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Abstract Functional, active and intelligent films were pre-
pared from biopolymeric matrices (plantain starch and pre-
gelatinized plantain flour) with and without the addition of
a natural filler (blackberry pulp) using the casting methodol-
ogy. A thorough examination of the physicochemical, anti-
oxidant and antimicrobial properties of the both the matrices
used and the developed films was then carried out. The films
developed from matrices incorporating the blackberry pulp
were more amorphous, thicker, less sensitive to moisture,
and with higher melting temperatures than the films made
without this natural filler. The degree of substitution, aver-
age molecular weight and attenuated total reflectance Fou-
rier transform infrared spectroscopy of the films made with
blackberry pulp suggest that the starch chains were cross-
linked. This is probably because the citric acid contained in
the pulp functions as a cross-linking agent. Films with added
blackberry pulp responded to changes in pH, i.e. were pH-
sensitive, and also showed antimicrobial activity especially
against Escherichia coli. In general, the addition of black-
berry pulp improved the physicochemical and mechanical
properties of the films developed due to cross-linking, as
well as increasing their antioxidant activity.
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Introduction

The development of new and improved packaging concepts
is currently focused on extending food shelf-life, while
maintaining and monitoring safety and quality. This differs
considerably from traditional packaging, which in principle
should be completely inert [1]. With this in mind, “active
and intelligent” (A&I) packaging offers numerous innova-
tive solutions for extending shelf-life as well as maintain-
ing, improving and monitoring food quality and safety [2,
3]. The principles behind A&I packaging are based on the
intrinsic properties of the polymers used as packaging mate-
rials, either alone or with the introduction (inclusion, entrap-
ment etc.) of specific substances within the polymer [4, 5].
However, one of the major risks of these types of packag-
ing materials is the unintentional migration of substances
from the packaging towards foodstuffs. For example, anti-
microbial systems operation with non-intended migration
in contact with foods (e.g. silver or silver based systems,
other immobilized or grafted biocides) are known to exhibit
some degree of movement [6]. Other hazards associated with
A&l packaging could arise from insufficient labelling or
non-efficacious. The risk factors mentioned have meant that
the penetration of A&I packaging in the European market is
limited compared with Japan, USA or Australia [6]. In addi-
tion, the high cost of these systems, legislative restrictions
and even some reluctant retailers and brand owners have
slowed the acceptance of these materials. This last because
these systems could reveal possible irregularities, e.g. in the
management or control of the cold chain.

Active packaging can be classified into two main types:
non-migratory active packaging that acts without intentional
migration, and active releasing packaging which allows the
controlled migration of non-volatile agents or the emission
of volatile compounds into the atmosphere surrounding
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foods. Intelligent first-generation indicator packaging can
be used as an ‘‘indirect indicator’’ of external or internal
changes in a food product’s environment, such as the polym-
erization rate, diffusion, chemical or enzymatic reactions.
The most commonly used of these visual indicators are criti-
cal pH indicators, temperature indicators, time/temperature
indicators and leak indicators [7].

The use of natural dyes for the determination of pH
changes in foods has been reported in the literature [8—12].
Color changes in such dyes are due to presence of phenolic
or conjugated substances such as anthocyanins, which
undergo structural changes when the pH varies [13]. Fruits
containing anthocyanins such as blackberry (Rubus glaucus)
pulp can thus be used as natural pH indicators.

Moreover, blackberries contain several polyphenolic
compounds which, both individually and in synergy, exhibit
biological activity beneficial for human health. These
include anti-oxidant, anti-microbial, anti-inflammatory and
anti-carcinogenic properties [14—18]. In addition, blackber-
ries have been proposed a possible treatment of hyperglyce-
mia and hypertension associated with type two diabetes [19],
degenerative diseases such as Alzheimer’s and Parkinson’s,
and malaria [20].

Furthermore, citric acid found in blackberries [21] may
produce cross-linking between starch chains [22-26]. Cross-
linking reactions increase the average molecular weight of
the starch [27] and introduce chemical bridges between dif-
ferent molecules. This makes the starch more resistant to
moisture and also helps to enhance both the mechanical and
barrier properties [22].

Many natural polymers, such as starchy matrices (starches
and flours) and other biopolymers have been used as vehicles
of additives in food packaging, due to their biodegradabil-
ity, non-toxicity and biological properties [28—31]. Never-
theless, these materials have some drawbacks such as their
susceptibility to absorb water, due to their hydrophilic nature
[32]. Several alternatives have been proposed to improve the
properties of these packaging materials, such as physical
and/or chemical modifications [33—-38]. However, modifi-
cations produced by treating the raw materials such as pre-
gelatinized plantain flour have not been evaluated.

The incorporation of blackberry pulp in edible films
based on native plantain starch and pre-gelatinized plantain
flour is an interesting proposal as it could reduce post-har-
vest losses in fruits. Furthermore, it would help promote
fruit marketing, since today’s consumers are interested in
foods that provide health benefits (functional foods). The
pigments found in blackberries (anthocyanins) could enable
us to formulate edible, intelligent, active and biodegradable
films that are acceptable to both consumers and legislative
bodies.

The aim this study was to develop and characterize food
packaging materials based on either native plantain starch or

pre-gelatinized plantain flour, with and without the incorpo-
ration of blackberry pulp, for their potential application as
functional, active and intelligent packaging systems.

Experimental
Materials

Native plantain starch was extracted from a sole variety of
plantain (Musa ssp., group AAB, sub-group clone Harton).
The plantains used had a degree of ripeness of 1, accord-
ing to Loesecke’s scale [39] and were acquired at a local
market in Caracas, Venezuela. Starch was extracted using
the methodology described by Pérez et al. [40] obtaining a
yield of approximately 30%. Pre-gelatinized plantain flour
was prepared using the method described by Pacheco [41].
Plantains were boiled in water at 100 °C in open containers
for 45 min. with their skins on, before peeling and slicing.
The plantain slices were then dried in a Mitchell dehydrator
(Model 645 159) for 24 h at 45 °C. The dried slices were
milled and then passed through a 60-mesh sieve, obtaining a
yield of approximately 40% of pre-gelatinized plantain flour.
Blackberry (Rubus glaucus) pulp was prepared according to
the methodology proposed by Rivero [42]. Commercially
ripened fruit was purchased from a local market in the town
of Colonia Tovar, Estado Vargas, Venezuela. The fruits were
selected discarding diseased or discolored fruits. Blackberry
pulp was obtained by liquefying 500 g of fruit without add-
ing water, and then filtering in order to remove fibrous mate-
rial. The pulp was maintained refrigerated at 5 °C in a dark
container whilst the films were developed. This was done on
the same day the pulp was prepared in order to avoid oxida-
tive damages. The bacterial strains used in this study were
common species: Staphylococcus aureus (ATCC 25923)
was selected as an example of Gram positive bacteria, and
Escherichia coli (ATCC 25922) of Gram negative bacteria.
Both bacteria were obtained from Aldrich. Glycerol from
Prolabo, Sweden, was employed as plasticizer in the forma-
tion of the films.

