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rating white pepper (Piper
nigrum L.) oleoresin on starch/alginate films

Olga Lućıa Torres Vargas, * Iván Andrés Rodŕıguez Agredo
and Yessica Viviana Galeano Loaiza

The development of films based on natural components has demonstrated their potential for food

preservation. In this research, the effect of the inclusion of white pepper oleoresin (WPO) in a film made

from cassava starch and sodium alginate (FWPO) on the antimicrobial, physicochemical, mechanical,

optical, and structural properties was evaluated. The films were formulated with different concentrations

of WPO (0.0, 0.5, 1.0 and 1.5%). The results obtained indicated that the incorporation of WPO in the film

increased the antioxidant activity against the 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH), and an

inhibitory effect against Escherichia coli and Staphylococcus aureus bacteria was also observed.

Elongation at break (EB), water vapor permeability (WVP), moisture content, solubility, and luminosity (L*)

decreased significantly (p < 0.05) with the addition of WPO. On the other hand, the tensile strength (TS),

the value of b* (tendency toward yellow) and the opacity increased. Scanning electron microscopy (SEM)

images showed a smooth, uniform appearance, and continuous dispersion between cassava starch,

alginate and WPO. FTIR spectra showed the interactions between the film components. X-ray diffraction

(XRD) patterns showed that the addition of WPO did not affect the structural stability of the films. The

results obtained indicate the possible use of WPO in the packaging of food products, contributing to the

improvement of food quality and safety.
1. Introduction

Obtaining biodegradable materials from renewable sources and
reducing the use of plastic packaging not only contribute to the
goal of preserving the environment in the packaging industry,1

but also address crucial concerns related to microbial contam-
ination and lipid oxidation. These problems represent signi-
cant threats to public health, and for these reasons research is
focused on compounds that exert antioxidant and/or antimi-
crobial activity.2 Therefore, one of the great challenges currently
facing researchers, in addition to environmental problems, is
creating mechanisms that control food contamination by the
action of pathogenic microorganisms.

Consumer demand for healthier and safer foods has led to
the development of new preservation techniques. Traditionally,
antimicrobial/antioxidant agents were added directly to foods
to prevent contamination. Direct application of these agents to
foods has limited effects because the active ingredients are
quickly neutralized and can worsen the sensory properties of
foods.3 Therefore, lms containing antibacterial or antioxidant
agents may be more effective, allowing the bioactive agents to
be released gradually over time.4
nces, Interdisciplinary Science Institute,
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Food safety reports from the World Health Organization
(WHO) indicate that access to safe and nutritious food in
sufficient quantities is critical to sustaining life and promoting
good health. Unsafe food containing harmful bacteria, viruses,
parasites, or chemicals causes more than 200 diseases, ranging
from digestive problems to cancer.5 Therefore, the replacing of
conventional petroleum-based packaging materials with
biodegradable polymers-formulated antimicrobial lms has
become a topic of great interest for researchers in recent years.6

Currently, numerous studies have focused on the develop-
ment of lms based on starch, the most abundant biopolymer
in nature, which is low cost (lower than polyethylene), widely
available, biodegradable, edible, tasteless, colorless, and easy to
use in technological processes.7 Biopolymers formulated with
cassava starch have shown excellent properties in obtaining
exible and extensible lms with homogeneous and smooth
surfaces.8

In addition, sodium alginate (AS) has attracted particular
interest due to its commercial availability, biodegradability, and
non-toxicity.9 The colloidal nature of alginate gives it thick-
ening, stabilizing, good lm-forming, and suspending proper-
ties, characteristics that make it suitable as a biodegradable
lm-forming material.10

On the other hand, by solvent extraction from the peeled
fruits white peppers, white pepper oleoresin (Piper nigrum L.) is
obtained, which is widely used in the food industry because it
RSC Adv., 2024, 14, 15293–15301 | 15293

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00821a&domain=pdf&date_stamp=2024-05-11
http://orcid.org/0000-0001-5566-0899
http://orcid.org/0009-0007-1135-1825
http://orcid.org/0000-0002-0287-1032
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00821a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014022


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
1:

