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Abstract: The objective of this work was to formulate PVA films with the addition of modified
phenols, chitosan, silver, or copper nanoparticles with fungistatic and bacteriostatic activity. The
films were characterized by Fourier transform infrared spectroscopy, thermogravimetry analy-
sis, differential scanning calorimetry, and scanning electron microscopy. The bacteriostatic activ-
ity against Salmonella gallinarum and Lactobacillus acidophilus, and the fungistatic activity against
Penicillium acidophilus were determined. The results indicated that the addition of phenols enhanced
the effect on the stability of the chemical structure of the PVA film. PVA films with modified
bioactives and nanoparticles inhibited the colonization of the microorganisms tested, indicating
germicidal control.
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1. Introduction

Worldwide, numerous efforts are being made to reduce the use and environmental
impact of petroleum-derived plastics, which has led to an increase in research aimed
at obtaining biodegradable materials with special functionalities that allow their use in
different sectors, such as environmental, food, medicine, and agriculture, among others [1].

The raw materials derived from renewable resources are biodegradable. The materials
used for the formation of biodegradable films are mainly composed of cellulose, chitosan,
starch, dextrins, alginates, and pectins [2–5]. In general, films made from biopolymers
are sensitive to environmental conditions, especially relative humidity, and have low me-
chanical strength even when protein films have high elasticity [6]. A possible alternative
to improve the mechanical characteristics of protein-based films could be the mixture
of these biopolymers with synthetic polymers, such as polyvinyl alcohol (PVA), which
is hydrophilic and biodegradable [7]. Some studies on the development and character-
ization of films based on mixtures of PVA and proteins, such as PVA/wheat gluten [8],
PVA/hydrolyzed collagen [9], and PVA/gelatin [10], among others.

In the area of food packaging, it is very important to preserve the food quality and
nutritional value for consumer safety [11]. Recently, it has been proposed to incorporate
different nanomaterials and bioactive compounds into edible films to improve the film’s
physico-chemical, mechanical, and thermal characteristics and provide other properties
such as antimicrobial films without causing environmental problems [12,13].
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Metallic nanoparticles (MNPs) constitute a special and particularly valuable group of
nanoparticles (NPs) with interesting properties in the protection, preservation of food, and
extension of the shelf life of food [14–17]. Other bioactives like polyphenols from lignins
and tannins constitute a special valuable group of micro- and nanoparticles (NPs) with
interesting properties in the protection and preservation of food, among other applica-
tions [1,15,16,18–21].

Chitosan (CHT) is recognized for its effective germicidal action, with a broad microbial
spectrum and low toxicity in animals and humans [22,23]. The polycationic structure of
chitosan plays a fundamental role in electrostatic fixation and bacterial deactivation. The
bactericidal activity of functionalized chitosan films combined with polyvinyl alcohol has
been reported [7]. Regarding the capacity of antifungal activity, it suppresses sporulation
and germination, inhibiting its growth [7,23].

The objective of this work is to formulate different films based on PVA functionalized
with different bioactives (CHT and phenols), AgNPs, and CuNPs. The morphological,
physical-chemical, and thermal properties and germicidal activity of the films were eval-
uated. The germicidal properties in microorganisms were evaluated, which are found in
greater proportion in the daily environment and in some pathogens that affect food without
adequate conservation.

2. Materials and Methods
2.1. Materials

The materials used were glutaraldehyde and spam 80 from drogueria Paysandu
(Uruguay) and polyvinyl alcohol (PVA) from Acros Organics (USA). The chitosan 1% p/v,
AgNPs, CuNPs, and phenols were supplied from the Nuclear Research Center, Faculty of
Science, University of the Republic.

2.2. Preparation of PVA Films

First, 10 mL of 10% PVA solution was prepared and dissolved in water, and then 1 mL
of Spam 80 was added with vigorous agitation. Subsequently, 8 mL of glutaraldehyde was
slowly added (dropwise) with continuous agitation. The solutions were cast on a Petri dish
and maintained under constant agitation for 48 h at room temperature until solidification.
Then, 0.5 mL of AgNPs (1 mM and 2 mM), CuNPs (1 mg/mL), chitosan NPs (1 mg/mL),
and phenol NPs (2 mg/mL) were added in order to increase the germicidal properties of
the PVA films. The codes and descriptions are given in Table 1.

Table 1. Film sample codes and descriptions.