Characterization of the Matrices Used and Blackberry
Pulp

The chemical composition of the matrices and the black-
berry pulp was determined. Moisture content, ash, fat, crude
protein (N X 6.25) (obtained by the micro-Kjeldahl method)
were calculated using the gravimetric method [43]. Crude
fiber was determined by the method proposed by Van Soest
and Wine [44], and total amylose content by the differen-
tial scanning calorimetry (DSC) method described by Pérez
et al. [45, 46]. Starch purity was calculated by subtracting
the percent of the ash, crude protein and fatty materials,
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from 100% of sample. Total carbohydrates were determined
by subtracting percent water content, ash, crude protein and
fatty materials, from 100% of sample. Total polyphenol con-
tent in the matrices and blackberry pulp was determined
using the Folin—Ciocalteu method [47] with modifications
by Dewanto et al. [48]. Total polyphenols were calculated
from a standard gallic acid equivalent (GAE) curve within a
concentration range of 5-100 ppm. Absorbance of the pat-
terns and samples was measured at 760 nm. Results were
expressed as ppm of total polyphenols. Citric acid content
was estimated by the acetic anhydride and pyridine method
described by Marier and Boulet [49]. Total anthocyanins
were determined according to the method proposed by Has-
simotto et al. [S0]. Anthocyanin concentration was expressed
as mg of pigment/100 g of pulp. Absorbance of the patterns
and samples was measured at 532 nm. Color parameters of
the starch and flour were obtained using a Macbeth Color-
imeter model Color-eye 2445 using the CIE-L*a*b* scale.
Water activity (a,,) of the starch and flour was determined
using a psychrometric a,, meter Aqualab Cx-2 (Decagon
Devices, Pullman, USA) previously calibrated with water
at 25 °C. The rheological characteristics of the starch and
flour were determined through the interpretation of data
obtained from a Brabender® Rapid-Visco-Analyser (RVA),
Micro Visco-Amylo-Graph model, Duisbur’s, Germany, and
examined using the Viscograph program (Version 2.4.9).
A suspension of 100 mL of 7% starch solids (dry basis to
14% moisture) was prepared, and then gradually heated in
the RVA from 30 to 90 °C at a constant rate (6 °C/min),
before cooling at the same rate. Initiation of gelatinization
(A), maximum viscosity (B), stability “breakdown” (break-
down = maximum viscosity — viscosity at the end of the
heating period at 90 °C), settling “setback™ (setback = vis-
cosity at the start of the cooling period at 50°C — maximum
viscosity) and consistency (consistency = viscosity at the
start of cooling period at 50°C — viscosity at the end of heat-
ing period at 90 °C) were then calculated [51]. The morphol-
ogy of the starch and flour granules was observed by optical
microscopy with polarized light [46, 51].

Film Formation

Films containing 2% w/v of either native plantain starch or
pre-gelatinized plantain flour, 1.9% w/v glycerol and 500 mL
distilled water were prepared following the methodology
described by Gutiérrez et al. [52, 53]. For the films with 4%
blackberry pulp, this was added 2 min. before the end of the
film-forming solution (FFS) process in order to preserve the
blackberry pigments, and to ensure a homogeneous distribu-
tion. The gel obtained was poured into stainless steel trays
40x 30 cm and dried in a Mitchell dehydrator (Model 645 159)
for 24 h at 45 °C. The resulting thermoplastic starch films and
flour films: native plantain starch (TPS-NPS), native plantain
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starch with added blackberry pulp (TPS-NPSB), pre-gelati-
nized plantain flour (TPF-PPF) and pre-gelatinized plantain
flour with added blackberry pulp (TPF-PPFB) were then care-
fully removed from the casting molds. The films were then
conditioned with a saturated solution of NaBr (a,,~0.575 at
25 °C) for seven days prior to each test. This was done at a
set water activity, since it is well known that the properties of
biopolymer-based films are modified under different relative
humidity conditions [54]. During this period the containers
were protected from light in a dark room in order to avoid
pigment photodegradation. Films used for determining water
activity (a,,) were not conditioned.

Characterization of the Films

Determination of Degree of Substitution (DS) in the Starch
Films Esterified with Citric Acid from Added Blackberry
Pulp

The amount of citric acid esterified in films with added
blackberry pulp was determined by the method described by
Klaushofer et al. [55]. This is based on the reaction of citric
acid and Cu®* which forms a stable complex during titration
with a solution of copper sulfate. DS was calculated based on
the average number of substituent groups per anhydroglucose
unit, as follows [56]:

DS = (162 xW)/(100xXxM)—M—-1)x W (1)
where W (% by weight of substituent) = [bound citrate (g)/
sample (g) bound citrate (g)] x 100, and M =molecular
weight of the citric acid substituent (175.1 g/mol). Each
sample was analyzed in triplicate.

Determination of the Average Molecular Weight (M,,)
of the Developed Films Using an Ostwald Viscometer

Dimethyl sulfoxide (DMSO) was used as a solvent for pre-
paring solutions at 1% w/v for each film assessed. Succes-
sive dilutions were then prepared to give further solutions at
0.125, 0.25 and 0.50% w/v. The resistance time to flow of
the prepared solutions was then determined, taking as a refer-
ence their passage between two areas marked in the Ostwald
viscometer (Cannon—Fenske 200 series, model 120205, IVA,
Argentina) at 25.0+0.1 °C. After obtaining the residence
times of the different solutions the relationship 1,,/C, empiri-
cally demonstrated by Kramer [57] and Huggins [58], was
calculated using Eq. 2, which have also been used by Gutiér-
rez and Gonzélez [59, 60] and Gutiérrez and Alvarez [61] for
similar materials:

Mo _ 1 1=t

C C ¢
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where 1, is the intrinsic viscosity (n-1,/1,); 1, is the vis-
cosity of pure solvent; C is the concentration of solutions
%wlv; t is the residence time of the solutions and t, is the
residence time of the pure solvent.

By using Eq. 3:

n,
P = n+KCr? 3)

Graphing n,,,/C versus C, a straight line with a cut point
equal to n was obtained. Simultaneously, using the Mark-
Houwink-Sakurada-Staudinger equation (Eq. 4):

n=KM,* €
where 1) is the intrinsic viscosity, M,, is the polymer molecu-
lar weight, K and a constants reported for the solvent used
(DMSO); K=0.0112 mL/g at 25 °C and a=0.72 at 25 °C.

Finally, the average molecular weight (M,,) of the films
tested was calculated from Eq. 5:

n\(/2)
w=(3)
Thickness

Film thickness (e) was determined using a digital microm-
eter (Micromaster®, Mitutoyo, USA) with 0.001 mm accu-
racy. Measurements were taken from eighteen random posi-
tions on each sample. The mean values were utilized for
determining the mechanical properties.

Moisture Content

The moisture content of the different films evaluated was
determined by initially weighing each sample using a digital
weighing scale (W,). Samples were then dried in an oven at
105 °C for 24 h and reweighed (W;). Eq. 6 was formulated
to calculate the moisture content of each film sample. Tests
were carried out in triplicate and the final moisture content
of each film recorded as the mean of the results.

WimWe s 100

—w X ©

1

% Moisture =

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR/FTIR)

Infrared spectra of the film samples were recorded on a
Nicolet 8700 (Thermo Scientific Instrument Co., Madison,
Wisconsin, USA) Fourier transform infrared (FTIR) spec-
trometer using the single reflection horizontal attenuated
total reflectance (ATR) accessory, Smart Orbit, with a dia-
mond crystal at an incident angle of 45°. FTIR spectra were
collected by recording 40 scans at a resolution of 4 cm™!in a

4000-600 cm™~ ! wave range. Each sample was scanned three
times, observing good reproducibility.

