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a  b  s  t  r  a  c  t

Biological  macromolecules  such  as  starches  of different  amylaceous  sources  have  been  used in the  for-
mulation  of  edible  films.  However,  there  are  few  studies  aimed  at evaluating  edible  and  intelligent  films
with response  to  pH changes  from  natural  pigments,  this  despite  the  importance  of these  materials.  In
this  context,  films  from  native  and  modified  plantain  flour,  plasticized  with  glycerol,  with  or  without
the  addition  of  beet  flour  were  developed.  The  chemical  and  structural  composition  of  the  flours,  and  its
incidence  on  thickness,  water  solubility,  contact  angle,  and  mechanical  and  microstructural  properties
were  evaluated,  thus  as  its response  to pH  changes  of the  developed  films.  The  observations  showed  that
the  incorporation  of  beet  flour  allowed  to obtain  intelligent  films  front  to pH changes  alkaline.  Likewise,
odified flour
ntelligent films

the  betalains  that  were  found  in  beet  flour  interacted  more  efficiently  with  the  phosphated  plantain
flour,  limiting  well  its immediate  response  to pH  changes.  In the  same  way,  proteins  and  sugars  of beet
flour allowed  to obtain  more  flexible  films,  due  to  the  hydrogen  bond  interactions  between  these  con-
stituents  and  the  plantain  flours.  This  latter  could  justify  the decrease  of  contact  angle,  and  the  increase
on thickness  and  solubility  of these  films.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Edible and biodegradable films elaborated from biological
acromolecules have been studied over the last two decades,

ecause these thermoplastic materials are considered environmen-
ally friendly due they degrade more easily, compared with the
ommon synthetic plastics [1–6]. However, the properties of these
lms depend strongly on the chemical composition of the bioma-
rix, as it has been shown that small variations in the content of
rotein, fat and fiber, can markedly alter the properties of these
aterials [7]. Likewise, the properties of these biopolymers can be

odified by the addition of plasticizers, antimicrobials, pigments,

mong others; this with the purpose of improves their properties
8–15]. Another of the alternatives that have been employed with
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ad  de Ciencias, Universidad Central de Venezuela, Apartado 47097, Caracas 1041-A,
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T.J. Gutiérrez).

ttp://dx.doi.org/10.1016/j.ijbiomac.2015.10.020
141-8130/© 2015 Elsevier B.V. All rights reserved.
the objective of improve the properties of the edible films is the
chemical and/or physical modification of the starch [16–20].

Starch is an excellent raw material for the production of
biodegradable packaging, due to it being a botanical source renew-
able, economical and highly available [21]. The functionality of
starch is provided by amylose and amylopectin [22]. Pelissari et al.
[23] reported that the amylose content in plantain starch and flour
(Musa paradisiaca) was  23.1% and 35%, respectively. Such materi-
als have been used in some studies as matrix in the preparation
of films based on native and modified polysaccharides [24–26].
Similarly, recent researchers have reported excellent properties of
edible films made from starch and flour plantain [16,27–29]. How-
ever, plantain flour has not been evaluated as potential biomatrix
of edible and intelligent films. The implement of the intelligent
films in the food industry can alert to consumers on the quality
and safety of the products. The incorporation of the pigments as
the betalains found in the beet [30], can act as front indicator to

pH changes. The observation of these changes would be associated
with fraudulent modifications of the foods, breach of cold chain, and
would be of great use to simply tell to the consumer the freshness
degree of the food product [31,32]. Likewise, edible and intelligent

dx.doi.org/10.1016/j.ijbiomac.2015.10.020
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2015.10.020&domain=pdf
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lms could indicate to the consumer that the food is ending its
seful life, allowing decrease the great amount of food that is dis-
arded by consumers [33–37]. FAO [38] has estimated that about

 third of the food produced annually for human consumption are
asted, this would represent 1.3 billion tons of food lost, and that

re valued by over USD 750 billion, which could feed the more than
42 million of people that still suffer from chronic hunger globally
39].

Additionally, to technological level, the employment of beet
our in these films could improve the properties of the polymer
atrix due to its fiber content and simple sugars [40–45]. The fiber

ould act as reinforcement of the matrix and the simple sugars as
lasticizer [46,47].

