
Vol.:(0123456789)1 3

Journal of Polymers and the Environment (2022) 30:217–231 
https://doi.org/10.1007/s10924-021-02192-5

ORIGINAL PAPER

Active Biodegradable Film Based on Chitosan and Cenostigma 
Nordestinum’ Extracts for Use in the Food Industry

Jéssica Maria Alexandre Soares1 · Elenildo Dário da Silva Júnior2 · Bruno Oliveira de Veras2 · Ricardo Yara3 · 
Priscilla Barbosa Sales de Albuquerque4 · Marthyna Pessoa de Souza1 

Accepted: 25 May 2021 / Published online: 1 June 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Bioactive biodegradable films are emerging biomaterials in the food packaging field. This study aims to investigate the 
effect of different Cenostigma nordestinum extracts (leaves, bark, and exudate bark) on the antioxidant, antimicrobial, and 
some physicochemical properties of chitosan films. Different concentrations of the extracts were added to the film matrix 
and the resulting incorporated films were evaluated for their bioactive, optical, mechanical, and water vapor barrier proper-
ties. The extracts of C. nordestinum proved to be natural sources of promising bioactive compounds with good antioxidant 
and antimicrobial properties. The films incorporated with C. nordestinum extracts were opaquer, more resistant to tension, 
and less permeable to water vapor when compared to chitosan-control films. The incorporation of 300 µg  mL−1 of the bark 
extract in the chitosan film increased the tensile strength from 113.97 ± 0.42 to 164.82 ± 0.85 MPa, and reduced the water 
vapor permeability from 2.11 ± 0.02 to 1.51 ± 0.04 ×  10−10 g (m s Pa)−1. Additionally, the incorporated films presented 
excellent antioxidant capacity and discrete antimicrobial activity. The ongoing results demonstrate that bioactive chitosan-
films incorporated with different C. nordestinum extracts are quite promising for the production of ecologically sustainable 
packaging for the food industry.
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Introduction

Synthetic polymers have been used in the manufacture of 
packaging due to interesting characteristics, such as smooth-
ness, lightness, and transparency [1]. Data related to the use 

of plastic materials reported that its consumption has grown 
around 5% each year; meanwhile, the world production of 
plastics exceeds 50 million tons annually. From 22 to 43% 
of the waste generated from plastics is disposed of in land-
fills. Beyond the impact caused to the environment, a large 
part of these materials is not biodegradable, is rich in lethal 
additives, and decomposes in around 500 years. Because of 
this, the soils’ infertile is increasing concomitantly to the 
manufacture and consumption of plastics [2].

Packaging is the biggest polymer processing industry 
with the food sector using about 40% of all plastic produced 
[3]. In view of this problem, many studies have been directed 
for exploring new materials for packaging and preserving 
food; among them are biodegradable edible coatings or films 
based on biopolymers [4], which represent a potential alter-
native to replace synthetic plastics and simultaneously cause 
low environmental impact [5, 6].

Chitosan, one of the most used materials for film/coat-
ing production [7], is a linear polysaccharide composed of 
d-glucosamine and N-acetyl-d-glucosamine units linked by 
β-1,4 bonds. As chitosan is biocompatible, biodegradable, 
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and biofunctional, in addition to presenting film-forming 
capacity and antimicrobial activity, it is considered a via-
ble alternative for food packaging production [8]. Chitosan 
is also very versatile, i.e., when the extraction protocol is 
optimized or the deacetylation process is modified, differ-
ent materials can be obtained, and new functional proper-
ties can be displayed. The mixture of biopolymers with 
film-forming properties and bioactive molecules is prom-
ising for the development of new materials for the food 
packaging field [9]. The addition of natural compounds, 
such as plant extracts or isolated molecules, can confer 
antioxidant and/or antimicrobial activities to the pack-
aging, thus depicting the new formulations as excellent 
alternatives to replace the synthetic preservatives usually 
added to foods [5, 10].

Cenostigma nordestinum is an endemic tree in the caat-
inga, where it is popularly known as catingueira, black pig 
catinga, or rat wood. It has a medium-sized tree habit with 
yellow flowers arranged in clusters and is widely distributed 
in the Northeastern semi-arid region [11]. It is often con-
fused with C. pyramidale (previously described as Caesal-
pinia pyramidalis or Poincianella Pyramidalis), which has 
the same popular name due to the identical unpleasant odor 
of the first one. Both of them are important due to the char-
acteristics of the wood (construction, firewood, coal), and its 
use by popular medicine. Its barks, flowers, and leaves are 
indicated for pyelonephritis, hepatitis, hypertension, intesti-
nal colic, indigestion, and infant teeth’ discomfort [12, 13]. 
Differently from C. pyiramidale, the biochemical composi-
tion, and the bioactive activities of C. nordestinum were not 
studied. Also, no work reported the incorporation of extracts 
derived from the parts of this plant in polymeric matrices.

In this context, the present study investigated the antioxi-
dant, and the antimicrobial potential of methanol extracts 
obtained from the leaves, bark and exudate bark of C. nord-
estinum on the properties of a bioactive and biodegradable 
chitosan film. For this, the effect of the incorporation of dif-
ferent concentrations of the extracts were evaluated in terms 
of bioactive, optical, mechanical and barrier properties.

Materials and Methods

Materials

Chitosan with 90% deacetylation and a molecular weight 
of 3.4 ×  105 Da was purchased from Aqua Premier Co. Ltd 
(Thailand). Diammonium 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonate) (ABTS) and 2,2-diphenyl-1-picrilhidrazil 
(DPPH) were obtained from Sigma-Aldrich (USA). Brain 
Heart Infusion (BHI) agar, and solvents were purchased 
from Merck (Germany). All other reagents were analytical 
grade.

Collect and Identification of Plant Material

Leaves, bark, and exudate bark of C. nordestinum (Fig. 1) 
were collected in December 2019 at the Universidade Fed-
eral de Campina Grande in the city of Patos-PB (7° 03′ 
33.3″ S and 37° 16′ 30.0″ W). The botanical identifica-
tion was carried out, and the vouches deposited at the Her-
barium Rita Baltazar de Lima of the Universidade Federal 
de Campina Grande under 7458 number of registration. 
The register of access to Sistema Nacional de Gestão do 

Fig. 1  Leaves, bark and exudate bark of C. nordestinum 
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Patrimônio Genético e do Conhecimento Tradicional Asso-
ciado (SisGen) of the Ministry of the Environment (Brazil) 
has the registration number ABF5334.

