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Food spoilage which makes food unsuitable for human consumption is one of the major concerns in the
food industry. Although various chemical additives are being used commercially for food preservation to
prevent spoilage, but these chemically synthesized preservatives cause severe ill-effects on human
health. The increasing awareness of health hazards caused due to them among the consumers has led
to a demand for availability of chemical-free food in the market. This in turn has created the need to look
for new alternatives, which are natural but efficient and do not pose any health issues. In this context,
naturally occurring, non-pathogenic lactic acid bacteria, or bacteriocins produced by them have attracted
a lot of attention in the scientific community. Bacteriocins are ribosomally synthesized active proteins
which show bactericidal mode of action against food spoiling bacteria and are considered to be safe addi-
tives for food preservation. However, several hurdles such as sensitivity to proteolytic enzymes, restricted
antimicrobial spectrum, high dosage requirement and low yield limit the use of bacteriocins as efficient
food preservatives. To combat some of these limitations, more recently bacteriocin-nanoconjugates have
emerged as a promising solution. This review focuses on the limitations of bacteriocins in restricting the
growth of food-borne pathogens and the potential of nanotechnology in enhancing the antimicrobial
activity of bacteriocins.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Food safety and stability is a matter of global concern. The past
few years have witnessed an escalation in various health issues
related to contamination of food by different pathogens. Contami-
nation can be prevented by implementing preservation techniques
having the capability of upholding the quality of raw material and
of inhibiting the expansion of potential food degrading pathogens.
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However, food preservation techniques most popularly involve the
use of chemical preservatives which cause several side-effects such
as: a change in the components of food, diminished nutritive qual-
ity, and toxic effect on the human health (Sharma et al., 2006).
Therefore, the demand for replacing these chemical compounds
with natural preservatives or biopreservatives has gained a huge
attention in the past few years (Parada et al., 2007). Contrary to
chemical preservatives, biopreservation involves the use of non-
pathogenic microorganisms for extending the shelf life of foods
(De Martinis et al., 2001). Traditionally, food used to be preserved
by Lactic acid bacteria (LABs) which are natural constituents of fer-
mented foods and have the capability to produce desirable changes
in texture and flavor of food. They confer their preservative effect
by production of various antimicrobial compounds. These com-
pounds include acetic acid, lactic acid, hydrogen peroxide, carbon
dioxide and small toxic proteinaceous compounds called bacteri-
ocins (Deegan et al., 2006; Mills et al., 2011; Ghanbari et al.,
2013). Bacteriocins are basically protein in nature with molecular
mass ranging from 2 kDa to more than 30 kDa. They are secreted
extracellularly by bacteria and are gaining much attention due to
their GRAS (generally recognized as safe) status and no adverse
effect on food. Bacteriocins are believed to be safe for human con-
sumption since they can be degraded by the action of gastrointesti-
nal proteases. Moreover, because they are ribosomally synthesized,
their characteristics can be modified to enhance their activity spec-
trum (Saavedra et al., 2004). They are known to exhibit antimicro-
bial activity against various Gram positive bacteria including
closely related species such as Bacillus cereus, Clostridium botuli-
num, Staphylococcus aureus and Listeria monocytogenes.

Despite several advantages, bacteriocins have certain limita-
tions associated with their use as natural food preservatives, some
of which include (i) their restricted antimicrobial spectrum which
leads to elimination of only specific closely related food spoiling
bacteria (ii) their high dosage requirement to inhibit multidrug
resistant bacteria present in water and food (Saravana and
Annalakshmi, 2012) (iii) their sensitivity to proteolytic enzymes
(Bradshaw, 2003) (iv) their high cost of production and (v) a low
yield due to ineffective recovery by purification methods. To over-
come these hurdles, scientists are constantly searching for efficient
ways to find solutions to some of these limitations. Lately various
studies have been conducted to optimize purification and produc-
tion methods to obtain high yield of bacteriocins (Parada et al.,
2007). However, another area which offers high hope in overcom-
ing some of the other limitations is the use of nanotechnology in
increasing the stability and shelf life of food, in enhancing
the antimicrobial spectrum of bacteriocins, and ensuring safer
packaging. Due to their antimicrobial and antifungal properties,
nanoparticles have the ability to inhibit growth of numerous
micro-organisms. Nanoparticles act by coming in contact with
the pathogenic bacterial cell surface and this contact causes vari-
ous structural changes and harm to the cell, markedly unsettling
essential cell functions and at last leading to the bacterial cell
death (Zawrah and Sherein, 2011). This potential antimicrobial
property of nanoparticles recommends their possible application
in preservation of food and food packaging.

