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Cronobacter sakazakii (C. sakazakii) is a foodborne opportunistic pathogen that can cause life-threatening
invasive diseases, such as necrotizing enterocolitis, meningitis, and sepsis in infants. The potential risk of
C. sakazakii contamination of powdered infant formula (PIF) is an issue that has attracted considerable
attention from manufacturers, regulators, and consumers. C. sakazakii biofilms on the surfaces of equip-
ment and in diverse food-production environments constitute a mode of cell growth that protects the
pathogen from hostile environments, and are an important source of persistent contamination of food
products. Bacterial biofilms are difficult to remove due to their resistant properties. Conventional clean-
ing and sterilizing procedures may be insufficient for biofilm control, and may lead to further biofilm
development and dispersal. Consequently, novel control strategies are being developed, such as
nanotechnology-based delivery systems, interspecies interactions, antimicrobial molecules of microbial
origin, natural extracts, and phages. This review focuses on describing the mechanisms underlying the

biofilm formation and behavior of C. sakazakii and discussing potential control strategies.
© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Cronobacter genus is composed of seven species, which col-
lectively were previously known as the foodborne pathogen Enter-
obacter sakazakii. Cronobacter sakazakii (C. sakazakii) is the most
infectious species among the Cronobacter spp. [1]. These pathogens
are Gram-negative rods that are motile with peritrichous flagella,
and can grow under aerobic and anaerobic conditions. Infections
occur in all age groups, and particularly occur in neonates, infants
below six months in age, and the elderly. C. sakazakii has drawn the
attention of regulatory authorities due to its association with out-
breaks of life-threatening infections in neonates. The International
Commission on Microbiological Specifications for Foods (ICMSF)
had ranked Cronobacter as a “severe hazard for restricted popula-
tions, life threatening or substantial chronic sequelae of long dura-
tion” [2]. Life-threatening symptoms in primarily low-birth-weight
neonates and infants below six months in age (pre-weaning)
include meningitis, necrotizing enterocolitis, and respiratory infec-
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tions, with neurological sequelae or rapid death having a mortality
ranging between 40% and 80% of cases [3-7]. C. sakazakii infects
other age groups and predominantly causes infections in adults
who are typically immunocompromised, although an acute gas-
troenteritis outbreak has been reported among students [8]. In
adults, C. sakazakii can lead to a wide range of symptoms such as
bacteremia, appendicitis, septicemia, osteomyelitis, pneumonia,
splenic abscesses, wound infections, and urinary tract infections
[5,9].

C. sakazakii have been isolated from various environments,
including powdered infant formula (PIF), vegetables, ready-to-eat
foods, water, dried foods, medicinal plants, spices, and flies [10-
19]. A major ecological niche for Cronobacter may be plants due
to the organism’s desiccation resistance, production of polysaccha-
ride capsule, and secretion of yellow carotenoid pigment that pro-
tects it from oxygen radicals [20]. Moreover, the organism is found
in household environments [21,22] and food-production facilities
[23,24].

In response to their varying growth environment, bacteria can
form spatially organized dynamic ecosystems called biofilms. This
is a major adaptation survival strategy by which foodborne
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pathogens can protect themselves against environmental stresses
[25-27]. Furthermore, bacteria in biofilms differ from their
planktonic counterparts in that they exist as a community with
cell-cell cooperation and competition, transmit signal molecules,
and conduct horizontal gene transfer with each other—thus main-
taining a mutual relationship as “both friends and enemies” [28].
The distinctive morphology, structure, and physiology of the bio-
film vary according to the resident microorganisms and their envi-
ronmental conditions. Changes within the biofilm are achieved by
the organisms’ ability to sense and respond to various external
environmental signals. By means of an intersystem cross talk in
response to these environmental signals, bacteria are able to
orchestrate their gene expression and adapt to the changing
environment.