The aim of this study was to evaluate the chemical composi-
ion of the flours employed and its incidence on the response to pH
hanges and physicochemical properties of the edible and intelli-
ent films developed.

. Experimental

.1. Materials

The plantain flour (Musa ssp., group AAB, sub-group clone Har-
on) was obtained by the method described by Pacheco [48]. The
lantain used had a degree of maturation of 1, according with the
cale of Loesecke [49] that was acquired at a local market in Caracas,
enezuela. Also, the beet flour was obtained following the method-
logy of Pacheco [48], but with some modifications: the beet was
ot immersed in a solution of citric acid (1%) before of dehydrate
he tuber slices. Glycerol from Prolabo, Sweden, was  employed as
lasticizer in the formation of the films.

.2. Preparation of the modified flour

The modified plantain flour was obtained following the method-
logy described by Kerr and Cleveland [50], modified by Lim and
eib [51]. The maximum concentration of sodium trimetaphos-
hate allowed by the FDA [52] was used, i.e. 3% w/w  of the
odifying agent with respect to the weight of the flour.

.3. Characterization of the flours

The chemical composition of the flours evaluated was deter-
ined. Moisture content, ash and fat were determined using the

ravimetric method [53]. Total protein was determined in based
n the biuret reaction [54]. Determination of crude fiber was
erformed by the method proposed by Van Soest et al. [55].
pparent amylose content was assessed using a colorimetric micro-
rocedure based on the formation of the amylose/iodine complex
56]. Total sugars were determined by the methodology proposed
y Lane and Eynon [57]. Phosphorus content and degree of substi-
ution (DS) were determined by the colorimetric method ICONTEC
58], using the equations proposed by Deetae et al. [59]. Total car-
ohydrates were determined by subtraction of the percentages
f water content, ash, crude protein and fatty materials, to one
undred percent of sample. Additionally, color parameters of all
he flours were obtained by a Colorimeter Macbeth model Color-
ye 2445 using CIE LAB scale, water activity (aw) of the flours
ere determined using a psychrometric aw meter Aqualab Cx-2
Decagon Devices, Pullman, USA) previously calibrated with water
t 25 ◦C and morphology of the granules were also determined. This
atter determination was performed by optical microscopy with
nd without polarized light [60,61].
gical Macromolecules 82 (2016) 395–403

2.4. Film formation

Biodegradable films containing 2% w/v of either native or mod-
ified flour, 1.9% w/v  glycerol and 500 mL  distilled water were
prepared following the methodology described by Gutiérrez et al.
[17–20]. In the case of the films with incorporation of beet flour,
this was  added 10 min  before the end of the process of obtaining the
film forming solution (FFS), this in order to preserve the pigments
of the beet, and give the opportunity of a homogeneous inclusion
in the FFS. The incorporated quantity of beet flour was  of 4% with
respect to plantain flours used. The gel obtained was  poured into
stainless steel trays 40 cm × 30 cm,  and dried in a Mitchell dehydra-
tor (Model 645 159) for 24 h at 45 ◦C. The resulting thermoplastic
starch films: native plantain flour (TPS-NPF), native plantain flour
with incorporation of beet flour (TPS-NPFB), phosphated plantain
flour (TPS-PPF) and phosphated plantain flour with incorporation of
beet flour (TPS-PPFB) were then carefully removed from the casting
molds. Before characterization, the films were conditioned at ∼57%
relative humidity (RH) for a week at 25 ◦C.

2.5. Characterization of the films

2.5.1. Determination of film thickness
The thickness (e) of the films was  determined at 18 random pos-

itions using a digital micrometer (Micromaster®, Mitutoyo, USA)
with an accuracy of 0.001 mm.  The results were used for the deter-
mination of the tensile properties.

2.5.2. Water solubility
Water solubility was measured according to Romero-Bastidas

et al. [24] using the modification proposed by Hu et al. [62]. For
this, were weighed ∼0.5 g of the films and were carried to an oven
at 100 ◦C for 24 h. This is to obtain the initial dry matter. Next,
the samples were immersed in 50 mL distilled water during 24 h
at 25 ◦C. After, the water content was  removed to dry the samples
in an oven (100 ◦C for 24 h) to determine the final weight of the dry
matter. Solubility is reported as the difference between the initial
and final dry matter with respect to initial dry matter.

