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In scientic research, dissemination of the acquired knowledge plays a primordial role. Research 

results that remain conned to laboratory reports and are not published lose their essence, their very 

reason for being. It is the duty of the researchers to disseminate and make accessible to society the 

scientic and technological advances they have achieved. That, which is not published, does not 

transcend, does not contribute to universal knowledge, which, eventually, should help to resolve the 

natural and social problems facing us in the present century.  

A scientic article is an efcient way to let interested readers access the research results. Specialized 

scientic journals fulll the purpose of disseminating the knowledge generated in Higher Education 

Institutions and Research Centers, aimed at facilitating the access to knowledge by the society that, 

together with other factors, will enhance the quality of life of the population. 

The Colegio Mexicano de Ingenieros Bioquímicos (Mexican Association of Biochemical Engineers), 

convinced of the relevance of disseminating scientic and technological knowledge, has pursued to edit 

the international digital scientic journal: JOURNAL OF BIOENGINEERING AND BIOMEDICINE 

RESEARCH (JBBR).

JBBR is a multidisciplinary journal that publishes recent and relevant scientic and technological 

advances within the realm of Biochemical Engineering and Biomedicine. JBRR is a peer-reviewed 

journal that published original research, review articles, short communications, meta-analyses, case 

studies, and papers presented at National and International Meetings of Biochemical Engineering, 

which will be published in special numbers as supplements of JBRR. 

We hope that this rst issue will mark the start of a successful peer-reviewed journal that will become 

consolidated in time and reach an international and national scientic and technological impact in the 

areas inuencing Bioengineering and Biomedicine. JBRR will always have place for relevant and 

pioneering research. 

In this rst issue we want to thank the support and condence granted by the investigators that have 

sent their articles for review and publication in JBRR and with great pleasure do we welcome all those 

that read the journal and would like to collaborate in this academic and scientic activity.

 Deilia Ahuatzi-Chacón, PhD.
Rosa María Ribas-Aparicio, PhD.

Editors

EDITORIAL



En el quehacer de la investigación cientíca, la difusión juega un papel primordial. Los productos de 

investigación que se quedan connados en los informes de laboratorio y que no se dan a conocer, 

pierden su esencia, su razón de ser. Es un deber de los propios investigadores difundir y hacer 

accesibles a la sociedad los avances cientícos y tecnológicos alcanzados. Lo que no se difunde no 

trasciende, no contribuye con el conocimiento universal que nalmente deberá ayudar a resolver los 

problemas naturales y sociales a los que nos enfrentamos en el presente siglo.

Un artículo cientíco es una forma eciente de poner a disposición de los lectores interesados, los 

resultados de la investigación. Las revistas cientícas especializadas cumplen con el propósito de 

difundir el conocimiento generado en Instituciones de Educación Superior y Centros de Investigación, 

con la idea de facilitar a la sociedad el acceso al conocimiento; que, aunado a otros factores, permita 

elevar la calidad de vida de la población.

El Colegio Mexicano de Ingenieros Bioquímicos, convencido de la importancia de la difusión cientíca y 

tecnológica, se dio a la tarea de editar la revista cientíca electrónica internacional: JOURNAL OF 

BIOENGINEERING AND BIOMEDICINE RESEARCH (JBBR).

El JBBR es una revista multidisciplinaria que publica conocimientos recientes y relevantes en el campo 

de interés de la Ingeniería Bioquímica y la Biomedicina. JBBR es una revista arbitrada que publica 

artículos de investigación original, artículos de revisión, comunicaciones cortas, meta-análisis, casos de 

estudio y trabajos presentados en los Congresos Nacionales e Internacionales de Ingeniería 

Bioquímica, que se publicarán en números especiales como suplementos del JBBR.

Deseamos que este primer número marque el inicio de una revista arbitrada exitosa, que con el tiempo 

logre consolidarse y alcanzar un importante impacto cientíco y tecnológico, nacional e internacional, 

en las áreas que inciden en la Bioingeniería y la Biomedicina. En JBBR siempre tendrá cabida la 

investigación de frontera y de calidad. 

En este primer número queremos agradecer el apoyo y conanza que nos han brindado los 

investigadores que han enviado sus artículos para su revisión y publicación en JBBR, y damos con gran 

gusto la bienvenida a todos aquellos que lo lean y quieran colaborar en esta actividad académica y 

cientíca. 

 

Dra. Deilia Ahuatzi-Chacón 
Dra. Rosa María Ribas-Aparicio

Editoras

EDITORIAL
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Research article

Development and characterization of edible films made 
from blends of whey protein isolated (WPI) and whey 
protein concentrate (WPC)
Montecillo-Puertos Rosario1, Nicolás-Bermúdez Jesús1, Arzate-Vázquez Israel*2, Chanona-
Pérez José Jorge1, Méndez-Méndez Juan Vicente2

1Departamento de Ingeniería Bioquímica, Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional, 
Prolongación de Carpio y Plan de Ayala s/n Col. Santo Tomás, C.P. 11340.  Ciudad de México, México.
2Centro de Nanociencias y Micro y Nanotecnologías, Instituto Politécnico Nacional, Luis Enrique Erro s/n, Unidad 
Profesional Adolfo López Mateos, Col. Zacatenco, C.P. 07738, Ciudad de México, México.

Corresponding author: iarzate@ipn.mx 

Abstract. Edible films are defined as thin layers that are placed on foods to prolong their shelf life and are 
made from biomolecules such as proteins. Some of the most commonly used proteins are whey protein 
isolate (WPI) and whey protein concentrate (WPC). In the literature there are studies about the fabrication 
of WPC and WPI films used individually or in combination with other compounds, however there are 
not research made using the combination of both proteins. Therefore, the objective of this work was to 
develop and characterize WPI edible films blended with different proportions (25, 50 and 75% v/v) of 
WPC, in order to study the physicochemical and microstructural properties of the blend. Visually, the 
blends show good transparency, homogeneity and structural integrity. The increment of WPC in the mixture 
influences the physicochemical properties, showing a significant increase in moisture content, solubility 
and water absorption capacity. Also it was found a drastic effect on the coloration of the films related to 
the addition of WPC. In the microstructural analysis, it was found that the surfaces of the films had not 
pores or cracks and exhibiting a continuous and densely packed structure. In conclusion, the results of the 
water permeability vapor are useful to propose applications of these mixtures as coatings or edible films 
for specific environmental conditions and to establish time consumption of the product based on the rate of 
ripening. 

Resumen. Las películas comestibles son definidas como capas delgadas que se colocan sobre los alimentos 
para prolongar su vida útil y se fabrican a partir de biomoléculas tales como proteínas. Algunas de las 
proteínas más utilizadas son el aislado de proteína de suero (WPI) y el concentrado de proteína de suero 
(WPC). En la literatura hay estudios sobre la elaboración de películas de WPC y WPI individualmente o 
mezcladas con otros compuestos, sin embargo no hay trabajos en los que se mezclen ambos. Por lo que, el 
objetivo de este trabajo fue elaborar y caracterizar películas comestibles de WPI mezcladas con diferentes 
proporciones (25, 50 y 75% v/v) de WPC, para estudiar el efecto en sus propiedades físico-químicas y 
microestructurales. Se obtuvieron películas transparentes, homogéneas y de buena integridad estructural. 
La adición de WPC influyó significativamente en las propiedades fisicoquímicas, mostrando un aumento 
significativo en el contenido de humedad, solubilidad y capacidad de absorción de agua. También se observó 
un efecto drástico sobre la coloración de las películas en función de la adición de WPC. Con respecto al 
análisis microestructural, se encontró que las superficies de las películas no tenían poros o grietas y exhibían 
una estructura continua y densamente compacta. En conclusión, los resultados de permeabilidad al vapor 
de agua podrían ser útiles para proponer aplicaciones de estas mezclas como revestimientos o películas 
comestibles para condiciones ambientales específicas y para establecer el consumo de tiempo del producto 
en base a la velocidad de maduración.

Keywords. Edible films, WPC, WPI, physicochemical and microstructural properties
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INTRODUCTION

The development of edible films (PC) and 
edible coatings (RC) has received more 
attention in recent years due to the consumer’s 
demands for fresh and minimally processed 
products. Edible films has been used to 
maintain important sensory attributes such 
as taste, appearance, conservation of high 
nutritional values and safety.1,2,3 The thickness 
of an edible film generally lies within a range 
of 50 to 250 μm, while edible coatings are 
thinner than PC.4,5 PC and RC are made of high 
biomolecules weight obtained from natural 
sources, the weight provide a macromolecular 
matrix with good cohesive strength. The four 
major biopolymers sources are: animal origin 
(e.g. collagen/gelatin), marine origin (e.g. 
chitosan), agricultural origin (lipids, proteins 
and polysaccharides) and microbial origin 
(poly-lactic acid).6

Proteins are considered better oxygen barriers 
than many synthetic films. In the literature 
are several works that have focused on the 
incorporation of lipids in polysaccharide or 
protein matrices either as laminates or emulsion 
films, in order to improve the control of water 
vapor migration due to hydrophobic nature of 
lipids.7,8,9 The formulation of the edible films 
is based mainly on polysaccharides, proteins 
and lipids, which have been extensively 
studied. Lipid-based films have been shown 
to be good water vapor barriers; however 
such formulations have shown low strengths 
support (high cohesiveness). In contrast, 
protein and carbohydrate based films have 
good traction properties, but are poor water 
vapor barriers.10,11 Additionally, this type of 
materials has been used for the preparation of 
packages with biodegradable characteristics 
due to the nature of the biomolecules that make 
them (proteins, polysaccharides and lipids). 

The use of these biopolymers contributes to the 
care environment because these materials are 
by-product of waste from the food industry.12,13,14 
The main purpose of these systems is to control 
the mass transfer of various compounds between 
the inside and outside of the food, for example: 
to be selective barrier to the migration of 
moisture, oxygen (O2), carbon dioxide (CO2), 
aromatic compounds and lipids.15 Galietta et 
al. (2005)16 to extend the post-harvest life of 
tomatoes (Lycopersicon esculentum L. Var 
Coloso) developed a serum protein film with 
acetylated glyceryl monostearate to coat them, 
comparing the coated and uncoated fruits. In 
2008, Murillo Martínez17 added antimicrobial 
agents to whey protein isolate (WPI) films, to 
decrease the microorganism L. monocytogenes; 
achieving the inhibition of the microorganism by 
adding glucose oxidase. Rodríguez-Turienzo et 
al. (2011)18 made whey protein coatings adding 
with glycerol and sorbitol, to coat frozen salted 
salmon; with the purpose of preserving the quality, 
to diminish the loss of water and the oxidation of 
the lipids. There is a wide variety of edible films 
made with whey proteins (WPC and WPI) either 
alone or in combination with other compounds 
in order to improve their structural properties 
and to study their functionality, however, films 
made by mixing both components have not been 
developed. Therefore, the objective of this work 
was to develop and characterize WPI edible 
films blended with different proportions (25, 
50 and 75% v/v) of WPC, in order to study the 
physicochemical and microstructural properties 
of the blends.

MATERIALS AND METHODS 

Materials and reagents

Whey protein isolated (WPI, protein concentration 
greater than 90%) and whey protein concentrate 
(WPC, protein concentration greater than 80%) 
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were acquired from Functional Ingredients of 
México S.A. de C. V. (Mexico) and CyTECSA 
S.A. de C.V. (Mexico) respectively, for the 
preparation of the edible films. In order to 
improve the flexibility of the films, glycerol 
was used as plasticizer. Solutions of 0.1 N HCl 
and 0.1 N NaOH were used to adjust the pH 
of the film forming solutions and magnesium 
sulfate was used to adjust the relative humidity 
(RH) of edible films. All substances mentioned 
were acquired from Sigma-Aldrich (Toluca, 
Edo. de Mexico, Mexico). 