C. sakazakii can adhere to abiotic materials such as silicon, latex,
polycarbonate, stainless steel, glass, and polyvinyl chloride (PVC),
and thereafter form biofilms on these surfaces [29,30]. It is note-
worthy that the survival and persistence of C. sakazakii in PIF,
which has been linked to outbreaks of C. sakazakii, require the
organism’s ability to adapt to harsh osmotic and dry conditions.
Beuchat et al. [31] found that cells in biofilms of C. sakazakii were
more persistent than planktonic cells when exposed to low mois-
ture conditions. In milk formula processing factories, the organism
has been found in the environment (i.e., on air filters, floor, shoes,
trucks, and roofs) and processing equipment (i.e., in roller dryers
and air filters), and may persist for several months. Biofilms of C.
sakazakii also form on neonatal enteral feeding tubes, which may
lead to an increased risk of exposure to the neonate [32]. Recently,
the biofilm state has been considered to be the default lifestyle of
bacteria, and it is thought that free-living planktonic cells may only
be a transitional stage in bacterial life [33]. Microbial contamina-
tion of food products is largely linked to biofilm formation on
food-contact surfaces. Such surfaces can provide a solid substrate
for the development and persistence of biofilms throughout the
food processing chain; these biofilms are difficult to remove, lead-
ing to bacterial contamination of food and potential health risks to
consumers.

Research in this field has been focused on gaining a deeper
understanding of biofilms and identifying strategies to avoid the
contamination of foodstuffs. Recently, advances in multi-omic
and imaging technologies have revealed complex spatial organiza-
tion and processes within bacterial biofilms. Our improved under-
standing of biofilms will lead to improved strategies for their
removal. Nevertheless, the control of C. sakazakii biofilms remains
poor, since our understanding is currently at an initial stage. The
aim of this review is to present a panoramic view of our current
knowledge, including the mechanisms involved in biofilm forma-
tion, conventional and innovative biofilm-controlling strategies
that have been proposed to combat the challenges caused by bio-
films, and how these may be applied for the control of C. sakazakii
biofilms in the food industry.

2. Mechanism of biofilm formation

“Prevention is better than a cure”; therefore, an in-depth under-
standing of biofilm formation can contribute significantly to
designing the food-production environment in such a way as to
minimize biofilm formation. Biofilms are composed of complex
microflora coated with an extracellular protective matrix made of
various types of biopolymers, and can form on a variety of surfaces
[25]. C. sakazakii biofilm formation is a dynamic process with a
sequence of events that involves attachment, maturation, disper-
sal, and the next round of attachment, as revealed through scan-
ning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). Planktonic bacteria initially stick to the surface

of the carrier and secrete large amounts of extracellular polymers.
Bacteria clump together to form a thickened biofilm with the
growth of cells, and the growth of the biofilm reaches its maximum
after 72 h. After 96 h, the biofilm detaches from the surface and
releases bacteria (Fig. 1). The processes governing biofilm forma-
tion by C. sakazakii are similar to those of other bacteria [34]. In
order to generate the biofilm, bacteria have a number of mecha-
nisms enabling intercellular communications and attachment to
abiotic surfaces, and consequently grow as resilient structures.

2.1. Environmental factors influencing C. sakazakii biofilm
development

2.1.1. Culture conditions

Biofilm formation is a complex process that is influenced by the
changeable environmental surroundings. Biofilm-forming ability
and exopolysaccharide production by C. sakazakii differ according
to environmental conditions, which include the contact surface
properties, nutrient availability, and relative humidity [35]. Ye
et al. [36] evaluated the biofilm formation of 23 C. sakazakii isolates
under diverse pH values, temperatures, and incubation periods.
The biomass and properties of polysaccharides in the biofilm for-
mation of C. sakazakii were strain-specific dependent and were
affected by the culture’s microenvironments. The growth of bio-
films during the production of dairy products can also be linked
to bacterial extracellular polymeric substances (EPSs) and milk
residues—mostly proteins and calcium phosphate. Milk compo-
nents also affect Cronobacter biofilm formation. Whey protein
and casein have been shown to have a more important influence
on Cronobacter biofilm formation in skim milk than lactose, and
the nitrogen source was found to be more important than carbohy-
drate [37]. Ye et al. [38] assessed the effects of Ca%* and Mg?* on the
biofilm formation of C. sakazakii isolated from PIF. The divalent
cation concentrations influenced the total biomass formation, with
1.50% MgCl, and 0.25% CaCl, giving optimal growth conditions. In
addition, the biomass properties of the extracellular matrix were
found to be altered by the divalent cations.

2.1.2. Contact surface

Contact surface is an indispensable part of the preconditioning
of biofilm formation. The properties of the surface will affect the
cell adhesion and subsequent biofilm formation. Electrostatic
interaction can be established between the two substances when
the cell contacts and adheres with the surface. Since most bacteria
have a negative charge on their surface, a positive charge on the
contact surface is conducive to biofilm formation [39]. In practical
situations, the contact surface may also be exposed to a highly
ionic medium composed of ions and small molecules that adsorb
to the surface through diffusion and mass transfer processes, thus
changing the properties of the contact surface. Interaction between
the contact surface and bacterial cells is subsequently altered, and
electrostatic interactions are built up. The distance between the
cell and the contact surface interface is shortened when microbial
cells initially adsorb to the surface through electrostatic
interaction.