2.5.3. Scanning electron microscopy (SEM)
The films were cryofractured by immersion in liquid nitrogen,

mounted on bronze stubs and sputter coated with a thin layer of
gold for 35 s. The fracture surface of each material was analyzed
using a Philips XL series 30 (Amsterdam, The Netherlands) scanning
electron microscopy.

2.5.4. Contact angle
Contact angles were determined using a USB Digital Microscope

(model DIGMIC200X, Perkin, China) equipped with Image Analysis
Software 220X 2.0MP video, with 0.01◦ precision. A drop of distilled
water (2 �L) was  placed on the surface of each material. The contact
angles (�) were calculated by analyzing the images to determine the
angle formed by the intersection of the liquid-solid interface (drop
of water-surface of the film) and the liquid-vapor interface (tangent
to the boundary of the drop) [63].

Contact angles were determined at a temperature of 25 ◦C and
measured on the side of the surface exposed to the drying air during
the film preparation. Measurements were taken just at the moment
when the drop of water came into contact with the film surface.
This was  done in order to avoid false results caused by phenomena

such as dehydration, swelling and dissolution [64]. A total of 12
contact angles were measured per film discarding two  maximum
and minimum values in each case. Thus, the mean and standard
deviation of 8 measurements was reported.
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Table  1
Chemical composition on dry basis of the flours used.

Parameter Native plantain flour (%) Phosphated plantain flour (%) Beet flour (%)

Moisture 9.3 ± 0.3 8.6 ± 0.6a 8 ± 1a

Total protein 2.62 ± 0.05b 1.00 ± 0.03a 10.3 ± 0.9c

Crude fat 0.37 ± 0.09b 0.081 ± 0.009a 0.66 ± 0.03c

Ash 2.41 ± 0.03b 0.81 ± 0.04a 8.2 ± 0.2c

Crude fiber 0.297 ± 0.002a 0.36 ± 0.06b 5.1 ± 0.4c

Total carbohydrates 85.3 ± 0.3b 89.5 ± 0.6c 68.0 ± 0.1a

Apparent amylose 24 ± 1c 10 ± 1b 0 ± 0a

Total sugars <1.3 <1.3 15.7 ± 0.4a

Phosphorus 0.019 ± 0.001a 0.022 ± 0.001b 0.070 ± 0.007c
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imilar superscript letters in the same row indicate no statistically significant differ

.5.5. Uniaxial tensile strength
The mechanical properties were measured using a universal test

achine (Instron Ltd., High Wycombe, UK) and following the norm
SO 527-2 [65]. Equilibrated samples (15 per formulation) were

ounted in the film-extension grips of the testing machine and
tretched at a rate of 0.02 in/sec until breaking. The relative humid-
ty of the environment was maintained at nearly 57% during the
ests, which were performed at 25 ◦C.

The force-distance curve obtained in the tests was transformed
nto stress-strain curves, which allowed to obtain the following
arameters: Young’s modulus (E), maximum stress (�m), strain at
reak (εb) and toughness (T).

.5.6. Response to pH changes
In order to observe the response of the films front to pH changes,

amples of each system developed were placed in solutions of pH
qual to 1, 7 and 13, elaborated from NaOH and HCl. The response
f the materials was evaluated from the images photographed with

 Cyber-shot Sony camera, model DSC-H3 (Tokyo, Japan) with 8.1
ega pixels [66].

.6. Statistical analysis

The analysis of data was performed through the analysis
f variance (ANOVA) using the Statgraphics Plus 5.1. software
ManugisticsCorp., Rockville, MD). Fisher’s least significant differ-
nce (LSD) procedure was used at the 95% confidence level.