Extracts’ obtention

After the collection, leaves, bark, and exudate bark of C. 
nordestinum were dried in an oven at 45 °C until constant 
weight, and then crushed using a knife mill (Tecnal TE-625), 
obtaining the powder for the preparation of the extracts. 
Extracts of the bark (EB), exudate bark (EEB), and leaves 
(EL) of C. nordestinum were obtained by the maceration 
technique using the eluotropic series: hexane, chloroform, 
ethyl acetate, and methanol [14]. The extract was obtained 
with 100 g of the powder being placed with the extracting 
solvent in the proportion of 1:10 (w/v) for 24 h. At the end of 
the extraction process for each sample, the material was fil-
tered through a Whatman No. 1 filter, and rotary-evaporated 
to eliminate the solvent. For this, only methanolic extracts 
were used.

Characterization of the Extracts

  Qualitative Phytochemical Analysis

The extracts were subjected to a series of phytochemical 
characterization reactions to detect the presence of second-
ary metabolites. The methodology was performed according 
to Matos [15] as described below.

The saponin prospecting test submitted the samples to a 
vigorous agitation, and allowed the evaluation of the sapo-
nin’s presence by the formation of a foam. The presence of 
phenolic compounds was characterized by the reaction of 
the extracts (2 mg  mL−1) with  FeCl3 (3% w/v) under stir-
ring. The color modification from blue to red indicated a 
positive result for phenolic compounds, while the forma-
tion of precipitate suggested the presence of tannins. The 
identification of flavonoids (anthocyanins, anthocyanidins, 
xanthones, chalcones, aurones, flavones, and flavonols) was 
performed by observing color modifications induced when 
the pH of the solutions varied. Extracts’ ethanolic solutions 
(2 mg  mL−1) were prepared, and then alkalinized or acidified 
using sodium hydroxide 20% (w/v) and hydrochloric acid 
10% (v/v), respectively. Table 1 shows the identification of 
flavonoids considering the relation between color and pH 
changes.

Antioxidant Activity and Total Phenolic Content 
of the Extracts

DPPH The antioxidant activity of the extracts was evaluated 
using the 2,2-diphenyl-1-picryl-hydrazil (DPPH) radical 
elimination method described by de Veras et al. [16]. Ana-

lyzes were performed in triplicate, and inhibition activities 
were calculated based on the percentage of removed DPPH. 
A vitamin E analog (Trolox®) was used as a standard. The 
inhibition percentage (I%) was calculated using the follow-
ing equation: I% = [(Ac − As)/(Ac)] × 100, where Ac is the 
absorbance of the control, and As is the absorbance of the 
sample. The  IC50 of DPPH was calculated based on the lin-
ear regression of the remaining DPPH percentage in relation 
to the sample concentration. The classification described by 
Melo et  al. [17] allowed the interpretation of the results. 
Briefly, high activity is related to an  IC50 up to three-fold the 
value of the inhibitory concentration of the standard (ICS); 
moderate activity is associated when the  IC50 ranges from 
three to seven times the ICS, and low activity as the  IC50 
exceeded the ICS seven times.

ABTS The antioxidant activity of the extracts by the ABTS 
assay (2,2′-azino-bis 3-ethylbenzothiazoline-6-sulfonic 
acid) was based on the production of the cationic chromo-
phore radical obtained from the ABTS oxidation [16]. Ana-
lyzes were performed in triplicate, and inhibition activities 
were calculated based on the percentage of removed ABTS. 
Trolox® was also used as a standard, and the percentage of 
inhibition (I%) was calculated using the same equation for 
the DPPH assay. Again, the  IC50 was calculated based on the 
linear regression of the remaining compound (in this case 
the ABTS) percentage in relation to the sample concentra-
tion.

Total Antioxidant Capacity (TAC) The extracts’ TAC was 
determined by the phosphomolybdenum method [18]. 
The test was based on the reduction of  molybdenum+6 
to  molybdenum+5 and subsequent formation of a green-
ish phosphate/molybdenum+5 complex. Tubes containing 
extracts and reagents (0.6 M sulfuric acid, 28 mM sodium 
phosphate, and 4 mM ammonium molybdate) were gently 
mixed, and incubated at 100  °C for 90  min. After that, 
the absorbance of each sample was measured at 695 nm 
against a blank. Ascorbic acid was used as a reference, and 
the total antioxidant capacity (TAC) was calculated using 

Table 1  Method for evaluating the results of the flavonoids’ qualita-
tive test

–: sample color unchanged

Constituents Color

  Acidic 
medium

  Basic medium

  Anthocyanins and anthocyanidins Red Blue-purple
  Flavones, flavonols and xanthones – Yellow
  Chalcones and aurones Red Red-purple
  Flavononols – Red orange
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the same equation for DPPH and ABTS assays. This time, 
the  IC50 of the TAC was calculated based on the regres-
sion activity of the film in relation to the concentration of 
the sample. All tests were performed in triplicate.

Determination of  the  Total Phenolic Content The total 
phenolic content was determined by the Folin-Ciocalteu 
method as described in Reis et al. [19] with some modi-
fications. Initially, 500 µg of each extract was mixed with 
1.5 mL of distilled water, 1.5 mL of sodium carbonate 
(7.5% w/v), and 100 µL of the Folin-Ciocalteu reagent 
(2 M). Then, the mixture was incubated in a water bath 
at 37 °C for 30 min, and the absorbances measured at 765 
nm. Gallic acid was used as a standard, and the quantifi-
cation of polyphenols was performed by using a standard 
curve (correlation coefficient,  R2 = 0.996). The results 
were expressed in mg equivalent of Gallic acid (EAG)  g−1.

Antimicrobial Activity of the Extracts

Microorganisms and Inoculum Preparation

  Strains of Salmonella typhimurium (ATCC 10,028), Lis-
teria monocytogenes (ATCC 7644), Pseudomonas aer-
uginosa (ATCC 8626), Staphylococcus aureus (ATCC 
6538), Bacillus cereus (ATCC 14,579), and Escherichia 
coli (ATCC 8739) were grown on Brain Heart Infusion 
(BHI) agar. After the incubation period, the colonies of 
each strain were aseptically transferred to a sterile saline 
(NaCl 0.85% w/v) solution. The turbidity of the solutions 
was standardized with the 0.5 Mac Farland standard  (106 
UFC  mL−1).

Minimum Inhibitory Concentration (MIC) and Minimum 
Bactericidal Concentration (MBC)

The MIC and MBC of the extracts were determined accord-
ing to the standards of the Clinical and Laboratory Stand-
ards Institute (CLSI) [20] by the microdilution method using 
a 96-well microplate and a ramp concentration from 2 to 
1024 µg  mL−1. Briefly, 100 µL of each extract, 100 µL of 
BHI broth, and 10 µL of the inoculum  (106 CFU  mL−1 of 
each strain) were pipetted into each well of the microplate 
and incubated at 37 °C for 24 h. Subsequently, aliquots from 
the wells where no visible growth (turbidity) was observed 
were transferred to Petri dishes containing BHI agar medium 
and incubated at 37 °C for 24 h. MBC was considered the 
lowest concentration after which no microbial growth was 
observed after culture, while MIC is the lowest concentra-
tion where growth was observed after cultivation in the solid 
medium, but not in the liquid medium. Azithromycin and 

sterile saline were used as a positive and negative control, 
respectively.

