films
with 1% CuO-nano (w w™ ') (Figure 12). The result
exhibits the CuO-reinforced starch films have high stabil-
ity for maintaining the matrix structure with interaction
with CuO particles, not releasing significant material to
the external environment before contact that allows a
biological degradation and/or extractive medium.

4 | CONCLUSION

The precipitation with the hot injection method made
obtaining CuO nanoparticles (diameter less than 20 nm)
with a high surface area and reactivity possible. The
CuO-reinforced films 1% (w w ') allowed the effective
gain in tensile strength. The CuO nanoparticulate was
superior to the micrometric form, allowing a superior
opacity and absorption capacity at ultraviolet-visible
radiation. In addition, the CuO-reinforced films showed
antimicrobial activity (Alternaria alternata fungus). The
results showed a significant increase in the characteristics
of the starch film, making it a more attractive and favor-
able source of CuO as a fertilizer carrier system.
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