40
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
has strong antimicrobial activity, preserves its avor, pungency,
and functional properties, making it one of the most widely
used spices worldwide.11 WPO is a viscous liquid that has
a slight spicy taste, with a characteristic peppery aroma, and is
associated with several health benets, such as anti-
inammatory, anticancer, antidiabetic, antimicrobial, antioxi-
dant, and antifungal.12–14

Tween 80 is a nonionic surfactant commonly used as an
emulsier in the food and pharmaceutical industry.15 The FDA
(Food and Drug Administration)16 granted Tween 80 generally
recognized as safe (GRAS) status, and according to CXS-192 (ref.
17) its maximum allowable dose as an additive is 5000 mg kg−1.
However, at high concentrations, some studies have suggested
that it may have adverse health effects.15,18,19

Consequently, the combination of biodegradable polymers
with bioactive compounds to obtain lms has become a prom-
ising technology for the food industry. Some of these combi-
nations can improve the physical, mechanical, and barrier
properties of the lm, providing antimicrobial and antioxidant
characteristics, which allow prolonging shelf life, maintaining
quality, and improving the organoleptic properties of coated
containers or foods.20

Therefore, the objective of this work was to evaluate the
effect caused by the inclusion of white pepper oleoresin in a lm
made from cassava starch and sodium alginate on its antimi-
crobial, physicochemical, mechanical, optical and structural
properties.
2. Materials and methods
2.1 Raw material

White pepper oleoresin (Piper nigrum L.) was purchased from
Tecnas S. A., Colombia. Cassava starch (molecular weight: 2.169
× 107 g mol−1) (TAPIOCA STARCH – 70000131LG) was
purchased from Ingredion (Cali, Colombia). Alginate (molec-
ular weight: 1.43 × 105 g mol−1), CaCl2 (molecular weight:
110.99 g mol−1), glycerol, Tween 80, and the different reagents
necessary for the physical and microbiological characterization
of the formulated lms were acquired fromMerck in Colombia.

The bacterial strains S. aureus (ATCC 25923) and E. coli
(ATCC 25922) were obtained from the culture collection of the
Molecular Immunology Research Group (GYMOL) of the Uni-
versidad del Quind́ıo.
Fig. 1 Visual appearance of the films (a) CF, (b) FWPO 0.5%, (c) FWPO
1.0%, (d) FWPO 1.5%.
2.2 Gas chromatography mass spectrometry analysis of WPO

The chemical composition of WPO was determined by gas
chromatography mass spectrometry (GC-MS). An Agilent HP-
6890N gas chromatograph coupled to an Agilent 5975N mass
selective detector (Agilent Technologies, HP USA), equipped
with a DM-1M capillary column (30 m long × 0.25 mm internal
diameter and ×0.25 mm lm thickness) was used. Helium
(99.999%) was used as carrier gas at a ow rate of 1.0 mL min−1

and an injector temperature of 250 °C. WPO was diluted in
propylene glycol and then 0.2 mL was injected in split mode
(ratio 1 : 30). The oven temperature program was 70 °C for
10 min, increased to 100 °C at 5 °C min−1, followed by an
15294 | RSC Adv., 2024, 14, 15293–15301
increase to 150 °C at 5 °C min−1, then to 200 °C at 5 °C min−1

and nally to 250 °C at 5 °C min−1 for 15 min.
Mass spectra were recorded in electron impact ionization

mode at 70 eV. The temperatures of the quadrupole mass
detector, ion source and transfer line were set at 150, 230 and
280 °C, respectively. The identication of the compounds was
based on mass spectra (MS) obtained with those from the
NIST02.L, NIST5a.L and NIST98.L libraries and the selected ion
monitoring mode was used to determine the concentrations of
the compounds.

2.3 Film formulation

To obtain the lms, the methodology proposed by Vargas et al.21

was followed with some modications. Initially, 3.6 g of cassava
starch was added to 72 g of distilled water with constant stirring
for 30 min and 600 rpm at 70 °C. In parallel, 2.4 g of sodium
alginate was added to 72 g of distilled water at 60 °C with
constant stirring for 30 min and 600 rpm (0.1% CaCl2 was
added for each gram of sodium alginate). Then, both solutions
were mixed with constant stirring for 15 min.

