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Abstract Nisin, a bacteriocin widely used in the food
industry, and curcumin, the yellow pigment extracted from
turmeric (Curcuma longa L.) stand out among the numer-
ous natural preservatives that have antimicrobial activity.
The conversion of these compounds into nanoparticles could
be interesting as an alternative to improve technological
aspects (such as the low water solubility of curcumin) and
to evaluate how synergism could take place in the case of
co-encapsulation. The main objective of the present work
was to evaluate the combination of nisin (Nis) with nanoen-
capsulated curcumin (NCur, nanoencapsulated to promote
water solubility), as well as the co-encapsulated curcumin
and nisin (NCurNis), against the foodborne bacteria Staphy-
lococcus aureus, Escherichia coli and Salmonella Typhimu-
rium. Minimum inhibitory concentration and the minimum
bactericidal concentration were evaluated for NCur and Nis,
as well as their combination with the fractional inhibitory
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concentration assay. High effectiveness was found against
S. aureus and the combination of both compounds resulted
in Nis- nisin; synergism against the same microorganism.
The co-encapsulation of curcumin and nisin was carried out
based on the synergism tests and the characterization analy-
ses demonstrated that a solid dispersion of the components
in the PVP matrix was formed. The inhibitory effect of the
curcumin and nisin co-encapsulate was improved when com-

pared to the curcumin nanoparticles or nisin alone.
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Abbreviations

BHI Brain heart infusion

EMB Eosin methylene blue agar

ESBL Extended-spectrum beta-lactamases

DLS Dynamic light scattering

DSC Differential scanning calorimetry

Dz Mean intensity diameter

FIC Fractional inhibitory concentration

FTIR Fourier transform infrared spectroscopy

HCl Hydrochloric acid

KBr Potassium bromide

MBC Minimum bactericidal concentration

MFCurNisPVP  Physical mixture of curcumin, nisin, and
polyvinylpyrrolidone

MFCurPVP Physical mixture of curcumin and
polyvinylpyrrolidone

MHA Mueller hinton agar

MHB Mueller hinton broth

MIC Minimum inhibitory concentration

MRSA Methicillin-resistant Staphylococcus

aureus
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MSSA Methicillin-susceptible Staphylococcus
aureus

NCur Nanoencapsulated curcumin

NCurNis Co-encapsulated curcumin and nisin

Nis Nisin

PDI Polydispersity index

PVP Polyvinylpyrrolidone

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

Introduction

Pathogenic bacteria and viruses are responsible for the larg-
est number of outbreaks of foodborne illnesses worldwide
(Souza et al. 2021). Among the most common foodborne
pathogens, Staphylococcus aureus is known by its difficulty
to be eliminated from the environment, which can cause
food poisoning due to the ability of enterotoxigenic strains
to produce staphylococcal enterotoxins in food (Zhao et al.
2017). Also, Salmonella Typhimurium is one of the main
serotypes responsible for human and animal salmonellosis
worldwide, and Escherichia coli can harmlessly colonize
the human intestine or cause intestinal or extra-intestinal
infections, including serious invasive diseases (Pakbin et al.
2021).

Foodborne diseases are caused by contamination of food
and may occur at any stage of the food production, delivery,
and consumption chain. They can result from several forms
of environmental contamination including pollution in water,
soil, or air, as well as unsafe food storage and processing
(World Health Organization 2022). More and more attention
has been paid to treatment with biopreservatives that may
prolong shelf life and improve food safety, thus minimiz-
ing the negative effect on nutritional and flavor properties
caused by contamination (Chen et al. 2020). Among such
biopreservatives, nisin is a bacteriocin naturally produced
by Lactococcus lactis subsp. Lactis that exhibits multiple
antimicrobial actions mainly against Gram-positive bacte-
ria: it binds to the precursor of peptidoglycan and lipid II to
inhibit cell wall biosynthesis, then forms pores within the
cell membrane that lead to the release of essential ions and,
ultimately, to cell death (Khan and Oh 2016). Also, among
the natural compounds that present antimicrobial activity,
curcumin is a natural diphenolic pigment extracted from
turmeric (Curcuma longa L.) with a wide range of biologi-
cal activities (Almeida et al. 2018). Curcumin presents low
water solubility in its native state, which reduces curcumin
applicability in many food systems, and nanoencapsulation
is an alternative to overcome this problem (Lemes et al.
2017).