The interpretation of the MIC was performed as described 
by Snoussi et al. [21]. Values between 0.05 and 0.5 mg  mL−1 
were associated with the high antimicrobial activity; those 
ranging from 0.51 to 1.5 mg  mL−1 to moderate activity, 
and the ones higher than 1.5 mg  mL−1 to low antimicrobial 
activity.

Preparation of the Films

The filmogenic solution of chitosan was prepared as 
described by por Souza et al. [22] with some modifications. 
Briefly, 1 g of chitosan was dissolved in 100 mL of ace-
tic acid (1%, v/v) under agitation using a magnetic stirrer 
at 200 rpm for 16 h at room temperature (25 °C). Sorbitol 
[0.3% (w/v)] was added to this filmogenic solution using 
the same conditions for more 2 h of stirring. Each metha-
nolic extract (EB, EEB, EL) was added to the filmogenic 
solution at concentrations of 100, 200, and 300 µg  mL−1 
(10, 20, and 30 mg of each extract per g of chitosan) under 
magnetic stirring for 2 h. The films were obtained by the 
bench casting method, in which 8 mL of each filmogenic 
solution was transferred to a Petri dish (90 mm in diameter), 
and dried in an oven with air circulation at 50 °C for 8 h. 
The control film, i.e., the one based on chitosan, was named 
CF, while films containing 100, 200, and 300 µg  mL−1 of 
EB, EEB, and EL were named EBF100, EBF200, EBF300, 
EEBF100, EEBF200, EEBF300, ELF100, ELF200, and 
ELF300, respectively. The dry films were stored in desic-
cators at 25 °C and 54% relative humidity [obtained using a 
saturated solution of Mg  (NO3)2·6H2O] until the subsequent 
analyses.

Films Characterization

Color and Opacity

Color and opacity were determined using a digital colorim-
eter (CR 400; Minolta, Japan), and the parameters L* (L* = 
0 [black] and L* = 100 [white]), a* (− a* = green and + a* 
= red), and b* (– b* = blue and + b* = yellow). Chroma and 
opacity (Y) were determined using the following equations 
[22, 23]:

  where (Yp) is the opacity of the film in the black pattern, 
and (Yb) is the relative opacity in the white pattern. Five 
measurements were randomly taken for each film replicate, 

Chroma =
√

a∗2 + b∗2

Y(%) =
Yp

Yb
× 100
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and the experiment was performed in triplicate, totaling fif-
teen readings per type of film. The average of the obtained 
values was presented in the results.

Thickness

The thickness of the films was determined using a digital 
micrometer (Digimess, Brazil) by choosing five different and 
random points of measurement [22].

Water vapor permeability (WVP)

WVP was determined gravimetrically as described by Souza 
et  al. [22]. Each film (CF, EBF100, EBF200, EBF300, 
EEBF100, EEBF200, EEBF300, ELF100, ELF200, and 
ELF300) was used to seal the top of a permeation cell con-
taining distilled water (100% relative humidity, vapor pres-
sure at 2337 Pa, and 20 °C); then, the system was placed 
in a desiccator containing silica at 20 °C and 0% relative 
humidity (water vapor pressure at 0 Pa). The cells were 
weighed for 10 h, always at 2 h intervals. The slope of mass 
loss versus time was obtained by linear regression. WVP 
was expressed in g  m−2  s−1  Pa−1, and calculated using the 
following equation: where WVTR is the rate of water vapor 
transmission  (gm−2  s−1) through the film, L is the average 
film thickness (m), and ΔP is the partial difference in water 
vapor pressure (Pa) through the two sides of the film.

Mechanical Properties

The maximum tensile strength (TS), elongation at break 
(EB), and elasticity modulus (also called Young’s modu-
lus, YM) were performed on a Universal Testing Machine 
(EMIC-DL-500) following the guidelines of ASTM D882-
12 [24]. Film strips with dimensions of 50 mm in length and 
10 mm in width were used, and the average film thickness 
was measured as previously described in ‘Thickness’. The 
initial grip separation was set at 10 mm, and the traction 
speed was set at 5 mm  min−1. The data of the stress curves 
(MPa) versus deformation (%) were collected and treated 
using the equipment’s software. The Young’s modulus was 
obtained considering the tangent of the elastic region of the 
stress versus strain curves. The values of EB were calculated 
as the ratio of the final length at the point of the sample to 
the initial length of a sample (10 mm) and expressed as a 
percentage. The films were kept for two days in a controlled 
environment at 25 °C, and 54% relative humidity (obtained 
using a saturated solution of Mg(NO3)2·6H2O) until the 
above-mentioned analyses, which were repeated 10-times 
per film.

Films Bioactivity

Antioxidant Activity of the Films

The antioxidant activity of each film (CF, EBF100, EBF200, 
EBF300, EEBF100, EEBF200, EEBF300, ELF100, ELF200, 
and ELF300) was evaluated using the 2,2-diphenyl-1-picryl-
hydrazil (DPPH) radical capture method as described by 
Souza et al. [25] with minor modifications. Briefly, rectan-
gular samples of each film (20 mg) were placed in tubes con-
taining 1 mL of DPPH methanolic solution (60 µM), and the 
system was mixed on a rotary shaker (150 rpm) for 30 min 
at room temperature and dark. The DPPH solution was used 
as control. Then, 200 µL of each sample were transferred to 
a 96-well microplate and submitted to absorbance measure-
ments at 515 nm (ELISA reader, Bio-Rad). The percentage 
of free radical scavenging by each sample was calculated 
according to the following equation:

 where  Abs515sample corresponds to the absorbance of the 
tubes containing the films (CF, EBF100, EBF200, EBF300, 
EEBF100, EEBF200, EEBF300, ELF100, ELF200, and 
ELF300), and  Abs515control is the absorbance of the DPPH 
solution (control). All measurements were performed in trip-
licate, and the results were expressed as mean ± standard 
deviation.

Antibacterial Activity of the Films—Agar Diffusion Method

The antibacterial activity of each film (CF, EBF100, 
EBF200, EBF300, EEBF100, EEBF200, EEBF300, 
ELF100, ELF200, and ELF300) was evaluated using the 
agar diffusion method as described by Souza et al. [22] with 
minor modifications. Briefly, the standardized inoculum 
(corresponding to a 0.5 on the Mc Farland scale) was placed 
as a mat on the surface of Petri dishes containing BHI agar 
medium with the aid of a sterile swab. Film samples with 5.0 
mm in diameter were placed on the plates. Paper disks con-
taining azithromycin (1028 µg  mL−1) and autoclaved saline 
(0.85% w/v) were used as positive and negative controls, 
respectively. The inoculated plates were incubated at 37 °C 
for 24 h, and then submitted to a visual analysis by measur-
ing the diameter of the growth inhibition zone around the 
film. All tests were performed in triplicate.