Film formation

For the preparation of the edible films, 10% 
(w/w) solutions of WPI and WPC were 
prepared. The solutions were made in distilled 
water and under constant slow stirring until 
the materials were completely dissolved 
following the method reported by Pérez-Gago 
and Krochta (2000).19 The solutions were 
heated to 80 ± 2°C for 30 min in water bath 
to achieve denaturation of the proteins and 
then cooled to room temperature for 1 h for 
the addition of glycerol to a ratio of 2.6 g of 
protein/1 g of glycerol. The solutions were kept 
under constant stirring for 1h. Subsequently, 
the solutions were degassed for 10 min with a 
rotary pump to remove the dissolved air from 
the solutions and thus to reduce the pores of the 
film when forming.20 To each formulation the 
pH was adjusted to 7 with the addition of 0.1 
N NaOH. Once the pure solutions of WPI and 
WPC were obtained, mixtures were developed 
at different proportions, which are shown in 
Table 1. Equal amounts of the mixtures of the 
film-forming solutions were placed in Petri 
dishes and dried in an oven at 40 °C for five 
hours. The films were then removed from the 
Petri dishes and stored in a desiccator at 25 ° 
C for 48 h at a relative humidity of 50 ± 3% 
(saturated magnesium sulfate solution).21

Table 1. Composition of filmogenic solutions to prepare the  
edible films from WPI and WPC.

Physicochemical determinations

Some physicochemical determinations were 
evaluated according to the methodologies 
reported by different authors: thickness, 
color, moisture content, solubility and water 
absorption capacity.22,23,24,25 In addition, the 
water vapor permeability (WVP) of the films 
was evaluated by the gravimetric method 
according to Protocol B of ASTM E96-80 
with some modifications for the case of edible 
films. All physicochemical determinations 
were measured in triplicate. In the case of 
thickness; five measurements were taken for 
each sample. 

Microstructural evaluation by microscopy 
techniques

In addition, the microstructural arrangement 
of the surface of edible films was examined 
using light microscope (BX51, Olympus, 
Japan), confocal laser scanning microscope 
(LSM 710, Carl Zeiss, Germany) and 
atomic force microscope (diMultimode V 
connected to a microcontroller diNanoscope 
V, Bruker, USA). Optical micrographs at 
10X amplification were captured in different 
locations in each of the samples and were 
stored in TIFF format. On the other hand, the 
distribution of the components of the edible 

Film com-
position

Nomencla-
ture

WPI 
Proportion 

(%v)

WPI 
Proportion 

(%v)
WPI WPI100 100 0

WPI/WPC WPI75 75 25
WPI/WPC WPI50 50 50
WPI/WPC WPI25 25 75

WPC WPI0 0 100
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films was examined applying the spectral 
channels mode (also called mode λ) with the 
confocal laser scanning microscope. The films 
were excited of three different wavelengths 
(405 nm, 488 nm and 561 nm) and three-
dimensional representations were formed from 
50 slices (images seen at 10X amplification). 
The emission spectra were stored. Finally, the 
topographic images (scan area of 15 x 15 µm2) 
in tapping mode were obtained with an atomic 
force microscope. The average arithmetic 
roughness (Ra) was estimated from the images 
obtained using the instrument software. For 
each of the microscopy techniques, at least five 
images were captured in different locations of 
three specimens of each film.

Statistical analysis

All measured parameters were expressed 
as mean ± standard deviation. Statistical 
comparisons were performed using one-
way ANOVA followed by a Tukey multiple 
comparison test with the SigmaStat v.3.1 
software (Systat Software, 2004, USA). The 
level of significance was considered when p 
≤ 0.05. The graphs were generated using the 
SigmaPlot v.7 software (SPSS Inc., 2001, USA).

RESULTS AND DISCUSSION

Visual aspect of the edible films

The blends obtained for the preparation of the 
edible films from the WPI and WPC solutions 
were fully compatible, no phase separation 
was observed during processing; which 
give rise to homogeneous films with smooth 
surfaces and apparently without the presence 
of pores or cracks. All the films made showed 
some degree of flexibility due to the presence 
of glycerol in the film-forming solutions. Pure 
whey protein isolate (WPI100) films turned 

out to be slightly sticky to the touch due to 
the migration of the glycerol to the surface 
of the film during the drying step. On the 
other hand, this effect was not present in the 
other films, which were easy to remove from 
the Petri dishes. Visually, the WPI100 films 
were colorless and as the WPC concentration 
was increased, the films acquired a yellow 
coloration due to the fat present in the WPC. 
All the films were transparent.

Physicochemical parameters evaluated

The thickness values in the edible films were 
in a range of 254.00±18.55 to 283.91±26.42 
μm and did not show statistically significant 
differences (p≥0.05). In general, the thickness 
of the films depends on factors such as the 
concentration of the film-forming solution, 
molecular weight of the biomolecules and 
geometry of the mold where they are made. 
The values obtained in this work are superior 
to those reported by Yanxia et al., (2011).26 
The differences in values are attributed to the 
fact that the conditions of preparation in the 
mentioned work were different.

The color of the edible films was measured 
and the values were expressed in the CIELab 
space, in addition, the color difference (ΔE) 
was calculated with respect to the calibration 
plate (Figure 1). In the values of ΔE can be 
observed that the WPI100 presented the lowest 
value (0.91±0.38) compared to the other films. 
This was because the film is transparent and 
colorless, so that when performing the color 
measurements it was practically measuring 
the color of the calibration plate of the 
colorimeter. It was also observed that the ΔE 
values were increased as a function of the 
degree of addition of WPC in the film-forming 
solutions and this is associated with the films 
acquiring a yellow coloration related to the 
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fat content. The ΔE values of all the films 
showed significant differences between them 
(p≤0.05). The ΔE parameter provides a correct 
measurement of the color difference given that 
it takes into account the three color parameters 
of the CIELab space: L * (brightness), a * 
(green-red) and b * (blue-yellow). Ramos et al., 
(2013)20 reported similar results with respect to 
the ΔE values for pure WPI films where they 
indicate that they are colorless, whereas films 
made of WPC have a slightly yellow color 
which is due to fat and phospholipids mainly. 

The moisture content was determined on the 
edible films after conditioning at a relative 
humidity of 50%. The results revealed that 
the WPI100 film exhibited the lowest moisture 
content value which was 30.86±0.62% and 
showed significant differences from the other 
films (p≤0.05).

Figure 1. Color difference (ΔE) measured in edible films. 
Different superscripts over the bars indicate significant 
differences between films (p≤0.05).

It was also noted that when the WPC content 
is increased, the percentage of humidity 
increases, where the WPI50 film showed the 
maximum value (38.60±0.14%). The increase 
in moisture content values is related to the 

addition of WPC containing lactose in its 
composition. Lactose is a compound that has 
a hydrophilic nature which causes more water 
molecules to be absorbed. However, in the 
WPI25 and WPI0 films a slight decrease in the 
values of the moisture content was observed 
and this may be associated to the fact that 
the fat content is higher and this prevents the 
absorption of water. The results obtained in 
this work are similar to those reported by other 
authors for films based on WPI and WPC. For 
example, Yanxia et al., (2011)26 report similar 
moisture content values for pure WPI films of 
32.40% and Khanzadi et al., (2015)27 reported 
lower values for pure WPC films of 7.32%. On 
the other hand, Ramos et al. (2013)20 found 
similar behavior where their WPI-based film 
presented significantly lower values than 
the WPC-made film; they attribute these 
differences to impurities (lactose, fats and 
ashes) in the WPC composition.

The solubility values of the edible films 
showed no significant difference between 
each of them (p≤0.05). In addition, it can be 
seen that the WPI100 film showed the lowest 
value (20.44±1.40%) and that the solubility 
values increased as a function of WPC 
content, reaching the highest value (38.38 
± 1.79%) corresponding to WPI0 film. The 
partial solubility of this type of films depends 
on the strong intermolecular bonds that are 
established between the amino acids of the 
proteins that make up the matrix. An example 
of strong bonds is the disulfide bridges that 
are formed during the heat treatment24. 
Therefore, the WPI100 film was the one with the 
lowest solubilization capacity due to strong 
intermolecular bonds in the polymer matrix, 
while in the WPC-containing films; the 
amount of bonds was lower due to the fact that 
the impurities like lactose, fat and minerals 
prevented their formation. 



JOURNAL OF BIOENGINEERING AND BIOMEDICINE RESEARCH (2017) 1:1-10

Copyright ©2017 COLEGIO MEXICANO DE INGENIEROS BIOQUIMICOS 6

The water absorption capacity values   of 
the WPI100, WPI75 and WPI50 films showed 
no significant difference (p≤0.05). On the 
other hand, a considerable increase of this 
physicochemical parameter was noticed in the 
films WPI25 and WPI0, being the last one that 
obtained the greater value in comparison with 
the other samples. The behavior found can be 
explained because the films containing WPC 
in their formulation have a greater amount 
of spaces in the structure due to impurities 
such as fat and lactose which interfere in 
the accommodation of the protein chains. In 
these generated spaces, water molecules can 
be better accommodated and it is because of 
this that higher water absorption values are 
obtained. The WPI100 film has a very compact 
structure which restricts the absorption of 
water in its structure.

The WVP results were calculated and are 
presented in figure 2. The WPI100 film presented 
the lowest permeability value (6.92 ± 0.45 g mm 
/ m2 h kPa) and it was observed that as the WPC 
content increased, the permeability values were 
increased. The WPV values of the films showed 
significant differences between them (p≤0.05).
The behavior obtained in the WPV results is due 
to the fact that the WPI100 film is a highly stable 
film because it has a polymer network strongly 
linked by covalent and non-covalent bonds. 
Consequently, having this type of structure 
densely packed, the interstitial spaces between 
molecules are considerably reduced which 
prevents the transport of water and gases, which 
translates into low diffusion rates. This behavior 
has been previously described by several authors 
such as Anker et al., (2002)9. Therefore, when 
WPC is added to the film-forming solutions, 
the packed structure is modified due to WPC 
impurities such as lactose and fat, generating 
more spaces in the film and thus facilitating the 
transport of water and gas molecules.

Figure 2. Effect on water vapor permeability (WPV) 
by the addition of WPC in edible films. Different 
superscripts over the bars indicate significant differences 
between films (p≤0.05).

Microstructural arrangement of edible films

As shown in figure 3, there is apparently no 
presence of fractures and pores on the surfaces 
of the edible films. However, it has observed 
the presence of particles on the surfaces. The 
WPI100 film presents a smaller amount of 
these particles on the surface. Probably these 
observed particles are proteins that were not 
fully solubilized during the process of forming 
the films or could also be particles composed of 
lactose or minerals from the WPC. Besides, in 
order to observe the internal structure and the 
probable distribution of the components of the 
edible films, the auto fluorescence of the samples 
was used by confocal laser scanning microscope. 
The fluorescence  emission spectra shown in 
figure 4, corresponding to pure films (WPI100 and 
WPI0) present 4 peaks at the same wavelengths 
(461 nm, 520 nm, 590 nm and 650 nm), however 
differences in intensities can be observed mainly 
at peaks at 590 and 650 nm for the WPI0.

These differences may be associated with 
the degree of purity and the differences in 
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composition of WPI and WPC, where WPC 
contains a greater amount of lactose and fat.

Also, three-dimensional representations were 
obtained from the captured slices (Figure 5). 
In general, through the 3D representations it 
was observed that the films have a continuous 
structure and densely packed. In addition, the 
presence of some pores was visualized on the 
surfaces of films containing WPC.

Figure 3. Image gallery of edible film surfaces made from 
WPI and WPC captured with an optical microscope at a 
10X amplification. WPI100 (a), WPI75 (b), WPI50 (c), WPI25 
(d) and WPI0 (e). Scale bar represents 150 µm.

Figure 4. Fluorescence emission spectra of pure films. 
WPI100 (only contains WPI) and WPI0 (only contains WPC).

In relation to the distribution of the WPI and WPC 
in the films, it was possible to differentiate the 
distribution of the two components, specifically 
in the WPI25 film containing higher proportion of 
WPC. The methodology proposed in this work 
was able to observe the internal structure of the 
edible films, as well as the probable distribution 
of the two components of the films (WPI and 
WPC). However, this methodology is not so 
accurate because both components contain the 
same type of protein, and the information can be 
spliced. It is proposed in the future to develop a 
methodology where the main whey components 
are labeled: proteins, lipids and lactose. If you 
can mark each of these components you could 
know the exact location and distribution of each 
on the edible films. For example, in the literature 
there are some works where edible films are 
made and some components of the formulations 
are marked to know how they are distributed 
throughout the films. Ma et al., (2012)28 made 
films composed of gelatin and olive oil, where to 
examine the distribution of olive oil proceeded to 
mark it with blue of Nile A.

Figure 5. Three-dimensional representations of the edible 
films obtained by confocal laser scanning microscope. 
WPI100 (a), WPI75 (b), WPI50 (c), WPI25 (d) and WPI0 (e).