After non-polar and low-surface-energy hydrophobic groups at
the contact surface interface interact with the bacterial cells, the
adhesion capacity of the cells on the surface becomes fixed due
to the tendency to change the hydrophobicity of the contact inter-
face [40,41]. Davidson and Lowe [42] suggested that hydrophobic
groups on the contact surface interface were favorable for the for-
mation and stability of biofilms. Nevertheless, Heistad et al. [43]
reported that there was no obvious relationship between interfa-
cial hydrophobicity and biofilm formation. C. sakazakii cells
attached more readily to silicone and polycarbonate than to steel
(P <0.05), and hydrophilic materials appeared to be more favorable
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Fig. 1. The inhibition of biofilm formation by various substances. (a) Dynamic process of biofilm formation in a periodic manner that involves attachment, maturation,
dispersal, and the next round of attachment; the periodic process usually contains six steps, as shown here. (b) The removal roles of substances in diverse steps of biofilm
formation, as shown by SEM images (x2500). Biofilms were stained with propidium iodide and SYTO9 and were observed by CLSM.

to biofilm formation by C. sakazakii [29]. Therefore, the question of
whether or not there is a link between biofilm formation and
interfacial hydrophobicity is a controversial issue, and more exper-
iments focused on the adhesive properties of C. sakazakii are
required.

Surface roughness can reduce the hydraulic shear force on bac-
terial cells in the liquid mobile phase. Consequently, roughness
will protect the bacterial cells from being removed by water flow,
and will enhance the initial adhesion of the cells. However, there is
a considerable difference across cell particle sizes for different bac-
teria, leading to variation in the optimal contact surface roughness
for different bacteria.

2.2. Cell self-regulation

2.2.1. Quorum sensing

In the majority of environments, biofilms live as a mixed popu-
lation rather than as a monoculture. A mixed population generates
physiological functions that are not present in monocultures. Inter-
species regulatory mechanisms within the biofilm include quorum

sensing (QS) [44,45]. Such QS systems involve low-molecular-
weight signaling molecules called autoinducers, which will be
expressed according to the number of bacteria in the surrounding
environment [46]. When the amount of bacteria in the biofilm
reaches a sensory threshold concentration, the bacteria release sig-
naling molecules to change and coordinate their behavior. Changes
in specific gene expression managed by QS systems include the
transport of nutrients and the removal of metabolic end-
products. This behavior can reduce the limitations that result from
the lack of space and nutrients caused by excessive bacteria growth
in order to facilitate biofilm formation.

Gram-negative bacteria mostly use N-acyl-L-homoserine lac-
tones (AHLs) to communicate with each other, and these bacterial
pheromones are often produced as mixtures of several AHLs
(Fig. 2). The basic QS circuit usually harbors two indivisible pro-
teins (LuxI and LuxR) that function within the synthesis and recog-
nition of the autoinducer, respectively. LuxI is a synthase that
induces the synthesis of the QS self-inducible introns AHLs and
their derivatives, which can diffuse freely in and out of the cell.
When the concentration of AHLs reaches the critical value along
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Fig. 2. Simplified diagram of AHL-mediated QS in Gram-negative bacteria. Gram-
negative bacteria possess two regulatory components: Luxl and LuxR. LuxI is
required for AHLs biosynthesis and LuxR encodes for AHLs binding protein. Once a
threshold concentration has been reached, AHLs will freely enter into neighboring
cells. The complex consisting of LuxR and AHLs will activate the expression of
downstream genes. Biofilm formation is subsequently affected through target genes
regulated by AHL-mediated QS.