Statistical Analysis

All experiments were performed in triplicate, and the 
results were expressed as mean ± standard deviation. The 

DPPH EliminationCapacity =
Abs515control − Abs515sample

Abs515sample
× 100
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means were compared using one-way analysis of variance 
(ANOVA) followed by Tukey test using the GraphPad 
Prisma software. Statistical data were considered significant 
with p < 0.05.

Results and Discussion

Characterization of the Extracts

Phytochemical Analysis

The phytochemical screening of C. nordestinum extracts 
suggests the presence of phenolic substances such as tannins 
and flavonoids (Table 2). Anthocyanins and anthocyanidins 
were found in the leaves while saponins were observed in the 
bark. Flavones, flavonols, xanthans, and flavononols were 
present in the bark and the exudate bark; the obtained results 
demonstrate some differences in the synthesis, accumula-
tion, and distribution of secondary metabolites in relation 
to the different parts of the plant [26].

In what concerns the best of our knowledge, it is the first 
time that a phytochemical analysis is performed for the 

extracts of C. nordestinum; however, it is important to men-
tion that the presence of diterpenes, flavonoids, and other 
phenolic compounds is characteristic of this genus and fam-
ily [27]. For example, methanolic extracts from C. pyrami-
dalis leaves were demonstrated to be rich in bioflavonoids, 
such as loniflavone, amentoflavone, 5’-hydroxialamentofla-
vone, podocarpusflavone, agatisflavone, and taxifoline [28]. 
The leaves and exudate bark of C. pyramidalis were also 
phytochemically studied and demonstrated the presence of 
flavonoids, sitosterol, and cinnamic derivatives [29]. Addi-
tionally, tannins, catechins, condensed protocyanidins, and 
compounds such as 4,4′-dihydroxy-2′-methoxicalcon, syrin-
garesinol, and methyl gallate were detected in the bark of 
this very plant [27, 29, 30].

Antioxidant Activity and Total Phenolic Content

The results of the antioxidant activity and total phenolic con-
tent are displayed in Table 3. The total phenolic content was 
higher for the extracts obtained from the bark, followed by 
them obtained from the exudate bark, and the lowest values 
were from the leaf’s extracts. All of the results presented 
significant differences (p > 0.05) between them. It is known 
that phenolic compounds have hydroxyl groups that facili-
tate the elimination of free radicals; thanks to this fact, they 
have redox properties responsible for the antioxidant activity 
found in different extracts [31].

This is the first study to present data for the antioxidant 
activity of C. nordestinum extracts. The extracts obtained 
from the bark showed the most significant antioxidant activ-
ity, followed by those obtained from the leaves, and the 
extracts from the exudate bark the least efficient. When com-
pared to the standards Trolox® and ascorbic acid, the activ-
ity of capturing free radicals from all of the extracts were 
lower than Trolox® and higher than vitamin C (p > 0.05).

Other authors studied the antioxidant activity of extracts 
obtained from this genus and family; for example, Melo 
et al. [17] evaluated the antioxidant activity of the methanol 
extract from the leaves of C. pyramidalis using the DPPH 

Table 2  Qualitative phytochemical screening of the C. nordestinum 
methanolic extracts

(+) positive; (−) negative

Groups of secondary metabolites Extracts

  Leaves   Exudate 
bark

  Bark

Phenols + + +
Saponins − − +
Tannins + + +
Flavonoids + + +
Anthocyanins and anthocyanidins + - -
Flavones, flavonols and xanthans − + +
Flavononols − + +

Table 3  Antioxidant activity 
and total phenolic content of 
the extracts from leaves (EL), 
exudate bark (EEB), and bark 
(EB) of C. nordestinum 

Values described as mean ± standard deviation (n = 3)
GAE gallic acid equivalents, DPPH 2,2-diphenyl-1-picryl-hydrazyl radical, ABTS 2′,2-azino-bis(3-ethylb-
enzothiazoline-6-sulfonate) radical, AA ascorbic acid, TAC  total antioxidant capacity , N.T.  not tested
abcd Same vertical letters do not differ significantly (p > 0.05) by the Tukey test

Sample DPPH+,  IC50 (µg  mL−1) ABTS+,  IC50 (µg  mL−1) TAC,  IC50 (µg  mL−1) Total phenolic 
content (mg 
GAE/g)

EL 48.43 ± 0.51b 54.59 ± 0.16c 863.19 ± 0.43c 272.30 ± 11.72c

EEB 30.40 ± 0.01c 47.23 ± 0.15d 821.32 ± 0.73d 528.00 ± 3.07b

EB 97.34 ± 0.17a 97.34 ± 0.01b 967.29 ± 0.38b 772.00 ± 20.94a

Trolox 28.13 ± 0.11d 153.67 ± 0.02a N.T. N.T.
AA N.T. N.T. 500.00 ± 0.01a N.T.
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method and obtained an  IC50 of 42.95 ± 1.77 µg  mL−1, a 
similar result to that described in this work. In another study, 
the antioxidant activity of the hydroalcoholic extract (70% 
ethanol) from the bark of C. pyramidalis showed an  IC50 of 
16.98 ± 1.34 µg  mL−1, a better result than the one obtained 
from the leaves extract with an  IC50 of 38.93 ± 0.71 µg  mL−1 
[32]. According to the classification of Melo et al. [17], EL 
and EEB have good antioxidant activity, while EB has mod-
erate activity.

Some studies have reported the relation between total 
phenolic content and antioxidant activity of plant products 
[31, 32], which was not achieved in this very study (Table 3); 
in our case, the differences displayed by the extracts obtained 
from each part of C. nordestinum could explain the hetero-
geneity of phenolic content and antioxidant activities. As 
already reported in ‘Phytochemical Analysis’ (phytochemi-
cal results), the distribution pattern of the different second-
ary metabolites is not uniform among the different parts 
of the plant, which corroborates the significant differences 
obtained for the antioxidant activity of the extracts from 
bark, leaf, and exudate bark of C. nodestinum in this study. 
Tannins, for example, are usually found in the bark or exu-
date bark and may represent up to 40% of the metabolites 
present in the bark of some species [33]. It is important to 
mention that antioxidant molecules have different mecha-
nisms of action, including chelation of transition metal 
ions, radical elimination, and donation and acceptance of 
electrons. The antioxidant capacity also depends on several 
other factors, such as the size and steric accessibility of the 
antioxidant molecule. In view of this, different plants or dif-
ferent parts of the same plant can present antioxidant activity 
based on various mechanisms, due to several molecules [34].

The antioxidant activity observed for the extracts of C. 
nodestinum can be attributed to the phenolic molecules, fla-
vonoids, tannins, anthocyanins, anthocyanidins, and other 
compounds, which are well-known as antioxidants due to 
their functional groups and the ability to act as reducing 
agents [31, 34–36]. From these results, C. nodestinum can 
be presented as a new source of antioxidant compounds.