Natural compounds that may act against foodborne bac-
teria are in great demand for both academia and industry
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and in this context, it is worth evaluating the existence of
combination effects (synergism, addition, indifference, or
antagonism) of nisin and curcumin. It is possible to assess
the in vitro interaction of antimicrobial combinations to
determine whether the effect of two antimicrobials is greater
than the sum of their activities (synergism) or is simply the
sum of the two antimicrobials acting together (addition)
(Doern 2014). Sharma et al. (2020) evaluated the combina-
tion effect between curcumin and nisin against E. coli and
S. epidermidis and found a synergic effect against both bac-
teria. Considering the importance of this area of research,
additional studies are necessary to further explore the effect
of the association of these two compounds on their anti-
bacterial activity. For instance, co-encapsulation techniques
have been used in diverse fields with promising results and
could be applied to these compounds.

Co-encapsulation of bioactive compounds is an emerging
field that may allow the development of food products tak-
ing into account the synergistic effect of multiple bioactives
to target specific health and safety benefits (Chawda et al.
2017). Curcumin and nisin were already co-encapsulated
by other authors in nanocarriers systems such as poly(lactic
acid) nanoparticles produced by double emulsion (Oyey-
emi et al. 2018), electrospun poly(vinyl alcohol) (Meral
et al. 2019) and nisin complexation with soluble soybean
polysaccharide followed by incorporation of curcumin (Luo
et al. 2021). Curcumin alone was nanoencapsulated by the
solid dispersion technique and evaluated for its antimicro-
bial activity by Almeida et al. (2018) against Gram-posi-
tive (methicillin-resistant Staphylococcus aureus (MRSA),
methicillin-sensitive Staphylococcus aureus (MSSA),
Enterococcus faecalis and Listeria monocytogenes), and
Gram-negative (Escherichia coli, Escherichia coli ESBL,
Klebsiella pneumoniae, Klebsiella pneumoniae ESBL, Mor-
ganella morganii, and Pseudomonas aeruginosa) bacteria.
The authors found a MIC of 0.5 mg mL ™! against MSSA and
MRSA, indicating an antibacterial activity against resistant
microorganisms.

In this work, the combined effect of nisin and nanoen-
capsulated curcumin on the antibacterial activity, namely
against S. aureus, E. coli, and S. Typhimurium were evalu-
ated. Also, a co-encapsulated formulation of curcumin and
nisin was produced, taking into account the synergism result.
The in vitro antibacterial analyzes were correlated to the
characterization results of the nanoparticles.

Materials and methods

Materials

Curcumin (from Curcuma longa L. powder, >65% purity,
Sigma-Aldrich, St. Louis, MO, USA), polyvinylpyrrolidone
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(PVP, 40,000 g mol~!, Sigma-Aldrich,), Tween 80
(Dindmica, Diadema, SP, Brazil), ethanol (99.5%, Neon,
Suzano, SP, Brazil), nisin (2.5% Sigma-Aldrich, St. Louis,
MO, USA), BHI broth (Sigma-Aldrich, St. Louis, MO,
USA), Mueller Hinton broth and agar (Biomark Laborato-
ries, Pune, India), Hektoen Agar (Himedia, Mumbiai, India),
Baird Parker Agar (Himedia, Mumbai, India) and Eosin
Methylene Blue Agar (EMB, Himedia, Mumbai, India).
KBr (spectroscopic grade, Sigma Aldrich, St. Louis, MO,
USA) was used in the infrared spectroscopy analyses. Car-
bon-coated copper grids (300 mesh, Electron Microscopy
Sciences, Hatfield, PA, USA) were used in the microscopy
analyses.