In this review we will focus on properties of bacteriocins and
their interaction with nanoparticles using different approaches
for increasing their efficacy against food spoiling micro-organisms.
2. Bacteriocins

Bacteriocins are proteinaceous compounds produced by various
Gram positive and Gram negative bacteria which show antimicro-
bial activity against related species (De Vuyst and Leroy, 2007).
The most commonly available bacteriocin producing bacteria are
the lactic acid bacteria. Due to their GRAS status, they are consid-
ered as a safe alternative to chemical preservatives. LABs are char-
acterized as cocci or rod shaped and are anaerobic but can
withstand and grow in the presence of oxygen (Patil et al., 2010).
These microorganisms are found in dairy, meat, and fermented
products (Lindgren and Dobrogosz, 1990). Bacteriocins produced
by LABs usually have low molecular weight (rarely over 10 kDa);
they undergo post-translational modifications and show sensitiv-
ity to proteolytic enzymes, especially the proteases, which make
them harmless for human consumption (Rodriguez et al., 2000,
2003). Bacteriocins are ribosomally synthesized peptides; and
genes for their synthesis are generally arranged in operon clusters
and can be located on moving elements such as chromosome in
association with transposons or on plasmids (Deegan et al.,
2006). Commonly, genes involved in bacteriocin biosynthesis are
arranged in three operons: one encoding for structural and immu-
nity genes, second for bacteriocin export genes, and the third for
genes involved in regulation of bacteriocin production (Dimov
et al., 2005).

The two most commonly occurring forms of bacteriocins are
nisin and pediocin. Genetic determinants of nisin are located on
bacterial chromosome and genes involved in production and
immunity are reported to be present on an operon of size ranging
up to 8.5 kb. Nisin operon generally consists of 11 genes and is des-
ignated as nisABTCIPRKFEG which includes structural genes,
immunity genes, ABC transporter, and regulatory genes (Dimov
et al., 2005) (Fig. 1a). Genes involved in biosynthesis of Pediocin
PA-1 are located on a plasmid. The operon of size 3.5 kb consists
of four genes which encode for structural (pedA), immunity (pedB)
and transport proteins (pedC and pedD) (Fig. 1b).

Nisin is a polypeptide with molecular weight of 3354 Daltons
and is synthesized as pre-pro-peptide which contains 57 amino
acid residues which after post-translational modification generates
mature nisin of 34 amino acids (Fig. 2a). Nisin has been reported to
be active against Gram-positive bacteria, including S. aureus and L.
monocytogeneswhich are highly pathogenic food-spoiling microor-
ganisms. However, it has been found to be not very effective
against Gram-negative bacteria, yeasts and moulds (Zacharof and
Lovitt, 2012). Toxicological studies have confirmed that nisin is
not toxic for human consumption, even at levels much higher than
those used in foods, but it is restricted to acidic foods due to low
stability at neutral pH values (Jeevaratnam et al., 2005). It was
approved in 1988 by Food and Drug administration (FDA, 1988)
for use at commercial level in cheese, stored soups and pasteurized
cheese spreads, which are stored at a chilled temperature
(Zacharof and Lovitt, 2012). Pediocin PA-1 polypeptide has a
molecular weight of 4646.95 Daltons. It is made up of 44 amino
acids and unlike nisin, it does not undergo any post-translational
modifications (Fig. 2b). Pediocin PA-1 too holds promising antibac-
terial activity against a major food spoiling bacteria, L. monocytoge-
nes but its activity spectrum is limited as compared to nisin
(Benmechernene et al., 2013; Ovchinnikov et al., 2016).

Till date, only these two bacteriocins, nisin and pediocin PA-1
have been licensed for production at commercial level and are
marketed as Nisaplin and Alta� 2341 respectively. Thus, a paucity
of information on efficient bacteriocins which can be commercial-
ized has created a great impetus in the scientific world for studies
involving research leading to the search for other novel and
promising bacteriocins which can fight the limitations faced by
present-day approved bacteriocins, and can be produced at large
scale at a commercial level. However, in addition to the research
focus on search for new bacteriocins; to combat some of the limi-
tations of bacteriocins highlighted in the preceding sections, nan-
otechnology is also being looked upon as an area which can
provide a new hope for improving the activity of already commer-
cially approved bacteriocins. Nanoparticles along with bacteriocins



Fig. 1. (a). Genetic constitution of Nisin. (b). Genetic constitution of Pediocin.