On the other hand, to evaluate the topography in 
the films surface an atomic force microscope was 
used. A gallery of topographic 3D images of the 
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CONCLUSIONS  

Transparent and homogeneous edible films 
with adequate structural integrity were 
obtained. The addition of WPC to the films 
had a significant influence on the physico-
chemical properties, with a significant increase 
in moisture content, solubility and water 
absorption capacity. A negative effect on the 
water vapor permeability values   was observed 
when WPC was added to the film-forming 
solutions.

By optical microscopy analysis it was observed 
that the surfaces of the films had no pores or 
cracks and in addition some particles were 
observed on the surfaces of the films which 
may be impurities or fractions of proteins 
which were not completely solubilized. It was 
verified by confocal laser scanning microscopy 
that the films have a continuous structure and 
densely packed. Additionally, by the analysis 
with atomic force microscopy, it was observed 
that the roughness of the films increases when 
the content of WPC is increased.

The present work showed the effect of the 
addition of WPC to films based on WPI on 
some physicochemical and microstructural 
properties being the results obtained important 
because there are no studies or works in the 
literature that indicate such behavior. The 
results obtained could be useful to be able 
to propose applications either as coatings 
or edible films for specific environmental 
conditions.
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surfaces of the edible films is shown in figure 
6, where it is qualitatively observed that the 
WPI100 film exhibits a highly smooth surface. 
It can also be observed that when WPC is 
added to the formulation of the films they 
present rougher surfaces (WPI75, WPI50 and 
WPI25). As expected, the WPI0 film showed 
the highest values of Ra (37.70±8.22 nm), while 
the WPI100 film presented the lowest value 
for the same parameter evaluated (4.22±1.32 
nm) in scan areas of 15x15μm2. Intermediate 
values of Ra not to presented significant 
differences (p≥0.05) for the WPI75, WPI50 and 
WPI25 formulations. In the literature, Osés et 
al. (2009)29 reported Rq values for pure WPI 
films of 1.49 nm, but did not exactly indicate 
to which scan area was calculated. This value 
is slightly lower than the range of values that 
we report in this work. In addition, they report 
that by adding mesquite gum to WPI films, the 
roughness in the films is increased because of 
the interaction between the components.

Figure 6. Topographic 3D images gallery of surfaces of 
edible films made with blend of WPI and WPC. WPI100 

(a), WPI75 (b) WPI50
 (c), WPI25 (d) and WPI0 (e). The 

scanning area was 15 x 15 μm2.
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Physicochemical and functional properties of 
esterified banana f lours
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Abstract. In unripe banana flour, the high content (~80%) of resistant starch (RS), decrease to ~12% after 
cooking for 20 minutes in boiling water. The objective was to evaluate esterified banana flours (EBF) to 
different temperatures and reaction times and evaluate some physicochemical properties. RS, degree of 
substitution (DS) and amylose/amylopectin content were evaluated as well as functional properties, thermal 
properties (Tp and ΔH), and viscosity profiles of pastes using a Rheometer. Sixteen EBF were obtained with 
their duplicate. The higher contents of RS (78-81%) and DS (0.98-0.113) were obtained to 140 °C with 7 h 
and 9 h of reaction, respectively. The esterification decreased amylose content and increased the amylopectin 
content. In these flours, Tp was higher and ΔH was lower than native banana flour (NBF) without esterified 
with citric acid (CA); also showed low capacity absorption of water (CAW), and low solubility index (SI), 
and not changes in viscosity were observed throughout the heating-cooking-cooling process and RS was 
stable thermally after cooking for 20 minutes in boiling water. Banana flour with high RS content and stable 
thermally could be used as a functional ingredient to prepare products with low glycemic index (GI) and 
without gluten.

Resumen. En la harina de plátano inmaduro, el contenido alto (~80%) de almidón resistente (AR), 
disminuye a ~12% después de una cocción de 20 minutos en agua hirviendo. El objetivo fue evaluar 
harinas esterificadas de plátano (HEP) a diferentes temperaturas y tiempos de reacción y evaluar algunas 
propiedades fisicoquímicas. Se evaluaron los contenidos de AR, grado de sustitución (GS) y de amilosa/
amilopectina, así como propiedades funcionales, térmicas (Tp y ΔH), y perfiles de viscosidad de las pastas 
usando un Reómetro. Se obtuvieron 16 HEP con sus duplicados. Los contenidos más altos de AR (78-81%) 
y GS (0.98-0.113), se obtuvieron a 140 °C con 7 y 9 h de reacción, respectivamente. La esterificación 
disminuyó el contenido de amilosa e incrementó el contenido de amilopectina. En estas harinas, la Tp se 
incrementó y la ΔH fue menor a la harina nativa de plátano (HNP) sin esterificar con ácido cítrico (AC); 
también mostraron menor capacidad de absorción de agua (CAA) y menor índice de solubilidad (IS), no 
mostraron cambios de viscosidad durante el calentamiento-cocción-enfriamiento y el AR fue térmicamente 
estable después de 20 minutos de cocción en agua hirviendo. La harina de plátano con alto contenido de AR 
y térmicamente estable, podría ser utilizada como un ingrediente funcional para preparar productos de bajo 
índice glucémico (IG) y sin gluten.

Keywords. Banana flour, resistant starch, esterification. 
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INTRODUCTION 

Resistant starch (RS) is a type of fiber, it is 
defined as “the sum of starch and starch 
degradation products not absorbed in the 
small intestine of healthy individuals”, 
and it is fermented in the colon by colonic 
microbiota.1 RS has a low glycemic response, 
and foods containing RS reduce the rate of 
digestion, thus adding it as an ingredient to 
foods will help lower the overall glycemic 
index (GI).2 RS has positive impact in the 
microflora, glucose metabolism, prevent bowel 
inflammatory diseases and colorectal cancer, 
may retard growth and/or the development 
of neoplastic lesions in the colon, increase 
the crypt cell production rate, or decreasing 
colonic epithelial atrophy; also reduces 
serum cholesterol and triglycerides,2 prevents 
cardiovascular diseases and its functions are 
comparable to dietary fiber (DF).3 They are 
fermented in the large bowel by the intestinal 
microflora to produces short-chain fatty 
acids (SCFAC), i.e. mainly acetic, propionic 
and butyric acid. Butyric acid is largely 
metabolised by the colonocyte, and is the most 
import energy source for the cell.2 Unripe 
banana flour contains RS (~80%), available 
starch, DF, vitamins, lipids, proteins, and 
minerals. However, when BF is cooked during 
20 min, RS content decreases4 up to ~12%. 
Studies in corn starch have demonstrated that 
RS increased up to 78% when it was esterified 
with citric acid (CA) at 140 °C during 7 h 
of reaction; and it decreased only up to 68% 
when it was heated in boiling water (100 °C/30 
min).5 Therefore, esterification with CA and 
high temperature produced thermal resistance 
of the RS in corn starch. The objectives were 
increase RS content in unripe banana (Musa 
paradisiaca L.) flour by esterification with 
CA to high temperature and evaluate some 
physicochemical properties. 

MATERIALS AND METHODS 

Banana flour preparation 

From unripe-plantain´s pulp, native banana flour 
was obtained. The fruits (Musa paradisiaca 
L.) were purchased from the local market in 
Cuautla (Morelos, México); then were peeled 
and cut into 1 cm-slices and immediately rinsed 
in CA solution (0.3% w/v). The slices were 
dried at 40 °C during 24 h in a convection oven 
and subsequently ground using a commercial 
grinder (Mapisa Internacional, Distrito Federal, 
México) to pass a US 50 sieve (0.3 mm). 

Production of esterified banana flour 

Citric acid (40% of flour dry weight) was 
dissolved in 70 ml water under constant stirring, 
adjusted to pH 3.5 with 10 M NaOH and brought 
to a final volume of 100 ml. This solution was 
mixed up with 100 g of NBF and conditioned 
during 16 h at room temperature before its usage. 
Then, the mixture was dried at 60 °C during 24 
h up to 5-10% (w/w) of water moisture content.5 
The mixture was dried in a force air oven for 
3-9 h at a temperature of 120-150 °C. The dry 
mixture was washed with distilled water, dried 
up at 40 °C during 24 h, grounded and sieved 
through a US 50 sieves. 

Degree of substitution 

Two ml distilled water were added to 450 mg (db) 
of esterified banana flour and then dissolved in 
50 ml of 1 M KOH solution.6  Then, the solution 
was boiled into a water bath for 10 min.  After 
the solution was cooled up to room temperature, 
the pH was adjusted to 8.5 with 3 M acetic acid 
and then added with sodium borate buffer (25 ml, 
pH 8.5) and 0.3 g of indicator (Murexide:sodium 
sulfate 1:500, w/w). The mix was graduated up 
to 300 ml with distilled water and titrated with 



JOURNAL OF BIOENGINEERING AND BIOMEDICINE RESEARCH (2017) 1:11-17

Copyright ©2017 COLEGIO MEXICANO DE INGENIEROS BIOQUIMICOS 13

0.05M CuSO4. DS was calculated as follows: 
DS = 162W/(100M-(M-1)W), where W (% 
d.b. of substituent) = [bound citrate (g)/sample 
(g)-bound citrate (g)]-100, and M=Mw of the 
substituent6.  

Physicochemical properties 

Total starch (TS) was determined7 to RS content.8 
Samples of flours (500 mg, db) were mixed with 
32.2 mg guar gum powder and 10 ml distilled 
water, and the mix was heated in boiling water 
into a water bath during 20 min. Additionally, 
WAC9 and SI9, and amylose/amylopectin 
content10 were evaluated. The thermal properties 
of gelatinization11 were evaluated using 15 μl of 
deionized water to moisture the sample. Viscosity 
of the mix was evaluated in a Rheometer “AR” 
model 1500ex with concentric cylinders by using 
a program of heating-cooking-cooling from 30-
95 °C, then 95-60 °C, (isotherm 10 min to 95 °C 
and 60 °C). Dispersions with 5% of solids were 
used, the running time was 30 min and shears 
velocity was 500 s´1.

Statistical analysis

Results are expressed as the mean ± standard 
deviation of three separate determinations. 
Comparison of means was performed by one-
way analysis of variance (ANOVA) followed 
by Tukey´s test with a significance level of 5%. 
Statistical analyses were run using SigmaPlot 
Version 11 software. 

RESULTS 

Resistant starch and degree of substitution

Sixteen samples of esterified banana flours were 
obtained with their duplicates. Native banana 
flour showed 85.9% of TS and 69.6% of RS, 
which decreased up to 8.3% after cooking in 

boiling water during 20 min. The EBF had 
between 15.2%-81.9% of RS and 0.028-0.145 
of DS. The highest value of RS was obtained at 
150 °C and 3-7 h of reaction time, decreasing 
with the longest time (9 h). Statistical results 
showed there was no significant difference in RS 
between 3 h and 5 h at 120 °C. However, there 
were significant differences between 7 h, and 9 
h reaction time at 120 °C and with 3 h, and 5 h 
and 7 h at 130 °C; but no statistical differences 
were found between 7 h and 9 h at 130 °C with 
3 h and 5 h at 140 °C. No significant differences 
were found between 7 h and 9 h at 140 °C with 
all reaction times at 150 °C (1). The highest DS 
was obtained at 140 °C with 9 h and decreased at 
150 °C under the different reactions times (Table 
1). RS and DS augmented when temperature 
and the reaction time were increased. Statistical 
results showed there was a significant difference 
in DS between 120 °C and 130 °C and 140 °C. 
However no significant differences were found 
between all reaction times at 150°C with the 
other temperatures (Table 1). 