Antimicrobial Activity

The results for MIC and MBC are presented in Table 4. The 
strains tested in this study are known for their deteriorating 
action and the ability to cause food poisoning problems; 
thanks to this, they are of high interest to the food industry. 
Our results demonstrated that all of the strains were sensi-
ble to the positive control (azithromycin). It is also possible 
to observe that EL showed high inhibition activity (MIC) 
against S. typhimurium, P. aeruginosa, L. monocytogenes, 
B. cereus, and S. aureus, in addition to a moderate inhibition 
of the growth of E. coli. EEB showed high activity for all of 
the strains, while EB demonstrated high antibacterial activ-
ity against P. aeruginosa, L. monocytogenes, B. cereus, and 
S. aureus, and a moderate activity against S. typhimurium 
and E. coli.

Despite the high activity (MIC) demonstrated by EEB 
against all Gram-positive and Gram-negative bacteria, i.e., 
its bacteriostatic activity, the bactericidal activity of EL 
was greater because of the lower concentration of extract 
required for the death of most of the strains tested in this 
study. As expected, EB was the least efficient antimicrobial.

Up to this moment, the mechanisms associated with the 
antimicrobial activity of phenolic compounds are still lit-
tle known by the scientific community. The hypothesis is 
that they can modify the permeability of cell membranes, 
increase the loss of cell wall integrity, and cause changes 
in intracellular functions by enzyme linkages [37, 38]. The 
differences observed for the antimicrobial activity of the 
three extracts of C. nordestinum may be associated with the 
amount of reducing agents of each extract, as well as the 
mechanism of antioxidant action of their functional groups 
[39]. As already reported in the phytochemical screening 
(‘Phytochemical Analysis’, Table 2), there are several groups 
of secondary metabolites in EL, EEB, and EB, which may 
preliminarily explain the broad spectrum of antimicrobial 
action obtained for the extracts against the tested strains.

As the report for the phytochemical analysis and the anti-
oxidant activities of the extracts of C. nordestinum, this is 

Table 4  Minimum Inhibitory 
Concentration (MIC) and 
Minimum Bactericidal 
Concentration (MBC) of the 
extracts from leaves (EL), bark 
(EB), and exudate bark (EEB) 
of C. nordestinum expressed as 
µg  mL−1

n.d. not identified

Strain

Gram-negative Gram-positive

S. typhimu-
rium

E. coli P. aerugi-
nosa

L. monocy-
togenes

B. cereus S. aureus

Sample MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC

EL 512 256 1024 512 256 128 512 256 256 128 512 256
EEB 1024 256 1024 256 1024 256 512 256 512 256 1024 256
EB 1024 512 n.d. 512 1024 256 1024 256 512 256 512 256
Azithromycin 4 2 16 32 16 8 16 8 8 4 16 8
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the first study investigating the antimicrobial activity of EL, 
EEB, and EB. Other studies were conducted for plants from 
the same family and currently classified in the same genus. 
For instance, C. pyramidalis was studied by Saraiva et al. 
[29] in terms of the evaluation of the antimicrobial activ-
ity of the methanolic extracts obtained from different parts 
of this plant (leaves, bark, flower, seed, and fruits) against 
twenty-one strains of S. aureus, being two standard strains 
(ATCC) and nineteen clinical isolates. The extracts of leaves 
and bark showed MIC results varying from 500 to 2000 µg 
 mL−1, which are   higher than those described in this work 
(256 µg  mL−1). Additionally, hydroalcoholic extract (50% 
ethanol) of C. pyramidalis showed no antibacterial activ-
ity against standard strains (ATCC) and clinical isolates of 
E. coli, P. aeruginosa, and K. pneumoniae [40]. However, 
when 125 µg  mL−1 of the above-mentioned extract was com-
bined with synthetic antibiotics, it significantly increased the 

activity of the different classes of antibiotics and reduced the 
MIC for multidrug-resistant strains [40].

Characterization of the Films

Appearance, Thickness, Color, and Opacity

The appearance of the films is presented in Fig. 2. Consid-
ering the visual aspect of the films, all of them presented a 
smooth, shiny, and uniform surface, with good structural 
integrity and no visible cracks or pores. In addition, they 
were easily removed from the surface used for polymeriza-
tion. Control films (CF) were transparent and bright, while 
chitosan films incorporated with different extracts concen-
tration (EBF100, EBF200, EBF300, EEBF100, EEBF200, 
EEBF300, ELF100, ELF200, and ELF300) were colored 

Fig. 2  Films incorporating C. nordestinum extracts. (CF) Chitosan 
film; (EEBF100) chitosan film with 100  µg  mL−1 of exudate bark 
extract; (EEBF200) chitosan film with 200 µg  mL−1 of exudate bark 
extract; (EEBF300) chitosan film with 300 µg  mL−1 of exudate bark 
extract; (EBF100) chitosan film with 100  µg  mL−1 of bark extract; 

(EBF200) chitosan film with 200 µg  mL−1 of bark extract; (EBF300) 
chitosan film with 300 µg  mL−1 of bark extract; (ELF100) chitosan 
film with 100 µg  mL−1 of leaf extract; (ELF200) chitosan film with 
200  µg  mL−1 of leaf extract; (ELF300) chitosan film with 300  µg 
 mL−1 of leaf extract
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from brown to yellow, depending on the extract and the 
concentration added to the film.

Thickness is an important parameter and must be con-
trolled in the production of the films since it directly affects 
the mechanical properties, water vapor permeability, and the 
opacity of the films [41]. Concerning thickness results, CF 
film obtained a value of 0.043 ± 0.007 mm, and no signifi-
cant differences (p < 0.05) were observed for the thickness 
of the films incorporated with the extracts from leaves (EL), 
exudate bark (EEB), and bark (EB) of C. nordestinum. The 
hypothesis is that the small concentration of extracts added 
to the chitosan film did not influence the thickness of the 
incorporated films. Chitosan films were also incorporated 
with purple pulp sweet potato extract at low concentration 
(0.1% w/v) and, as expected, no significant changes in thick-
ness results were observed [42]. Oppositely, the incorpora-
tion of 0.5 and 1% of diatomite into chitosan films increased 
the values of thickness of the films produced by Akyuz et al. 
[43].

The color and opacity parameters of the films are pre-
sented in Table 5. CF was bright with a strong whiteness 
tendency as presented by L*; additionally, it showed a nega-
tive result for a* and positive for b*, corresponding to green 
and yellow components, respectively. Considering the asso-
ciation of the results of L*, a*, and b*, they indicate that 
CF presented a light-yellow hue tending to transparency. 
Chitosan films with a negative a* coordinate, a positive b*, 
result and L* greater than 90 were also obtained by Yong 
et al. [41].