Additionally, a 15% (w/w, with respect to the weight of cas-
sava starch) glycerol solution was prepared by heating at 35 ±

5 °C for 15 min. Once the solutions were obtained, the
percentages of WPO were added at a concentration of 0.5, 1.0
and 1.5% (w/w total solids). WPO was mixed with Tween 80 al
5% (w/w, based on WPO). Tween 80 was used as a non-ionic
surfactant to stably disperse the dispersed oil phase droplets
in the continuous water phase.

The lm-forming solution (FFS) obtained was distributed on
polystyrene Petri dishes (18 g) (64 cm2) and dried in a forced air
convection oven (Binder, FD – 115, Germany) at 45 °C± 5 °C for
6 h. Film-forming solution (FFS) was prepared following the
same methodology, without the addition of WPO. A control lm
(CF) was prepared following the same methodology, without
adding WPO. All lms were stored in a desiccator at 23 ± 2 °C
and 50 ± 2% relative humidity (RH) for subsequent physical
characterization. Fig. 1 shows the images of the lms obtained.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4 Antioxidant activity

The antioxidant activity of the obtained lms was evaluated by
2,2-diphenyl-1-picryl-hydrazyl (DPPH) free radical scavenging
assay, according to the methodology employed by M. Moradi
et al.22 with some modications. Initially, 25 mg of lm were
immersed in 3 mL of deionized water, the obtained mixture was
stirred at room temperature (25 °C) for 15 h; aer this time, it
was centrifuged at 4185g for 15 min. The obtained lm extracts
(2.8 mL) was mixed with 0.1 mL of 1 M methanol solution of
DPPH, and le in the dark for 30 min at 25 °C.

The absorbance of the mixture was measured in a spectro-
photometer at 515 nm; the absorbance of the solution without
lm (blank) was also measured. The percentage of inhibition or
reduction of the DPPH radical from the radical scavenging
activity of DPPH was calculated using eqn (1).

AA ¼ AbsDPPH �Absfilmextract

Abs DPPH

� 100 (1)

where: AA (%) is the percentage inhibition or reduction of the
DPPH radical, AbsDPPH is the absorbance value at 515 nm of the
methanolic solution of DPPH and lm extract, Abs is the
absorbance value at 515 nm for each formulated lm.

2.5 Antimicrobial activity

The antimicrobial activity of the lms obtained was determined
using the agar disk diffusion method described by S.$K. Bajpai
et al.23 with some modications S. aureus (ATCC 25923) and E.
coli (ATCC 25922) stock cultures were kept at−80 °C until grown
in tubes with Luria Bertani (LB) medium at 37 °C for 24 h, then
in different tubes with LB at 37 °C for 12 h.

5 mm diameter disks of the lms (previously sterilized on
each side for 5min with UV-C light: 254 nm) were placed in Petri
dishes with solid Mueller–Hinton agar previously spread on the
surface with 100 mL of 108 CFU mL−1 (according to McFarland's
standard density of 0.5) suspensions with bacterial cultures of S.
aureus (ATCC 25923) and E. coli (ATCC 25922). The Petri dishes
were incubated at 37 °C for 24 h. The diameter of the inhibition
zones of with respect to the weight of cassava starch the discs
(mm) was measured using a digital caliper (Mitutoyo No. 192-
30, Tokyo, Japan).

2.6 Thickness and mechanical properties

The thickness of the lms was measured using a digital
micrometer with an accuracy of 0.001 mm (Mitutoyo, Corp.,
Ltdy col., Tokyo, Japan). Ten measurements were taken at
randomly selected points on each type of lm obtained; the
value of each thickness was the average of the measurements
taken.

The mechanical properties of the lms were measured on
a texturometer (TA, XT2, Textura Technologies Corpy col.,
Scarsdale, NY, USA). Tensile strength (TS) and elongation at
break (EB, %) were determined until rupture of the lms. The
samples were die-cut in the form of 2 cm × 6 cm sheets and
conditioned for 48 h at 25 ± 0.2 °C and 50 ± 1% relative
humidity. During analysis, they were subjected to tension with
a 40 mm separation between the grips. Tensile strength and
© 2024 The Author(s). Published by the Royal Society of Chemistry
elongation were calculated according to the standard calculated
according to ASTM D882-01 (ref. 24) of the American Society for
Testing and Materials.