Amylose/amylopectin and thermal properties 

Native banana flour showed 40.7% of amylose 
content and 59.3% of amylopectin. When NBF 
was esterified with CA at 120 °C and 3 h of 
reaction, amylose content decreased to 26.3% 
and with 9 h, to 2.5%.  However at 150 °C and 
3 h, amylose decreased up to 4.4% and 1.01% 
with 9 h, but amylopectin content at this 
temperature (150 °C) increased from 73.7% 
up to 97.4% with 3 h and 9 h respectively 
(Table 2). The NBF showed a gelatinization 
temperature (Tp)   of 81.4 °C and an enthalpy 
(∆H) of 23.8 J/g. Esterification treatment 
decreases the Tp at the different reaction 
temperatures in the samples flours with 3 h 
of reaction but Tp increased with the highest 
reaction time (9 h).  However, all EBF showed 
less ∆H respect to NBF (Table 2).
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Functional properties and pasting viscosity

In NBF, WAC increased at 70 °C, and had the 
highest value at 80 °C, and then it decreased. 
Samples of EBF showed less WAC, but EBF 
at 120 °C and 3h did not showed the highest 
absorption peak at the different reaction times 
(Figure 1). The SI of the EBF was less than SI 
of the NBF and decreased when reaction time 
increased, thus EBF with 9 h of reaction showed 
the lowest SI. Viscosity profiles of all EBF 
showed not increase in the viscosity during all 
process of heating-cooking-cooling (Figure 2). 
The NBF showed the highest values of viscosity 
during gelling of the pastes, after breaking of 
the granules during cooking, and it increased the 
volume during heating step. 

Table 1.  Resistant starch (RS) and substitution degree 
(DS) of the native banana flour (NBF) and esterified banana 
flours after cooking in boiling water during 20 min. 

Values are means of three replicates ± standard deviation. Letter 

in the row are significantly different (P < 0.05, Tukey test).

DISCUSSION  

Citric acid is dehydrated during esterification 
reaction and produces citric anhydride, which 
react with the starch to form starch citrate.5 It 
had been reported that forty percent of CA is the 
optimal concentration to produce RS5 and partial 
acid hydrolysis in the starch is induced by CA.6,12 
Anhydride react with hydroxyl.

Table 2. Thermal properties (Tp, and ΔH), and amylose 
(AM) and amylopectin (AMP) content. 
 

Values are means of three replicates ± standard deviation.

Figure 1. Water absorption capacity of the native banana 
flour (NBF) and esterified banana flours (EBF). At 120 °C 
and 150 °C with 3 and 9 h of reaction. 

Figure 2: Viscosity profiles of the native banana flour 
(NBF). Without esterified and esterified banana flours 
(EBF) with citric acid (40% of flour dry weight) at 120 °C 
and 150 °C with 3 h and 9 h of reaction. 

Sample Tp
(°C)

ΔH
(J/g)

AM
(%)

AMP
(%)

NBF 81±0.6 23±1.0 40±0.7 59.3±0.9

120°C/3h
120°C/9h 
150°C/3h
150°C/9h

76±0.5
88±0.5
79±0.8
82±0.5

21±0.5
1.2±0.1
0.3±0.6
0.9±0.1

26±0.7
2.5±0.2
4.4±0.3
1.0±0.2

73.7±0.3
97.4±0.9
95.5±0.8
98.9±0.9

Samples (°C/h) RS DS

NBF
Reaction conditions 

(EBF):

8.3±0.44

       120/3 15.21±0.22ª 0.02±0.00a

       120/5 15.02±0.10ª 0.03±0.00b

       120/7 24.32±0.29b 0.04±0.00c 

       120/9  26.73±0.36c 0.05±0.00d

       130/3  20.95±0.97d 0.07±0.00e

       130/5  68.65±0.63e 0.07±0.00e

       130/7  74.05±0.60f 0.08±0.00f

       130/9  75.10±0.54f 0.09±0.00g

       140/3  73.83±1.14f 0.11±0.00h

       140/5  76.88±0.90f 0.12±0.00i

       140/7  78.91±0.17g 0.13±0.00j

       140/9  80.38±0.66g 0.14±0.00k

       150/3  81.45±0.96g 0.07±0.00e

       150/5  81.83.±0.69g 0.11±0.00h

       150/7  81.90±0.91g 0.12±0.00i

       150/9  80.86±0.93g 0.09±0.00g
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Groups of starch and form stronger and stable 
hydrogen-bond interactions with the starch.13,14 
In the NBF was found that 83.4% of RS 
decreased to ~12% after cooking in boiling water 
during 20 min;4 the same trend was reported for 
others authors.15 Esterified banana flours showed 
increases in RS content to increase reaction 
temperature and reaction time. Native corn 
starch with 8.7% of RS, and esterified with CA 
to 40%, increased its RS from 37.8% to 78.8% 
when the starch was heated at 120 °C and 140 
°C, respectively, during 7 h of reaction.5 Dry 
esterification with CA, high temperature (>100 
°C) and prolonged reaction time (> 3 h), have 
been used to increase RS in wheat, pea, potato 
and cassava starches.16 Esterification reaction 
between the citric anhydride and the starch chains 
led to the high content of RS by the formation of 
the cross-linking structure.12 Esterified banana 
flours also showed increases in DS (average of 
substituents groups introduced in the -OH of 
the starch)17 with increasing reaction conditions, 
but it decreased to the highest temperature (150 
°C) where RS was the highest. It happened due 
to the functional groups dissociation5 and by 
additional dehydration of the CA when the long-
term roasting of starch at a high temperature, 
lead to lower dynamics of the reaction owing 
to decarboxylation and dehydration of CA 
to itaconic acid and aconitic acid and their 
anhydrides.13 Esterified starches with low 
enzymatic digestibility and high RS content 
are used in foods with low caloric content.16 RS 
consumption also has beneficial implications in 
the management of diabetes and to lower the 
energy value carbohydrates content of food and 
may be an effective to the treatment of obesity.2 
Starch physicochemical properties depend of 
the ratio amylose/amylopectin,18 both polymers 
are different in the digestion and absorption.19 
To decrease the GI and increased RS, the 
modification methods as the acid treatments,6 
are applied to increase linear chains content 

derived from  amylopectin side chains and 
acid hydrolysed amylose.6,20 The longer linear 
chains in the acid-treated starches can increase 
the formation of poorly digestible starch such as 
RS.6 Variation in the ratio amylose/amylopectin 
in esterified flours indicates that these modified 
starches will show different properties in the 
starch gelling process. The NBF showed high 
amylose content (40.7%) and 37%-46% was 
found in Musa paradisiaca, it was estimated 
colorimetrically after iodine binding and by gel 
filtration chromatography.19,21 Peak gelatinization 
temperature (Tp), as starch thermal properties, 
also depends of the ratio amylose/amylopectin, 
intra and inter molecular forces and granule size; 
so that is an index of the granular arrangement. 
When Tp increase, association grade between 
starch molecules also increase.22

CONCLUSIONS  

Esterified banana flour with RS up to ~80% 
resistant to cooking, with functional groups 
introduced, lower in amylose content, as well 
WAC, SI and Tp higher than BF and without 
forming pasting, could be used as a functional 
ingredient of low digestibility in foods with low 
GI.
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Research article

Tolerance of Leuconostoc citreum to capsaicinoids 
extracted from habanero pepper (Capsicum chinense)

Abstract. Vegetable fermentation promotes the development of lactic acid bacteria, which are important in 
food preservation and human health. The objective of this study was to evaluate the tolerance to 
capsaicinoids of Leuconostoc citreum (Lc), previously isolated from pepper fermentation. Biochemical 
and molecular identifications were performed by API 50CH, VITEK® MS and 16S rDNA sequencing, 
respectively. The concentration of capsaicinoids in the pepper extract was evaluated by RP-HPLC. The 
tolerance of the bacterium to this extract was evaluated by adding different concentrations to a liquid 
medium inoculated with Lc and determining survival kinetics at 30 °C. Biochemical and molecular tests 
confirmed the identity of Lc. Capsaicin and dihydrocapsaicin concentrations in the extract were of 731 and 
385 µg/mL, respectively. Only in the presence of the highest concentration of capsaicinoids (50% extract), 
the optimum growth rate of the bacterium decreased significantly as compared to the control. The 
conclusion was that Lc can tolerate and grow in high concentrations of capsaicinoids (≤30% extract).

Resumen. La fermentación de vegetales favorece el desarrollo de bacterias ácido lácticas que son 
importantes en la conservación de alimentos y la salud humana. El objetivo de este trabajo fue evaluar la 
tolerancia a capsaicinoides de Leuconostoc citreum (Lc), aislado previamente de la fermentación de chile. 
La identificación bioquímica y molecular se realizó mediante el kit API 50CH, VITEK® MS y la 
secuenciación del 16S rDNA, respectivamente. La concentración de capsaicinoides en el extracto de chile 
habanero se cuantificó mediante RP-HPLC. La tolerancia a los capsaicinoides se determinó adicionando 
diferentes concentraciones del extracto de chile habanero a un medio líquido inoculado con Lc y 
determinando las cinéticas de supervivencia a 30 °C. Pruebas bioquímicas y moleculares confirmaron la 
identidad de Lc. Las concentraciones de capsaicina y dihidrocapsaicina en el extracto de chile fueron de 
731 y 385 µg/mL, respectivamente. La más alta concentración de capsaicinoides (50% de extracto) 
disminuyó significativamente la velocidad de crecimiento de Lc, comparada con el testigo. Como 
conclusión, Lc puede tolerar y crecer en altas concentraciones de capsaicinoides (≤30% de extracto).
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INTRODUCTION

Fermentation is one of the oldest biotechnological 
processes used in food preservation.1 Vegetable 
fermentations are carried out under anaerobic 
conditions, which facilitate the growth and 
development of lactic acid bacteria that produce 
lactic acid as a major metabolite; however, these 
bacteria also have the capacity to produce organic 
acids, carbon dioxide, hydrogen peroxide, 
exopolysaccharides and ethanol;2,3 and some 
strains  may also possess beneficial health effects 
such as stimulation of the immune system, 
anticancer activity and inhibition of pathogenic 
bacteria in host gastrointestinal tract, among 
others.4 In Mexico, peppers are a fundamental 
part of gastronomy and the most commonly 
varieties belong to the Capsicum annuum and 
Capsicum chinense species. Their main flavor 
characteristic is pungency, resulting from the 
presence of capsaicinoids.5 The capsaicin (N-[(4-
hydroxy-3-methoxyphenil)methyl]-8-methyl 
- E - 6 - nonenamide), and dihydrocapsaicin 
(N-[4-hydroxy-3-mehoxyphenil)methyl]-8-
methyl-nonanamide are the most important 
capsaicinoids in pepper fruits although it is also 
possible to find others capsaicinoid compounds 
such as homocapsaicin, homodihydrocapsaicin 
or norhydrocapsaicin in smaller amounts.6,7,8 
Habanero pepper (Capsicum chinense), is one 
of the most pungent varieties due to its high 
concentration of capsaicinoids.8,9 On the other 
hand, it has been possible to identify endophytic 
bacterial species of jalapeño pepper, such as 
Lactobacillus plantarum, Weissella cibaria and 
Leuconostoc citreum, which participate in the 
spontaneous fermentation of this vegetable.3 The 
bacteria of genus Leuconostoc are found mainly 
in fresh vegetables, from which they disseminate 
to other foods such as dairy and fermented meat 
products; however, its main sources of isolation 
are foods made with fermented cabbage, such 
as sauerkraut and kimchi, and some species of 

this genus have been classified as potentially 
probiotic.10,11,12,13 These bacteria have some 
tolerance to the concentrations of capsaicinoids 
present in Capsicum fruit, same concentrations 
that have shown an antimicrobial effect.3,9,14 
Thus, the aim of this work was to evaluate the 
tolerance of L. citreum - a lactic acid bacteria 
isolated from jalapeño pepper (Capsicum annuum 
L.) fermentation - to different capsaicinoids 
concentrations, obtained from habanero pepper 
and added to the culture medium.

MATERIALS AND METHODS

Chemicals

Analytical ACS-grade isopropanol (J.T. Baker, 
Mexico) was used for capsaicinoids extraction. 
MRS (de Man, Rogosa, Sharpe) broth and 
solid medium (BD Difco, Sparks, MS, USA) 
were selected as media for bacterial growth. 
Natural capsaicinoids (capsaicin 60% and 
dihydrocapsaicin 90%), were purchased from 
Sigma-Aldrich (MO, USA), and HPLC-grade 
acetonitrile from J.T. Baker. All the water used in 
this work was distilled water.