Codes Description

PVA PVA film = control
PVA-PH PVA film with 0.05 mg/mL of phenols
PVA-CH-PH PVA film with 0.025 mg/mL of chitosan and 0.05 mg/mL of phenols
PVA-AgNPs PVA film with 0.025 mg/mL and 0.05 mg/mL of AgNPs
PVA-CuNPs PVA film with 0.025 mg/mL of CuNPs

2.3. Films Characterization
2.3.1. Scanning Electron Microscopy

The films were analyzed using a scanning electron microscope (JSM-6390LV, Jeol,
LANOTEC, San Jose, Costa Rica), with a voltage acceleration of 10 kV, secondary electrons
(SEI), and a spot size of 40. Images were taken at different magnifications to identify the
morphology of the films.

2.3.2. Fourier-Transform Infrared Spectroscopy

FTIR spectra of the films were recorded using an FTIR Nicolet 6700 spectrophotometer
with a diamond ATR module (Thermo Fisher Scientific, Miami, FL, USA) in the number
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range waveform from 4000 to 500 cm−1 with a standard resolution of 4 cm−1 and a scanning
speed of 32 cm−1/s. The results were analyzed using the OMNIC 8.1 software (OMNIC
Series 8.1.10, Thermo Fisher Scientific).

2.3.3. Thermogravimetric Analysis

The films were analyzed via thermogravimetric analysis (TGA) TGA-Q500 (TA Instru-
ments, Philadelphia, PA, USA) equipped with Universal Analysis 2000 software (version
4.5A, TA Instruments, USA). Approximately 5 mg of the sample was used for the TGA
analyses, with a temperature ramp of 10 ◦C/min from 25 to 800 ◦C under nitrogen (flow
rate 90 mL/min).

2.3.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed using the DSC Q200 equip-
ment, TA Instruments (USA). The samples were analyzed in duplicate using a ramp that
covered a cycle from 25 ◦C to 400 ◦C, with a heating rate of 10 ◦C/min and a nitrogen flow
of 10 mL/min. The data obtained were analyzed using the TA Universal Analysis software
(Advantage Software v5.5.24).

2.4. Determination of Control of Environmental Microorganisms
2.4.1. Determination of Bacteriostatic Activity against Lactobacillus

For the test, pure cultures of Lactobacillus acidophilus were maintained in 10 mL of
liquid medium with 20% w/v glucose and 7% w/v yeast extract in a 50 mL flask. The pH
was adjusted to 5.5. Then, it was incubated at 30 ◦C for 48 h without shaking. Subsequently,
0.1 mL of the inocula was plated on Petri dishes with solid culture medium MRS and
films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) of 2 × 2 cm were
incubated in an oven at 33 ◦C. The bacterial growth was monitored at 24 and 48 h (n = 2).

2.4.2. Determination of Bacteriostatic Activity against Salmonella gallinarum

A reconstituted Salmonella gallinarum strain was used for this determination. The
bacteria were cultured at 37 ◦C for 24 h. Then, 10 µL of the inocula was plated in Petri
dishes containing TSA culture medium. Subsequently, seeding was spread from one end
to the middle of the plate surface. Then, a piece of membrane 2 × 2 cm in diameter (PVA,
PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) was placed in the center of the
plate and incubated in an oven at 37 ◦C. The bacterial growth was monitored until the 7th
day post-incubation.

2.4.3. Determination of Fungistatic Activity against Penicillium

For the test, pure cultures of Penicillium sp. were maintained in 10 mL of liquid
medium with 20% w/v glucose and 7% w/v yeast extract in a 50 mL flask. The pH was
adjusted to 6.0. Then, it was incubated at 37 ◦C for 7 days under shaking. Subsequently,
0.1 mL of the inocula was plated on Petri dishes containing solid culture medium MRS and
films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-CH-CuNPs) of 2 × 2 cm and
incubated at 33 ◦C. The fungal growth was monitored on days 5, 7, and 10 (n = 2). Some
photographs were taken to illustrate the effect.

3. Results and Discussion
3.1. Films Characterization

The morphology of the films (PVA, PVA-PH, PVA-CH-PH, PVA-AgNPs, and PVA-
CuNPs) were analyzed using SEM (Figure 1). The morphology of the surface and cross-
section of the PVA films was smooth with some pores between 5 and 20 µm and a thickness
of 110 µm. The PVA-PH film had a rough surface with pores between 20 and 100 µm and
a thickness of 200 µm. Otherwise, the PVA-CH-PH film had a smooth surface with pores
between 1 and 25 µm and a thickness of 100 µm. The PVA-AgNPs film presented a rough
surface with microparticles in the presence of pores with sizes between 1 and 15 µm; this
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film had a thickness of 150 µm. Similar to the PVA-AgNPs, the PVA-CuNPs film presented
a rough surface with microparticles between 5 and 20 µm on the surface, and the thickness
of this film was 50 µm.
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3.1.1. Fourier Transform Infrared Spectroscopy Analysis

FTIR-ATR analysis was carried out to study the molecular interaction between CH,
PVA, AgNPs, CuNPs, and natural phenols in the films.