. Results and discussion

.1. Characterization of the flours used for the formation of the
lms

Table 1 shows the moisture content of the flours employed.
s can be observed, the values obtained for plantain flours and

eet flour were within the range reported for a lifespan stable for
oth flours [67]. However, no statistically significant differences
p ≥ 0.05) were observed in moisture content between the plantain
ours. Similar results were reported by Gutiérrez et al. [61], Pérez

able 2
ater activity (aw) and color parameters of the flours used.

Parameter Native plantain flour 

aw 0.430 ± 0.002b

L 88.77 ± 0.01c

a 1.51 ± 0.01a

b 17.11 ± 0.01c

Color differences (�E) 16.41 ± 0.01b

Whiteness Index (WI) 79.48 ± 0.01b

Yellow Index (YI) 33.10 ± 0.02b

he values are the average of three determinations, similar letters in the same row indica
0.0022 ± 0.0001b 0.0073 ± 0.0007c

(p ≤ 0.05).

et al. [68] and Sívoli et al. [69], for phosphated starches of different
sources amylaceous.

The crude protein content was relatively low in the native and
modified plantain flours, between 1.00% and 2.62% (Table 1). The
reduction of the 50% of crude protein content was  recorded for the
modified plantain flour, possibly this has been due to the leaching of
the proteins during the modification of the flour [61]. So the same,
the beet flour had a protein content (10.3%), an order of magnitude
greater than plantain flours [70].

The crude fat content in the modified plantain flour was  signifi-
cantly (p ≤ 0.05) lower compared to native plantain flour (Table 1).
These small variations in the content of fatty material could influ-
ence in the plasticity of the edible films [61].

The fiber content in modified plantain flour was increased
around of 20%, possibly as result of the leaching of proteins and
fatty material during the modification. Likewise, higher values of
crude fiber were found in beet flour (5.1%). This result was expected,
considering the studies found in the literature [41,42,45].

As expected, phosphorus content and degree of substitution
(DS) in modified flour was increased; all values of DS reported were
within the range approved by the FDA [52].

The beet flour revealed a total sugars content of about 15.7%,
this high total sugars content was  verified with results previously
reported [40,43,44]. In the case of the native and phosphated plan-
tain flours, total sugars resulted less than 1.3%, this being consistent
with the values obtained by Pérez-Sira [71] in native plantain
flour.

The apparent amylose content of the modified plantain flour
decreased about of the 50% as result of the cross-linking of the amy-
lose. This behavior would correspond with the results obtained of
DS: a greater value of DS showed a lower apparent amylose con-
tent. In the case of beet flour, it can be presumed that no contain
starch, since the apparent amylose content was of 0% [72].

Table 2 shows the values of water activity (aw) of the flours used.
A direct relationship between moisture content and aw was found,
confirming that the flours used are not susceptible to the growth

of molds and yeasts.

Color parameters were evaluated, being determined the lower
values of L for beet flour. Therefore, it can say that is a dark flour
compared to plantain flour (Table 2). The greatest value of the

Phosphated plantain flour Beet flour

0.318 ± 0.001a 0.500 ± 0.001c

84.93 ± 0.02b 33.45 ± 0.01a

1.81 ± 0.01b 33.98 ± 0.02c

7.07 ± 0.02b 3.13 ± 0.04a

10.54 ± 0.01a 69.45 ± 0.02c

83.26 ± 0.01c 25.21 ± 0.02a

16.00 ± 0.04a 82.1 ± 0.1c

tes non-significant differences (n = 3, p ≤ 0.05).
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Fig. 1. Optical micrographs of the granules of: (a) native plantain flour and (c) phosphated plantain flour, at 50× of magnification; (e) Optical micrographs of beet flour at
2 n flou
f associ
b

p
d
t
d
t
o
b

p

0×  of magnification. Optical micrographs with polarized light of: (b) native plantai
ragments belonging to the wall of the sclerenchyma of the beet and (h) cellulose 

lack  arrow indicate possible particles of fibrous material.

arameter a was obtained for beet flour, indicating a natural ten-
ency toward the red color, own of the coloring of the pigments of
his tuber. So the same, the highest value of the parameter b was
etermined for native plantain flour, this would indicate a tendency
oward yellow color, that would be associated with the carotenoids

f the plantain, and that are lost by leaching during modification
y phosphation.