with the increasing bacterial density, the AHLs bind to LuxR in
order to activate the expression of downstream genes, thereby
causing a physiological reaction of the bacteria to adapt to their
surroundings [47]. AHLs are generally composed of an end made
of an acetyl chain of 4-18 carbons and a conserved head made of
high serine lactone. The main differences between various AHLs
are based on the length of the N-terminus side chain and on the
existence of substituents or unsaturated bonds at C-3 [48]. At pre-
sent, three signaling molecules (N-heptanoyl-AHL, N-dodecanoyl-
AHL, and N-tetradecanoyl-AHL) are known to be produced by C.
sakazakii [49]. Lehner et al. [30] suggested that Cronobacter can
regulate biofilm formation by expressing QS AHLs. Two different
types of AHLs (3-0x0-C6-AHL and 3-o0x0-C8-AHL) have also been
found by means of thin-layer chromatography. Using high-
performance liquid chromatography (HPLC) and liquid
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chromatography-high-resolution mass spectrometry (LC-HRMS),
significant expression levels of long-chain AHLs with chain lengths
of C6-C18 have been identified. LC-HRMS analysis of AHLs
confirmed the presence of N-undecanoyl-L-AHL, N-dodecanoyl-
L-AHL, N-tetradecanoyl-L-AHL, N-pentadecanoyl-L-AHL, N-(B-
ketocaproyl)-L-AHL, N-octanoyl-L-AHL, N-3-oxo-octanoyl-L-AHL,
and N-octadecanoyl-L-AHL in biofilm-forming strains of
C. sakazakii [50].

Further studies should be centered on the mechanism underly-
ing the formation and development of C. sakazakii biofilms, as reg-
ulated by the QS system. This will provide a basis for the
exploration of attractive novel tactics against pathogenic bacteria
based on QS.

2.2.2. Genetic elements and physicochemical properties of the cell

The microorganisms in biofilms are encapsuled in the self-
produced matrix of EPS. EPS mainly consist of extracellular
polysaccharides, proteins, and extracellular DNA (eDNA) and its
substrates; this matrix mediates the adhesion on surfaces and
coagulates the cells together (Fig. 3). The matrix fills the space
between bacteria, resulting in a mechanical cohesive stability.
Due to this stability, microbes within biofilms possess a high level
of survival and high persistence potential. Biofilm heterogeneity is
dependent on the concentration, cohesion, charge, and absorptive
capacity of diverse extracellular polymer components, as well as
on the density, pore size, and channel of the matrix. Biofilms
accordingly exhibit miscellaneous morphological features, and
may be smooth, flat, coarse, fluffy, or filamentous; they can even
form agglomerations like mushrooms surrounded by water-filled
voids [28].

Researchers recently investigated the difference between the
biofilm and planktonic phases of Cronobacter using a comparative
proteome approach, and confirmed that the differentially
expressed proteins were enriched in the pathways of flagella,
cellulose synthesis, amino acid metabolism, and carbohydrate
metabolism [51-53]. The Cronobacter capsule is composed of
O-antigen, K-antigen, colanic acid, cellulose, and the enterobacte-
rial common antigen. The ratio of components probably changes
according to growth condition, although it has not been studied
to date. This is an area that warrants more research, especially

AHLs

Fig. 3. Basic components of a biofilm with Gram-negative bacteria.
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since particular capsule profiles are associated with Cronobacter
isolates from neonatal meningitis cases [54]. Cellulose produced
by bacteria is generally an extracellular component that imparts
both mechanical and chemical protection to the cell against
adverse environments. Cellulose is also a structural component of
biofilms, as it forms a hydrogel with strong water-adsorption capa-
bilities. Cellulose is synthesized and excreted by a cellulose syn-
thase complex consisting of BcsA and BcsB. While bcsA encodes
for cellulose synthase catalytic subunit, bcsB encodes for a cyclic
dimeric guanosine monophosphate (c-di-GMP) binding protein.
Two genetic elements—the bcsABZC and bcsEFG operons—are
required for biosynthesis and regulation of cellulose (Fig. 4). The
cellulose gene cluster comprises nine genes (bcsGFERQABZC) and
is present in almost all C. sakazakii strains [54]. Hu et al. [55] com-
pared the prevalence of cellulose synthase-related genes in
Cronobacter isolated from clinics, foods, and the natural environ-
ment. The results indicated that cellulose synthase operon genes
(bcsABZC) were present in all clinical isolates and in most of the
food and environmental isolates of Cronobacter. Moreover, biofilm
formation and bacterial cell-cell aggregation were significantly
reduced in bcsA and bcsB mutants compared with the parental
strain, and bcsA and bcsB mutants did not produce cellulose. bcsR
negatively regulated cellulose synthesis, but exhibited positive
regulation of biofilm formation, adhesion, and invasion in C
sakazakii. Upregulation of crucial cellulose synthesis genes (bcsA,
B, C, E, Q), flagellar assembly genes (fliA, C, D), and virulence-
related genes (ompA, ompX, hfq) in the AbcsR mutant were also ver-
ified via reverse transcription polymerase chain reaction (RT-PCR).
Among these genes, the expressions of fliC and ompA in the AbcsR
mutant were remarkably reduced in comparison to those in the
wild-type. Furthermore, variations in biofilm components includ-
ing carotenoids, fatty acids, and amides were shown by Raman
spectrometry to be significantly reduced after bcsR knockout [56].