Figure 2 shows the FTIR spectrum of the PVA-based polymeric film samples, where it
was possible to observe a broad absorption band at 3014–3680 cm−1 that was attributed
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to the stretching vibration of OH groups, which may be due to the presence of hydroxyl
groups and residual moisture content of PVA films [24,25]. On the other hand, the nearby
bands at 2920 and 2854 cm−1 were attributed to the asymmetric and symmetric stretching
of the CH and CH2 groups, respectively. In addition, a peak was observed at 1740 cm−1,
which was due to the stretching of the C-O group [3].
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Figure 2. FTIR spectra of PVA, PVA-AgNPs, PVA-CH-PH, PVA-CuNPs, and PVA-PH films.

The peaks at 1563 cm−1 are designated as the stretching vibrations of the C=O group,
while the peaks near 1420, 1370/1330/1242, 1086, and 838 cm−1 are attributed to the
in-plane bending of the OH, the bending of the CH group, and the stretching of the C-O
and CH of the PVA, respectively [11,25–28]. In addition, an absorption peak was observed
at 1142 cm−1 in the long band between 1085 and 1150. According to the literature, this
vibrational band is mainly attributed to the PVA crystallinity, which is related to the
carboxyl (C-O) stretch band [24,29,30]

According to the results, it was clearly observed that the main peaks of the spectra
are mainly associated with polyvinyl alcohol. This is due to the high concentration of this
material, which is the polymeric matrix of the films, depending on the other components
present. However, the bands at 1420–1375, 1085–1150, and 838 cm−1, which are also
characteristic of chitosan, may be interposed with those of PVA. In this case, for chitosan,
these bands are attributed to the symmetric deformations of the CH2 and CH3 groups, the
stretching vibrations of the C–O–C groups characteristic of polysaccharides, and the amine
groups of chitosan, respectively [31–33].

3.1.2. Thermogravimetric Analysis

Figure 3 shows the TGA and derivative of TGA (DTG) of PVA-PH, PVA-CH-PH,
PVA-AgNPs, and PVA-CuNPs films. All the films show similar curves with four steps
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of weight loss as a function of the increasing temperature. The first step between 25
and 125 ◦C corresponds to the evaporation of water [34]. The second step was the main
degradation region at 150–350 ◦C due to the degradation of the exposed side chain and
the breakdown of polymeric chains of PVA and chitosan [35]. The third weight loss
(350–425 ◦C) corresponds to the oxidative decomposition of carbon residues, [35] and the
final weight loss (425–500 ◦C) represents the decomposition to ash [27,34,36].
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(e) PVA-PH films.

According to the thermal profiles of the samples, there are no significant differences in
the thermogram curves. This indicates that the different additives applied in the formula-
tions do not improve the thermal stability parameters. This is possibly associated with the
low concentration of the additives and/or the low degradation temperature, which may be
involved in the main PVA decomposition events.

3.1.3. Differential Scanning Calorimetry

Figure 4 shows the DSC curves of the PVA, PVA-AgNPs, PVA-CH-PH, PVA-CuNPs,
and PVA-PH films as a function of temperature. The results showed endothermic events in
different temperature ranges. The first is reported near 45 ◦C and corresponds to the glass
transition temperature (Tg) of the PVA polymer [37]. On the other hand, events between 60
and 170 ◦C represent dehydration processes due to the evaporation of physically adsorbed
water content [35]. Finally, the events that appear near 175–195 ◦C and 240–350 ◦C can be
attributed to the melting point (Tm) and thermal pyrolysis of the PVA polymer, respectively,
which agrees with what has been reported by other authors [27,38,39].
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According to the results, it was possible to observe a displacement of +10 ◦C in the
thermal pyrolysis events for the PVA-PH film compared to the PVA film. This could be
associated with the molecular interactions between PVA and phenols, which in turn have a
more stable chemical structure.