760 P.K. Sidhu, K. Nehra / Journal of King Saud University – Science 31 (2019) 758–767
can augment the antimicrobial and antifungal activity and can play
a major role in food safety and food presservation.

3. Nanoparticles

Nanoparticles (NPs) usually range in dimensions from 1 to 100
nm and have unique properties. With a decrease in the dimension
of materials to atomic level, their properties also change (Feynman,
1991). Nanoparticles possess distinctive physicochemical, optical
and biological properties which can be manipulated appropriately
for desired applications. Since the past decade, they are being
widely explored and investigated as potential antimicrobials. The
antimicrobial property of nanoparticles is recognized to be an
activity of their large surface area in contact with the microorgan-
isms. This interaction over a large surface area contributes in car-
rying out a broad range of probable antimicrobial activities and
finds an immense application in food processing and packaging
(Gutierrez et al., 2010).

Among the various potential nanoparticles, silver nanoparticles
(AgNPs) are well known for their toxicity towards most of the
gram-positive and gram-negative bacteria. The high affinity of sil-
ver towards sulphur and phosphorus is assumed to play an impor-
tant role in contributing to its antimicrobial property (Ravishankar
and Jamuna, 2011). The presence of sulfur-containing proteins on
bacterial cell membrane leads to the interaction of silver nanopar-
ticles with sulfur-containing amino acids within or outer surface of
the cell, which in turn affects bacterial cell permeability. AgNPs, in
recent years, have therefore emerged as a potential compound for
the production of a novel class of antimicrobials. Similarly, gold
nanoparticles (AuNPs) are also being extensively exploited in
organisms for their antimicrobial activity because of their biocom-
patible nature (Daniel and Astruc, 2004; Bhattacharya and
Mukherjee, 2008). The potential activity of gold nanoparticles
against microbial pathogens depends on the size and shape of
the particles. They exert their antibacterial effect by generating
holes in the cell wall, leading to the discharge of cell contents
and cell death.

Apart from these two major nanoparticles, a few other metal
nanoparticles (Zinc oxide and copper oxide) have also been
reported by various researchers to exhibit significant antibacterial
activity over a large spectrum of microorganisms (Brayner et al.,
2006; Buzea and Pacheco, 2007; Jones et al., 2008; Jalal et al.,
2010). When the particle size of zinc oxide (ZnO) is brought to
nanometer range, it is found to show significant antimicrobial
activity. This nano-sized ZnO can easily come in contact with the
cell surface and gain entry into the cell and subsequently exhibit
distinct bactericidal action which makes it a potential candidate
for its use as an antimicrobial agent (Seil and Webster, 2012;
Sirelkhatim et al., 2015; Jamdagni et al., 2018). Copper oxide
(CuO) also exhibits potential inhibitory properties. A few research-
ers have synthesized CuO nanoparticles from different sources and
have demonstrated their inhibitory activity against various oppor-
tunistic pathogens (Rajgovind et al., 2015; Kaur et al., 2016). How-
ever, as compared to AgNPs, AuNPs, and ZnO, limited information
is available about the antimicrobial activity of CuO nanoparticles.
The exact mechanism behind the bactericidal effect of copper



Fig. 2. (a). Primary structure of Nisin. (b). Primary structure of Pediocin.
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nanoparticles is not clear, but with some more studies, these
nanoparticles too hold a potential to be used as antimicrobials in
the food industry.

The potential antimicrobial properties of all these nanoparticles
thus provide a means to obtain a desirable increase in the antibac-
terial spectrum of bacteriocins or in modification of their proper-
ties, thus opening up a totally new way to embark upon a wide
range of bacterial pathogens.
4. Interaction of bacteriocins with nanoparticles for increased
antimicrobial efficacy