The incorporation of EL, EEB, and EB of C. nordestinum 
in the chitosan film influenced the coordinates a* and b*, 
thus increasing the redness and the yellowness of the incor-
porated films, respectively. EEBF300 presented a significant 

increase in a*, which can be explained by a greater content 
of polyphenols capable of selectively absorbing some low 
wavelengths, thus leading to a film more reddish in color 
[44]. The yellow tendency associated with higher values of 
b* can be attributed to the presence of flavonoids in the 
extracts. Similar results were obtained by Kan et al. [45] 
working with films based on chitosan and gelatin incorpo-
rated with the hydroalcoholic extract from Crataegus pinnat-
ifida fruits. It is also possible to observe that the luminosity 
(represented by L*) decreased with the incorporation of the 
extracts, confirming the films’ appearance already reported 
in Fig. 2. The darkness pattern of the incorporated films is 
probably associated with the crosslinking in chitosan chains 
due to the presence of polyphenols [44].

One can see that the values of Chroma for all of the films 
increased by increasing the concentration of the extracts 
obtained from C. nordestinum (regardless of the type of 
incorporated extract). Similar behavior was observed with 
the incorporation of thyme extract (Thymus serpyllum L.) in 
a chitosan matrix; an increase in the extract concentration 
led to the formation of more saturated colors and a higher 
chroma value for the film [44].

The incorporation of 300 µg  mL-1 of EL and EB sig-
nificantly increased (p > 0.05) the values of opacity (Y) of 
the incorporated films (ELF and EBF, respectively) when 
compared to CF. When EEB was incorporated, a significant 
increase (p > 0.05) was observed for concentrations of 200 
and 300 µg  mL-1. These results are probably associated with 
an increase in the scattering of light in the polymeric chi-
tosan network that interferes with the transmission of light 
through the film as the extract is added to the matrix [45].

Other natural extracts, such as sweet potato extract, 
purple eggplant extract, oak extract (Quercus robur), hop 

Table 5  Color parameters 
L* (luminosity), a* (-a* = 
greenness and + a* = redness), 
b* (− b* = blueness and + b* 
= yellowness), Chroma and 
Y (opacity) of chitosan-based 
films incorporated or not with 
the extracts from leaves (EL), 
exudate bark (EEB), and bark 
(EB) of C. nordestinum 

Values described as mean ± standard deviation (n = 3). abcdefgh Same vertical letters do not differ signifi-
cantly (p > 0.05) by the Tukey test. (CF) Chitosan-based film; (ELF100) chitosan film with 100 µg  mL−1 of 
leaf extract; (ELF200) chitosan film with 200 µg  mL−1 of leaf extract; (ELF300) chitosan film with 300 µg 
 mL−1 of leaf extract; (EEBF100) chitosan film with 100 µg  mL−1 of exudate bark extract; (EEBF200) chi-
tosan film with 200 µg  mL−1 of exudate bark extract; (EEBF300) chitosan film with 300 µg  mL−1 of exu-
date bark extract; (EBF100) chitosan film with 100 µg  mL−1 of bark extract; (EBF200) chitosan film with 
200 µg  mL−1 of bark extract (EBF300) chitosan film with 300 µg  mL−1 of bark extract

Films L* a* b* Chroma Opacity (Y)

CF 92.61 ± 0.73a − 1.16 ± 0.03 g 6.42 ± 0.08f 6.52 ± 0.094f 10.79 ± 0.80 h

ELF100 86.21 ± 0.51cde − 0.23 ± 0.01f 7.05 ± 0.19de 7.05 ± 0.19de 11.71 ± 0.07efgh

ELF200 84.87 ± 0.35df 0.35 ± 0.04b 9.36 ± 0.11b 9.37 ± 0.12b 11.77 ± 1.15defgh

ELF300 85.26 ± 0.49dg 0.11 ± 0.01 cd 10.49 ± 0.42a 10.49 ± 0.42ª 13.13 ± 0.40cdfg

EEBF100 89.13 ± 0.78bce 0.07 ± 0.02c 6.63 ± 0.30ef 6.63 ± 0.30ef 12.07 ± 0.44gh

EEBF200 85.51 ± 2.02efg 0.66 ± 0.02e 7.73 ± 0.08c 7.75 ± 0.08c 12.39 ± 1.06 fg

EEBF300 85.65 ± 1.61dg 1.49 ± 0.31a 9.53 ± 0.36b 9.65 ± 0.39b 15.25 ± 0.85a

EBF100 89.77 ± 0.32b 0.29 ± 0.05b 6.69 ± 0.34def 6.69 ± 0.34def 9.72 ± 0.05 h

EBF200 87.66 ± 0.39c 0.46 ± 0.03b 7.17 ± 0.17d 7.19 ± 0.17d 12.16 ± 0.41bcdefgh

EBF300 87.99 ± 1.37bc 0.45 ± 0.3b 7.08 ± 0.18de 7.10 ± 0.8de 13.05 ± 0.32bcdefg



226 Journal of Polymers and the Environment (2022) 30:217–231

1 3

extract (Humulus lupulus), and brown algae extract (Lami-
naria hyperborean) were incorporated in chitosan films 
and, in agreement with our results, led to an improvement 
in the light barrier properties [41, 42, 46]. These results are 
important because packages are compatible with a barrier 
to UV-Vis light, thus acting on the delay of the oxidation of 
lipids and preserving the organoleptic properties of pack-
aged foods [22, 45].

Mechanical Properties and Water Vapor Permeability

The results of the mechanical properties of the films are 
presented in Table 6. This characterization represents the 
films’ ability to maintain the integrity and support external 
stresses during the processing, transport, handling, and stor-
age of packaged foods [45]. The values obtained for tensile 
strength (TS), elongation at break (EB), and Young’s modu-
lus (YM) demonstrate that all of the films have a rigid and 
inelastic behavior.

Regarding TS results, it is important to highlight the value 
obtained for CF (113.97 ± 0.42 MPa), which is 3 to 5-fold 
higher than the ones reported in the literature for chitosan 
films; for example, Kan et al. [45], Zhang et al. [47], and Qin 
et al. [48] obtained TS values of 20.02, 33.7, and 20.8 MPa, 
respectively. The incorporation of EL, EEB, and EB of C. 
nordestinum in the chitosan film increased TS values when 
compared to CF. This effect is probably associated with the 
formation of a more stable and denser polymer matrix as 
electrostatic interactions are formed by the hydrogen bonds 
between phenolic compounds and chitosan [49]. Similar 
behavior was observed for other extracts incorporated into 

chitosan-based films, for example, those obtained from Cra-
taegus pinnatifida and Thymus serpyllum [44, 45].

The exception was for the film with 300 µg  mL-1 of EB 
(EBF300), whose TS value was lower than all of the other 
films. The hypothesis is that this extract agglomerated and 
dispersed heterogeneously into the film in a different way 
than the other extracts. The loss of cohesion in the poly-
meric matrix of the films incorporated with EE influenced 
the mechanical properties of the matrix, thus decreasing TS 
values and, as expected, also decreasing EB values.