The minor color difference (�E) was determined in modified
lantain flour. Again, this result may  be related with the loss of
r, (d) phosphated plantain flour, (f) betalain crystal obtained of beet flour, (g) lignin
ated to the wall of the cell parenchyma of the beet, at 20× of magnification. In (d)

pigment during the modification, which increased the whiteness
index (WI) and decreased the yellow index (Yl).

In Fig. 1a–d, it can be seen the images of starch granules con-
tained in native and modified plantain flours observed by optical
microscopy with and without polarized light. Both flours pre-

sented starch granules of elongated and longitudinal oval shape
with irregular sizes and within the range reported in the litera-
ture: 10–50 �m [71,73]. However, the starch granules contained in
modified plantain flour (Fig. 1c and d) have a slight increase in grain
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Table  3
Thickness (e), solubility and contact angle of the different films.

Parameter TPS-NPF TPS-NPFB TPS-PPF TPS-PPFB

e (mm) 0.20 ± 0.03a 0.22 ± 0.02a 0.24 ± 0.08a 0.28 ± 0.01b,a

Solubility (%) 52.5 ± 0.6a 53.5 ± 0.1b 53 ± 2a,b 54 ± 5a,b

Contact angle (◦) 42 ± 2b 42 ± 3b 39 ± 2b 27 ± 2a
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qual letters in the same row indicate no statistically significant differences
p  ≤ 0.05).

ize. Similar results have been reported by Gutiérrez et al. [61] in
hosphated starches of cassava and dark-cush-cush yam. Addition-
lly, in Fig. 1d was observed that the crystallinity of the starch is
aintained, since the cross of Malta was not altered by the modi-

cation performed, i.e. that the modification did not cause drastic
hanges on the crystalline structure of the starch. In said figure, also
as possible observe fibers particles contained in modified plantain
our, which could be related with the increase of crude fiber con-
ent in this flour, since the leaching of proteins, fats and pigments
uring the modification of the plantain flour, allowing the relative

ncrease in crude fiber content. Fig. 1e–h shows the images of light
icroscopy of beet flour. In Fig. 1f was observed a betalain crystal

hat has crystallized and grown up, after of the loss structural of the
arenchyma of the cells of the beet (Fig. 1h). It was  also possible to
etect lignin fragments belonging to the wall of the sclerenchyma
f the beet (Fig. 1g) and cellulose associated to the wall of the cell
arenchyma of the beet (Fig. 1h).

.2. Characterization of the films

.2.1. Thickness
Table 3 shows the thicknesses of the different systems stud-

ed. It can be seen that the films made from phosphated plantain
our (TPS-PPF) and phosphated plantain flour with incorporation
f beet flour (TPS-PPFB), resulted be thicker than native plantain
our-based films (TPS-NPF and TPS-NPFB). Pérez et al. [68] reported

 significant increase in the thickness of cross-linked starch-based
lms derived from Dioscorea trífida.  So the same, Gutiérrez et al.
18,20] have reported that the increasing of the thickness in the edi-
le films is due to the higher interaction starch-plasticizer during
elatinization.

On the other hand, a trend in the increase of the thickness
as observed when beet flour was incorporated in the matrix

TPS-NPFB and TPS-PPFB). This increase could be ascribed to two
henomena: (1) to the particles of cellulose and lignin (fiber) that
re contained in beet flour, and that are occluded in the polymer
atrix [26,74], and (2) to the proteins and sugars associated to beet

our that are compatible with the plantain flours, i.e. it would be
stablished hydrogen bonding interactions between the plantain
ours and the sugars, and between the plantain flours and proteins
ontained in beet flour. This last would justify the more pronounced
ncrease in the thickness of films made from phosphated plantain
our with incorporation of beet flour (TPS-PPFB), respect of the
laborated from native plantain flour with incorporation of beet
our (TPS-NPFB). Therefore, is could establish that the sugars and
roteins contained in beet flour have better hydrogen bond inter-
ction with phosphate groups incorporated in modified plantain
our, in contrast with native plantain flour.