2.7 Water vapor permeability, moisture content, and
solubility

To determine the water vapor permeability (WVP), the lms
were conditioned for 48 h at 20 ± 0.1 °C and a relative humidity
of 40 ± 1%. It was evaluated according to ASTM E-96 (ref. 25) of
the American Society for Testing and Materials. The capsules
were weighed every hour for 9 h to determine the weight loss of
the lms.

Moisture content was determined by gravimetric method,26

conditioning for 48 h at 25 °C at 50% relative humidity. The
samples were cut into 2 cm × 2 cm sheets and weighed.
Initially, the weight of the lms (Wm) was taken, subsequently
they were placed on a drying in a forced air convection oven
(Binder, FD – 115, Germany) at 105 °C for 24 h to a constant
weight (Wd). The moisture content was calculated using
eqn (2).

Moisture content ¼ Wm �Wd

Wd

� 100 (2)

The solubility of lms was determined by the percentage of
the lm dry matter that is soluble in water. The methodology
reported by R. Akhter et al.27 was followed with some modi-
cations. The lms were cut into 2 cm × 2 cm sheets. The
samples were dried at 105 °C to constant weight to obtain the
initial dry mass (M1). The lms were placed in 50 mL of distilled
water, covered, and stored at 25 °C for 24 h, then vacuum
ltered and dried at 105 °C to constant weight to obtain the nal
dry mass (M2). Solubility was calculated using eqn (3).

Film solubility ð%Þ ¼ M1 �M2

M1

� 100 (3)

2.8 Color and opacity

The color evaluation of the lms was performed with a Minolta
CM-2002R photocolorimeter (Minolta Camera Coy col., Osaka,
Japan), using a D65 illuminant and a 10° standard observer.28

The determination and expression of the color were performed
based on CIEL*a*b* coordinates and reectance values.29 The
Luminosity (L*), red-green (a*), and yellow-blue (b*) parameters
were obtained directly from the equipment.

Film opacity was determined according to U. Siripatrawan
and B. R. Harte.30 Film samples were cut into rectangular pieces
(2 cm × 7 cm) and placed directly on a spectrophotometer
(Evolution 60S, Thermo Scientic, Pittsburgh, PA, USA), then
the absorbance of the lm was measured at l = 600 nm. The
opacity was calculated using eqn (4).

Opacity ¼ Abs600

X
(4)

where Abs 600 is the absorbance at 600 nm and X is the lm
thickness (mm).
RSC Adv., 2024, 14, 15293–15301 | 15295
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2.9 X-ray diffraction (XRD)

The XRD patterns of the obtained lms were analyzed on a D8
Advance X-ray diffractometer (Bruker AXS, Germany) with Co Ka
radiation of 1.544 nm wavelength at 40 kV and 15 mA. The lm
samples were scanned in the diffraction angle range (2q) from
5° to 60° with a step size of 0.02°. The relative crystallinity was
calculated by dividing the crystalline area by the total area.
Fig. 2 DPPH inhibition activity of the films containing or not different
concentrations of white pepper oleoresin (WPO).
2.10 Fourier transformed infrared spectroscopy

The optical characterization of the lms was performed by
Fourier transform infrared spectroscopy (FTIR). The spectra of
the samples were obtained in wavenumber ranges from 4000 to
400 cm−1 using a PerkinElmer Spectrum (Mod. Spectrum Two,
Waltham, MA, USA) equipped with a single-reection diamond
crystal ATR module. Spectra were recorded at a spectral range
between 400 and 4000 cm−1 at a scan rate of 32 scans and
spectral resolution of 4 cm−1.
2.11 Scanning electron microscopy (SEM)

The morphology of the lms was analyzed by scanning electron
microscopy (JEOL model JSM-6610LV, Japan). Samples of 4 mm
× 4 mm were used to obtain images of the surface and cross-
section of the lms. The images were captured with an accel-
erating voltage of 5 kV and observed at 1000×magnication. All
samples were coated with gold before observation.
2.12 Statistical analysis

Statistical analysis of the data was performed using analysis of
variance (ANOVA), using the Statgraphics Centurion XVIII
program. Data were classied and statistical differences were
evaluated in ranges with one-way analysis of variance ANOVA
and Tukey multiple comparison tests. All cases were considered
signicant to have a value of p < 0.05. All experiments were
carried out in triplicate.
3. Results and discussion
3.1 Chemical composition of WPO