Water Solubility

Three replicas (~0.5 g) from each system evaluated were
weighed to determine the initial mass of the films (W;). Each
sample was then immersed in 50 mL of distilled water and
kept at 25 °C for 24 h. The insoluble portions of the film
samples were separated from the soluble matter in the water
and dried in an oven at 105 °C for 24 h. The oven dried
samples were then reweighed to measure the weight of the
solubilized dry matter (W). The water solubility of each film
was determined by Eq. 7.

(Wi = W)
——

i

% Solubility = x 100 )

Water Activity (a,,)

A psychrometric a,, meter Aqualab Cx-2 (Decagon Devices,
Pullman, USA) previously calibrated with water at 25 °C
was used to determine the water activity of the films. The
average value of three measurements was reported.

Scanning Electron Microscopy (SEM)

The morphology of the cryo-fractured surface of each mate-
rial was investigated using a JEOL JSM-6460 LV instru-
ment. Films were cryo-fractured by immersion in liquid
nitrogen. For analysis of the cryo-fractured surface, film
samples were mounted on aluminium stubs with double-
sided adhesive tapes and sputter coated with a thin layer of
gold for 35 s.

Uniaxial Tensile Tests

A Stable Micro Systems texturometer, model TA-XT2i
(Stable Micro Systems, Haslemere, Surrey, UK) (5 kg)
with a tension grip system (mini tensile grips) was used for
determining the force-distance curves. Film were mounted
in the tensile grips (A/TG model) and stretched at a rate
of 0.01 mm/s until they broke. Tests were conducted in an
ambient temperature of 25 °C, and relative humidity around
57%. The force-distance curves were then transformed into
stress—strain curves, which enabled calculation of the fol-
lowing parameters: Young’s modulus (£), maximum stress
(o,,), strain at break (g,) and toughness (7) as outlined in
ASTM D882 [62]. At least ten trials were performed for
each film system.
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X-Ray Diffraction (XRD)

An X-ray diffractometer (Siemens D 5000) equipped with a
copper anode X-ray tube was utilized to obtain X-ray diffrac-
tion patterns for each film sample. X-ray diffractograms of
films were recorded for 26 with the scanning region between
3° and 33° at a step size of 0.02° and scan speed of 2 s.
XRD analyses of the film samples were conducted with Cu
K, radiation 1.5406 A, at a voltage of 40 kV and a cur-
rent of 30 mA. The thicknesses of the samples on the slides
were ~200 pm. Percent crystallinity was then determined by
measuring the relative intensity of the main peaks from the
scattering spectrum according to Hermans and Weidinger
[63].

Differential Scanning Calorimetry (DSC)

The melting temperature (T,,) of the films were determined
using a DSC 823, Mettler Toledo (Schwerzenbach, Swit-
zerland). Temperature and heat flux were calibrated using
indium and zinc. Ten milligrams of samples contained
in hermetically sealed aluminum pans were heated in the
temperature range — 70 to 220 °C at a scanning rate of
10 °C min~!, under nitrogen atmosphere. Changes of phase
or state were determined from the heating thermogram. T,
was obtained from the peak of the heating curve, which was
assigned to the middle temperature of the relaxation range
[64, 65].

Color

A Macbeth® colorimeter in reflectance mode (Color-Eye
2445 model, illuminant D65 and 10° observer) was used
to determine the CIE-L*a*b* coordinates of film surfaces
exposed to drying. Lightness (L*), redness (a*) and yel-
lowness (b*) were measured according to the standard test
methods [66]. Tests were standardized with a white refer-
ence plate (L*=93.52, a*=—-0.81 and b*=1.58). Nine
measurements were taken for each film.

Response to pH Changes

The response of films to pH changes was examined by plac-
ing samples of each system in solutions of pH equal to 1,
7 and 13, prepared from NaOH (0.1 M) and HCI (0.1 M).
Film response was then evaluated from images taken with
an 8.1 mega pixel Cyber-shot Sony camera; model DSC-H3
(Tokyo, Japan).

Total Polyphenols

The total polyphenol content of the developed films was
determined by the Folin—Ciocalteu method [47] with
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modifications made by Dewanto et al. [48]. For this, ~0.3 g
of sample was mixed with 0.5 mL distilled water and 125 uL.
Folin—Ciocalteu reagent. After 6 min. 1 mL of distilled water
and 1.25 mL of a solution of 7% Na,CO; in water were
added, and after a further 90 min. absorbance was measured
at 760 nm. A standard gallic acid curve in a concentration
range of 5-100 ppm was used to calculate total polyphe-
nol content. Results were expressed as a percentage of total
polyphenols.

Antioxidant Capacity

The antiradical capacity was determined by means of the
2,2-diphenyl-1-picrylhydrazyl radical (DPPH-) method [67],
which is based on the reduction of the DPPH radical by the
antioxidants contained in a sample. The DPPH radical is
stable in a 0.025 g L™! ethanol solution and has a purple
color which is progressively lost as the sample containing
antioxidants is added. Radical bleaching was determined
at 515 nm and antioxidant activity was quantified using a
Trolox calibration curve (water-soluble analogue of vitamin
E). This method reflects the activity of antioxidant com-
pounds, which are capable of donating protons for scaveng-
ing DPPH radicals [68]. Analyses were done using ~0.25 g
of each sample, mixed with 975 pL of a DPPH solution
(60 pmol in methanol). Absorbance was measured immedi-
ately (time 0) and again after 30 min. Results were expressed
as percentages of inhibition.

o Ay — Az
%Inhibition = — X 100 )

0

where A is the absorbance at time 0, and A, is the absorb-
ance after 30 min.

Antimicrobial Activity

Antimicrobial activity tests were carried out for each edible
film system using the agar diffusion method according to
Pranoto et al. [69]. Edible films were cut into 20 mm diam-
eter discs and placed on Mueller Hinton agar (Himedia,
Mumbai, India) plates, previously seeded with 0.1 mL of
inoculum containing approximately 10’ CFU/mL of the
test bacteria (Staphylococcus aureus and Escherichia coli).
The plates were then incubated at 37 °C for 24 h. Obser-
vations of the diameter of the inhibitory zone surround-
ing the film discs, and the contact area of edible film with
the agar surface were then made. Experiments were done
in triplicate. The activity of the films against the microor-
ganisms used was classified by the diameters of the inhibi-
tion halos as follows: not active, diameter less than 8 mm;
active, diameter 9—14 mm; very active, diameter 15—-19 mm,;
extremely active, diameter greater than 20 mm [70]. Tests
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were performed twice: firstly on the day after the films were
developed (day 1), and secondly 1 week after the films were
developed (day 8).

Statistical Analysis

Statistical analyses of the experimental results obtained were
performed by analysis of variance (ANOVA) using Minitab
16 software. Mean comparisons were conducted using Tuk-
ey’s test at a 0.05 level of significance.