In addition, bacterial extracellular organelles (flagella, cilia and
fimbria, etc.) can contribute to overcoming the electrostatic repul-
sion and strengthening bacterial accumulation at the carrier inter-
face [57]. Ten putative fimbriae gene clusters have been identified
by means of a comparative analysis of Cronobacter genomes [58].
Gene clusters encoding for B-fimbriae are unique to C. sakazakii,
whereas the genomes of the other six species encode for curli fim-
briae. Curli fimbriae are thin, coiled, highly aggregative amyloid

Quorum sensing
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fibers that provide an amorphous matrix. They are involved in
rugosity, cell aggregation, adhesion, biofilm formation, and envi-
ronmental persistence [59]. Besides biofilm formation, fimbriae
are significant in C. sakazakii pathogenicity, as the route of infec-
tion is probably through attachment and invasion of the intestinal
cells. Hartmann et al. [60] confirmed that the curli-fimbria-
associated genes were absent in C. sakazakii. Since C. sakazakii
strains dominate clinical isolates, it can be deduced that curli fim-
briae are not essential for Cronobacter pathogenicity. Together with
cellulose, curli fimbriae form a honeycomb-like structure that facili-
tates the establishment of biofilms [61]. The biosynthesis and
assembly of curli fimbriae are directed by proteins encoded within
two divergently transcribed operons, csgDEFG and csgBA. The csgBA
operon encodes for the major curli structural subunit CsgA and the
nucleator protein CsgB [62]. Hu [63] detected genetic elements
related to curli synthesis in 180 C. sakazakii, suggesting that no
csgA and csgG genes were present in all C. sakazakii strains. In addi-
tion, the curli csgBAC and csgDEFG operons were not present in C.
sakazakii strains. Nevertheless, csgA and csgB positively regulate
curli fimbriae, biofilm formation, and cell-cell aggregation in other
species of Cronobacter, with the exceptions of C. sakazakii and C.
muytjensii. Therefore, C. sakazakii might express different proteins
in other pathways conducive to biofilm formation and cell-cell
aggregation that have efficacities similar to those of curli fimbriae.

Motility enables movement across the attachment surface to
areas that are more suitable for growth, and considered to be clo-
sely related to biofilm formation [64]. Planktonic cells are motile
due to the presence of rotating flagella (Fig. 4). FIhA and FliG pro-
teins structure the basal body in flagella, and the deletion of FIhA
results in a lack of flagellar components. Along with FliN and FliM,
FliG forms the C ring of the basal body [65]. The motors (MotA and
MotB stator proteins) located at the base of the flagellum propels
the cell through diverse environments using the proton motive
force to strengthen the rotation of the helical filament [66]. The
AflhA, AfliG, AfliC, and AflaAASfIIC strains rendered the cells aflagel-
late and nonautoaggregate. Conversely, the AmotAB and AflaA
strains retain the structural components (flagella) and aggregation
ability. AflaA is motile, while AmotAB is not motile. In addition, C.
sakazakii biofilm formation on PVC is not mediated by FliC. In con-
trast, cells within a biofilm generally aggregate by being wrapped
in an extracellular matrix. Researchers believed that motility and
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matrix synthesis are often oppositely and coordinately regulated.
However, the results of defective mutants of flagella and some reg-
ulated genes in C. sakazakii have indicated that the relationship
between motility and biofilms is strain-specific dependent. In addi-
tion, it is still controversial whether flagella have positive or nega-
tive effects on biofilm formation, and factors other than motility
could also influence biofilm development [67].

Research on microbial populations has expanded considerably
due to high-throughput functional genomics. This is primarily
due to advances in DNA sequencing, which is now invaluable for
probing microbial community composition and function in diverse
environments at high resolution [68]. Metabolomics is an evolving
research area that can provide a better understanding of the mech-
anisms that underlie phenotypes beyond biomarker discovery [69].
Multiple “omic” data types, such as transcriptomics, proteomics,
and metabolomics, can capture the systems-level profiles of a
microbial community. Thanks to innovative developments in infor-
matics and analytical technologies, in addition to the omic
approaches in an integrated framework, the “multi-omics”
approach has generated novel insights into microbial physiology
[70]. Bioinformatic analysis of large omic datasets can show regu-
latory pathways and pivotal targets related to phenotypic traits.
Subsequently, specific DNA regions can be directly altered by
applying reverse genetics techniques to verify the visualized
effects of the alterations on physiological phenomena. In this
way, the goal of a better understanding of bacterial biofilms,
including their formation and dispersal, can be achieved (Fig. 5).