.2.2. Water solubility
Table 3 shows the water solubility values of the different

ystems studied at 25 ◦C. Both native plantain flour-based films

TPS-NPF and TPS-NPFB) showed a slight tendency to decrease its
ater solubility compared to the samples elaborate from phos-
hated plantain flour (TPS-TPP and TPS-PPFB); however, these
ifferences were not significant (p ≥ 0.05). This tendency possibly
gical Macromolecules 82 (2016) 395–403 399

is due to phosphates groups incorporated in the modified plantain
flour that increased the polar character of the films. In a previous
study, Gutiérrez et al. [20] found that films made from cross-linked
starch were more hydrophilic than native starch-based films. Addi-
tionally, these results agree with the trend reported by Pérez et al.
[68] for native and phosphated D. trifida white starch based edi-
ble films. Other similar results were provided by Garcia-Tejeda
et al. [16], where it can see that the films elaborated from oxidized
banana starch increased its water solubility compared to native
banana starch-based films. So the same, Pitak and Rakshit [28]
reported similar solubility values for films made with mixtures of
plantain flour and chitosan.

In the same way, it can be seen that the incorporation of beet
flour to evaluated films produced an increase in water solubility,
being significant after of the modification of the flour. This would
be related with the sugars contained in beet flour, which confer to
the films a more polar character.

According to Romero-Bastidas et al. [24], the solubility of the
edible films provides an indication of integrity of the material in an
aqueous medium, so that higher values of solubility indicate a lower
water resistance. However, edible films with high values of water
solubility, have been proposed for its application as vehicle of bioac-
tive substances, since easily dissolve in the mouth [75]. Whereby,
it can establish that all films evaluated, in this work represent an
excellent biomatrix that can serve as vehicle of food additive.

3.2.3. Scanning electron microscopy (SEM)
Fig. 2 shows the SEM images of the cryo-fracture surfaces of

the different films. It can be seen that the films produced are
non-porous. All systems have compact structures, although this
resulted to be more marked in the phosphated plantain flour-
based films (Fig. 2c and d), where the white strokes or lines that
divide the dark areas seem to form dark regions closer [76]. Similar
structures have been reported in cassava starch-protein films by
Saavedra and Algecira [77], and in studies of cassava-glycerol films
by Gutiérrez et al. [18] and García et al. [78]. This pattern is prob-
ably produced by the amylose present in the systems evaluated
[79–81]. Likewise, Fig. 2a and b shows a higher density of white
lines, which may  be areas where occurs the build-up of the stress
[76].

It may  also be indicated that all the films studied evidenced
insoluble particles, which may  be associated with fibrous material,
since these particles is located within the films. However, a higher
content of fiber particles were observed in phosphated plantain
flour-based films (Fig. 2c), compared to films made from native
plantain flour (Fig. 2a). These results would be adjusted with the
chemical composition of the flours used.

3.2.4. Contact angle
Table 3 shows the results of contact angle of the films stud-

ied. Native plantain flour-based films (TPS-NPF and TPS-NPFB)
presented the higher values of this parameter although not sig-
nificantly (p ≥ 0.05). In this regard, Ojagh et al. [82] indicate that it
is well known that the contact angle with the water is greater with
the increase of the surface hydrophobicity. So the same, Karbowiak
et al. [63] have indicated that the increase of the contact angle with
water in biopolymer materials could be due to a strong hydrogen
bond inter-molecular by below of the surface of the film, i.e. the
more polar sites (Lewis sites) would be affected, thus generating a
reduction in the surface polarity of biopolymer-based films. Taking
this into account, is possible assert that the surface of native plan-
tain flour-based films (TPS-NPF and TPS-NPFB) is less moisturized

because it does not have enough energy to break the cohesive force
of water [83].