Results and Discussion

Characterization of the Matrices and Blackberry Pulp
Used to Formulate the Films

Table 4 in Appendix shows the chemical composition of
the matrices and blackberry pulp. Differences in the mois-
ture content between matrices were statistically significant
(p<0.05). Similar results have been reported by Jay [71]
for starchy matrices with a stable lifespan. Lower values of
ash, protein, lipids, and crude fiber in the starch compared
to the flour shows that these components were extensively
extracted during starch preparation, as reported by Pelis-
sari et al. [72]. Starch purity was very high confirming the
efficiency of the purification process. This is consistent with
Gutiérrez et al. [51] for cassava and cush—cush yam starches.
Total amylose content in the starch was ~3.5 time higher
than that of the flour. This was possibly a consequence of
the decrease in other constituents of the starch such as ash,
protein, lipids and crude fiber. A direct relationship was
observed between moisture levels and the amylose con-
tent. This is as expected since amylose has a non-branched
molecular structure that easily absorbs moisture from the
atmosphere. The polyphenol content was higher in the flour
than the starch, possibly due to the loss of these compounds
during the extraction and purification of the latter. Fruit gen-
erally contains 2 to 3 times the total polyphenols contained
in starch matrices [73], which agrees with the polyphenol
content measured for the blackberry pulp. The chemical
composition of the blackberry pulp, including the presence
of citric acid and anthocyanins, was comparable to that
reported by other authors [74]. As might be expected these
substances were not found in the starch matrices.

Table 5 in Appendix shows the water activity (a,,) values
for the matrices examined. A direct relationship between
moisture content and a,, was found, confirming that the
matrices used are not susceptible to the growth of molds
and yeasts. Similar results were reported by Gutiérrez et al.
[12]. As regards the color parameters (Table 5 in Appendix).
Higher L* values were found for the starch compared to the
flour. Therefore, it can be said that the flour was darker than

the starch. However, lower a* and b* values were obtained
for the starch compared to the flour. This may be due to
leaching of the pigments during starch extraction. The flour
had the highest b* value indicating a tendency towards yel-
low, probably associated with carotenoids contained in the
plantains. The b* and yellow index (YI) parameters were
adequately correlated, and both indicated a greater tendency
towards yellow in the flour. Color difference (AE) was lower
for the starch. Again, this result may be related to pigment
loss during starch extraction, resulting in an increase in the
whiteness index (WI) and a decrease in the Y/. Based on
these AE values, starch can be recommended for its use in
products requiring a uniform color (e.g., candies, ice creams,
juices).

The rheological properties of the matrices used are sum-
marized in Table 6 in Appendix. According to Rasper [75],
Hoseney [76] and Zhou et al. [77] the pasting properties
are influenced by granular size, the amylose/amylopectin
ratio, starch molecular characteristics, the volume fraction
of suspended solids, the affinity between hydroxyl groups of
molecules, the molecular weight of amylose leached from
the starch granules and the conditions of the thermal process
used to induce gelatinization. The gelatinization temperature
was higher for the flour than the starch, probably due to the
higher ash, protein and lipid contents present in the former.
In addition, maximum viscosity, breakdown and setback
were noticeably higher for the starch compared to the flour.

According to Harper and Tribelhorn [78] starchy matri-
ces with high maximum viscosity values have weak cohe-
sive forces, and show severe swelling and heavy leaching of
amylose into the surrounding medium. This fits well with
the results obtained since the amylose content was higher
in the starch than in the flour. The flour was more resistant
to mechanical fragmentation than the refined starch. This
behavior was confirmed by the breakdown values which
represent granule fragmentation. Retrogradation was also
higher in the starch than the flour (see setback values in
Table 6 in Appendix). The significant differences in the past-
ing properties of the flour and the starch (p <0.05) suggest
that interactions between other components in the flour, such
as a reaction between the amylose and lipids, or between the
protein and starch gel, may influence these properties. Simi-
lar results have been reported for banana flour and starch
[79], and rice [80]. The paste consistency of the starch was
higher than that of the flour. Thus, raw materials made from
plantains could have potential applications as thickeners
in products requiring sterilization such as sauces and baby
foods [81].

Optical micrographs of the matrices used taken under
polarized light are shown in Fig. 8 in Appendix. The starch
granules contained in the two matrices were elongated and
longitudinally oval in shape, and of variable sizes, but within
the range reported by Pérez-Sira [82] and Osundahunsi
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[83], i.e. between 10 and 50 um. Starch granules revealed
no apparent damages, suggesting that the starch prepara-
tion technique used was adequate (Fig. 8a in Appendix).
Figure 8a in Appendix also shows that starch crystallinity
was maintained, since the Maltese cross was not altered. In
contrast, the crystalline structure of the pre-gelatinized flour
was lost and the disruption of the granules evident (Fig. 8b
in Appendix).

Characterization of the Films
Degree of Substitution (DS) by the Titration Method

Table 1 shows the degree of substitution in films with added
blackberry pulp. The citric acid found in the blackberry pulp
produced the cross-linking of the starch matrices. Similar
results were reported by Kapelko-Zeberska et al. [84] for
other starches cross-linked with citric acid. The degree of
substitution found for the TPS-NPSB film was higher than
that of the TPF-PPFB film, suggesting that the systems
based on starch sources with a higher amylose content were
more susceptible to cross-linking with the blackberry pulp
citric acid.

Average Molecular Weight (M) of the Developed Films

Figure 1 shows the average molecular weights of the dif-
ferent films studied. The pre-gelatinized plantain flour
films (TPF-PPF and TPF-PPFB) had the highest molecular
weights. This is consistent with results reported by Yoo and
Jane [85] for starches with low amylose values. The molec-
ular weight of the developed films increased significantly
(p £0.05) when the blackberry pulp was added. Accord-
ing to Mizoguchi and Ueda [86] an increase in the average
molecular weight of these types of materials is related to the
cross-linking of polymers. Thus, the organic acids contained

8

Average molecular weight (x 10 g/mol)

—_—

T T T T
TPS-NPS TPS-NPSB TPE-PPF TPF-PPFB

Fig. 1 Average molecular weight of the films based on: native plan-
tain starch (TPS-NPS), native plantain starch with incorporation of
blackberry pulp (TPS-NPSB), pre-gelatinized plantain flour (TPF-
PPF) and pre-gelatinized plantain flour with incorporation of black-
berry pulp (TPF-PPFB)

in blackberry pulp, in particular citric acid, produce the
cross-linking of the starch chains leading to an increase in
the average molecular weights of the films. Similar average
molecular weight values have been reported by Yoo and Jane
[85] for these types of materials.