3.2. Fungistatic and Bacteriostatic Activity

The results of bacteriostatic activity of the films against Lactobacillus showed that the
PVA film presented moderate bacterial growth on the films; in the PVA-AgNPs films at a
concentration of 1 mM and 2 mM, the bacterial growth was minimal and null, respectively.
Similarly, in the PVA-CuNPs and PVA-PH, the growth was minimal at 2% and 1% of the
plate, respectively. The highest inhibition activity was observed for the PVA-CH-PH film,
where there was a synergy between the germicidal activity of the two compounds. It should
also be mentioned that there was no invasion of the microorganism on the film in any of
the cases, and there was actually an inhibition of growth (Figure 5).

We observed the growth inhibition of Salmonella in PVA-AgNPs 2 mM films, whereas,
in PVA-AgNPs 1 mM films, total bacterial growth on the film was observed. The antibacte-
rial activity of the nanocomposite films was also investigated against Salmonella typhimurium
using the disk diffusion method. The results showed that the PVA film has excellent an-
tibacterial activity against Salmonella typhimurium, as reported in other works [40,41]. In
the PVA-PH and PVA-CH-PH films, we determined the growth inhibition of Salmonella sp.,
whereas, in the case of the PVA-CuNPs film, the growth was over the entire edge of the
film (Figure 6).
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Other authors determined the antibacterial and antifungal activities of nanocomposite
PVA films [40] and PVA-Starch film with the addition of oregano essential oil [42]. Moreover,
the microbial activity of the films with the addition of AgNPs was determined in films
with the addition of these NPs [40,43]. In addition, chitosan was used due to its germicidal
activity in PVA films [40].
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The results of the fungistatic activity against Penicillium sp. (Figure 7) showed that in
all the treatments, there was no fungal growth on the culture media or film after 7 days
of incubation. The cultures were kept under study for a longer time to test resistance and
control over time. The behavior at 21 days showed a slight minimum growth in the PVA
film, whereas in the others, the growth did not manifest.

Biol. Life Sci. Forum 2023, 28, x 9 of 12 
 

 

 
Figure 7. Culture and inhibition control of Penicillium after 7 days of contact with PVA; PVA-AgNP 
1 mM; PVA-AgNP 2 mM; PVA-CuNPs; PVA-PH; and PVA-CH-PH films. 

The fungistatic and bacteriostatic activity of the phenols incorporated in the PVA-PH 
films developed in this research had similar behavior to that reported by other authors 
[44], who found antimicrobial activity in films using bioactives such as phenols of plant 
extracts and propolis, without being incorporated into films. This form of direct applica-
tion of bioactives produces diffusion, which produces inhibitory activity by halo produc-
tion. 

It has been determined in the literature that phenolic compounds such as phenol, 
hexachlorophenol, and thymol present an intermediate level of disinfection, and their ac-
tivity is closely related to the concentration and the microbial species to be treated. Their 
mechanism of action is via the disruption of the cell wall and membrane and inactivation 
of enzyme systems. Moreover, Abud-Blanco et al. [19] determined that films with sul-
fonated phenolic compounds showed antibacterial activity against Enterococcus feacalis. 
Otherwise, tannins obtained from plant extracts were reported as antimicrobial agents for 
both Gram-positive bacteria such as Listeria monocytogenes and Staphylococcus aureus, and 
Gram-negative bacteria Escherichia coli and Salmonella enterica Serovar Typhimurium [45]. 

Other authors [18] described the germicidal properties of propolis and its phenolic 
components, like caffeic acid, ferulic acid, isoferulic acid, 3,4-dimethoxycinnamic acid, pi-
nobanksin, caffeic acid benzyl ester, and caffeic acid phenethyl ester, which present anti-
microbial properties and inhibitory effect on different bacteria such as E. coli, Lactobacillus 
plantarum, S. aureus, S. epidermidis, Pseudomonas aeruginosa, P. fluorescens, Listeria monocyto-
genes, L. innocua, Klebsiella pneumoniae, Salmonella typhimurium, S. enteritidis, Streptococcus 
agalactiae, S. mutans, Bacillus cereus, B. subtilis, Citrobacter freundii, Enterobacter aerogenes, 
Shigella dysenteriae, Yersinia enterocolitica, and Pantoea agglomerans. 