Microorganisms

The strains of Salmonella Typhimurium (ATCC 14,028),
Staphylococcus aureus (ATCC 25,923), and Escherichia
coli (ATCC 25,922) were stored in Mueller Hinton agar
(MHA) in a freezer at — 14 °C. For microbial reactivation,
a 10 pL aliquot of each bacterium was inoculated in Brain
Heart Infusion (BHI) broth and incubated for 24 h at 37 °C.
After adjusting the turbidity of the medium, the inoculation
was carried out by the Streak Plate method (Hektoen, Baird
Parker, and EMB, for S. Typhimurium, S. aureus, and E.
coli, respectively) and incubated again for 24 h at 37 °C.
After this period, 3 colonies of each bacterium were inocu-
lated in Mueller Hinton broth and incubated for 6 h at 37 °C
for testing.

Production of nanoencapsulated curcumin by solid
dispersion

Curcumin encapsulation and curcumin-nisin co-encapsula-
tion were carried out using the solid dispersion technique
as described by Almeida et al. (2018) with minor modifica-
tions. For the curcumin-loaded nanoparticles (NCur), PVP
(100 mg) and Tween 80 (10 mg) were dissolved in ethanol
(30 mL) under magnetic stirring until a translucent solution
was obtained. After that, curcumin (10 mg) was added to this
solution, remaining under stirring for 5 min. The mixture
was then sonicated for 5 min in a pulsed condition (30 s
on/10 s off) at 120 W in an ice bath and using a 1/8" tip
(Fisher Scientific, Loughborough, UK). Finally, the solvent
was evaporated in an air circulation oven (Cienlab, Campi-
nas, SP, Brazil) at 40 °C for 4 h and the resulting solid was
recovered and ground with a mortar and pestle. This resulted
in a 8.3%wt curcumin concentration in the solid dispersion.

The same procedure was used to co-encapsulate nisin and
curcumin, with nisin (13.6 mg) being added in the same step
as curcumin (10 mg). In this procedure, 100 mg of PVP and
10 mg of Tween 80, and 30 mL of absolute ethanol were
used to ensure the encapsulation of both compounds. The

ratio between curcumin and nisin was defined based on the
results of the synergism tests. In these nanoparticles, cur-
cumin and nisin concentration was 7.5 and 10.2%wt in the
solid dispersion, respectively. It is worth pointing out that
the amount of curcumin and nisin was standardized in all
bacterial tests in order to allow comparison.

Nanoparticles characterization

The samples analyzed were NCur and NCurNis nanoparti-
cles and the pure components (PVP, nisin, and curcumin).
Also, physical mixtures of curcumin and PVP (MFCur-
PVP) and curcumin, nisin, and PVP (MFCurNisPVP) were
obtained by simply mixing the components in the same pro-
portion found in the nanoparticles to compare the results.
For the Fourier Transform Infrared spectroscopy (FTIR,
Shimadzu IR AFFINITY-1, Tokyo, Japan), samples were
dispersed in KBr and then pelletized in a hydraulic press.
Spectra were collected from 400 to 4000 cm™! with 32 accu-
mulations and 4 cm™! resolution. Thermogravimetric Anal-
ysis (TGA) and Differential Scanning Calorimetry (DSC)
analyzes were performed in a simultaneous thermal analyzer
(STA 6000, PerkinElmer, USA). Samples (8 to 10 mg) were
placed in a platinum sample holder and heated to 600 °C at
10 °C min~! under a gaseous nitrogen atmosphere (50 mL
min~!). The morphology of the nanoparticles was evalu-
ated by Transmission Electron Microscopy at 200 kV (TEM,
JEM 2100, JEOL, Peabody, MA, USA). Shortly after the
production of the nanoparticles, a sample of the material
was redispersed in water (0.1% wt/v) and dropped onto the
copper grids and kept in a dry atmosphere until the moment
of analysis. The mean size in intensity (Dz, nm) and the
polydispersity index (PDI, dimensionless) of the nanopar-
ticles were determined by Dynamic Light Scattering (DLS,
Malvern Zetasizer—Nano Series instrument, Malvern, UK).
The dried samples were redispersed in water (0.1% wt/v)
and then analyzed in triplicate. Results were submitted to
Student’s t-test (p < 0.05) (Matlab, R2021a, Mathworks).