Thickness

Table 1 shows the thicknesses of the different systems stud-
ied. The films based on native plantain starch (TPS-NPS and
TPS-NPSB) were thicker than those based on pre-gelatinized
plantain flour (TPF-PPF and TPF-PPFB). According to
Gutiérrez et al. [87] a greater interaction between the starch
and the plasticizer could lead to thicker films. This means
that films derived from native plantain starch interact more

Table 1 Degree of substitution

, : Parameter TPS-NPS TPS-NPSB TPE-PPF TPE-PPFB
(DS), thickness (¢), moisture
content (MC), solubility (W), DS - 0.028 +0.001° 0.017 £0.001°
water activity (a,), crystallinity, - 0214001 0.24+0.01° 0.17+0.01% 0.20+0.01°
melting temperature (T,,) and
color parameters of the different MC (%) 66+ 1¢ 56+1° 63£1° 59+1°
films WS (%) 76+1° 68 +2° 73+1° 71+2°
a, 0.679 +0.002¢ 0.630+0.002* 0.661+0.001° 0.640+0.001°
Crystallinity (%) 17+1° 14+1° 11+1° 10+2°
T,, (°C) 143.76 154.50° 164.46° 165.12¢
L* 15.2+0.1° 8.6+0.7* 26.52+0.01¢ 159+0.1¢
a* —0.12+0.05° 16.1+0.8¢ —0.63+£0.04* 11.44+0.02¢
b —1.24+0.09* 0.1+0.1° 7.41£0.06° 1.8+0.1¢
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Equal letters in the same row indicate no statistically significant differences (p<0.05). Thermoplastic
starch (TPS) and thermoplastic flour (TPF) films: native plantain starch (TPS-NPS), native plantain starch
with incorporation of blackberry pulp (TPS-NPSB), pre-gelatinized plantain flour (TPF-PPF) and pre-
gelatinized plantain flour with incorporation of blackberry pulp (TPF-PPFB)
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strongly with the glycerol than the pre-gelatinized plantain
flour films (Table 4 in Appendix). This fits well with results
reported by Gutiérrez et al. [52] since films with a higher
amylose content are generally thicker.

Furthermore, the films with added blackberry pulp (TPS-
NPSB and TPF-PPFB) were at least 14% thicker compared
those without blackberry pulp (TPS-NPS and TPF-PPF).
Pérez et al. [88] reported a significant increase in the
thickness of cross-linked starch-based films derived from
Dioscorea trifida. Cross-linking apparently strengthens the
internal bonds of starch grains. The cross-linking reactions
also produce starches with higher molar volumes, as well as
higher molecular weights [89]. These factors, together with
a greater interaction between the starch and the plasticizer
during gelatinization, could result in thicker films [87]. This
would fit well with the observed increase in the molecular
weight of films with added blackberry pulp (TPS-NPSB and
TPF-PPFB, Fig. 1).

Moisture Content

Table 1 shows the moisture contents of the different films
studied. This was significantly lower (p <0.05) in the films
with added blackberry pulp (TPS-NPSB and TPF-PPFB)
(p <0.05) compared to films without blackberry pulp (TPS-
NPS and TPF-PPF), suggesting that there is a stronger glyc-
erol-matrix interaction in the former. As we know, interac-
tions in these systems occur through polar groups. These
could be blocked in developed edible films, thereby reduc-
ing their sensitivity to moisture. This behavior could also,
however, be due to the cross-linking of the matrices with the
blackberry pulp citric acid as this produces strong hydro-
gen bond interactions between the polymer and the plas-
ticizer, thus limiting water absorption by the polar groups
of these matrices [22, 90]. It is also worth remembering
that the cross-linking of the starch chains occurs through
the hydroxyl groups from this macromolecule, whereby
hydroxyl groups become nucleophilic in the addition reac-
tion with the carboxyl group of citric acid. This then causes
the loss of the hydroxyl groups, thereby decreasing the sus-
ceptibility of the polymer to moisture absorption. Moisture
content was notably lower in the TPS-NPSB film, confirm-
ing a greater degree of starch cross-linking. It is interesting
that starch was the matrix with the highest amylose content,
suggesting that cross-linking occurs preferentially in the
amylose. These results agree with those reported by Cyras
et al. [91] in their study of films based on acetylated potato
starch. Similar behavior has also been recently reported by
Gutiérrez et al. [92, 93] for edible films derived from cas-
sava, and cush—cush yam starch, as well as films prepared
from plantain flour chemically modified by cross-linking
with sodium trimetaphosphate (STMP).

Finally, the starch-based films (TPS-NPS) showed a
higher moisture content compared to the films made from
flour (TPF-PPF). This can be explained by the higher con-
centrations of amylose contained within it. Amylose is non-
branched, a characteristic that makes it more susceptible to
water absorption from the environment.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR/FTIR)

Figure 2A shows the ATR/FTIR spectra for the different
films studied throughout the absorption range. A significant
absorption peak around 3325 cm™! (stretching of the OH
group contained in the starch, glycerol and water) associ-
ated with the stretching vibrations of the C—O groups was
observed for all the studied systems [11, 94]. According
to Gonzalez et al. [90] and Gutiérrez et al. [93] materi-
als with OH groups that vibrate more readily and/or form
more hydrogen bonds tend to show wider and less intense
bands. This fits well with the results obtained, since as can
be clearly seen in the region between 3600 and 3000 cm™!
(Fig. 2B), the transmittance of the films with added black-
berry pulp was higher than the other films, i.e. band intensi-
ties were lower. This further demonstrates that adding black-
berry pulp produces strong hydrogen bond interactions in the
developed films. The lower intensities of the bands associ-
ated with the OH groups could be also related to the lower
moisture content and loss of hydroxyl groups in starch with
cross-linked polymeric chains. Similar results were recently
reported by Gonzalez et al. [90] for films based on cassava
starch cross-linked with citric acid. The peaks at 2885 and
2934 cm™! are associated with C—H stretch vibrations [95]
and are characteristic of polymeric matrix materials. The
band at around 2893 cm™! tended to increase for the films
with added blackberry pulp. Other bands that can be identi-
fied are those corresponding to C=0 bending at ~2150 cm ™!
and OH bending at ~ 1644 cm~ ! [94, 96, 97]. In addition,
bands appearing between 1300 and 1430 cm™! are assigned
to C-O angular deformations [98]. Specifically, the band
detected at ~ 1415 cm™! is associated with the symmet-
ric stretching of carboxyl groups (-COO) [99]. At around
1644 cm™! there is an absorbance band that is sensitive to
both H-bonding and the number of hydroxyl interactions
[100].

Specifically, the band located at 1720 cm™" in films with
added blackberry pulp (TPS-NPSB and TPF-PPFB) could
be assigned to C=0 groups from esters formed between the
citric acid found in the blackberry pulp and the starch-con-
taining matrices, thus confirming the effect of the cross-link-
ing proposed (Fig. 2A). Comparable results were reported
by Gonzalez et al. [90] for films derived from cassava starch
cross-linked with citric acid. Finally, the band located at
1720 cm™~! was more intense for the TPS-NPSB film than
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Fig. 2 A FTIR spectra of the A

different films studied in all
the absorption range: a native
plantain starch (TPS-NPS),

b native plantain starch with
incorporation of blackberry
pulp (TPS-NPSB), ¢ pre-gelati-
nized plantain flour (TPF-PPF)
and d pre-gelatinized plantain
flour with incorporation of
blackberry pulp (TPF-PPFB).
B FTIR spectra in the range
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the TPF-PPFB film, reinforcing the idea that cross-linking
occurs to a greater degree in native plantain starch compared
to pre-gelatinized plantain flour.