Considering the results shown in Fig. 3, TPS-NPF and TPS-NPFB
present a surface more hydrophobic than phosphated plantain
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be interrupted, yielding “dangling hydrogen bonds”. These dan-
gling hydrogen bonds have been theoretically predicted [84] and
resolved by spectroscopically from hydrogen bonds in bulk water
[85–87]. Whereby, the increase in the contact angle between the
ig. 2. SEM micrographs of the cryogenic fracture surface of the films based on: (a)
TPS-NPFB), (c) phosphated plantain flour (TPS-PPF) and (d) phosphated plantain fl
ndicates  possible particles of fibrous material.

our-based films (TPS-TPP and TPS-PPFB). This would correspond
ith the observed in the SEM images (Fig. 2a and b), since a
ydrophobic surface requires of Lewis sites for to be wetted [83];
nd in the case of the films made from native plantain flour (higher

mylose content) presented a closed structure, thus forming a
hysical impediment to be wetted.

Interestingly, such a water structure requires that the hydrogen-
ond network of water directly adjacent to a non-polar surface

ig. 3. Contact angle of the films: (a) native plantain flour (TPS-NPF), (b) native
lantain flour with incorporation of beet flour (TPS-NPFB), (c) phosphated plantain
our (TPS-PPF) and (d) phosphated plantain flour with incorporation of beet flour
TPS-PPFB).
 plantain flour (TPS-NPF), (b) native plantain flour with incorporation of beet flour
ith incorporation of beet flour (TPS-PPFB). At 10k× of magnification. Black arrow
0 10 20 30 40 50 60

0.0

0.4

0.8

1.2

1.6

2.0

(d)(b)(c)

σ 
(Μ
P
a)

ε (% )

(a)

(a) TPS-NPF

(b) TPS-NPFB

(c) TPS-PPF

(d) TPS-PP FB

Fig. 4. Stress (�)–strain (ε) curves of the films based on: (a) native plantain flour
(TPS-NPF), (b) native plantain flour with incorporation of beet flour (TPS-NPFB),
(c) phosphated plantain flour (TPS-PPF) and (d) phosphated plantain flour with
incorporation of beet flour (TPS-PPFB).
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hydrogen bond interactions between the starch contained in the
plantain flours, and the sugars and proteins. Therefore, beet flour
may  be recommended in films that require a more flexibility.

Table 4
Parameters of the uniaxial tensile strength tests: Young’s modulus (E), maximum
stress (�m), strain at break (εb) and toughness (T).

Material E (MPa) �m (MPa) εb (%) T (×105) (J/m3)

TPS-NPF 2.7 ± 0.7a 1.0 ± 0.1a 49 ± 2a 3.0 ± 0.1a

TPS-NPFB 3.3 ± 0.1a 1.14 ± 0.03a 53 ± 1b 3.6 ± 0.1b
Fig. 5. Response of the films ev

urface and water would be the manifestation of the dangling
ydrogen bonds in native plantain flour-based films.

Conversely, phosphated plantain flour-based films presented
ower contact angle. This behavior was possibly due to the addi-
ion of phosphates groups that strengthened the polar character
f the surface, thus increasing the density of Lewis sites in the
urface. These sites located in the surface of phosphated plantain
our-based films would approach to the hydrogen bond network in
ater, thus competing with the cohesive forces, leading to the col-

apse of water structure on the hydrophilic surface, thus decreasing
he contact angle.

Additionally, the incorporation of beet flour in the systems eval-
ated (TPS-NPFB and TPS-PPFB) tended to decrease the contact
ngle as a consequence of the polar character of the sugars con-
ained in beet flour.
.2.5. Uniaxial tensile strength
The stress-strain curves of each developed films are shown

n Fig. 4. A small elastic linear zone was observed followed by a
on-linear zone until breaking point, regardless of the flour used.
d at different conditions of pH.

In case of the films with the incorporation of beet flour (TPS-NPFB
and TPS-PPFB), it was observed a significant increase in the strain
at break, demonstrating a plasticizer effect by part of this flour
(Table 4). This would confirm that proteins and sugars contained
in beet flour would act as plasticizers, possibly due to the strong
TPS-PPF 5.8 ± 0.2b 1.4 ± 0.1b 44 ± 4a 3.8 ± 0.1b