In the food industry, bacteriocins have been represented to be
potent antimicrobials in hurdle technology, which involves the
use of combined treatment to increase the efficacy of food preser-
vation (Cotter et al., 2005). The integration of nanotechnology and
biotechnology may be considered as a most recent example of this
hurdle technology. Research in the field of nanotechnology in the
past two decades has opened doors to unlimited opportunities
for solving several problems associated with a wide range of bio-
logical products. In the food sector, the interaction between
nanoparticles and bacteriocins holds high potential to be beneficial
in increasing the antimicrobial spectrum of the latter. The interac-
tion may also lead to a reduction in the requirement of high
bacteriocin dosage, and an extension in the shelf life of food.
Nano-encapsulations of bacteriocins when used in food preservation
protect them from degradation by gastrointestinal enzymes, and
can also increase their commercial yield and stability. For
formation of nano-encapsulations, different approaches have
been used by different scientists to conjugate bacteriocins with
nanoparticles (Fahim et al., 2016). Some of the common
approaches include (a) encapsulation of bacteriocins in nanolipo-
somes (b) conjugation of bacteriocins with chitosan nanoparticles
and (c) interaction of bacteriocins with metallic nanoparticles.
4.1. Encapsulation of bacteriocins in nanoliposomes

Liposomes are spherical vesicles composed of one or more
phospholipid bilayers and are considered as biocompatible and
non-toxic (Go’mez-Hens and Ferna’ndez-Romero, 2005). They
may vary in size from nanometer to micrometer and have been
tested as carriers for therapeutic agents, and bioactive compounds
such as bacteriocins. Liposomes are capable of encapsulating both
hydrophobic and hydrophilic compounds and are biodegradable in
nature. When these are prepared in nano size, nanoliposomes rep-
resent a promising vehicle for encapsulation and delivery of sev-
eral components within the system (Fig. 3a) (Banerjee, 2001;
Mugabe et al., 2005; Malheiros et al., 2012a,b). They are known
to deliver enzymes, nutrients, vitamins, food additives and antimi-
crobials (Godwin et al., 2009). Encapsulation by liposomes has
shown to protect the encapsulated compounds from environmen-
tal and physicochemical alterations (Mozafari et al., 2008a,b).



Fig. 3. (a). Schematic representation of encapsulation of bacteriocins in nanoliposomes (b). Diagrammatic representation of thin film hydration method.
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Encapsulation of bacteriocins in liposomes has been reported to
be achieved by a common method known as thin film hydration
method (Fig. 3b). In this method, the chemically synthesized lipid
film is hydrated with bacteriocin containing aqueous buffer at a
temperature higher than the phase transition temperature of
lipids. This results in a disparate population of multilamellar vesi-
cles of about >400 nm in size in which bacteriocins are encapsu-
lated; which are then further processed into homogeneous, small
unilamellar vesicles of about 20–80 nm in size by sonication or
heating or membrane extrusion (Sharma and Sharma, 1997;
Jesorka and Orwar, 2008).

In addition to various advantages of liposome-encapsulated
bacteriocins like stability, enhancement and protection from
degradation; small doses of these formulations have also been
reported to exhibit a better antimicrobial activity in terms of time
taken for exerting the antimicrobial effect, and the activity spec-
trum. For illustration, bacteriocin-like substances produced from
Bacillus licheniformis P40 contained in phosphatidylcholine
nanovesicles have shown to completely inhibit the growth of Liste-
ria monocytogenes within the initial 12 min of incubation (Teixeira
et al., 2008). A similar study has reported that the nanoliposomes
prepared from dipalmitoylphosphatidylcholine/dicetyl phos-
phate/cholesterol (DPPC:DCP:CHOL) show greater entrapment effi-
ciency for nisin Z. Furthermore, nanoliposomes made from DPPC:
DCP:CHOL or from dipalmitoylphosphatidylcholine/stearyl
amine/cholesterol have also been shown to hold high stability,
which may extend to 14 months at 4 �C, and 12 months at 25 �C,
respectively (Colas et al., 2007). Pinilla and Brandelli (2016) co-
encapsulated garlic extract with nisin in liposomes, which resulted
in enhanced antimicrobial spectrum against various food-spoiling
pathogens. In another study, encapsulation of nisin into phos-
phatidylcholine resulted into promising active packaging material
that exhibited strong inhibitory activity against the prevalent food
spoiling bacteria, Listeria monocytogenes, when incorporated into
biopolymer-based films of gelatin or cellulose (Boelter and
Brandelli, 2016). Additionally, the encapsulated bacteriocin-like
substances have shown to lack any hemolytic activity on human
red blood cells, thus signifying their safety as food preservatives
(Teixeira et al., 2008). Although nano-encapsulated bacteriocins
offer several advantages, but in some studies carried out by
researchers, encapsulation of bacteriocins by liposomes has shown
to adversely affect the antimicrobial activity of the bacteriocins
(Malheiros et al., 2010a, 2012a,b). However, the negative impact
on bacteriocin antimicrobial activity can be overcome by selecting
suitable phospholipid bacteriocin combinations, avoiding undesir-
able interactions between liposomes and bacteriocins and obtain-
ing a high purity of starting material including bacteriocins
(Were et al., 2003; Malheiros et al., 2010a,b). In order to avoid this
negative impact, several studies are underway to optimize the for-
mulations of bacteriocin-loaded liposomes.