The chemical composition of WPO is presented in Table 1.
According to the GC-MS analysis, 9 compounds were found, of
which piperine (48.02%), a-pinene (15.10%), limonene
(10.09%) and a-caryophyllene (9.83%) were identied as the
Table 1 Compounds identified in white pepper oleoresin (Piper nigrum

Compound

Bicyclo[3.1.1]hept-2-ene, 3,6,6-trimethyl
1-Pentene, 5-methoxy
Limonene
3-Buten-2-one, 4-(2,5,6,6-tetramethyl-2-cyclohexen-1-yl)
a-Pinene
a-Caryophyllene
Triacetin
Bicyclo[5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl-
Piperine

15296 | RSC Adv., 2024, 14, 15293–15301
main compounds. The alkaloid piperine is considered the most
important compound present in WPO, due to its antioxidant,
anti-inammatory, therapeutic, and antimicrobial action.31

Furthermore, P. nigrum has been shown to have a diverse
content of secondary metabolites.32 These variations in chem-
ical composition are common in extracts obtained from plant
matrices, as secondary metabolites are affected by seasonal,
geographical, nutritional factors and extraction processes.33
3.2 Antioxidant activity

The incorporation of WPO produced a signicant increase (p <
0.05) in the antioxidant properties of all lms compared to CF
(Fig. 2). These results are attributed to the presence of piperine,
a secondary metabolite to which antimutagenic and antioxidant
properties have been attributed, due to the presence of phenolic
compounds and avonoids.34 It also presents monoterpenes
(see Table 1) such as a-pinene, a-caryophyllene, and limonene,
to which antioxidant properties have also been attributed.
3.3 Antimicrobial activity

The antimicrobial activity of the lms obtained with different
concentrations of WPO against E. coli and S. aureus is shown in
Table 2 and Fig. 3. CF did not present an inhibition zone.
FWPOs showed a signicant increase (P < 0.05) in antibacterial
activity. FWPO 0.5%, FWPO 1.0% and FWPO 1.5% showed zone
of inhibition against E. coli (11.80, 12.25 and 13.56) and S.
aureus (12.81, 13.23 and 14.56).
L.)

Retention time (min) Relative content (%)

6.07 2.70
6.45 2.44

13.56 10.09
16.43 6.43
10.30 15.10
19.85 9.83
16.69 1.62
18.89 2.35
60.63 48.02

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antibacterial activity of the films containing or not different
concentrations of white pepper oleoresin (WPO) against E. coli and S.
aureusa

Film

Zona de inhibición (mm)

E. coli S. aureus

CF 0.0a 0.0a

FWPO 0.5% 11.8 � 1.05b 12.81 � 1.12b

FWPO 1.0% 12.25 � 1.21b 13.23 � 1.17b

FWPO 1.5% 13.56 � 1.13c 14.56 � 1.13c

a Data reported are mean values ± standard deviation. The medians in
the same column with different letters are signicantly different (Tukey:
p < 0.05).

Fig. 3 Antibacterial activity of the films containing or not different
concentrations of white pepper oleoresin (WPO) against E. coli and S.
aureus.
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The results revealed a slightly higher sensitivity to S. aureus
compared to E. coli, indicating a higher susceptibility of Gram-
positive bacteria to WPO in contrast to Gram-negative bacteria.
This difference could be attributed to the structure of the cell
wall, since Gram-negative bacteria possess a thin peptidoglycan
layer and their outer cell membrane is composed of lipopro-
teins.35 Additionally, piperine has been reported to interact and
disintegrate membranes, inhibiting the formation of bacterial
colonies.32
3.4 Thickness and mechanical properties

The results obtained for the thickness of the lm are presented
in Table 3. The values obtained did not present signicant
Table 3 Thickness and mechanical properties of the films containing or

Film Thickness (mm)

CF 0.152 � 0.01NS

FWPO 0.5% 0.149 � 0.06
FWPO 1.0% 0.153 � 0.02
FWPO 1.5% 0.160 � 0.03
PLA —
PHB —
PP —
PET —

a NS, not signicantly different. Data reported are mean values ± standar
signicantly different (Tukey: p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
changes, (p > 0.05). Similar results were observed for corn starch
lms with Zataria multiora oil.38

The addition of WPO to the lms had a signicant effect (p <
0.05) on the mechanical properties (Table 3). Tensile strength
(TS) increased, while elongation at break (EB) decreased with
increasing WPO concentration, compared to CF. This indicates
that the incorporation of WPO reduces the volume of free space
in the polymeric matrix, strengthens the lms and forms more
homogeneous and compact structures.