TPS-PPFB 3.4 ± 0.1a 1.3 ± 0.1b 55 ± 6b 4.3 ± 0.1c

Equal letters in the same column indicate no statistically significant difference
(p  ≤ 0.05).
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imilar results have been reported by Talja et al. [88], in films made
rom potato starch plasticized with various polyols. So the same,
ll the films evaluated lengthened almost the double than plantain
our-based films (M.  paradisiaca) reported by Pelissari et al. [26],
his probably due to the variety of the amylaceous source and the

anufacturing process of the films.
Moreover, considering that the modification by phosphation

educed the content of lipids and proteins in modified plantain
our, this possibly caused the slight decrease in the elongation
f the films made from phosphated plantain flour (TPS-PPF), this
ith respect to the native (TPS-NPF). Although no statistically sig-
ificant differences (p ≥ 0.05) were observed between TPS-NPF and
PS-PPF. Pelissari et al. [26] reported a similar phenomenon in films
ade from starch and flour of plantain (M.  paradisiaca).
Likewise, higher elasticity values have been associated with

ore compact structures [18,77]. This is consistent with the SEM
mages obtained for the films made from modified plantain flour

ith the incorporation of beet flour (Fig. 2d).
In the case of native plantain flour-based films, the addition of

eet flour did not lead to significant changes in Young’s modulus
nd maximum stress; while that beet flour in phosphated plantain
our-based films caused a decrease of Young’s modulus of about
0%, this being consistent with the increase in the elongation of
his material [89], and with its plasticizer character (Table 4).

Likewise, since that the modification of the plantain flour
ncreased fiber content in this biomatrix, this caused a positive
ffect in the significant increase (p ≤ 0.05) of Young’s modulus and
aximum stress of phosphated plantain flour-based film (TPS-

PF), this compared to native plantain flour-based film (TPS-NPF).
his because the fibrous material creates a reinforcement within
he polymeric structure [38].

Overall, the results of the mechanical tests showed that the
oung’s modulus of the samples ranges from 2 to 5 MPa. Whereby,
he films obtained are less rigid compared to the films made Gutiér-
ez et al. [18] from cassava and cush-cush yam starches; this even
sing the same methodology. Similarly, more rigid films based on
lantain flour (M. paradisiaca) of another variety were reported by
elissari et al. [26]. For this reason, the films obtained are some
ecommended for food packaging that requires a higher elastic
odulus.
Moreover, the incorporation of beet flour increased the tough-

ess in the films evaluated with respect to its analogous without
ncorporation of this flour. This would be very useful, since these
lms would absorb more energy without being transmitted to a

ood, this could minimize the damage caused by blows in the foods
uring transport and storage.

.2.6. Response to pH changes
Fig. 5 shows the images of the response of the films evalu-

ted at different pH. It was observed that films that contained beet
our (TPS-NPFB and TPS-PPFB) color change in alkaline medium,
his due to the pigment found in beet flour (betalains). However,
he response was more rapid when was employed as biomatrix
he native plantain flour. This would confirm that the interaction
etween the native plantain flour and the beet flour is weaker that
he produced between the phosphated plantain flour and the beet
our. Likewise, these intelligent films could be applied in products
f fishery, since the histamine production as result of microbial
rowth would act of alkaline medium, causing a color change in
he films with incorporation of beet flour, which could indicate the
oss of the quality in this food type.
. Conclusions

The modification of the plantain flour reduced the lipid, pro-
ein and amylose content, and increased the degree of substitution

[

[

gical Macromolecules 82 (2016) 395–403

by phosphation and the fiber content. The granule size of the
phosphated plantain flour increased slightly as result of the modifi-
cation. However, the granular structure of the phosphated plantain
flour no evidenced structural damage. It was also evidenced that
the use of beet flour improved the hydrogen bonding interactions
as result of plasticizer effect of the sugars and proteins contents in
beet flour, which led to the decreased of contact angle, and to the
increase of the solubility and the thickness of the films. Similarly,
a more open and compact structure has been linked with the plas-
ticizing effect of the sugars contained in beet flour, since is well
known that plasticizer effect of the sugars allow to obtain similar
structures. Finally, the response to pH changes in the intelligent
films made from phosphated plantain flour with incorporation of
the beet flour was slower, which confirmed a greater interaction
between the betalains and modified plantain flour. Therefore, this
limited its response to pH changes in alkaline medium, but caused
a positive effect on the flexibility of these films.
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