4.2. Conjugation with chitosan nanoparticles

Apart from lipid-based nanoparticles, polymeric nanoparticles
have also gained much attention due to their immense applications
in therapeutics and food safety. Chitosan is a polymer which is
biodegradable, biocompatible, bactericidal and non-toxic. In
addition to this, chitosan is characterized by its antibacterial,



Fig. 4. (a). Diagrammatic representation of bacteriocins encapsulated within chitosan nanoparticles. (b). Diagrammatic representation of ionic gelation method.
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antifungal, antiprotozoal, and anticancer activities. Hence, it has
been used in the field of medicine and biotechnology for interac-
tion with different compounds (Fig. 4a). Chitosan-bacteriocin con-
jugation is commonly achieved by ionic gelation method described
by Namasivayam et al. (2015) (Fig. 4b). In this method, chitosan
and bacteriocin suspension are mixed in 1% acetic acid and are stir-
red at room temperature with the drop wise addition of sodium
tripolyphosphate (TPP). The preparation is centrifuged and the chi-
tosan incorporated bacteriocins are obtained as pellet which can be
lyophilized for further use. Regarding its biological activity, the
chitosan nanoparticles loaded with nisin have shown to exhibit
twofold higher antimicrobial activity than that of nisin alone, when
examined against S. aureus ATCC 19,117 (Zohri et al., 2010). Also,
when the minimum inhibitory concentration (MIC) of nisin-
loaded nanoparticles was tested, it was found to be reduced four
times than that of the nisin alone (0.5 and 2 mg/ml, respectively)
(Zohri et al., 2010). In another study, higher level of antimicrobial
activity was exhibited by nisin-loaded chitosan-alginate nanopar-
ticles against L. monocytogenes and S. aureus in comparison to free
nisin (Zohri et al., 2013). A similar study was reported by
Namasivayam et al. (2015) in which chitosan nanoconjugate
loaded with bacteriocins was tested for its antimicrobial activity
against L. monocytogenes, which indicated that all the nanoconju-
gates showed an enhanced antimicrobial activity. The increase in
zone of inhibition was more promising in nanoconjugate than in
free bacteriocins. In another research, when the antimicrobial
effect of chitosan edible film incorporating garlic oil (GO) was com-
pared with a usual food preservative such as potassium sorbate
(PS) and bacteriocin nisin (N) at various concentrations against
food spoiling bacteria, the result showed more efficacy on combi-
nation of both the compounds (Pranoto et al., 2005).

This new class of nano-polymer hybrid thus provides a new
dimension to fight bacterial pathogens and could therefore be an
efficient weapon against food-borne bacterial pathogens (Sharma
et al., 2012; Barnela et al., 2014; Chopra et al., 2014). This suggests
the possible use of chitosan-nanoparticle-coated bacteriocins in
protecting the food against spoilage caused by pathogenic
organisms.
4.3. Interaction of bacteriocins with metallic nanoparticles

At present, the metallic nanoparticles are thoroughly being
explored and widely investigated as potential antimicrobials.
Among metallic nanoparticles, silver, gold, zinc, and copper have
been studied and observed to show potent antimicrobial activity.
This may be due to the large surface area of positively charged
nanoparticles which allow their binding to the negatively charged
bacterial cell membrane. However, silver and gold are more com-
monly used and investigated nanoparticles for conjugation with
bacteriocins as they are expected to have a synergistic effect on
the antimicrobial properties.