Regarding EBF results, the incorporation of the extract 
did not alter (p < 0.05) these values when compared to CF. 
However, particular differences were observed among the 
films with different concentrations of the same extract. In 
general, values of EB decreased with increasing the extract 
concentration. Similar behavior was observed for the incor-
poration of Chlorella defatted biomass by up to 25%, which 
significantly decreased TS and EB of biodegradable films 
based on chitosan [50]. An opposite behavior was observed 
when C. sativa seed oil was incorporated in a chitosan 
matrix, decreasing the intermolecular forces between poly-
mer chains, thus resulting in films more fragile and flexibles, 
that is, with a decreased TS and an increased EB [51].

YM is related to the stiffness of the material in low defor-
mations [44]. It is possible to predict that the crosslinking 
action of the phenolic compounds into the polymeric chain 
of chitosan led to an increase in the stiffness of the films, 
thus influencing elastic modulus results. It is not possible 
to demonstrate a relationship between elasticity and extract 
concentration; however, the results are consistent with those 
obtained for EB and the increased stiffness (higher YM) and 

Table 6  Mechanical properties and water vapor permeability (WVP) of chitosan-based films incorporated or not with the extracts from leaf 
(EL), bark (EB), and exudate bark (EEB) of C. nordestinum 

Values described as mean ± standard deviation (n = 3). abcdefgh Same vertical letters do not differ significantly (p > 0.05) by the Tukey test. (CF) 
Chitosan-based film; (ELF100) chitosan film with 100  µg  mL−1 of leaf extract; (ELF200) chitosan film with 200  µg  mL−1 of leaf extract; 
(ELF300) chitosan film with 300 µg  mL−1 of leaf extract; (EEBF100) chitosan film with 100 µg  mL−1 of exudate bark extract; (EEBF200) chi-
tosan film with 200 µg  mL−1 of exudate bark extract; (EEBF300) chitosan film with 300 µg  mL−1 of exudate bark extract; (EBF100) chitosan 
film with 100 µg  mL−1 of bark extract; (EBF200) chitosan film with 200 µg  mL−1 of bark extract (EBF300) chitosan film with 300 µg  mL−1 of 
bark extract; (WVP) Water vapor permeability

Films Tensile Strength (MPa) Young’s modulus (GPa) Elongation at break (%) WVP  [10−10 g (m s Pa)−1]

CF 113.97 ± 0.42e 1.99 ± 0.007f 15.37 ± 4.00ªbc 2.11 ± 0.02ab

ELF100 164.05 ± 0.28a 3.28 ± 0.005a 19.34 ± 2.12b 1.90 ± 0.27abcf

ELF200 140.32 ± 1.03f 2.45 ± 0.018e 11.09 ± 3.39c 1.72 ± 0.12cde

ELF300 153.30 ± 0.36b 2.68 ± 0.006c 11.38 ± 2.23c 1.51 ± 0.04ed

EBF100 148.14 ± 0.54c 2.59 ± 0.009d 16.50 ± 4.78ªbc 1.70 ± 0.06df

EBF200 148.24 ± 0.30c 2.59 ± 0.005d 20.07 ± 5.17b 1.61 ± 0.01d

EBF300 164.82 ± 0.85ª 2.88 ± 0.014b 14.13 ± 2.56ªc 1.51 ± 0.04d

EEBF100 144.36 ± 0.27d 2.00 ± 0.004f 19.35 ± 7.95b 2.26 ± 0.12b

EEBF200 140.36 ± 0.42f 2.45 ± 0.007e 11.09 ± 3.39ªc 1.64 ± 0.14d

EEBF300 81.73 ± 0.11 g 1.43 ± 0.001 g 9.07 ± 1.63c 1.88 ± 0.05af
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tensile strength (TS) for incorporated films, thus confirming 
the reinforcing effect of the extracts into the chitosan matrix.

The increase observed in tensile strength (TS) and 
Young’s modulus was also observed with the addition of 
cellulose nanocrystals in chitosan films, caused by elec-
trostatic interactions between the chitosan cationic chains 
and the anionic cellulose nanocrystals [52]. In contrast, the 
incorporation of 0.5 and 1% (w/v) of diatomite in chitosan 
films decreased the number of cross-links in the polymeric 
structure, thus decreasing TS and YM and increasing EB 
values [43].

WVP determines the ability of the films to interact with 
water and to protect packaged foods from dehydration or 
rehydration processes. Therefore, it is important to obtain 
values of WVP as low as possible [22, 53]. CF showed a 
WVP of 2.11 ± 0.02 ×  10−10 g. (m.s.Pa)−1, corroborating the 
results obtained by Souza et al. [22] [2.33 ± 2.84 ×  10−10 g. 
(m.s.Pa)−1]. With the addition of the extracts, a signifi-
cant decrease (p > 0.05) was observed in WVP results 
for EEBF100, EEBF200, EEBF300, ELF200, ELF300, 
EBF200, and EBF300 (Table 6).

As already discussed for TS results, it is believed that 
the incorporation of the extracts increased the crosslinking 
into the chitosan chain, thus reducing the free volume in the 
polymeric matrix and reinforcing the structure of the film; 
thanks to this, we hypothesize that the denser structure of 
the incorporated films is associated with decreased values 
of WVP. Another explanation is that the reduction in WVP 
values of incorporated films occurs by the formation of a 
more tortuous path with the addition of the extracts, thus 
decreasing the diffusivity of water molecules through the 

chitosan matrix [45]. Similar behavior has been reported 
for chitosan films containing polyphenols from apple peel 
or purple eggplant extract [41, 53].

Films Bioactivity

Oxidation reactions and the growth of microorganisms are 
the main factors associated with food degradation. The 
incorporation of antioxidants and antimicrobials in pack-
aging materials can prolong its shelf life, in addition to 
improve the quality and safety of the food [22]. Several syn-
thetic products have been used for this purpose; however, 
they are more associated with health risks than products 
sourced from natural origin, for instance, plant extracts, 
whose bioactivities are gaining much attention in the last 
three decades [54].

Results of the antioxidant activity of the films are pre-
sented in Fig. 3. CF did not show antioxidant activity, cor-
roborating the results obtained by Souza et al. [22] when 
they studied films containing 1% (w/v) of chitosan. Some 
works report that chitosan-based films may have antioxidant 
activity due to the ability to eliminate free radicals from the 
amino groups present in C-2 of the glycosamine units of 
the polysaccharide chain [41, 53, 55]. Thus, the antioxidant 
activity of chitosan depends on its molecular weight and 
degree of deacetylation, which are reflected in the availabil-
ity of amino groups throughout the polymeric matrix, i.e., 
the more amino groups, the greater the antioxidant activity 
of the film [23].