Water Solubility

Table 1 shows the water solubility values at 25 °C for
the different systems studied. The solubility of edible
films provides an indication of their integrity in an aque-
ous medium, such that higher solubility values indicate a
lower resistance to water [33]. It can be seen from Table 1
that the plantain starch-based films with added blackberry
pulp (TPS-NPSB) were significantly (p <0.05) less water
soluble than the plantain starch-based film without black-
berry pulp (TPS-NPS). In a previous study, Gutiérrez et al.
[87] found that films made from cross-linked starch were
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Wave number (cm’)

less hydrophilic than native starch-based films. These
results are also consistent with the tendency reported by
Pérez et al. [88] for native and phosphated Dioscorea tri-
fida white starch-based edible films. The lower solubility
of the modified starch films results from an increase in
DS. The fact that films with added blackberry pulp are
less soluble gives additional weight to the argument that
the starch in these systems has undergone cross-linking.
This behavior was not statistically significant (p >0.05)
for the pre-gelatinized plantain flour, however, support-
ing the idea that cross-linking occurred preferentially in
the matrix with the highest amylose content (starch). As
regards the films without added blackberry pulp, TPS-NPS
systems were more soluble than TPF-PPF ones confirming
that the former were more hydrophilic.
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Water Activity (a,,)

The water activity of the films is reported in Table 1. As
can be seen, higher a,, values were obtained for samples
made from the matrices (starch and flour) without added
blackberry pulp which correlated positively with their higher
moisture content. Pérez et al. [88] and Rojas [101] reported
similar results for cross-linked white Dioscorea trifida edible
coatings and potato starch-based films, respectively. Based
on the results of these authors, the water activity values
obtained do not allow microbial growth. In the same man-
ner, a direct relationship between a,, and moisture content
was found.

Scanning Electron Microscopy (SEM)

Figure 3 shows the SEM images of the cryofractured
surfaces of the different films. All the systems examined
showed a compact structure, but this was far more marked

o

TPF-PPF

Fig. 3 SEM micrographs of the cryogenic fractured surface of the
films: native plantain starch (TPS-NPS), native plantain starch with
incorporation of blackberry pulp (TPS-NPSB), pre-gelatinized plan-

in the films made from native plantain starch (TPS-NPS and
TPS-NPSB). Similar morphologies have been reported by
Garcia et al. [102] for cassava starch-glycerol films. Accord-
ing to Miles et al. [103] and Noel et al. [104] these micro-
structures are associated with a high amylose content. This
is consistent with the higher amylose content of the native
plantain starch compared to the pre-gelatinized plantain
flour (Table 4 in Appendix). In one of the samples of the
TPS-NPS film a granular particle of retrograded starch was
observed. This fits well with the results of the rheological
properties of the starch, since starch had greater tendency
to retrograde than the pre-gelatinized plantain flour (Table 6
in Appendix).

According to Pelissari et al. [37] starch-based films with a
more compact structure will absorb less water, since interac-
tions between the starch-glycerol and water are less likely.
The more compact microstructures of the films developed
with added blackberry pulp (TPS-NPSB and TPF-PPFB)
compared to the films without added blackberry pulp

15ku X1, 588  18xm TPS-NPSB

/ ;
TPF-PPFB

tain flour (TPF-PPF) and pre-gelatinized plantain flour with incorpo-
ration of blackberry pulp (TPF-PPFB). At 1.5kX of magnification.
Black lines indicate granular particles
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(TPS-NPS and TPF-PPF) are consistent with the lower
moisture values registered for the former (Table 1).

Uniaxial Tensile Strength

The stress—strain curves of each film system studied are
shown in Fig. 4. A small linear zone followed by a nonlin-
ear zone until breaking point was observed, regardless of
the matrix used. Lourdin et al. [105] and Alves et al. [106]
reported that Young’s modulus increases linearly with
amylose content. Nevertheless, no statistically significant
differences (p>0.05) in Young’s modulus between the TPS-
NPS and TPF-PPF films were found. A significant decrease
(p<0.05) in Young’s modulus was, however, observed for
the native plantain starch-based films plus blackberry pulp
(TPS-NPSB).

The highest breaking stress values were registered for
the TPS-NPS films, possibly due to the retrograded starch
grains present in this material (Fig. 3). This agrees with our
current understanding that crystalline particles may act as
nuclei for inducing the recrystallization (retrogradation)
of starch macromolecules [107] leading to a more fragile
material [102]. In contrast, the TPS-NPSB films with added
blackberry pulp showed the lowest breaking stress values.
Similar results were reported by Gutiérrez et al. [12] who
compared the breaking stress of native plantain flour-based
films with films derived from chemically modified plantain
flour by cross-linking with STMP. This further demonstrates
that adding blackberry pulp to plantain starch results in a
greater degree of cross-linking of the starch matrix.

In general, films with higher amylose content show
greater elongation values [108]. This would be in line with

2.0+
(a) TPS-NPS
(b) TPS-NPSB
(c) TPF-PPF
(d) TPF-PPFB

o (MPa)

€ (%)

Fig. 4 Stress (o)-strain (¢) curves of the films: a native plantain
starch (TPS-NPS), b native plantain starch with incorporation of
blackberry pulp (TPS-NPSB), ¢ pre-gelatinized plantain flour (TPF-
PPF) and d pre-gelatinized plantain flour with incorporation of black-
berry pulp (TPF-PPFB)
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the results obtained in this study, since plantain starch-based
films showed the highest values of strain at break (Table 4
in Appendix and Table 2). Similarly, the incorporation of
blackberry pulp significantly increased (p <0.05) the strain
at break values. Comparable results were by Gutiérrez et al.
[52] for films made from cross-linked starches.

Saavedra and Algecira [109] proposed that cassava starch-
protein films have higher elasticity values due to their more
compact structure. This agrees with our results in which the
SEM images obtained for the plantain starch-based films
(Fig. 3) correspond to the greater elasticity measured.

As is well known, toughness is a mechanical property
associated with the energy existing between molecular bonds
within a material. The higher toughness values in the films
derived from plantain starch (TPS-NPS and TPS-NPSB)
thus indicate stronger intermolecular interactions. This is
consistent with all the results obtained here. Materials with
high toughness values could prove extremely useful, as they
could be used to produce films that absorb more energy
without this being transmitted to the packaged foods. This
could minimize the damage caused by impacts to the food
during transport and storage.

X-Ray Diffraction (XRD)

Figure 5 shows the X-ray diffraction patterns of the devel-
oped films. Zullo and Iannace [110] reported that the molec-
ular order within starch granules is destroyed when films
are heated during processing, resulting in an amorphous
structure. Bearing in mind the work of Rindlav et al. [111],
Angellier et al. [112], Kristo and Biliaderis [113] and Tapia
et al. [114] it can be said that the films studied were mostly
amorphous, with only a small crystalline fraction.
According to Pérez et al. [88] and Tapia et al. [114] the
crystallinity of starch films is mainly associated with their
amylose content since this has an almost linear structure,
unlike amylopectin which is highly branched. The crystallin-
ity percentage values calculated from the surface area under

Table 2 Parameters of the uniaxial tensile tests: Young’s modulus
(E), maximum stress (o,,), strain at break (g;,) and toughness (7)

Material E (KPa) o,, (MPa) e, (%) T (x10% (J/m?)
TPS-NPS 86+2° 1.7+0.2° 34+2°  0.40+0.07°
TPS-NPSB  56.3+0.8° 1.24+0.08* 39+2¢ 0.31+0.06
TPF-PPF 84 +2° 1.3+0.1* 22+1*  0.21+0.03
TPF-PPFB  89+7° 1.36+0.05* 26+2° 0.21+0.04*

Equal letters in the same column indicate no statistically significant
difference (p<0.05). Thermoplastic starch (TPS) and thermoplastic
flour (TPF) films: Native plantain starch (TPS-NPS), native plantain
starch with incorporation of blackberry pulp (TPS-NPSB), pre-gelat-
inized plantain flour (TPF-PPF) and pre-gelatinized plantain flour
with incorporation of blackberry pulp (TPF-PPFB)
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Fig. 5 X-ray diffraction pattern of the different films studied: a native
plantain starch (TPS-NPS), b native plantain starch with incorpora-
tion of blackberry pulp (TPS-NPSB), ¢ pre-gelatinized plantain flour
(TPF-PPF) and d pre-gelatinized plantain flour with incorporation of
blackberry pulp (TPF-PPFB)

the curves confirmed this (Table 1) namely, that films made
from the starch with the highest amylose content showed
higher percent crystallinity values. According to the lit-
erature, the crystallinity of these systems occurs primarily
due to starch retrogradation [88, 114, 115]. This would also
agree with the results of the rheological properties of the
matrices (Table 6 in Appendix).