Biologicals

Fresh habanero pepper of orange color was 
obtained from city markets in Mexico City; the 
peduncle was removed and after washing and 
drying with paper towels it was stored at -40 °C 
until isopropanol extraction. Pepper humidity 
percentage15 and color parameters (L*, a* and 
b*) were measured using a colorimeter Color 
Reader (CR-10, Konica Minolta, Japan). From 
CIE L*, a*, b* values, the chroma (a*2+b*2)1/2 
and the Hue angle (H°) (tan-1(b*/a*)), were 
calculated.16 L. citreum (Lc) was previously 
isolated from spontaneous jalapeño pepper 
fermentation by González-Quijano.3 Lc was kept 
at -40 °C in MRS added with 20% (v/v) glycerol. 
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Before analysis, the bacteria were inoculated 
and incubated on solid medium MRS, taking 
the necessary colonies to adjust the inoculum 
to 0.5 nephelometer of McFarland scale (c.a. 
1.5x108 CFU/mL), in a physiological solution 
of NaCl (0.85% w/v).

Biochemical and molecular identification of Lc
The biochemical identification of Lc was carried 
out with the API 50CH kit (API bioMérieux, 
Marcy-l´Etoile, France), following the 
manufacturer´s specifications. Afterwards the 
microbial identification of Lc was performed 
by mass spectrometry using the VITEK® MS 
equipment (bioMérieux). A fresh colony was 
applied onto an individual spot of the 48-well 
disposable target slide, following by overlaying 
with 1 µL of saturated solution of α-cyano-
4-hydroxycinnamic acid in 50% acetonitrile 
and 2.5% trifluoroacetic acid. After drying 
the slice was loaded onto VITEK® MS for its 
identification17. The gene encoding ribosomal 
RNA (16S) was used for Lc molecular 
identification, by amplifying the universal 
primers 8FPL and 1492RPL.18 The PCR 
product was sequenced and the DNA sequence 
edited with Chromas Lite 2.1.4 software 
(Technelysium, Pty. Ltd. Australia). Finally, 
the BLAST (Basic Local Alignment Search 
Tool) program was used to search sequence 
similarity by comparison with data recorded in 
the NCBI (National Center for Biotechnology 
Information, USA), GenBank database.

Elaboration of habanero pepper extract rich in 
capsaicinoids

The habanero pepper was selected based on its 
orange color, as measured in the colorimeter. 
This coloration is related to an optimal ripeness 
stage for extract production.19 The methodology 
proposed by Careaga20 was modified, and 
only habanero peppers (250 g) with the same 

color parameters were ground for 1 min in 
a Thermomix (3300, Vorwerk, Germany). 
Subsequently a volume of 250 mL of 
isopropanol was added, remaining under stirring 
for 15 min, followed by heating to boiling at 
reflux for 5 min. The cold mixture was filtered 
on Whatman No. 1 paper. Activated charcoal 
was added to the filtrate at a ratio of 15 g/L, 
allowed to stand for 10 min, then the charcoal 
was removed by filtration and the excess of 
isopropanol eliminated by vacuum evaporation 
at 60 °C. Finally, the aqueous extract obtained 
was centrifuged twice at 3,000 x g for 20 min at 
4 °C. Conserving the supernatant for later use in 
the capsaicinoids tolerance kinetics.

Analytical methods

Identification and quantification of capsaicinoids 
in habanero pepper extract by RP-HPLC

Capsaicin and dihydrocapsiaicin concentrations 
in the extract were evaluated using a liquid 
chromatograph (Varian 192-LC) equipped with 
a UV/vis detector. 20 µL of habanero pepper 
extract were injected into the chromatograph and 
the capsaicinoids were detected at 280 nm, using 
a calibration curve.7

Capsaicinoids tolerance kinetics

Four concentrations of aqueous liquid extract 
in MRS broth were prepared (10, 20, 30 and 
50% v/v) for this analysis. The extracts were 
sterilized by membrane filtration (Millex-HV 
0.45 µm, 33 mm, Merck, Germany). Lc culture 
adjusted to 0.5 nephelometer was inoculated at 
1% (v/v) in the MRS broth added with each 
sterilized extract concentration. The effect of 
extract concentrations was evaluated by plate 
count of viable cells and optical density (O.D. 
600 nm) of Lc for 24 h at 30 °C. A control 
preparation (Lc in MRS broth without extract) 
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was prepared for comparison. Biological 
parameters μmax (rate of maximum growth or 
death), λ (lag phase) and A (maximum growth) 
were calculated to compare extract samples.21

RESULTS

Color analysis

The color of habanero peppers was evaluated 
and related to the ripening stage, in order to 
allow reproducibility of the present work. The 
values for the color parameters of 10 pepper 
samples (L*=47.28±1.58, a*=30.45±2.63, 
b*=40.65±3.94, H°=53.08±4.23 and 
Chroma=50.92±2.79), indicate that peppers were 
in the optimal stage for capsaicinoids extraction, 
since the content of capsaicinoids is directly 
related to the ripening stage of the fruit.19 

Biochemical and molecular identification

Carbohydrate fermentation tests (API 50CH) 
identified the bacteria in the samples as 
Leuconostoc citreum. This was confirmed 
by the results obtained by the VITEK® MS 
equipment. For molecular identification, the 
consensus sequence obtained by direct and 
reverse sequences of 16 rDNA was compared 
to those at the NCBI database, resulting in 
99% match to Leuconostoc citreum.

Identification and quantification of capsaicinoids 
in habanero pepper extract by RP-HPLC

A total volume of 130 mL of extract was 
obtained, which was used for the tolerance 
kinetics and quantification of capsaicinoids 
by RP-HPLC. Capsaicin and dihydrocapsaicin 
concentrations in the aqueous extract were 
of 731 and 385 μg/mL, respectively. From 
these initial concentrations, the corresponding 
dilutions were made to obtain concentrations 

of 10, 20, 30 and 50% of habanero pepper 
extract in MRS broth (Table 1). Additionally, 
the concentrations of capsaicinoids in fruit 
were calculated (2.83 mg/g d. w. of capsaicin 
and 1.55 mg/g d. w. of dihydrocapsaicin). 

Capsaicinoids tolerance kinetics

Growth curves of Lc in the presence of the 
different concentrations of capsaicinoids 
are shown in Figure 1. No significant 
difference was observed between the kinetics 
of growth of Lc in the control sample 
(without capsaicinoids) and the first three 
concentrations (10, 20 and 30%).

Table 1. Capsaicinoids concentrations in mixtures of 
extract and MRS broth.

Concentration 
(%)

Capsaicin (μg/
mL)

Dihydrocap-
saicin (μg/

mL)
10 83 39
20 117 85
30 231 101
50 365 192

Figure 1. Habanero pepper extract tolerance kinetics of 
Leuconostoc citreum
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At 10% concentration, the maximum growth 
was achieved after incubating for 16 h, the same 
was observed for concentrations of 20%, 30%, 
and the control. However, significant differences 
(p>0.05) of the biological parameters of Lc were 
evident when exposed to the 50% extract, as 
compared to the rest of the samples.

At 50% extract, a negative rate of maximum 
growth was observed, as well as a lag phase of 16 
h and a constant concentration of viable cells. In 
presence of 365 μg/mL of capsaicin and 192 μg/
mL of dihydrocapsaicin, a bacteriostatic effect of 
Lc was evident (Table 2). 

DISCUSSION

Biochemical identification by API 50CH 
tests is based on the fermentation of 49 
carbohydrates, this reveals the metabolic profile 
of the bacteria under analysis. In this case, 
Lc showed a rapid hydrolysis of D-Glucose, 
D-Fructose, D-Mannose, D-Cellobiose, 
D-Maltose, D-Melezitose and D-Sucrose, the 
latter used for Leuconostoc species to generate 
exopolysaccharides such as dextrans, which 
are used as prebiotics by beneficial bacteria, 
specifically bifidobacteria and lactobacilli, that 
improve host health.22,23,24,25

Table 2. Biological parameters of Leuconostoc citreum in 
habanero pepper extract tolerance kinetics.

Extract in broth 
(%)

Biological parameters

μmax 
(h-1)

λ 
(h)

A (CFU/mL)

Control 0.763(a) 1(a) 2.16x109(a)

10 0.797(a) 1(a) 1.56x109(a)

20 0.767(a) 1(a) 1.60x109(a)

30 0.767(a) 1(a) 1.42x109(a)

50 -0.056(b) 16(b) 4.70x105(b)

a, b= Means that do not share a letter vertically are significantly 

different (p>0.05).

The VITEK® MS system bases its results on 
the mass spectrometry of the proteins of each 
microorganism analyzed by the MALDI-TOF 
technique, which allows quick and accurate 
results, comparing the protein profile of each 
of the samples with the protein profile that the 
equipment possesses in its periodically updated 
database. Molecular identification showed 
results with high similarity percentages in 
the sequences of 16S rDNA and those in the 
database of GenBank, resulting in 99% similarity 
with the Leuconostoc citreum CCMMB1070 
strain sequence. Both molecular and VITEK® 
MS identifications confirmed the identity of 
Leuconostoc citreum with high specificity. The 
color of the habanero pepper may vary, being 
yellow, orange red or brown depending on the 
maturity stage. In this work it corresponded 
to that of a mature habanero pepper (yellow/
orange). This specie of peppers is considered the 
most pungent, due to its content of capsaicinoids. 
This pepper species is considered one of the most 
pungent due to its high content of capsaicinoids. 
In Mexico, three varieties are mainly harvested: 
green, red and orange. Habanero peppers in 
this study had capsaicin and dihydrocapsaicin 
contents of 2.83 and 1.55 mg/g d. w., 
respectively, these amounts were obtained from 
the content of capsaicinoids in the extract and 
humidity percentage of habanero pepper fruits. 
Some authors report that the capsaicin content in 
habanero pepper varies from 35.7 to 53.4 mg/g d. 
w., for dihydrocapsaicin it varies from 29.7 to 44.5 
mg/g d.w., being this variety the most pungent of 
the world.6,26 The content of capsaicinoids in the 
habanero pepper extract used in this work was 
lower because of the extraction process, where 
large amounts of capsaicin and dihydrocapsaicin 
were eliminated in centrifugation and filtration 
steps, due to the low solubility of capsaicinoids in 
water. The habanero pepper extract in the culture 
medium did not affect the maximum growth rate 
of Lc, and the maximum growth was statistically 
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equal in the concentrations of 10, 20, 30%, and 
the control. On the other hand, a stimulating 
effect of capsaicin and red pepper on lactic acid 
bacteria has been reported: an increase in the 
metabolic activity of Lactobacillus acidophilus 
in cheese elaboration was observed when red 
pepper (400 mg) and capsaicin (5 mg/mL) were 
added; producing larger amounts of L-lactic acid 
and increasing glucose consumption. However, 
an increase in the viability of the bacteria was 
not observed while the analysis was carried 
out.27 A similar effect was observed in this work, 
at an extract concentration of 50%, viable cells 
remained constant (CFU/mL) for a maximum of 
24 h, i.e. the effect was bacteriostatic.

CONCLUSIONS

Leuconostoc citreum was able to tolerate and 
grow under stressful conditions generated by 
high concentrations of capsaicinoids (231 μg/mL 
of capsaicin and 101 μg/mL of dihydrocapsaicin), 
in culture medium. The knowledge of this 
information will help to potentiate the use of 
natural extracts with antimicrobial properties 
without affecting the viability of potentially 
probiotic bacteria, such as the one used in the 
present work.
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Abstract. Spores of the entomopathogenic fungus Metarhizium anisopliae are used for the biological control 
of insect pests. The formulation of the culture medium is part of the costs of production and influences on 
the spore productivity; therefore, the optimization of the fermentation medium for Metarhizium anisopliae 
is necessary to produce it industrially. The formulation of the fermentation medium was carried out by 
selecting its components using a Plackett-Burman design. The main components tested were glucose, 
sucrose and molasses as carbon sources; and soybean meal, yeast extract and corn steep liquor as nitrogen 
sources. Then, the optimization of the culture medium was carried out by a response surface design. The 
sources of carbon and nitrogen selected were molasses and corn steep liquor, respectively. The highest spore 
concentrations obtained experimentally and predicted by the response surface model, ranged from 1.04x108 
to 1.09x108 spores/mL, using 34.9 g/L of corn steep liquor and 32.5 g/L of molasses. Both components are 
industrial wastes, consequently they are recommended to formulate a low cost fermentation medium.