The antimicrobial tests carried out on the PVA-CuNPs film showed an inhibition 
since the bacterial strains did not grow on the film. They reach the edge in some cases or 
present an inhibition halo of about 2 mm. Other studies in which the NPs were used di-
rectly were reported by the authors of [17], who observed inhibition halos of the positive 
control for Staphylococcus epidermidis, Aerococcus viridans, Ochrobactrum anthropi, 
and Micrococcus lylae with diameters of inhibition of 21, 18, 7, and 19 mm, respectively, 
whereas for the negative control, the diameters of inhibition were 6 mm for all the bacteria 
studied. Many researchers affirm that the essential mechanism for the cytotoxicity gener-
ated by NPs is the release of Cu2+ ions that react with the thiol (SH) groups of the proteins 
present on the surface of the bacterial cell membrane. These proteins protrude from the 

Figure 7. Culture and inhibition control of Penicillium after 7 days of contact with PVA; PVA-AgNP 1
mM; PVA-AgNP 2 mM; PVA-CuNPs; PVA-PH; and PVA-CH-PH films.

The fungistatic and bacteriostatic activity of the phenols incorporated in the PVA-PH
films developed in this research had similar behavior to that reported by other authors [44],
who found antimicrobial activity in films using bioactives such as phenols of plant extracts
and propolis, without being incorporated into films. This form of direct application of
bioactives produces diffusion, which produces inhibitory activity by halo production.

It has been determined in the literature that phenolic compounds such as phenol,
hexachlorophenol, and thymol present an intermediate level of disinfection, and their
activity is closely related to the concentration and the microbial species to be treated. Their
mechanism of action is via the disruption of the cell wall and membrane and inactiva-
tion of enzyme systems. Moreover, Abud-Blanco et al. [19] determined that films with
sulfonated phenolic compounds showed antibacterial activity against Enterococcus feacalis.
Otherwise, tannins obtained from plant extracts were reported as antimicrobial agents for
both Gram-positive bacteria such as Listeria monocytogenes and Staphylococcus aureus, and
Gram-negative bacteria Escherichia coli and Salmonella enterica Serovar Typhimurium [45].

Other authors [18] described the germicidal properties of propolis and its phenolic
components, like caffeic acid, ferulic acid, isoferulic acid, 3,4-dimethoxycinnamic acid,
pinobanksin, caffeic acid benzyl ester, and caffeic acid phenethyl ester, which present an-
timicrobial properties and inhibitory effect on different bacteria such as E. coli, Lactobacillus
plantarum, S. aureus, S. epidermidis, Pseudomonas aeruginosa, P. fluorescens, Listeria monocyto-
genes, L. innocua, Klebsiella pneumoniae, Salmonella typhimurium, S. enteritidis, Streptococcus
agalactiae, S. mutans, Bacillus cereus, B. subtilis, Citrobacter freundii, Enterobacter aerogenes,
Shigella dysenteriae, Yersinia enterocolitica, and Pantoea agglomerans.

The antimicrobial tests carried out on the PVA-CuNPs film showed an inhibition
since the bacterial strains did not grow on the film. They reach the edge in some cases
or present an inhibition halo of about 2 mm. Other studies in which the NPs were used
directly were reported by the authors of [17], who observed inhibition halos of the positive
control for Staphylococcus epidermidis, Aerococcus viridans, Ochrobactrum anthropi, and
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Micrococcus lylae with diameters of inhibition of 21, 18, 7, and 19 mm, respectively, whereas
for the negative control, the diameters of inhibition were 6 mm for all the bacteria studied.
Many researchers affirm that the essential mechanism for the cytotoxicity generated by NPs
is the release of Cu2+ ions that react with the thiol (SH) groups of the proteins present on
the surface of the bacterial cell membrane. These proteins protrude from the cell membrane,
allowing the transport of nutrients through the cell wall. The NPs can inactivate these
proteins, thereby reducing the membrane permeability and causing cell death [17].

It is important to emphasize that none of the developed films grew microorganisms
on the film, which indicates that the bioactives and NPs added to the PVA films had great
germicidal control over the microorganisms studied. Future work on the study of other
genera of microorganisms that are present in food or food packaging can be conducted,
and it is also important to study the permanence of bioactives and NPs in the film since it
would be desirable that they not be released in the food to be preserved.

4. Conclusions

The films obtained can be of different thicknesses, thin for coating, or of greater caliber
for container food packaging. The methodology for obtaining films was adequate to obtain
PVA membranes that are physically and chemically similar to each other and have a low
production cost. The incorporation of phenolic, NPs, and chitosan bioactives into PVA
showed a synergistic effect on antibacterial and fungicidal activity. Based on this study, the
modified films that incorporate different bioactives can be applied as novel potential food
packaging materials.
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