Determination of minimum inhibitory and minimum
bactericidal concentrations

Initially, a stock solution of nisin was prepared in 0.02 M
hydrochloric acid (HCI) and sterilized in a 0.22 pm mem-
brane (Millipore, Sdo Paulo, Brazil). Nanoencapsulated cur-
cumin was solubilized in distilled water. The broth micro-
dilution method established by the Clinical and Laboratory
Standards Institute (2012) was used in the microbiological
evaluation. Bacteria E. coli, S. aureus, and S. Typhimurium
were used to determine the Minimum Inhibitory Concen-
tration (MIC). The range of tested concentrations were
2000-0.94 ug/mL for Nis and 100-0.375 mg/mL for NCur,
which contains 8.3%wt of pure curcumin in the encapsulate.
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The bacterial suspensions were standardized according to
the 0.5 McFarland scale and diluted in saline solution at
0.85% to obtain 5x 10> CFU mL~!. Each sample was added
(100 pL) at an initial nanoparticles concentration of 100 mg
mL~"; also, 2 mg mL™! pure nisin was added to Mueller
Hinton broth, diluted in each well of the 96 wells of the
plate. A 10 pL aliquot of the bacterial suspension was then
inoculated into each well and incubated at 37 °C for 24 h
in a bacteriological culture incubator (FANEM, 002CB,
Guarulhos, SP, Brazil). MIC was defined as the lowest con-
centration that visually inhibited bacterial growth. In the
case of the Minimum Bactericidal Concentration (MBC), a
20 pL aliquot from the wells in which there was no micro-
bial growth detected (in the MIC assay) was transferred to a
Mueller Hinton Agar Plate. Plates were incubated at 37 °C
for 24 h, and MBC was defined as the lowest concentration
that did not allow bacterial growth. All tests were performed
in triplicate (three independent and triplicate experiments
were carried out).

Determination of the antibacterial interaction
between nisin and nanoencapsulated curcumin

The assay was performed by determining the fractional
inhibitory concentration (FIC) in MHB broth using the
microdilution checkerboard method in a microtiter plate
scheme (CLSI 2012). The FIC was calculated as follows:

MIC s,combination
FIC, = -
MIC isolated
MICgzcombination
FICy = -
MICyisolated

FIC = FIC, + FIC,

Antibacterial interaction is interpreted as syner-
gism (FIC <0.5), addition (0.5 <FIC <1), indifference
(1 <FIC <4) or antagonism (FIC > 4).

Results and discussion
Nanoparticles characterization

FTIR spectra (Fig. 1) were used here to evaluate the inter-
actions between the encapsulated compounds (curcumin or
curcumin and nisin) and the encapsulant (PVP). The band
related to the hydroxyl group, carbon double bonds, C—-O-C
bonds, alkene groups and -CH asymmetric stretch were
found at 3510 cm™" and 1512 cm™' 1026 cm™' 1628 cm™!
1429 cm™'in the spectra of curcumin, respectively. Simi-
lar results were reported in the literature (Lemes et al.
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Fig. 1 FTIR spectra: pure curcumin, nisin, and PVP; physical mix-
tures of nanoparticles components (MF.Cur.PVP; MF.Cur.Nis.PVP);
and curcumin-loaded nanoparticles (NCur) and curcumin-nisin-
loaded nanoparticles (NCurNis)

2017). For pure nisin, bands at 1647 cm™! (amide I C=0),
1535 cm™! (amide IT N-H), and 2962 cm™! (-CH stretching
vibration) were found while PVP presented characteristic
bands at 3454 cm™! (—OH stretching), 2960 cm™! (-CH,
asymmetric stretching), 1285 cm™! (—CH,) and 1673 cm™!
(C=O0 stretching) (Kamaruddin et al. 2017).