A lower degree of crystallinity was observed for the sam-
ples with added blackberry pulp. A similar phenomenon was
observed by Gonzalez et al. [90] for films derived from cas-
sava starch cross-linked with citric acid. As has already been
indicated, the crystallinity of these systems occurs primar-
ily due to starch retrogradation. This means that films with
added blackberry pulp are less susceptible to retrogradation,
i.e. are more stable. It is worth emphasizing that this behav-
ior was not statistically significant (p >0.05) in the case of
the TPF-PPFB film, thus further demonstrating that cross-
linking is more likely in the presence of amylose.

The peak at 20~ 17° (Fig. 5) is characteristics of an
A-type crystalline structure, and is associated with the
glycerol-amylose complex [116—118]. According to Garcia-
Tejeda et al. [38], however, this signal is also related to inter-
actions between the short external amylopectin chains and
the glycerol.

Figure 5 also shows a peak at 2602 19.5° corresponding
to a V-type crystalline structure [119]. Zobel et al. [119]
have suggested that an increase in the development of this
structure is related to an increase in the number of amylose-
glycerol interactions. This analysis thus agrees with that pre-
viously established. Finally, a peak at 20~22° correspond-
ing to a B-type crystalline structure was observed [37].

Differential Scanning Calorimetry (DSC)

Table 1 shows the DSC results of the different films studied.
As a general rule, any structural feature that reduces the
mobility of polymer chains or the free volume will cause an
increase in T, [37, 93, 120-124]. Thus, high T,, values may
be attributed to an increase in the cohesive forces between
the polymer chains, resulting from the cross-linking of the
starch. An increase in the T,, in the TPS-NPSB and TPF-
PPFB films is thus related to cross-linking caused by the
blackberry pulp added to these films. The T,, values were
higher in the TPS-NPSB film compared to the TPF-PPFB
film, thus reinforcing the theory that the blackberry pulp
reacts most readily with starch, thus increasing the DS in
this material.

On the other hand, lower T,, values were observed in
the plantain starch-based film (TPS-NPS) compared to the
pre-gelatinized plantain flour-based film (TPF-PPFB). This
suggests a stiffening effect in the latter, possibly due to a
higher fiber content in this matrix that could act as a natural
filler. Similar results were reported by Gutiérrez et al. [12]
for films derived from plantain flour chemically modified
by phosphation.

Color

Table 1 shows the results of the color parameters of the
films studied. The greatest L* value was obtained for the
TPF-PPF film, indicating that these systems were the most
opaque. Films with added blackberry pulp (TPS-NPSB and
TPF-PPFB) showed lower L* values, suggesting that the
incorporation of this substance produces more transparent
materials. According to Gutiérrez et al. [93] and Fakhouri
et al. [125] stronger H-bonding interactions increase trans-
parency. This fits well with the results since we have already
seen that the addition of blackberry pulp strengthened the
H-bonding interactions. Likewise, the tendency of the black-
berry pulp to reduce percent of crystallinity (TPS-NPSB and
TPF-PPFB films) suggests that more amorphous materials
contain fewer obstacles to the passage of light, resulting in
more transparent materials.

The incorporation of the blackberry pulp also increased
the a* values, suggesting a tendency towards red probably
due to blackberry pulp pigments (anthocyanins). A posi-
tive b* value indicates a tendency towards yellow. The films
derived from pre-gelatinized plantain flour (TPF-PPF and
TPF-PPFB) showed this tendency more significantly.

Response to pH Changes
Figure 6 shows the images of the responses of the films

assayed at different pH values. As can be observed, the films
with added blackberry pulp (TPS-NPSB and TPF-PPFB)
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pH 13

Fig. 6 Response of the films Films
evaluated at different pH condi-
tions: native plantain starch
(TPS-NPS), native plantain
starch with incorporation of
TPS-NPS

blackberry pulp (TPS-NPSB),
pre-gelatinized plantain flour
(TPF-PPF) and pre-gelatinized
plantain flour with incorpora-
tion of blackberry pulp (TPF-
PPFB)

TPF-PPF

pH1 pH7
o - -
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changed in color in both the acid and alkaline mediums.
Both films showed a purple-red coloration when exposed
to an acid pH, this due to the formation of the flavylium
cation (red color) of anthocyanins found in blackberry pulp.
However, at an alkaline pH the TPS-NPSB became blue as a
product of the quinoidal structure of anthocyanins at pH > 8,
whereas the TPF-PPFB film changed to green, possibly as
a result of the mix between the yellow color of carotenoids
found in the matrix (plantain flour) with the quinoidal
structure of anthocyanins (blue). Similar results have been
reported by Pereira et al. [11] for films made from chitosan
with the incorporation of anthocyanin extracts obtained from
red cabbage. Thus films developed with added blackberry
pulp show intelligent behavior, as they react to pH changes
in the surrounding environment. These intelligent films
could be applied in fishery products since the production
and accumulation of amines, mainly ammonia, trimethyl-
amine and histamine as a result of microbial growth, cre-
ate an alkaline medium. This would cause films with added
blackberry pulp to change in color, which could indicate
a loss in quality of these types of food. Pereira et al. [11]
used intelligent films with these same characteristics for
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packaging pasteurized milk, and Wallach [126] reported that
these types of intelligent materials are more versatile than
intelligent films activated by enzymatic reactions.

Total Polyphenols and Antioxidant Capacity of the Films

Figure 7 shows the total polyphenols content and antioxi-
dant activity of the developed films. It is worth noting that
a direct link between polyphenol content and antioxidant
activity was found. Similar results were reported by Chang-
Bravo et al. [127]. Both the films with added blackberry
pulp (TPS-NPSB and TPF-PPFB) showed higher total poly-
phenol content and antioxidant capacity than films without
pulp, confirming that the blackberries provide polyphenolic
compounds and antioxidants to the developed films. Fur-
thermore, the antioxidant activity of the blackberry pulp was
maintained demonstrating that the polyphenolic compounds
added were stabilized within the matrices. This means
that blackberry pulp-containing films could provide large
amounts of bioactive substances with potential beneficial
health effects.
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Fig. 7 a Total polyphenols and b DPPH scavenging activity of the
films evaluated: native plantain starch (TPS-NPS), native plantain
starch with incorporation of blackberry pulp (TPS-NPSB), pre-gelat-
inized plantain flour (TPF-PPF) and pre-gelatinized plantain flour
with incorporation of blackberry pulp (TPF-PPFB)

Regarding the films without blackberry pulp, the pre-
gelatinized plantain flour-based film (TPF-PPF) showed a
higher polyphenol content compared to the plantain starch-
based film (TPS-NPS). This was attributed to the polyphenol
content intrinsic to the matrix. Nevertheless, no statistically
significant differences (p>0.05) in antioxidant capacity
were observed between these two films.