Resumen. Las esporas del hongo entomopatógeno Metarhizium anisopliae se usan en el control biológico 
de plagas. La formulación del medio de cultivo forma parte de los costos de producción e influye sobre la 
productividad de esporas; por lo tanto, la optimización del medio de cultivo para Metarhizium anisopliae es 
necesaria para producirlo industrialmente. La formulación del medio de cultivo se llevó a cabo seleccionando 
sus componentes, empleando un diseño de Plackett-Burman. Los principales componentes probados fueron 
glucosa, sacarosa y melaza como fuentes de carbono; y harina de soya, extracto de levadura y agua de 
cocimiento de maíz como fuentes de nitrógeno. Posteriormente, se realizó la optimización del medio de 
cultivo mediante un diseño de superficie de respuesta. Las fuentes seleccionadas de carbono y nitrógeno 
fueron melaza y agua de cocimiento de maíz, respectivamente. Las mayores concentraciones de esporas 
obtenidas experimentalmente y predichas por el modelo de superficie de respuesta, oscilaron entre 1.04x108 
y 1.09x108 esporas/mL, utilizando 34.9 g/L de agua de cocimiento de maíz y 32.5 g/L de melaza. Ambos 
componentes son residuos industriales, consecuentemente se recomiendan para formular un medio de 
fermentación de bajo costo.
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INTRODUCTION 

Metarhizium anisopliae is an important 
entomopathogenic fungus that has been a 
model for the study of biological control of 
insect pests. The wide range of insect hosts of 
the genus Metarhizium makes it commercially 
attractive as a biological control agent.1 The 
mechanism of action of the entomopathogenic 
fungi on the insects develops in several phases, 
which are germination, formation of structures 
of penetration, colonization and reproduction. 
Infective units are the spores or conidia.2 
The filamentous fungi are the most exploited 
because of their ability to grow in complex solid 
substrates and produce a wide range of cellular 
enzymes and conidia.3 The production at large-
scale of spores can be carry out on different 
solid substrates of plant origin, such as potato, 
wheat, soy and rice.4 

The culture of Metarhizium anisopliae is 
ordinarily in solid substrate fermentation5; for 
that reason, information about its cultivation 
in liquid fermentation is scarce. For example, 
the milk whey can be used.6 The mycelium, 
blastospores and submerged conidia that 
are obtained by liquid fermentation are also 
infectious propagules. Liquid fermentations 
allow a better control of the process variables and 
reducing the time of fermentation.7, 8 As in solid 
substrate fermentation, the medium formulation 
is a main factor to attain high productivities and 
yields in liquid fermentations. One way to design 
culture media is first to select the components of 
the medium and then to find the concentration 
of such components to improve the productivity.

The Plackett-Burman designs have been used 
to screening the components of culture media. 
These designs test two concentrations of each 
one of the components of the culture medium 
and the result indicates how they affect growth 

and product formation. Once the components 
are selected, the optimization can be done using 
the surface response methodology, which allows 
the testing of multiple independent variables 
in a single experiment. Thus, this work was 
addressed to select and to optimize a culture 
medium for improve spore productivity of 
Metarhizium anisopliae in liquid fermentation.

MATERIALS AND METHODS 

Microorganism

CIIDIR Sinaloa. Mexico, provided the strain of 
Metarhizium anisolpiae. The conservation and 
propagation of the strain during this work was 
carried out in potato dextrose agar (PDA) medium.

The initial concentration in all experiments was 
105 spores/mL. The fermentations were carried 
out in 250 mL shake flasks with 100 mL of 
culture medium, for 7 days at 250 rpm, initial 
pH 7 and 23 °C. Every 24 h spores were counted 
in Neubauer chamber. The experiments were 
done in triplicate.

Selection of components of the culture medium.

The selection of the components of the culture 
medium was done using a 7-factor Plackett-
Burman design with two levels (Table 1). Plackett-
Burman designs are screening designs that are 
orthogonal for main effects only. The two level PB 
designs allow one to experiment with up to k=N-
1 factors in N runs. This 2k designs have a cubic 
geometry. In this sense they are very efficient 
screening designs and are widely used.9, 10

The factors were carbon sources (molasses, 
glucose and sucrose), nitrogen sources (corn 
steep liquor, soybean meal and yeast extract) and 
a salt (K2HPO4). Each factor was evaluated at 
low and high levels or concentrations. The low 
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and high values were setting according to preliminary 
study results (data no shown). Multi-linear regression, 
ANOVA and Pareto chart were performed using 
Excel 7 software to demonstrate the influence of each 
parameter on the response (spore concentration).  

Table 1. Plackett-Burman design.

Exp G S M Soy Y C K
(g/L)

1 50 5 5 10 0 30 3.5

2 50 50 5 1 10 3 3.5

3 50 50 50 1 0 30 0.35

4 5 50 50 10 0 3 3.5

5 50 5 50 10 10 3 0.35

6 5 50 5 10 10 30 0.35

7 5 5 50 1 10 30 3.5

8 5 5 5 1 0 3 0.35

Exp: experiment, G: glucose, S: sucrose, M: molasses,

Soy: soybean meal, Y: yeast extract, C: corn steep liquor.

K: K2HPO4

Experiments in triplicate

Optimization of the culture medium.

Once selecting the components of the culture medium 
that most influence on spore production, the next step 
was to investigate its concentration to increase the 
spore production.

The optimization of the culture medium was 
performed by a response surface design, specifically 
by a two factor central composite design, which is 
rotable by the election of the distance α, from the center 
of the design to any axial point (α = 22/4 = 1.4142). The 
rotatability is useful to know the localization of the 
optimum, since it gives precision estimations in all 
directions. Each of the two factors was tested at five 
different levels and four central points were included 
to become an orthogonal design. Excel 7 software was 
used for data analysis and Mathematica 10 software 
was used for plot the 3D graph.

RESULTS

Selection of components of the culture medium.

The main components to be tested were carbon 
sources (glucose, sucrose and molasses) and 
nitrogen sources (soybean meal, yeast extract, 
and corn steep liquor). Spore concentrations 
obtained in the experiments of the Plackett-
Burman array, after 7 days of culture, are 
shown in Table 2. Spore concentrations in 
the experiments 3 and 7 were of a magnitude 
order of 107 spores/mL; while in the others 
experiments, only reached a magnitude order 
of 105 spores/mL.

In the experiments 3 and 7 both concentration 
of molasses and corn steep liquor were the 
highest tested, 50 g/L and 30 g/L, respectively. 
In some cases, the standard deviation is 
minimal and in others, it represents up to 
37% variation with respect to the average 
value. These high variations can be due to 
inhomogeneous samples in the experiments 
with high spore concentration reached. The 
growth of Metarhizium anisopliae in all the 
experiments was filamentous. There was no 
pellet formation.

Table 2. Spore concentration obtained at 7 days in the 
Plackett-Burman design experiments.

E Replica 1 Replica 2 Replica 3 Mean Standard 
deviation(Spores/mL)

1 1.10E+06 5.00E+05 8.00E+05 8.00E+05 3.00E+05

2 2.50E+05 2.50E+05 2.50E+05 2.50E+05 0.00E+00

3 2.40E+07 2.60E+07 2.50E+07 2.50E+07 1.00E+06

4 2.50E+05 2.50E+05 2.50E+05 2.50E+05 0.00E+00

5 2.50E+05 2.50E+05 2.50E+05 2.50E+05 0.00E+00

6 7.10E+06 5.25E+06 6.18E+06 6.18E+06 9.25E+05

7 6.55E+07 5.80E+07 6.18E+07 6.18E+07 3.75E+06

8 2.90E+06 3.15E+06 3.03E+06 3.03E+06 1.25E+05

E: experiment
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Table 3 shows the multiple linear regression 
analysis of the results of the Plackett-Burman 
design. All components tested in the culture 
medium influenced significantly in spore 
formation, since the probability of not being 
so it is less than 5% (P<0.05). However, 
according to the regression coefficients and t 
values, molasses and corn steep liquor were 
the components with more influence on spore 
production. The relationship between the 
spore concentration obtained and the seven 
components tested in the culture medium is 
described by the following multiple linear 
regression model.

Spore concentration = 2.08389x106 

- 249556*glucose - 189815*sucrose + 
427852*molasses - 2.29352x106*soybean 
meal + 984167*yeast extract + 833025*corn 
steep liquor + 2.2709x106*K2HPO4

Table 3. Multiple regression analysis of the results obtained 
by the Plackett-Burman Method.

This model has a prediction confidence level 
of 99.53%, which indicates that there is a good 
correlation obtained between the observed 
and predicted values, as indicated by the r2 
value of 0.9967.

Although all components were statistically 
significant for the spore production, there 
were some that stood out for having a 
greater statistical significance on the spore 
production. They were the molasses as source 
of carbon and the corn steep liquor as source 
of nitrogen, since they have a higher value 
of t (Fig. 1). Both values of t are positive, 
indicating that the spore production is higher 
when the concentrations of molasses and corn 
steep liquor were high (50 g/L and 30 g/L, 
respectively).

Figure 1. Pareto diagram of the standardized effects of 
culture medium components on spore production.

Optimization of the culture medium.

Once the selection of the components of 
the culture medium was carried out, the 
optimization experiments followed. The 
sources of carbon and nitrogen selected were 
molasses and corn steep liquor, respectively. 
As shown in Table 4, each of the two factors 
was tested at five different levels and four 
central points were included. In this way, the 
effect of the concentrations of molasses and 
corn steep liquor on the spore production of 
Metarhizium anisopliae was investigated.

Parame-
ter Coeficient Error 

Std t P-va-
lue

Constant 2.08389E6 956548. 2.17855 0.0447

Glucose -249556. 12839.9 -19.436 0.0000

Sucrose -189815. 12839.9 -14.7832 0.0000

Molasses 427852. 12839.9 33.3221 0.0000

Soybean 
meal -2.29352E6 64199.3 -35.725 0.0000

Yeast 
extract 984167. 57779.4 17.0332 0.0000

Corn 
steep 
liquor

833025. 21399.8 38.9268 0.0000

K2HPO4
2.2709E6 183427. 12.3804 0.0000

-40 -20 0 20 40 60

1

corn steep liquor

soybean meal

molasses

glucose

yeast extract

sacarose

K2HPO4

t=2.1
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Table 4. Coded values and concentrations of the factors 
used in the central composite design.

E: experiment, M: molasses, C: corn steep liquor.

Experiments in triplicate

As shown in Table 5, the spore concentration 
varied from 2.52x107 (average of experiment 8) 
to 1.06x108 (average of experiment 7) and the rest 
of the results were evenly distributed within this 
range. To utilize the central composite design in 
order to obtain a prediction model, the regression 
coefficients were estimates (Table 6) and analysis 
of variance was realized (Table 7).

Table 5. Concentration of spores obtained in central 
composite design experiments.

Table 6. Estimated regression coefficients for spore 
production (Spores/mL).

Table 7. Analysis of variance for sore production (spores/mL)

DF: Degrees of freedom.

Figure 2 shows the response surface of the effect 
of molasses and corn steep liquor concentrations 
on spore production. The model describing the 
response surface is:

Spore concentration = -2.23x107 + 
2.09x106*Molasses + 4.04x106*Corn steep liquor 
– 1.43x104*Molasses2 – 2.97x104*Molasses*Corn
steep liquor – 2.37x104*Corn steep liquor2

Figure 2. Response surface. Interacting effects of 
molasses and corn steep liquor on the spore production of 
Metarhizium anisopliae.

Experiment Mean* Standard devia-
tion

(Spores/mL)
1 7.38E+07 1.14E+07
2 6.77E+07 8.61E+06
3 3.07E+07 1.48E+07
4 7.25E+07 8.05E+06
5 1.04E+08 1.68E+07
6 7.18E+07 5.41E+07
7 1.06E+08 1.62E+07
8 2.52E+07 2.06E+07
9 9.05E+07 4.09E+07
10 8.43E+07 1.13E+07
11 2.58E+07 4.80E+06

12 8.43E+07 2.91E+07

Coefficients Standard error t P

Constant -2.23E+07 16334500.4 -1.03379233 0.34109063

Molasses 2.09E+06 630626.023 3.22065698 0.0181222

Corn steep 
liquor 4.04E+06 1201213.82 2.61375724 0.03991882

Molasses2 -1.43E+04 7863.90002 -1.82103352 0.11845059

Molasses x 
Corn steep 
liquor

-2.97E+04 18553.6204 -0.47909188 0.64883411

Corn steep 
liquor2 -2.37E+04 27663.8845 -0.92856985

DF Sum of 
squares

Average of 
squares F P

Regres-
sion 5 8.2124E+15 1.6425E+15 16.3626701 0.00193466

Residual 
error 6 6.0228E+14 1.0038E+14

Total 11 8.8147E+15

0.38894122

E M C M
(g/L)

C
(g/L)

1 +1 -1 55 6
2 0 0 32.5 18
3 -1 -1 10 6
4 -1 +1 10 30
5 0 +α 32.5 34.9
6 0 0 32.5 18
7 +1 +1 55 30
8 -α 0 0.8 18
9 +α 0 64.2 18

10 0 0 32.5 18
11 0 -α 32.5 1.1
12 0 0 32.5 18
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The model has an r2 of 0.7454, which means 
that this model explains 74.5% of the variability 
in spore concentration due to changes in 
concentrations of corn steep liquor and 
molasses. The model predicts a maximum spore 
concentration of 1.09x108 spores/mL, using 37 
g/L of molasses and 35 g/L of corn steep liquor.