Absorption bands of the nanoparticles containing cur-
cumin (NCur) were attenuated when compared to the physi-
cal mixture, mostly bands related to C—O-C of ethers, C=C
of the aromatic ring and —CH asymmetric stretching. This
effect is often attributed to the encapsulant coverage over the
encapsulated substances. In addition, it may be noted that
the band located in the region of 3450 cm™" presented lower
intensity for the NCur sample. This behavior is indicative
of the interaction between the encapsulating agent and the
encapsulated compound by hydrogen bonds (Karavas et al.
2006; Lemes et al. 2017).

In the case of co-encapsulated curcumin and nisin nan-
oparticles (NCurNis), the characteristic band located at
1647 cm™" (C=0 of amide I) was superimposed by the band
relative to the C=0 stretch (1673 cm™!) of the PVP. Even
s0, it is possible to notice the presence of both bands in the
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physical mixture (MF.Cur.Nis.PVP) and not in the nanopar-
ticles, suggesting the interaction between the compounds
after the nanoencapsulation (Lemes et al. 2017).

The images obtained by Transmission Electron Micros-
copy are presented in Fig. 2.

For the NCur sample, nanoparticles with dimensions
around 12 nm were clustered forming structures with
approximately 160 nm. For the NCurNis, no aggregates of
nanoparticles were observed, and their size was determined
between 4 and 10 nm. Khan and Rathod (2014) produced
curcumin nanoparticles using PVP as encapsulant, obtain-
ing particle sizes similar to one determined for the NCur
clusters. There are no reports in the literature on the nanoen-
capsulation of nisin in PVP by solid dispersion, however, it
was possible to verify that there was the formation of nano-
particles and that these present a fairly homogeneous sizes
distribution. Overall, images confirmed the formation of
nanometric structures with morphology close to spherical
for the two formulations (NCur and NCurNis). Also, cluster-
ing was apparently caused by the presence of nisin leading
to cload-like aggregated structures.

Fig. 2 Transmission Electron
Microscopy Images: A and B
NCur; C and D NCurNis

Mean diameter values determined by DLS were
610+ 28 nm for the NCur and 507 + 20 nm for the NCur-
Nis. These values are statistically different (p =0.0067) and
agreed with the TEM images that showed the larger sizes
of NCur. DLS results are greater than those observed in the
TEM images probably due to the agglomeration during oven
drying and redispersion in water. The PDI determined for
the samples was 0.55+0.03 and 0.67 +0.02 for NCurNis
and NCur, respectively, showing a statistically significant
difference between them (p =0.0061). PDI results are indica-
tive of the width of the particle size distribution, the wider
the distribution the more polydisperse the sample (Kaszuba
et al. 2008).

The DSC and TGA curves are shown in Figures S1 and
S2, respectively, and the temperatures and respective weight
losses (%) are highlighted in Table 1.

In the thermogram of pure curcumin, a crystalline melt-
ing peak (Tm) at 171 °C was observed (Lemes et al. 2017),
and for pure PVP the thermal degradation was detected at
427 °C (Voronova et al. 2018). For the physical mixture of
curcumin and PVP (MFCurPVP), the maximum degradation
peak occurred at the same temperature found for pure PVP,
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Table 1 Temperatures associated with weight loss (WL) determined by TGA

Sample Initial WL First stage of degradation Second stage of degradation
Toneet CC) Trax CC) WL (%) Toheet O Trax CC) WL (%) Tyt CC)  Trax CC) WL (%) Total WL (%)

PVP - 65 8 370 434 87 - - - 95

Curcumin - - - 250 287 11 330 380 31 42

Nisin - - - 270 302 5 500 580 4 9
MFCurPVP - 79 10 373 436 82 - - - 92

NCur - 70 6 209 303 59 - - - 65
MFCurNisPVP - 116 12 360 430 76 - - - 88

NCurNis - 61 8 276 287 4 367 435 72 84

however in curcumin nanoparticles (NCur) the melting of
curcumin was not detected. This behavior strongly indicates
the formation of solid dispersion in which the two compo-
nents (curcumin and PVP) are in amorphous state (Karavas
et al. 2006).