Fig. 5. Schematic representation of green synthesis of bacteriocin capped silver nanoparticles.
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More recently, a few studies have reported the development of
antibiotic tool using bacteriocins and nanoparticles which are also
non-toxic to humans and can be synthesized by a safer method.
One of the most commonly used nanoparticles i.e., silver has long
been known for its antimicrobial activity and for induction of high
toxicity to microorganisms. Antimicrobial property of silver
nanoparticles can be used to enhance the antimicrobial spectrum
of bacteriocins as they themselves have enormous antibacterial
potential and hold promise to target food borne pathogenic species
(Fayaz et al., 2010; Duncan, 2011). Hence, these have been sug-
gested to be the most suitable contender for conjugation with bac-
teriocins. Sharma et al. (2012) reported a single-step green method
of synthesizing silver nanoparticles (Fig. 5) conjugated with an
antibacterial peptide from food-grade lactic acid bacteria. The syn-
thesized enterocin-coated silver nanoparticles (En-SNPs) showed a
broad-spectrum inhibition against a number of food-borne patho-
genic bacteria without any noticeable toxicity to red blood cells,
which reveals that En-SNPs exhibit a much higher antibacterial
activity as compared to the chemically synthesized silver-NPs,
without the use of hazardous chemicals. In another study con-
ducted by Saravana and Annalakshmi (2012) about 22% increase
in antimicrobial activity was recorded with encapsulated nisin
than non-encapsulated nisin, as well as the concentration required
to inhibit the growth of pathogens was reduced from 125 lg/ml to
62.5 lg/ml. Pandit et al. (2017) synthesized silver nanoparticles
from the extract of Cymbopogon citrates and conjugated them with
nisin to form a nano-bacteriocin conjugate. In vitro antimicrobial
activity of silver-bioconjugate was evaluated against various food
spoilage microorganisms and the results showed the increased
antimicrobial potential of nisin after conjugation with silver
nanoparticles. Thus, these reports recommend the use of nisin
encapsulated silver nanoparticles as a preservative to control the
development of food and waterborne pathogens in packed food.

Apart from silver, various other metal nanoparticles have also
been used for testing the synergistic effect with bacteriocins for
enhancement of antimicrobial spectrum against various harmful
pathogens. One of the other contenders is gold nanoparticles.
Thirumurugan et al. (2013) reported the combined effect of bacte-
riocins produced by L. plantarum ATM11 along with gold nanopar-
ticles. Combination study was carried out on nisin with gold
nanoparticles and free nisin for comparison against food spoiling
organisms. Findings revealed that the bacteriocin has a higher



Table 1
General overview of the effect of bacteriocins conjugated with nanoparticles using different approaches.

Nanotechnological
approach used

Antimicrobial peptide
(Bacteriocin)

Nanoparticle used Effect of nano-bacteriocin
formulation on food spoiling
bacteria

Test organisms References

Encapsulation of
bacteriocins in
nanoliposomes

Bacteriocin like substances
produced from Bacillus
licheniformis P40

Phosphatidylcholine
nanovesicles

Inhibitory activity within few
minutes of incubation.

Listeria
monocytogenes

Teixeira et al.
(2008)

Nisin Z Dipalmitoylphosphatidylcholine/
dicetylphosphate/cholesterol

Maintains the antimicrobial
activity for a longer duration.

Bacillus subtilis Colas et al.
(2007)

Conjugation with
chitosan
nanoparticles

Nisin Chitosan nanoparticles Show high antimicrobial
activity.

E. coli,
S. aureus

Alishahi (2014)

Nisin Chitosan nanoparticles Demonstrate two- fold
higher activity than free
nisin.

S. aureus Zohri et al.
(2010)

Nisin Chitosan-alginate nanoparticles Maintains higher
antimicrobial activity.

Listeria
monocytogenes
S. aureus

Zohri et al.
(2013)

Bacteriocin Chitosan nanoconjugate Increased antimicrobial
activity.

Listeria
monocytogenes

Namasivayam
et al. (2015)

Conjugation of
bacteriocins with
metallic nanoparticles

Enterocin Silver nanoparticles Show broad antimicrobial
spectrum against food
spoiling bacteria.

Gram positive and
Gram negative
bacteria

Sharma et al.
(2012)

Nisin Silver nanoparticles Increased antimicrobial
spectrum.

Gram positive and
Gram negative
bacteria

Saravana and
Annalakshmi
(2012)

Bacteriocins produced by L.
plantarum ATM11 and
commercial nisin

Gold nanoparticles Bacteriocins possess higher
antimicrobial activity.