DISCUSSION

Selection of components of the culture medium.

The components of the culture medium used 
were pure components (glucose, sucrose), 
technical grade substances (yeast extract, 
K2HPO4) and even industrial wastes (corn steep 
liquor and molasses). From the experiments 
carried out according to the Plackett-Burman 
design, the components with the higher 
influence on spore formation were the molasses 
and the corn steep liquor. 

The higher spore concentrations (spores/mL) 
were reached with the higher concentrations of 
molasses and corn steep liquor (50 g/L and 30 g/L, 
respectively). It appears that high concentrations 
of the carbon source favor filamentous growth, 
without pellet formation, which promotes the 
spore production.11

The reason for obtaining higher spore 
concentrations with molasses and corn steep 
liquor, compared to the other tested components 
of the culture medium, can be attributed to their 
content of vitamins, amino acids, proteins and 
antioxidants,12 which are substances that favor 
the growth of microorganisms, and therefore, 
can produce a greater amount of spores.

It is a relevant fact that higher spore concentrations 
were obtained with higher concentrations of 
molasses and corn steep liquor. Both components 
are low cost industrial wastes and are suitable 

as components of a culture medium to be used 
at industrial level.13 In addition to the formation 
of spores, the production of enzymes and toxins 
useful versus some insect pest,14 would improve the 
economics of the fermentation process. However, 
toxins are better produced by Metarhizium 
anisopliae when growth in pellet form.15

Optimization of the culture medium.

Once molasses and corn steep liquor were selected 
as carbon and nitrogen sources, respectively, the 
optimization of the culture medium began with 
the purpose to find the components concentration 
of the fermentation medium to improve the 
spore production. The medium optimization was 
realized using a central composite design 22 plus 
star and four central points.

A formulation of the culture medium, whose 
concentrations were 55 g/L molasses and 30 
g/L corn steep liquor (experiment 7), allowed 
to obtain the highest spore concentration 
(1.06x108 spores/mL). Similar results were 
reported when carbon source concentration 
was higher than the nitrogen source 
concentration.16 However, a concentration 
of 1.04x108 spores/mL was also obtained, 
with concentrations of 34.9 g/L of corn steep 
liquor (the highest employed) and 32.5 g/L 
molasses (experiment 5). Practically the spore 
concentration in experiments 5 and 7 was the 
same, since the difference between them is 
1.9%, although there were 22.5 g/L of molasses 
minus and 4.9 g/L of corn steep liquor plus 
in the experiment 5. One explanation for this 
may be that corn steep liquor was the limiting 
factor for spore formation, since a similar 
concentration of spores was reached employing 
both concentrations of corn steep liquor. That 
is, there was no longer a source of nitrogen 
available to form more spores, although the 
carbon source was in excess. This is not in 
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agreement with the culture of Metarhizium 
flavoviride when the nitrogen component is 
depleted, then onset the spore formation.17

Results of experiments 5 and 7 are useful to 
understand a priori the validity of the response 
surface model as a predictive tool, since the 
optimal zone of the spore concentration are in 
the range from 30 g/L to 55 g/L of molasses and 
from 30 g/L to 40 g/L of corn steep liquor (Fig. 
2). The optimal zone explains why the spore 
concentrations of experiments 5 and 7 had only 
1.9% in difference.

The optimal predicted spore concentration was 
1.095 x 108 spores/mL using 37 g/L of molasses 
and 35 g/L of corn steep liquor. With 32.5 g/L of 
molasses and 34.9 g/L of corn steep liquor, the 
experimental spore concentration was 1.040x108 
spores/mL and the predicted spore concentration 
was 1.091x108 spores/mL. Therefore, the model 
predicts the spore concentration with an error 
of 4.9%. It is important to note that with a 
concentration of corn steep liquor of 35 g/L were 
obtained the higher spore concentration both 
experimentally and that predicted by the model.

A higher concentration should be reached 
if higher oxygen concentration pulses were 
employed.18 Also, the virulence of the spores 
obtained with the optimized fermentation 
medium should be tested by laboratory and field 
bioassays, since the spore virulence is influenced 
by the culture medium formulation.19, 20 

The fungus Metarhizium anisopliae has been 
studied to produce enzymes and toxins in host 
infection process,14, 21 and there is not studies 
about its production in submerged fermentation. 
In order to compare what has been done with 
other fungi of the same genus as the one studied 
in this work, we quote the fungus Metarhizium 
flavoviride. It has been cultured in submerged 

fermentation; the screening in shake flasks of 
several carbon and nitrogen sources allowed 
the definition of an optimal medium, based on 
sucrose and brewer’s yeast. With this medium, 
a production of 5.4x108 spores/mL was obtained 
after 7 days of cultivation.8 This optimal spore 
concentration is 80% higher than the optimal 
spore concentration of Metarhizium anisopliae.

There are several methods for performing 
the optimization of a culture medium. The 
Plackett-Burman design allowed to select 
carbon and nitrogen sources, as well as to define 
the K2HPO4 concentration, of six possible 
components, performing eight experiments with 
their corresponding replicates. In the Plackett-
Burman design experiments, the maximum 
spore concentration was 6.18x107 spores/mL. 
In the optimization experiments using the 
composite central design, the maximum spore 
concentration obtained experimentally was 
1.04x108 spores/mL. Effectively, the increase in 
spore concentration was 68 %.

In this work, one disadvantage of using molasses 
and corn steep liquor is that since they are wastes 
from other processes, their composition is not 
always the same, as it depends on the time of 
year. Therefore, even if the culture medium is 
standardized in terms of the concentrations of 
each component, the composition of the culture 
medium may not always be the same, which 
may cause variations in the spore concentration 
obtained. However, the cost of these components 
compensates for any variations in spore 
concentration.

CONCLUSIONS 

In the culture medium formulation, several 
components were tested as sources of carbon 
and nitrogen for improving the spore production. 
The Plackett–Burman and central composite 
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statistical designs were shown to be very 
beneficial in the culture medium formulation, 
since highly predictive models were obtained 
from a small number of experiments.

Statistical analysis of the results of Plackett–
Burman design showed that the carbon 
source and nitrogen source that significantly 
influenced sporulation of the Metarhizium 
anisopliae were the molasses and the corn 
steep liquor, respectively. These components 
are industrial wastes that allow having a low 
cost fermentation medium.

The central composite design 22 with star 
allowed optimizing the culture medium to 
produce spores of Metarhizium anisopliae. 
Concentrations of 32.5 g/L of molasses and 
34.9 g/L of corn steep liquor, sustained an 
experimental spore concentration of 1.04x108 
spores/mL and the model predicts a spore 
concentration of 1.09x108 spores/mL. Therefore, 
the model predicts the spore concentration with 
an error of 4.9%.
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Research article

Potato starch films made by extrusion with modified 
sodium montmorillonite nanofillers

Abstract. The use of biodegradable materials for film production that have application in the packaging 
industry, has taken special interest in recent years. The aim of this study was to evaluate the addition of 
modified sodium montmorillonite (MMT) nanoclay, on the mechanical and barrier properties of potato 
starch films, produced by single extrusion. Two nanoclays were obtained: 1) MMTac, which was modified 
with citric acid and 2) MMTacas, which was modified with citric acid and sulfuric acid. Films with potato 
starch and glycerol were prepared in a single screw extruder with two clay concentrations (5 and 10%). 
The mechanical properties: (Tensile strength, TS and elongation at break, % E) were determined, the 
water vapor permeability (WVP), solubility (%S) and the material surface by Scanning Electron 
Microscopy (SEM) was observed. The unmodified MMT at 10% of concentration and MMTac at both 
concentrations (5 to 10%) produced an increase in TS; however, when MMTacas was added it declined 
this property. The addition of MMT decreased the % E in all cases, though the stronger effect was 
observed with the addition of MMTacas. The WVP decreased by adding the MMTacas and MMTac at 
both concentrations, and the unmodified MMT only decreased the WVP with 10% concentration. 
Solubility, decreased by the addition of the unmodified MMT at 5%. The film that showed less 
irregularities observed by SEM, was the added with MMTac. It can be inferred that there is more 
interaction between starch and clay MMTac that is reflected in improved material properties.

Resumen. El uso de materiales biodegradables para la producción de películas que tengan aplicación en la 
industria del empacado, ha tomado un interés especial en los últimos años. El objetivo de este trabajo fue 
evaluar la adición de nanoarcilla montmorillonita de sodio (MMT), en las propiedades mecánicas y de 
barrera de películas de almidón de papa elaboradas por extrusión. Se obtuvieron dos nanoarcillas: 1) 
MMTac, modificada con ácido cítrico y 2) MMTacas, modificada con ácido cítrico y ácido sulfúrico.  Las 
películas de almidón de papa y glicerol fueron elaboradas a dos concentraciones de arcilla (5 y 10%). Se 
determinaron las propiedades mecánicas (tensión a la fractura, TS y porcentaje de elongación %E), la 
permeabilidad al vapor de agua (WVP) y solubilidad (%S). Se observó la superficie del material mediante 
microscopia electrónica de barrido (SEM). La MMT sin modificar al 10% así como la MMTacas a las dos 
concentraciones (5 y 10%), aumentaron la TS. Sin embargo, cuando se añadió la MMTacas disminuyó 
esta propiedad. La adición de la MMT disminuyó %E en todos los casos. La WVP disminuyó cuando se 
añadió la MMTacas y la MMTac. La MMT sin modificar sólo disminuyó la WVP en la concentración de 
10%. La solubilidad disminuyó cuando se añadió la MMT sin modificar al 5%. La película que mostró 
menos irregularidades observadas por SEM fue a la que se le añadió la MMTac. Se infiere que hay mayor 
interacción entre el almidón y MMTac, por lo que hay un mejoramiento en sus propiedades mecánicas.

Keywords. Nanoclay, Starch nanocomposite, Mechanical properties, Water Vapor Permeability.  
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ABBREVIATIONS

MMT- unmodified montmorillonite, MMTac-
modified by citric acid, MMTacas-modified 
by citric acid and sulfuric, TS-tensile strength, 
%E- elongation at break, WVP-water 
vapor permeability, %S-solubility, CMC- 
carboxymethyl cellulose. SEM- scanning 
electron microscope, RH- relative humidity, °h- 
hue angle, C*- chromaticity, L*-luminosity.

INTRODUCTION

Currently, most of packaging materials are 
made of synthetic compounds coming from 
non-renewable sources; additionally, these 
materials have the disadvantage of being non- 
biodegradable.  Food´s package is fundamental 
for its conservation, but when the package is 
discarded, after food consumption, it becomes 
part of large quantities of trash daily generated in 
the entire planet. Biodegradable films could be 
an alternative of a new packaging development 
in order to reduce this problem. Starch is a 
natural thermoplastic material that has received 
special attention because of its ability to form 
films and its capacity of being biodegradable in 
soil and water, as well as being an inexpensive 
and renewable material. Starch can be used for 
the elaboration of biodegradable packaging 
materials.1 However, materials made with starch 
are brittle because of the strong interactions 
among amylose chains. Furthermore, the 
introduction of plasticizers into the polymer 
matrix increases film flexibility and elasticity, 
but also increases water vapor permeability.2 
Improvement of film properties has been 
recently studied by using different nanoparticles 
as a reinforcement material.3 Among these 
reinforcement materials called nanofillers, the 
most widely used is the clay due to its natural 
abundance and its very high form factor. Clay-
based nanocomposites generate an overall 

improvement in physical performances. The 
most widely used ones are the phyllosilicates 
(smectites). They have a shell-shaped 
crystalline structure with nanometric thickness, 
in the order of 0.1 to 100 nm.3 Several studies 
had been performed using the casting method to 
develop films made with a mixture of polymers 
and organic and inorganic nanoparticles. 
Results showed that thermal, mechanical and 
barrier properties have been improved.4,5,6,7,8,9 
However, in the package industry, the most 
used method is extrusion and film properties 
may change because of the elaboration method. 
Sodium montmorillonite (MMT) is a special 
type of nanoclay whose main characteristic is its 
bilaminar arrangement. It has been reported that 
after sonication for 1 h, the MMT nanoparticles 
exhibited a monomodal distribution with mean 
particle size 100 nm.10 The MMT structure 
results from the fusion between two tetrahedral 
silicates intercalated with a layer of magnesium 
hydroxide in an octahedral shape. Sodium 
and calcium ions are located in the interlayer 
region and can be replaced by organic cations. 
Thus, MMT interlayer space can be increased if 
bulky or high molecular weight molecules are 
introduced. The use of this kind of modification 
can change the material properties in which 
MMT is incorporated.11 The aim of this study 
was to evaluate the addition of modified MMT 
by two methods, on the mechanical and barrier 
properties of potato starch films, produced by 
extrusion of a screw.