3. Biofilm removal and control

Cronobacter has been isolated from various inert and bioactive
surfaces, and is widely found in the food industry [24,71-73].
The organism can be isolated from the production environment,
and specific strains are reported to persist in factories for several
months or even years. As infants are frequently fed PIF and
follow-up formula (FUF), these foods have been the focus of atten-
tion to reduce infant infection by Cronobacter [20]. PIF is generally
fed to infants, who are defined as persons below 12 months of age,
while FUF is a weaning diet for infants from 6 months month on
and for young children, where young children are defined as per-
sons aged 12 months to 3 years [74,75]. Products may be subjected
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to high temperature and drying during the manufacturing process,
and these treatments contribute to the microbiological safety of
the products [76,77]. Nevertheless, contamination by C. sakazakii
can occur in post-processing during storing and packaging (e.g.,
on roller dryers, packing machines, drying towers, and air filters)
(Fig. 6). Obviously, during the manufacturing process, the bacteria
are subjected to various challenges to their survival. Biofilm forma-
tion represents an important strategy to withstand external stres-
ses, and the protective effect of biofilm should not be neglected.
There is good evidence to indicate that Cronobacter cells in biofilms
have higher resistance against cleaning agents and disinfectants
than planktonic cells do [78]. At present, controlling or even
eliminating biofilms from dairy and other food processing
equipment is a challenging task.

3.1. The clean-in-place system

Cleaning is an extremely important procedure for limiting the
adhesion of microbes to contact surfaces during food production.
Manual cleaning has been gradually replaced by the clean-in-
place (CIP) system, in which production facilities are automatically
or semi-automatically cleaned without being dismantled. In the
CIP system, detergent solution is sprayed on to the equipment
and other items by means of pressure or mass flow. This method
has been extensively adapted throughout the various stages of
food-production plants [79].

Bremer et al. [80] investigated the effectiveness of eliminating
biofilms attached to stainless steel surfaces in the dairy industry
by CIP. They reported that a standard CIP system did not repro-
ducibly ensure the removal of bacterial biofilms, and proposed that
biofilm removal in a dairy manufacturing plant could be enhanced
by changing the CIP conditions. The factors responsible for CIP effi-
cacy are cleaning temperature, time, chemical composition, con-
centration, surface characteristics, and biofilm layer [81-83].
Kumari and Sarkar [84]| mimicked biofilm formation by Bacillus cer-
eus in dairy chilling tanks on a laboratory scale in order to optimize
CIP regimes. The optimized CIP achieved 4.77 log reduction per
square centimeter by altering the concentration of the agent and
the treatment time of the CIP process, while the reference CIP
caused 3.29 log reduction per square centimeter. Optimization of
CIP regimes not only improves food safety, but also improves pro-
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sequencing (including messenger RNA, small RNA, long non-coding RNA, and circular RNA); ChIP-seq: chromatin immunoprecipitation sequencing; iTRAQ: isobaric tags for
relative and absolute quantitation; SWATH: sequential window acquisition of all theoretical mass spectra.
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Fig. 6. Popular locations for biofilms and potential approaches against biofilms in PIF processing. i: Coating; ii: prebiotic products; iii: bacteriophages; iv: natural extracts
(including signal blocking based on natural extracts); v: ultrasonic cleaning; vi: nanotechnology-based delivery systems; vii: sanitizers.

duct quality and plant performance, and has good economic
returns. However, little is known on the optimization of CIP
regimes in the dairy industry for the control of C. sakazakii.

3.2. Physical treatment

Physical methods used to remove bacterial biofilms generally
include mechanical, ultrasonic, and electric methods. Equipment
design and choice of surface materials play a prominent role in pre-
venting biofilm formation. Copper alloy is widely utilized in indus-
trial food processing and has antimicrobial properties against
antibiotic- and copper ion-resistant bacteria [85]. Copper alloys
can release copper ions from the surface to change bacterial cell
membrane permeability, leading to copper influx into the cell
and subsequent damage to iron-sulfur proteins [86]. Elguindi
et al. [87] found that C. sakazakii cells suspended in Tryptic Soy
Broth were killed within 10 min on 99.9% moist copper alloys
and within 1 min of drying on 99.9% copper alloys. These results
provided evidence that copper can be effectively applied in the
drying process in order to kill C. sakazakii before/during packaging
and subsequent storage.