The glass transition temperature (Tg) of nisin is reported
in the range of 30 °C (Niaz et al. 2018a). However, it was not
possible to detect the Tg in the analysis. Also, the degrada-
tion temperature of PVP in the physical mixture (MFCurN-
isPVP) and nisin-curcumin nanoparticles (NCurNis) was the
same found on pure PVP. Possibly this result is an indicative
of weak interaction between the components, or inadequate
dispersion of nisin and curcumin in PVP (Karavas et al.
2006).

The thermal decomposition of pure curcumin occurred
between 250 °C and 415 °C. Similar results were found
by Rosa et al. (2021), who verified the ranges of thermal
decomposition of curcumin between 283 °C and 363 °C and
Almeida et al. (2018) with similar weight loss. In the case
of pure nisin, also two stages of degradation were found
starting at 270 °C and at 500 °C. Niaz et al. (2018b) found a
thermal decomposition range for nisin between 200 °C and
300 °C. Also, Gruzkiene et al. (2021) determined one main
degradation step with the major degradation peak at 286 °C.

PVP, physical mixtures (MF.Cur.PVP and MF.Cur.Nis.
PVP), and co-encapsulated curcumin-nisin nanoparticles
presented similar weight loss behavior. The initial stage of
weight loss may be associated with water evaporation due
to the hydrophilic nature of PVP (Almeida et al. 2018). The
physical mixtures showed weight loss events near 100 °C,

400 °C, and finally 500 °C. NCur and NCurNis showed
weight loss between 100 °C and 200 °C, however, only
NCurNis presented a second stage close to 400 °C, similar
to PVP and the physical mixtures. This behavior corrobo-
rates with DSC analysis results and indicates the formation
of a solid dispersion where the two components (curcumin
and PVP) are completely miscible and in amorphous form
(Karavas et al. 2006).

Antimicrobial activity and combination
of nanoencapsulated curcumin with nisin

Table 2 presents the MIC and MBC for curcumin nanopar-
ticles also for nisin.

Both curcumin nanoparticles and nisin showed lower
MICs against the S. aureus bacteria when compared to the
other two bacteria tested. It was found that nisin was more
effective against S. aureus, with a MIC of 0.50 mg mL™!
and MBC of 1.00 mg mL~!. Against Gram-negative bac-
teria, nisin has already been reported to present rupture in
the bacterial outer membrane, however, bacteriocins pro-
duced by Gram-positives do not have bactericidal action
against Gram-negatives (Furlanetto 2020). However, in the
present work, bactericidal concentrations were identified
for both Gram-negative bacteria tested (1.0 mg mL™~! for
S. Typhimurium and 2.0 mg mL~" for E. coli). Yeluri Jon-
nala et al. (2021) describe in their studies that the activity
of nisin against Gram-negative bacteria is decreased (and
not null) due to the presence of LPS in the outer membrane,
which acts as a barrier and restricts the entry of the peptide

Table 2 Minimum inhibitory

. Microorganism NCur Nis

concentration (MIC) and

minimum bactericidal MIC (mg.mL_l) MBC (mg. MIC (mg.mL_l) MBC

concentration (MBC) for nisin mL™) (mg.

and curcumin nanoparticles for mL™)

Salmonella Typhimurium, S.

aureus, and E. coli Salmonella Typhimurium 6.25 6.25 1.00 1.00
S. aureus 0.75 0.75 0.50 1.00
E. coli 3.12 3.12 0.50 2.00
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Table 3 Synergism between antibacterial activity of Nisin (Nis~Compound A, 2 mg mL~") and PVP nanoparticles containing curcumin (NCur—

Compound B, 50 mg mL™")

Microorganism MIC A MIC B FICA+B FICB+A FIC Interpretation
Salmonella Typhimurium  2.00 6.25 2.00 1.56 1.26 Indifference
S. aureus 0.06 0.75 0.02 0.01 0.26 Synergism

E. coli 1.00 6.25 0.06 6.25 1.06 Indifference

nisin . Furthermore Field et al. (2012), suggested increased
activity of nisin derivatives against Gram-negative bacteria
due to an increased ability of nisin to cross the outer mem-
brane, and that nisin exhibits antimicrobial activity against a
variety of food-associated Gram-negative pathogens, includ-
ing E. coli, Salmonella enterica serovar Typhimurium, and
Cronobacter sakazakii.