MATERIALS AND METHODS 

Chemicals 

Native potato starch was obtained from by 
Industrias Alimentarias FARP S.A., company 
and sodium montmorillonite by Sigma-Aldrich 
(682659-500G). All chemical components used 
in the experiments.
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Analytical methods  

Sodium montmorillonite modification

MMT modification was performed using 
the method proposed by Huang12 with few 
modifications. Two nanoclays were obtained: 
1) MMTac, which was modified with citric acid 
to promote an increase in the interlayer clay 
spacing and 2) MMTacas, which was modified 
with citric acid and sulfuric acid as a catalyst of 
the reaction.

Film elaboration 

A laboratory extruder (Beutelspacher, 19L/
D25, Mexico City, Mexico) with a single 
screw and three heating zones was used. The 
films were obtained in two stages: 1) pellet 
production and 2) film lamination. In the first 
step (pellets production) was used a 5-mm-
diameter circular die. A mixture of starch, 
water, glycerol, and MMT was fed into the 
extruder. The conditions at this stage were 
27% glycerol, 22% moisture; T1 = 50 ° C, T2 
= 115 ° C, T3 = 70 ° C, and a screw speed of 
50 rpm. The pellets obtained were cut and fed 
back to the extruder to perform the lamination 
step in which a lamination die was placed in 
the extruder and the aperture was calibrated at 
2 mm. The conditions used in this stage were 
T1 = 60 ° C, T2 = 115 ° C, T3 = 130 ° C and 
a screw speed of 20 rpm. Two concentrations 
(5 and 10%) of each nanoclay were tested 
(unmodified MMT, MMTac and MMTacas), 
and the properties of the films were evaluated. 

Mechanical properties

The tensile properties of samples were 
determined using a in a texturometer (Stable 
Micro System, TA-XT2i, Surrey, UK) according 
to ASTM method D 638M-93. The films were 

cut in rectangles of 100 × 10 mm according 
to ASTM method D638M-93. Films were 
conditioned at 57% RH for 72 h before testing. 
The initial distance between grips was 60 mm 
and the crosshead speed was 1 mm/s. Al least 
10 determinations were measured for each 
film. TS was calculated dividing the peak force 
by the cross section area of the film. Similarly, 
the %E was calculated dividing the change in 
length achieved at break by the original length 
of the film. 

Water vapor permeability

Water vapor permeability tests were conducted 
using method E96-80 13 with some modifications. 
Each film sample was sealed over a circular 
opening of 0.00181 m2 in a permeation cell 
stored at 25 °C in a desiccator. To maintain a 
75% RH gradient across the film, anhydrous 
calcium chloride (0% RH) was placed inside 
the cell and sodium chloride saturated solution 
(75%) was used in the desiccator. Water vapor 
transport was determined from the weight 
gain of the permeation cell. After steady state 
conditions were reached (about 2 h), eight weight 
measurements were made over 24 h. Changes in 
cell weight were recorded to the nearest 0.0001 
g and plotted against time. The slope of each line 
was calculated by lineal regression (r2 >0.99) 
and the water vapor transmission rate (WVTR) 
was calculated from the slope of the straight 
line (g/s) divided by the cell area (m2). After the 
permeation tests, film thickness was measured 
and WVP (g Pa-1 s-1 m-1) was calculated. 

Solubility

Film pieces (2 x 3 cm) were cut from each 
film stored in a desiccator (0% HR) for 7 days. 
Samples were weighed to the nearest 0.0001 
g, and placed into test beakers with 80 ml of 
deionized water. Samples were maintained under 
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constant agitation for 1 h at room temperature 
(approximately 25 °C) or at boiling temperature. 
The remained film pieces were dried again in 
an oven at 60 °C until constant weight. The 
percentage of total soluble matter (%S) was 
calculated as follows: 

Scanning electronic microscopy 

Film morphology was observed in a Scanning 
Electron Microscope (Carl Zeiss, EVO LS10, 
Jena, Germany). Film pieces were mounted on 
aluminum stubs using a double-sided tape, and 
then coated with a layer of gold (40–50 nm) 
allowing surface and cross-section visualization. 
All samples were examined using an accelerating 
voltage of 5 kV.

Color

A universal colorimeter (Milton Roy, Color 
Mate, Houston TX, USA) with an illuminant 
D65 and an observation angle of 10° was 
used. A standard white plate was used for 
calibration. Color (means of five measurements 
at different locations on each specimen) was 
measured. The obtained data were reported in 
the CIELAB system (L*, a*, b*). The values 
of coordinates (L*, a*, b*) were used to 
calculate the perceptual correlates hue angle, 
°h (tonality); chroma, C* (intensity).

Statistical analysis

A two-way ANOVA was made to analyses 
data by using the software SigmaPlot, Version 
11.0. A Tukey multiple comparison test was 
applied when significant differences were found 
between samples α = 0.05.

RESULTS 

The effect of nanomaterials addition 
(unmodified MMT, MMTac and MMTacas) 
at different concentrations (5 and 10%) on the 
TF and the % E of the films are presented in 
Figures 1 and 2. Effect of nanoclay addition 
at different concentrations on the WVP and 
solubility percentage, are shown in Tables 1 
and 2. Figure 3 shows the microphotographs 
taken by Scanning Electron Microscope of film 
surface (The arrows indicate pores, fractures 
and irregularities present in the films). 

Fig. 1. Tensile strength of potato starch films. Added 
with MMT- unmodified montmorillonite, MMTac- 
modified by citric acid, and MMTacas- modified by 
citric acid and sulfuric.

Fig. 2. Percentage of elongation (%E) of potato starch 
films. Added with MMT- unmodified montmorillonite, 
MMTac-modified by citric acid and MMTacas- modified 
by citric acid and sulfuric.
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Table 1. Water vapor permeability (WVP  x10-10) of starch 
films with MMT nanoclays at different concentrations.

WVP  x10-10)
Sample / 

MMT Con-
centration

0% 5% 10%

MMT 6.7±1.9a 6.6±0.3a 3.3±1.1b

MMTac 6.7±1.9ª,c 2.2±0.2d 3.0±0.008d

MMTacas 6.7±1.9a,e 2.3±0.9f ----
Equal letters indicate that there is no statistical difference 

(α=0.05).

Table 2. Solubility percentage of starch films with different 
concentrations of unmodified and modified MMT.

Solubility (%)
Sample / 

MMT Con-
centration

0% 5% 10%

MMT 25.4±2.6a 17.5±1.7b 25.0±4.6a

MMTac 25.4±2.6ª,c 34.2±8.2d 22.8±5.4c

MMTacas 25.4±2.6a,e 60.4±10.4f ----

Equal letters indicate that there is no statistical difference (α=0.05).

Table 3. Luminosity factor (L*), chromaticity (C*) and 
Hue angle (°h) of films with different MMT concentration 
(native and modified). Reported values in CIELAB system 
(from its name in French Commission Internationale 
d´Eclairage 1976 L*, a*, b*).

Same letters in the columns indicate that there is no statistical 

difference (α=0.05).

DISCUSSION  

Unmodified MMT added with 5% 
concentration in films did not produce any 
change in TF; however, 10% concentration 
produced an increase of this property. Several 
authors, 9,14,15,16 had reported that when adding 
different concentrations of MMT in a starch 
nanocomposite it was observed an increase in 
TF and Young module when clay concentration 
increase, reaching to a maximum clay value, 
at higher concentrations the mechanical 
properties of film decreased; this could be 
attributed to the agglomeration of MMT 
nanoparticles. In the MMTac treatment, at 
both concentrations (5 and 10%), there was 
an increase in TF; Similar behavior has 
reported by Ghanbarzdeh17 when working 
with a starch/CMC/MMT nanocomposite, 
using citric acid as a MMT modifier. The clay 
modification by citric acid promotes that the 
functional group of this acid penetrates within 
the interlayer spacing, increasing the distance 
between silicate sheets, thereby improving the 
interaction of clay with starch and promotes 
the formation of a nanocomposite. It can be 
inferred that there is a greater interaction 
between starch and MMTac clay, since a 
stronger film is produced when compared to 
the other clays, the highest value of TF was 
found with the addition of 5% MMTac. When 
MMTacas clay was added to the films, it was 
observed a decrease of the TF; other studies 
have proven that sulfuric acid had a catalytic 
activity when used to modify MMT like the 
one reported by Rodrigues do Nascimento,18 
when they used acid activation of clay 
minerals for other purposes like esterification 
of oleic acid. Sulfuric acid can also produce 
changes in nanoclay structure due to a 
demineralization of clay.19 The changes 
observed in film´s mechanical properties may 
be due to this reason.

Sample L* C* °h

Control 73.8±1.0a 6.24±0.1a 83.6±0.2a

5% MMT 68.3±2.0ª 15.4.±0.9b 83.9±0.03b

10% MMT 73.7±3.2b 19.8±0.3c 82.6±0.1c

5% 
MMTac 81.0±0.5c 9.9±0.5d 85.69±0.1d

10% 
MMTac 82.8±2.2c 10.5±0.6d 85.3±0.3d

5% MMTa-
cas 85.5±4.5d 6.8±0.1e 83.9±1.0e
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The addition of MMT produced a decrease of %E 
in all cases, however, the most noticeable effect 
was observed with the addition of MMTacas. 
It has been reported that the presence of MMT 
decreases elongation at break of films due to 
strong interactions between clay and starch.20 
Mondragon et al. 21 reported that %E decrease 
when MMT content increase in normal corn 
starch nanocomposites.

WVP is another property that is influenced by 
the interaction of clay with starch, because in the 
polymer matrix the presence of small laminate 
nanoclays force the permeable molecules to 
follow a tortuous way; but to do this, it is necessary 
that nanofillers are distributed homogeneously.9 
WVP decreased when MMTac and MMTacas 
clays were used at both concentrations, and with 
unmodified MMT, only the 10% concentration 
was decreased. Lu, et al. 22 found a similar 
behavior when using an acid modified clay 
(kaolinite and vermiculite) in starch films 
prepared via solution casting method.

Solubility is one of the properties that is important 
to decrease in films due to its application as a 
packing material; this property only decreased 
by the addition of unmodified 5% MMT.

Surface observation of films by MEB can show 
the homogeneity of the material, the presence 
of pores or fractures (view arrows in figure 3); 
also, it indicates the compatibility of the film 
components and could be correlated with its 
properties. The film that showed less presence of 
irregularities was the one added with MMTac. 

When evaluating films color, it was observed that 
the L * factor tends to increase as the concentration 
of MMT (native or modified) was increased, 
obtaining Ato white. The Hue angle (°h) reveals 
that the films have yellow components, with 
little color saturation according to C * value 

this parameter has a value between 15 - 20 
when the unmodified MMT clay was applied, 
which decreases when MMTac Treatment was 
applied. For MMTacas treatment, the value 
decreases; therefore, the films approach gray 
scale in color saturation.

CONCLUSIONS  

This study proved that the acid modification 
of MMT caused higher tensile properties 
and lower water vapor permeability of starch 
films. Modification produced lower solubility 
and changes in color. Modified MMT with 
citric acid showed greater improvements in 
film´s properties, so it is inferred that a higher 
interaction and homogeneity within the polymer 
matrix of the material was obtained.
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