Cronobacter is highly resistant to desiccation, and is able to sur-
vive in PIF for more than two years [88]. However, it is not a spore-
former and is therefore not particularly resistant to heat [89].
Nazarowec-White and Farber [90] determined the D-values of a
pool of ten strains (five clinical isolates and five food isolates) of
Cronobacter. D-values of 54.8, 23.7, 10.3, 4.2, and 2.5 min were
obtained for 52, 54, 56, 58, and 60°C. The overall calculated
z-value was 5.82°C. In addition, Iversen et al. [91] compared the
thermotolerance of the Cronobacter-type strain and the capsulated
strain. However, no statistical difference was shown in the D- and
z-values between these two types of strains as the large standard
deviation. The D-value of the cells suspended in infant formula
milk was determined to be between 54 and 62 °C. The D-values
ranged from 10.2 to 16.4 min at 54 °C, and from 0.2 to 0.4 min at
62 °C. The resultant z-value was 5.7 °C. Awadallah et al. [92] found
that Cronobacter isolates were thermotolerant when subjected to
temperature up to 64°C, with a D-value of 13.79 and z-value of
14.42, while Ueda [93] indicated that isolates would be completely
inactivated within 2-5 min at temperatures greater than 60 °C. The
Food and Agriculture Organization/World Health Organization
(FAO/WHO) has proposed that PIF should be reconstituted with
water at temperatures greater than 70°C and should be used
immediately before any survivors can multiply to significant levels
[78]. Nevertheless, heat shock during food processing may induce
protection mechanisms, and the organism is able to survive
spray-drying [94].

Another disinfection method adopted in CIP is electromagnetic
wave radiation. The electromagnetic wave method inactivates bac-
teria by destroying or altering the structure of biological macro-
molecules. Mahmoud [95] investigated the viability of
Cronobacter treated by X-rays, and demonstrated that Cronobacter
was significantly (P < 0.05) reduced to below detectable limits (<
1 log CFU-mL~! (CFU: colony forming units)) in skim milk at
5.0 kGy and in milk with 1% fat content after treatment with
X-rays. Ultraviolet (UV)-C (200-280 nm wavelength), acidic
electrolyzed, and neutral electrolyzed water are frequently applied
in microbiological controls, where UV-C illumination is more effec-
tive at eliminating the C. sakazakii population. The viable count
reductions ranged from 2 to 2.4 log CFU-g~! after the application
of 7.5 and 10 kJ-m~2 doses of UV-C [96]. A combination of near-
infrared (NIR) heating and UV radiation treatment for 7 min
achieved a 2.79-log-unit CFU reduction of C. sakazakii and showed
a strong synergistic bacteriocidal effect. This synergistic effect was
mainly caused by the disruption of the bacterial cell membrane
[97]. Although irradiation is an effective and safe alternative tech-
nology to decontaminate C. sakazakii in the dairy industry, it may
cause losses of vitamins and lipids, which are sensitive to irradia-
tion, leading to a reduction in nutrient content. Differences in the
type of food, dose of irradiation, temperature, amount of oxygen,
and type of vitamin can generate varying degrees of vitamin loss
after irradiation. From the perspective of nutrient maximization
and the balance between food safety and health, superior green
technology should be exploited and improved.

Ultrasonication is another biofilm-removal method that is
efficient in comparison with conventional swabbing methods
[98]. Nevertheless, bacteria cannot be completely eliminated
using this technology, so a combination of methods is used.
Adekunte et al. [99] performed inactivation studies of C. sakaza-
kii inoculated in reconstituted infant formula under the syner-
getic conditions of temperature and ultrasound, and reported
that a combination of these conditions could drastically reduce
C. sakazakii levels. Manosonication (MS) is the use of ultrasonic
waves under pressure; the lethal effect of this technique to
bacteria depends on the cavitation intensity. The D-value of C.
sakazakii under standard treatments (35 °C, 117 pm, 200 kPa,
citrate-phosphate buffer pH 7.0) was 0.41 min, which was higher
than that of Yersinia enterocolitica (D = 0.19 min) and lower than
those of Salmonella enterica serovar Enteritidis (D = 0.61 min),
Listeria monocytogenes (D = 0.86 min), and Enterococcus faecium
(D = 1.2 min) [100].