Food spoiling
pathogens

Thirumurugan
et al. (2013)
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antimicrobial activity against food spoiling organisms when used
in combination with gold nanoparticles. Gomashe and Dharmik
(2014) conducted a similar study to investigate the bactericidal
efficacy of gold nanoparticles (AuNPs) synergistically with the bac-
teriocin and commercially available peptide nisin on food spoiling
microbes. The results revealed that the antibacterial activities
increased upon combination of bacteriocin with gold nanoparticles
as compared to free nisin. Furthermore, this nanoconjugated bacte-
riocin has been shown to be safe and non-toxic, as confirmed by
biochemical examinations, and histopathological screening tests
(Mossallam et al., 2014).

Hence, all the three different approaches can be used to conju-
gate bacteriocins with nanoparticles to increase the antimicrobial
spectrum of the former, which in turn can prove to be an efficient
weapon in the fight against food borne pathogens.
5. Bacteriocin-nanoconjugates in food industry

Bacteriocin-nanoconjugates have the potential to find applica-
tions in the food and health sector. However, most of the research
is limited to food industry as compared to other sectors. The
exploitation of bacteriocins in health and pharmaceutical sector
is moving at a slow pace as various limitations and challenges
are yet to be addressed. Lately, researchers are basically focusing
on the utilization of bacteriocin-nanoconjugates in the food indus-
try to overcome the limitation of using bacteriocins alone as
preservatives.

A number of studies have been conducted to test the compati-
bility of antimicrobial peptides such as bacteriocins by incorporat-
ing them into the food matrix, or in the form of coatings to
investigate their role in inhibiting the growth of food spoiling
pathogens (Rhim et al., 2013; Meira et al., 2014). However, they
have been found to be susceptible to storage conditions, pressure,
production process and change in temperature. Apart from this,
their activity is also reported to be affected by their undesirable
interaction with food particles and by the action of various endoge-
nous enzymes (Sant’Anna et al., 2011; Lopes and Brandelli, 2017).
To combat these problems related to the direct addition of
bacteriocins in food; as discussed in the previous sections,
nanotechnology has been found to offer an alternative to efficiently
deliver and protect the antimicrobial peptide from degradation by
using various nanotechnological approaches (Brandelli and Taylor,
2015; Fahim et al., 2016). Additionally, various studies have
reported the enhanced antimicrobial activity of bacteriocins
against spoilage bacteria after conjugation with nanoparticles
(Arthur et al., 2014; Mossallam et al., 2014). A few examples of
bacteriocin-nanoconjugates have been illustrated in Table 1.
Nano-encapsulation of bacteriocins for their use as bio-
preservatives has been reported to aid in protecting them from
degradation by proteolytic enzymes and thus rendering them
stable and increasing the shelf life of food. In recent years, two
bacteriocins, namely, nisin and pediocin have attracted a great
research interest in the food based industry as they have shown
to exhibit a positive role in various applications such as in increas-
ing food shelf life and as a promising substitute to the chemical
preservatives (Espitia et al., 2013; Bemena et al., 2014). The collab-
orative use of these potential bacteriocins along with nanotechnol-
ogy has allowed the development of new antimicrobial packaging
for the preservation of food which has not only increased the
antimicrobial spectrum of bacteriocins but also enhanced the shelf
life of food without causing any alteration of food components
(Lopes and Brandelli, 2017). This shows that nanotechnological
approaches have distinctive capabilities to tolerate physical and
chemical stresses encountered during different steps of food
processing.
6. Conclusion

The interface of nanotechnology and biotechnology opens up
new vistas to deal with bacterial pathogens, specifically those cre-
ating problems, directly or indirectly, for mankind. It has been pro-
ven that bacteriocins alone in food are not likely to ensure
complete safety; especially in the case of gram negative bacteria.
For this, use of bacteriocins combined with other approaches can
be beneficial in increasing the food safety and in inhibiting the
growth of food-spoiling microorganisms. Antibacterial peptides
produced by food-grade bacteria offer great advantages when com-
bined with nanoparticles. However, advanced studies are needed



766 P.K. Sidhu, K. Nehra / Journal of King Saud University – Science 31 (2019) 758–767
to be carried out to optimize the formulations of bacteriocin-
nanoconjugates. Also extensive toxicological and acceptability
tests need to be performed before the products are approved for
large scale consumption. So, although the science of nano-
bacteriocin conjugates is presently in its nascent form, but it holds
a great potential to revolutionize the food industry.
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