Antimicrobial Activity

Table 3 shows the results of antimicrobial activity of the
films developed against Staphylococcus aureus and Escheri-
chia coli. According to the classification used by Ponce et al.
[70], none of the films had significant antimicrobial activ-
ity. Nonetheless, they all showed some inhibitory activity
against the microorganisms tested after 1 week of storage
(day 8). This is consistent with the results of water activity
obtained in this study, since lower water activity values in
films make microbiological growth very unlikely.

On the other hand, the TPF-PPF film did show a greater
inhibitory effect on the two microorganisms tested compared
to the TPS-NPS film on day 1. This suggests that the higher
polyphenol content of the pre-gelatinized flour could act
as an antimicrobial against both microorganisms, although
greater activity was registered against E. coli. According to
Garcia-Ruiz et al. [128] the inhibition mechanism employed
by the citric acid and polyphenols mainly consists of causing
damage to the cell walls of the bacteria. Similar results were
reported by Raybaudi-Massilia et al. [129] who evaluated
edible coatings made from alginate with added maleic acid
and essential oils against two groups of microorganisms, one
Gram positive and the other Gram negative. However, since
the citric acid could all be used up in the cross-linking of the
starch chains, it is unlikely to show antimicrobial activity.

Table 3 Antimicrobial activity

Observation at 1 day

Observation at 8 days

Inhibitory zone®

Contact area®  Inhibitory zone®  Contact area®

. Material Microorganism
of the developed films against
Staphylococcus aureus and
Escherichia coli
TPS-NPS S. aureus
E. coli
TPS-NPSB  S. aureus
E. coli
TPEF-PPF S. aureus
E. coli
TPF-PPFB S. aureus
E. coli

0 + 0 +
0 + 0 +
0 + 0 +
0 + 5.0+0.2¢ +
1.0+0.2% + 2.0+0.2% +
2.0+0.2° + 2.0+0.2* +
0 + 3.0+0.2¢ +
0 + 8.0+0.2° +

+ Represents an inhibitory effect; — represents no inhibitory effect

AValues are measurements of inhibitory zone and expressed in mm. Values (n=3) with different super-
script letters are significantly different (p <0.05)

BContact area is the part of agar on Petri dish directly underneath film pieces

Thermoplastic starch (TPS) and thermoplastic flour (TPF) films: native plantain starch (TPS-NPS), native
plantain starch with incorporation of blackberry pulp (TPS-NPSB), pre-gelatinized plantain flour (TPF-
PPF) and pre-gelatinized plantain flour with incorporation of blackberry pulp (TPF-PPFB)
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Thus, it is possible that the polyphenolic compounds are
entirely responsible for the antimicrobial activity observed
in the developed films.

It is worth highlighting that neither of the films with
added blackberry pulp (TPS-NPSB and TPF-PPFB) pre-
sented antimicrobial activity after the first day of stor-
age. However, they both showed activity on day 8. This
is possibly because starch retrogradation occurred during
storage exposing the polyphenolic compounds, which do
show antimicrobial activity. Lower antimicrobial activity
was found for the TPS-NPSB film compared to the TPF-
PPFB film. Based on these results and taking into account
the greater tendency to retrograde by part of the plantain
starch compared to the pre-gelatinized plantain flour, it is
likely that during storage the TPS-NPSB film undergoes
retrogradation, exposing polyphenols to the environment.
The exposed polyphenols then oxidize, thus losing their
antimicrobial characteristics. In contrast, retrogradation
of the pre-gelatinized plantain flour occurs at a lower rate,
resulting in a less retrograded film, and allowing the poly-
phenolic compounds to be released over a longer period of
time. Higher antimicrobial activity was also observed for
the films based on pre-gelatinized plantain flour with and
without the incorporation of blackberry pulp. This could
be attributed to the higher concentrations of polyphenols
provided by the blackberry pulp. Finally, the phenolic
compounds in the blackberry pulp show a greater anti-
microbial activity against Gram negative microorganisms
such as E. coli.

Conclusions

Functional, intelligent and active films based on plantain
starch and pre-gelatinized flour with and without added
blackberry pulp were developed. The films responded to
changes from an acid to an alkaline pH. The addition of
blackberry pulp also produced cross-linking of the poly-
meric chains of the matrices. Films with added blackberry
pulp demonstrated anti-microbial activity against the two
microorganisms tested (E. coli and S. aureus), although
there was greater inhibitory activity against E. coli.
Finally, the antioxidant activity of the developed materi-
als was directly related to their polyphenol content.
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Appendix

See Tables 4, 5, 6 and Fig. 8.

Table 4 Chemical composition on dry basis of the matrices used and
blackberry pulp

Parameter Native plantain Pre-gelatinized Blackberry
starch plantain flour pulp
Moisture (%) 12.8+0.2° 8.2+0.2% 91.0+0.1°
Total protein (%) 0.70+0.02* 1.00+0.03° 1.39+0.03°
Crude fat (%) 0.09+0.02% 0.55+0.03° 0.49+0.03°
Ash (%) 0.11+0.02* 22+0.2°¢ 0.29+0.01°
Crude fiber (%) 0+0°" 8+1¢ 53+0.1°
Starch purity (%) 99.10+0.05 - -
Total carbohydrates (%) 86.3+0.1 80.0+0.1 1.53+0.01*
Apparent amylose (%) 35.0+£0.2° 10.0+0.1° 0+0°
Total polyphenols (ppm) 21+17 42+42° 499 +2°
Citric acid (mg/100 g) 0+0? 0+0? 1226 +5°
Anthocyanins (mg/100 g) 0+0* 0+0* 126.6+0.8°

Similar superscript letters in the same row indicate no statistically
significant difference (p <0.05)

Table 5 Water activity (a,,) and color parameters of the starch and
flour used

Parameter Native plantain starch Pre-gelatinized
plantain flour

a, 0.608 +0.005° 0.557+0.003*
L¥ 96.71+0.01° 84.81+0.01*
a* 0.70+0.01* 1.87+0.01°
b* 3.02+0.02° 19.57+0.01°
Color difference (AE) 3.80+0.01° 20.17+0.01°
Whiteness Index (W) 95.48+0.01° 75.16+0.01°
Yellow Index (Y7) 6.22+0.02% 38.78+0.01°

The values are the average of three determinations, similar letters in
the same row indicates non-significant differences (n=3, p<0.05)

Table 6 Pasting properties of the starch and flour evaluated to 7%
suspension

Parameters Native plantain Pre-gelatinized plan-
starch tain flour

Initial gelatinization ~ 64.5+0.1* 79.3+0.1°
temperature (°C)

Maximum viscosity 276+ 10° 173 +132
(BU)

Breakdown (BU) 15+3° 4x1°

Setback (BU) 92+ 10° 34+1

Consistency (BU) 107 +10P 3148

The values are the average of two determinations; similar letters in
the same raw indicates no statistically significant difference (n=2,
p<0.05)

BU Brabender units
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Fig. 8 Optical micrographs
with light polarized of: a native
plantain starch and b pre-gelat-
inized plantain flour. At 50X of
magnification
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