Regarding DPPH results, it is possible to observe that the 
addition of the extracts into the chitosan matrix increased 

Fig. 3  Antioxidant activity of chitosan-based films incorporating C. nordestinum extracts
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the DPPH elimination capacity of the incorporated films 
(Fig. 3); furthermore, the antioxidant activity increased 
in a dependent-way in relation to the concentration of the 
extracts (regardless the type of incorporated extract). One 
can attribute this behavior to the increase in antioxidant 
phytochemicals, i.e., the phenolic content of the extracts. 
As mentioned by Kaya et al. [56], the addition of a small 
amount of plant extract into the chitosan film enhanced the 
antioxidant properties. ELF100, ELF200, ELF300, EB100, 
EB200, EB300, EEB100, EEB200, and EEB300 contain, 
respectively, about 2.72, 5.46, 8.72, 7.72, 15.44, 23.16, 5.28, 
10.56, and 15.84 mg of phenolic compounds per 1 g of chi-
tosan. Kaya et al. [57] attributed the antioxidant activity of 
chitosan films containing methanol extracts from the stem, 
leaves, and seeds of Pistacia terebinthus to the high phenolic 
content present in the extracts. Koc et al. [55] also attrib-
uted the antioxidant activity of the chitosan film containing 
a fungal extract of Tricholoma terreum to the polyphenolic 
compounds found in the extract.

The differences observed for the results of antioxidant 
activity (in relation to the ability to capture free radicals) is 
associated with the complex composition of the three types 
of extracts. As expected, the films containing EB were the 
most efficient antioxidants, thus corroborating the results 
obtained for the free extract (‘Antioxidant Activity and Total 
Phenolic Content’, Table 3). Considering the films contain-
ing EEB and EL, it is possible to observe a different pattern; 
ELF presented the better antioxidant activity (p > 0.05) when 
incorporated with the high extract concentration (300 µg. 
 mL−1), while no significant (p < 0.05) differences were 
observed between EEBF and ELF when they were incorpo-
rated with 100 and 200 µg.  mL−1 of the extracts.

Ruiz-Navajas et al. [58] incorporated essential oils of 
Thymus moroderi and Thymus piperella in chitosan films and 
observed that their ability to capture DPPH radicals occurred 
in a concentration-dependent manner. Similar behavior was 
also observed by Yong et al. [42] with the incorporation of 
purple pulp sweet potato extract in a chitosan matrix.

In what concerns the results of antimicrobial activity, all 
strains were sensible to azithromycin (positive control), with 
zones of inhibition ranging from 16.3 ± 0.57 to 21.6 ± 0.57 
mm, and the negative control (with saline) did not present 
inhibition zones. The control film (CF) did not show antimi-
crobial activity, which is expected for chitosan films already 
reported by the literature. For example, Xu, Chen and Liu 
[59]demonstrated that the chitosan matrix was not effec-
tive against any of the four strains of bacteria tested in their 
work, including E. coli and L. monocytogenes. Ballester-
Costa [60] also reported no antimicrobial activity for the 
studied chitosan-based film. The effective antimicrobial 
action of chitosan is close related to the positively charged 
amino groups in its monomer units, which react with the 
anionic groups on the bacterial cell surface [58].

None of the developed films was able to inhibit the growth 
of S. typhimurium and E. coli; additionally, all of the films con-
taining extracts at 100 µg  mL-1 concentration were ineffective 
against the tested strains. The incorporation of the extracts into 
the chitosan matrix produced new systems whose antimicro-
bial activity was lower than the positive control (azithromy-
cin); however, it is important to mention that the absence (or 
small zone of inhibition) observed for the incorporated films 
could be associated with the amount of extract added to the 
matrix. It is possible that better results of antimicrobial activity 
could be obtained for concentrations higher than 300 µg  mL-1 
of the extracts from C. nordestinum.

The incorporation of 3330  µg  mL−1 (a concentration 
11.1 times greater than the highest concentration used in our 
study) of methanolic extracts obtained from the stem, leaves, 
and seeds of Pistacia terebinthus in chitosan films was able 
to inhibit the growth of Gram-negative bacteria, such as P. 
microbilis, P. vulgaris, P. aeruginosa, and E. coli with zones of 
inhibition ranging from 28.19 ± 0.92 to 21.33 ± 0.74 mm [57].

ELF exhibited antimicrobial activity against P. aer-
uginosa and S. aureus at 300 µg  mL−1 of concentration, 
with inhibition zones of 6.5 ± 0.5 mm and 7.5 ± 0.5 mm 
(p < 0.05), respectively. The incorporation of EEB inhib-
ited the growth of P. aeruginosa, S. aureus, and L. mono-
cytogenes at 200 and 300 µg  mL−1 of concentration, with a 
diameter ranging from 6.5 ± 0.5 to 7.5 ± 0.5 mm (p < 0.05). 
The results of antimicrobial activity of fims incorporated 
with EB were more expressive than those obtained for 
films with EEB and EL. EBF showed zones of inhibition of 
5.5 ± 0.5 and 9.5 ± 0.0 mm against P. aeruginosa at 200 and 
300 µg  mL−1 of concentration, respectively. Regarding the 
zones of inhibition for L. monocytogenes and S. aureus, they 
varied from 7.5 ± 1.5 to 9.0 ± 0.5 mm and from 6.5 ± 0.5 to 
8 ± 1.0 mm (p < 0.05), respectively. Furthermore, the inhibi-
tion of the growth of P. aeruginosa and L. monocytogenes 
by EBF300 was higher (p > 0.05) than the results observed 
for EEBF300 and ELF300; this very film (EBF300) was the 
only one capable of inhibiting the growth of B. cereus, with 
an inhibition zone of 7.5 ± 0.5 mm.

According to the results, it is possible to observe that a 
greater number of Gram positive strains were sensible to 
chitosan films incorporating C. nordestinum extracts when 
compared to Gram negative. The last one strains are often 
less susceptible to antimicrobials due to the protective effect 
provided by their relatively impermeable outer membrane 
[61].

Conclusions

The extracts of C. nordestinum described here for the 
first time are natural sources of promising bioactive com-
pounds, and have the potential to be used in the production 
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of ecologically sustainable packaging for the food industry. 
The incorporation of the extracts (obtained from different 
parts of the plant) into chitosan films led to the development 
of bioactive packaging, with excellent antioxidant capacity 
and discrete antimicrobial activity; additionally, the incor-
porated films presented better mechanical, optical, and water 
vapor barrier properties than the pure chitosan film.

In the future, the promising films developed in this very 
work are suggested to be used as active packaging to extend 
the shelf life of food products, as well as to minimize the 
environmental impacts caused by the use of conventional 
(synthetic) materials. However, for its effective use, further 
research is needed to fully-elucidate the chemical composi-
tion of the extracts. It is also necessary to carry out studies 
to assess the effect of these new packages on different types 
of food.
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