Curcumin and formulations containing curcumin nano-
particles have already shown remarkable antimicrobial
activity against S. aureus, as described by Taghavifar et al.
(2020), who found that curcumin nanoparticles improved
diabetic wounds infected with S. aureus MRSA (methicil-
lin-resistant S. aureus) and Ma et al. (2020), who reported
an excellent antibiofilm activity of curcumin nanoparticles
against S. aureus.

In the present work, curcumin nanoparticles had better
antibacterial activity against S. aureus, which differs from
the work by Tyagi et al. (2015) who found that free cur-
cumin was equally effective against S. aureus and E. coli.
It is noteworthy that in the present work curcumin was col-
loidally dispersed in the water while it was fully solubilized
in dimethyl sulfoxide in the work by Tyagi and coworkers,
meaning that in actual use conditions the encapsulated cur-
cumin may present better action. Leyva-Diaz et al. (2020)
evaluated the impact of dietary curcumin supplementation
in chickens infected with Salmonella Typhimurium, report-
ing a significant reduction in intestinal colonization. In the
present work, both curcumin and nisin reduced antibacterial
activity against Salmonella Typhimurium when compared
to the other two bacteria tested.

The combined effect between nisin and the curcumin
nanoparticles was evaluated against the three microorgan-
isms and the results are shown in Table 3.

Curcumin nanoparticles showed synergism with nisin
only when tested against S. aureus. Zhao et al. (2017)
pointed out that nisin has an effective broad-spectrum
against Gram-positive pathogens and bacteriostatic activ-
ity against bacterial spores, in addition to synergistic with
a wide range of antimicrobial agents, so the combined use
of curcumin and nisin nanoparticles can enhance the anti-
bacterial action against this type of microorganism of both
components tested. Takundwa et al. (2021) evaluated the
antimicrobial activity of nisin and oregano essential oil
combination and attributed the synergism to the acidic pH

of antimicrobial solutions, reporting that acidification was
facilitated by nisin and oregano essential oil, which have
a pH lower when combined, resulting in better synergistic
action against E. coli.

The concentration of nisin and curcumin for co-encap-
sulation was based on the concentrations found in the syn-
ergism test, for S. aureus being 13.6 mg mL~"! of nisin and
10 mg mL~! of curcumin. The values found for MIC and
MBC of the NCurNis were the same and, it is worth pointing
out that the NCurNis had a MIC of 0.064 mg/mL showing a
better inhibitory effect, when comparing the NCur and pure
nisin, demonstrating that co-encapsulation of curcumin and
nisin is a reliable alternative in the development of antibacte-
rial nanocompounds.

Conclusions

The combination of nisin with nanoencapsulated curcumin
against the foodborne bacteria S. aureus, E. coli, and Sal-
monella Typhimurium was evaluated. Images confirmed the
formation of nanometric particles with spherical shapes.
Components formed an amorphous structure with improved
thermal stability since the degradation events were retarded
after the encapsulation. In the case of the nisin-curcumin-
loaded nanoparticles, FTIR analysis indicated the presence
of chemical interactions between the components of the
nanoparticles.

The inhibitory activity of nisin-curcumin-loaded PVP
nanoparticles was satisfactory against the three bacteria
tested. The antibacterial effect of both compounds had a bet-
ter activity, in addition to showing synergism when tested
against S. aureus. These nanoparticles showed excellent
inhibitory activity when compared to nisin and curcumin
nanoparticles. These results demonstrated that solid disper-
sions containing curcumin and nisin may act together against
microorganisms, opening a wide range of possibilities of use
in the food industry.
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