This should be attributed to the presence of several addi-
tional functional groups, such as hydroxyl, ketone, and ester
groups in WPO components, which can form stronger interac-
tions between the components of the lm-forming solution.39

The increase in TS and the decrease in EB values were similar to
the results of A. A. Marzlan et al.40

In addition, the mechanical properties of the lms were
compared with biodegradable polymers (PLA and PHB) and
thermoplastic polymers (PP and PET) reported in the literature.
Although the elongation at break of polylactic acid (PLA) and poly
(3-hydroxybutyrate) (PHB) is low compared to PP and PET, it has
been shown that when blended with other compounds it has
allowed to improve the elongation at break.36 Therefore, FWPOs
are less exible and stretchable than conventional polymers.
3.5 Water vapor permeability, moisture content and
solubility

Water vapor permeability (WVP) and moisture content of CF
were 58.62 g h−1 m−2 and 12.32%, respectively, on the contrary,
a signicant decrease (p < 0.05) in WVP and moisture content
was observed as the concentration of WPO in the lms
increased (Table 4). This suggests that the addition of WPO
confers hydrophobic properties to the lms, preventing the
adsorption and desorption of water molecules due to interac-
tions between oleoresin and the other components of the lm,
which reduce the moisture content and the availability of
hydrophilic groups, resulting in improved barrier properties of
the lms.41 However, PLA, PHB, PP and PET polymers present
a lower WPV than the values obtained in this research.

Regarding the solubility of the lms, a signicant decrease (p
< 0.05) was observed with the addition of WPO in the lms
compared to CF. This is attributed to lipid–polysaccharide
interactions through hydrogen bonds, which limit the
not different concentrations of white pepper oleoresin (WPO)a

TS (MPa) EB (%)

7.85 � 0.44a 18.22 � 0.82a

9.73 � 0.24b 17.76 � 0.47a

12.67 � 0.40c 16.45 � 0.55b

14.67 � 1.60d 15.83 � 0.73c

44–60 (ref. 36 and 37) <6–30.7 (ref. 36 and 37)
40 (ref. 36) 5 (ref. 36)
40–50 (ref. 37) 100 (ref. 37)
61.67 (ref. 37) 140–275 (ref. 37)

d deviation. The medians in the same column with different letters are
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Table 4 Water vapor permeability (WVP), humidity and solubility of the
films containing or not different concentrations of white pepper
oleoresin (WPO)a

Film WVP (g m−2 h−1) Humidity (%) Solubility (%)

CF 58.62 � 1.65a 12.32 � 0.35a 54.18 � 1.25a

FWPO 0.5% 48.86 � 1.45b 11.20 � 0.54b 50.36 � 1.56b

FWPO 1.0% 41.36 � 1.87c 9.64 � 0.42c 42.14 � 1.36c

FWPO 1.5% 35.25 � 1.57d 8.34 � 0.35d 34.25 � 1.65d

PLA 1.13–2.08 (ref. 37) — —
PHB 0.05 (ref. 37) — —
PP 0.39–0.46 (ref. 37) — —
PET 1.33 (ref. 37) — —

a Data reported are mean values ± standard deviation. The medians in
the same column with different letters are signicantly different (Tukey:
p < 0.05).

Fig. 4 XRD patterns of the films (a) CF (b) FWPO 0.5%, (c) FWPO 1.0%,
(d) FWPO 1.5%.
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interactions of hydroxyl groups with the molecules by decreasing
their availability, leading to the formation of more water-
resistant lms.27 Similar results were observed in corn starch
and chitosan lms incorporated with essential oil of nettle.42

3.6 Color and opacity

The values of the color parameters (L*, a* and b*) and the
opacity of the lms are shown in Table 5. No signicant
differences were observed between the values of a*. Lightness
(L*) decreased signicantly (p < 0.05) as the concentration of
WPO increased; in contrast, the value of the parameter b* (blue/
yellow) increased signicantly (p < 0.05) compared to CF. These
changes are attributed to the nature of the compounds used in
the formulation. Similar results were observed in corn starch
lms incorporated with Thymus vulgaris essential oil.43

Opacity was used to evaluate the transparency of the lm,
where a lower opacity indicates a higher transparency. CF
exhibited the lowest opacity (0.38). The addition of WPO
signicantly (P < 0.05) increased the opacity of the lms. FWPO
0.5%, FWPO 1.0% and FWPO 1.5% presented opacity values
0.47, 0.67 and 0.93, respectively. FWPO 1.5% had the highest
opacity value. Opacity is directly related to the degree of lm
homogeneity and higher lm opacity can be a desirable prop-
erty for food packaging when foods are light sensitive, as it
provides an excellent barrier against visible light and helps
prevent light-induced lipid oxidation.44

3.7 X-ray diffraction (XRD)

The X-ray diffractograms of the lms are shown in Fig. 4. The
FWPOs showed mild peaks at 2q = 16°, 23.5° and 25.4°, a broad
Table 5 CIELAB color parameters and opacity of the films containing o

Film L* a*

CF 94.52 � 0.52a −1.24 �
FWPO 0.5% 91.22 � 0.55b −1.52 �
FWPO 1.0% 90.63 � 0.65b −1.48 �
FWPO 1.5% 88.57 � 0.72c −1.57 �
a Data reported are mean values ± standard deviation. The medians in the
0.05).

15298 | RSC Adv., 2024, 14, 15293–15301
peak at 14° and a peak with high intensity at 2q = 20.3° related
to glycerol, however, FWPOs presented the highest intensity in
this peak, suggesting a higher crystallinity (47.1% for FWPO
1.5%) of the polymer that is favored by the interaction between
glycerol, starch, alginate and WPO molecules. In one study it
was reported that the addition of thyme oil increased the crys-
tallinity of chitosan/gum arabic based lms.45

It is noteworthy that also in FWPOs a slight peak appeared at
10.8°, which could indicate a cross-linking between WPO lipids
with starch and sodium alginate.27 Furthermore, the addition of
WPO does not affect the structural uniformity of the lm-
forming solution as observed in SEM images (Fig. 6). Similar
results were reported for cassava starch-based lms, where the
formation of new peaks was observed upon incorporation of
cinnamon essential oil.38 In another study, it was observed in
pectin lms that the incorporation of marjoram essential oil
caused the appearance of a new peak and did not alter the
crystalline structure.47
3.8 Fourier transformed infrared (FTIR) spectroscopy

The FTIR spectra are presented in Fig. 5, showing the functional
groups and intermolecular interactions of the lm components.
The bands between 3630 and 3011 cm−1 are related to the
stretching of hydroxyl groups present in the lms.48 The bands
r not different concentrations of white pepper oleoresin (WPO)a

b* Opacity

0.57a 2.56 � 0.12a 0.38 � 0.05a

0.66a 4.65 � 0.42b 0.47 � 0.01b

0.57a 4.83 � 0.22b 0.67 � 0.03c

0.72a 4.98 � 0.45b 0.93 � 0.02d

same column with different letters are signicantly different (Tukey: p <

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of the films (a) CF, (b) FWPO-0.5%, (c) FWPO 1.0%,
(d) FWPO 1.5%.
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at 2932 and 2865 cm−1 correspond to antisymmetric and
symmetric stretching frequencies of –CH3 and –CH2 bonds.
Changes in the intensity of these bands were observed as the
concentration of WPO in the lms increases, which could be
attributed to an increase in the content of the ester group
associated with the C–H bond present in the WPO molecule.
Fig. 6 SEM images of the surface (left column) and the cross-sections
(right column) of the films containing or not different concentrations
of white pepper oleoresin (WPO).

© 2024 The Author(s). Published by the Royal Society of Chemistry
Similar results were reported by Y. Zhou et al.46 on cassava
starch-based lms with cinnamon essential oil.

The band at 2109 cm−1 (]CO stretching) of carboxylic
acids.49 The vibrational frequencies at 1599 and 1400 cm−1

correspond to the bending and stretching vibrations of the O–H
groups of matrix-bound water.50 Furthermore, these bands have
been associated with symmetric and asymmetric stretching
vibrations of the C–O bond of the –COO group.51 However,
changes in the intensity and length of these bands were
observed upon incorporation of WPO in the lms, caused by the
vibration of the aromatic ring of phenolic compounds.52

The stretching frequencies of the C–O bonds in the C–O–C
chains are associated with the bands identied at 1147 and
1078 cm−1, while the stretching vibration of the pyranose ring is
related to the band located at 994 cm−1.53,54 The observed
changes in the position of the absorption bands at 1100,
1009 cm−1, indicate a possible interaction between the
hydrogen bonds present in starch, alginate, and WPO. In the
region below 800 cm−1, the spectra are associated with skeletal
vibrations of the glucopyranose rings.55
3.9 Scanning electron microscopy (SEM)

SEM images of the surface and cross-section of the obtained
lms are presented in Fig. 6. In general, the lms showed
a smooth, uniform and homogeneous surface without pore
formation, cracks, or fractures. While in cross section, the CF
exhibited a rough and non-uniform appearance.

The FWPOs presented a continuous, homogeneous laminar
appearance and no evidence of separation of the WPO droplets
was observed, indicating a good interaction and compatibility
between the WPO and the rest of the polymeric matrix
components. These results agree with the mechanical proper-
ties, FTIR, and XRD analyses. Similar results were found by S.
Acosta et al.56 in starch and gelatin-based lms observing
a heterogeneous and irregular structure.
4. Conclusions

In this work, piperine was identied as the main component of
white pepper oleoresin (WPO). FWPOs showed bacteriostatic
activity against S. aureus and E. coli microorganisms. The
increase in WPO incorporation inuenced the color change,
obtaining lms with a reduction in gloss, a tendency toward
yellow (by increasing the b* values) and an increase in opacity.

In addition, a decrease in water vapor permeability (WVP),
elongation at break (EB), moisture content, and solubility were
observed as the concentration of WPO in the lms increased. In
contrast, tensile strength (TS) increased and thickness was not
affected. SEM, FTIR and XRD analyzes conrmed the intermo-
lecular interactions between white pepper oleoresin, starch,
sodium alginate, and glycerol. Finally, the FWPOs presented
a percentage of DPPH removal between 32.5 and 58%. These
results indicate the potential viability of the lms for food
packaging applications.

Therefore, FWOP 1.5% is proposed to be used as a food
packaging material due to its mechanical, physical, optical,
RSC Adv., 2024, 14, 15293–15301 | 15299
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structural, antibacterial and antioxidant properties obtained
through this research.
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Olga Lućıa Torres Vargas – funding acquisition, conceptuali-
zation, writing – reviewing and editing; Iván Andrés Rodŕıguez
Agredo – supervision, methodology, data curation and concep-
tualization; Yessica Viviana Galeano Loaiza – formal analysis,
methodology, investigation, validation and writing.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We would like to thank the Vicerrectoria de Investigaciones at
Universidad del Quind́ıo for providing nancial support
(Research Project no. 1073).
Notes and references

1 J. C. da Costa, K. S. Miki, A. da Silva Ramos and B. E. Teixeira-
Costa, Heliyon, 2020, 6, e03718.

2 A. Kumar, M. Hasan, S. Mangaraj, M. Pravitha, D. K. Verma
and P. P. Srivastav, Appl. Food Res., 2022, 2, 100118.

3 L. Almasi, M. Radi, S. Amiri and D. J. McClements, Food
Hydrocolloids, 2021, 117, 106733.

4 L. Y. Marou, M. Tabibiazar, M. Ghorbani and A. Jahanban-
Esfahlan, Int. J. Biol. Macromol., 2021, 187, 179–188.

5 World Health Organization (WHO), Key Facts on Food Safety,
2020, cited 20 November 2023, available from: https://
www.who.int/es/news-room/fact-sheets/detail/food-safety.

6 C. V. Dhumal, J. Ahmed, N. Bandara and P. Sarkar, Food
Packag. Shelf Life, 2019, 21, 100380.

7 M. C. Pellá, O. A. Silva, M. G. Pellá, A. G. Beneton, J. Caetano,
M. R. Simões and D. C. Dragunski, Food Chem., 2020, 309,
125764.

8 J. Orozco-Parra, C. M. Mej́ıa and C. C. Villa, Food
Hydrocolloids, 2020, 104, 105754.
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