Physical processing is undoubtedly one of the primary biofilm-
controlling strategies, but it can suffer from incomplete removal
and from a lack of access to all stages of food processing. Therefore,
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chemical or biological controlling approaches are required to com-
plement or collaborate with the physical treatments.

3.3. Chemical treatment

3.3.1. Sanitizers

An effective and safe antibacterial substance achieves economic
effectiveness if the agent is highly cost effective, environmentally
friendly, and does not leave residue. Kim et al. [78] compared the
survival of Cronobacter in suspension and in biofilms dried on the
surface of stainless steel after being exposed to 13 disinfectants.
These surfaces had been chosen based on their use in hospitals,
daycare centers, and food service kitchens. Quaternary ammonium
compounds and peroxyacetic acid/hydrogen peroxide-associated
disinfectants were found to be more effective against Cronobacter
biofilms. Their use resulted in viable count reductions of 69%,
73%, and 51% for benzalkonium chloride, peroxyacetic acid, and
chlorine dioxide, respectively, at 400 mg-L~! for 15 min. However,
these treatments only caused bacteriostatic action for up to 18% of
the biofilm biomass, as determined using a crystal violet assay
[101]. Although these sanitizers play an important role in food
safety, it should be noted that excessive use of sanitizers may give
rise to resistant isolates that can exert cross-resistance to clinically
important drugs [102]. The threat of antibiotic resistance in bacte-
ria is a global problem that can restrict the effectiveness of clinical
treatment.

3.3.2. Natural extracts

Conventional sanitization procedures are not fully effective
against biofilms, and may induce the selection of resistant
phenotypes. Therefore, there is a need for further development
and application of “green” (or eco-friendly) biocides, which are
generally considered to be chemical residue-free. Natural
compounds extracted from plants are now being evaluated for
their potential to eliminate biofilms. These compounds have the
ability to penetrate bacterial biofilms, are easily degraded in the
environment, and are almost nontoxic.

Trans-cinnamaldehyde (TC), which is extracted from cinnamon
bark and is an ingredient in cinnamon oil, is a food-grade substance
approved by the US Food and Drug Administration (FDA). The inhi-
bitory effects of TC on biofilms adhered to the surfaces of polystyr-
ene plates, stainless steel coupons, feeding bottle coupons, and
enteral feeding tube coupons were investigated by Amalaradjou
and Venkitanarayanan [103]. TC inactivated the C. sakazakii bio-
films on all the tested matrices. C. sakazakii was attenuated by >
4.0 and 3.0 log CFU-mL~! after 96 h of exposure to 38 mmol-L™!
and 750 umol-L~! TC, respectively. In addition, TC significantly
suppressed the expression of the genes responsible for biofilms,
as well as the virulence that is critical for motility, host tissue
adhesion and invasion, macrophage survival, and lipopolysaccha-
ride synthesis in C. sakazakii. Consequently, the adhesion and
invasion of intestinal epithelial cells and brain microvascular
endothelial cells were significantly (P < 0.05) inhibited, and C.
sakazakii survival in human macrophages was reduced after TC
treatments [104].

Polyphenols have human health benefits, such as strengthening
blood vessel walls, promoting gastrointestinal digestion, reducing
blood fat, inhibiting the proliferation of bacteria and cancer cells,
and performing antioxidant activity to remove free radicals that
are harmful to human health. Recently, muscadine seed extracts
have been shown to exert a high level of lethal activity against
Cronobacter, reducing an initial population (approximately
6 log CFU-mL™!) to a undetectable level (minimum detection limit,
10 CFU-mL™!) within 1 h. Polar and polyphenol fractions may be
the main antimicrobial constituents of muscadine seed extracts
[105]. Blueberry juice and blueberry polyphenols also have

inhibiting effects against C. sakazakii, with C. sakazakii strains
being reduced to undetectable levels from approximately 8.30 log
CFU-mL !, respectively with exposure to blueberry juice (pH 2.8)
or blueberry proanthocyanidins for 1 h [106].

3.3.3. Antimicrobial peptides

Antimicrobial peptides (AMPs) are innate immune system
molecules that serve as a first line of defense in fighting invading
pathogens. These natural proteins can be found extensively in a
diverse group of organisms including animals, plants, insects, and
bacteria [107]. Natural AMPs are typically relatively short, consist-
ing of 12-100 amino acids. AMPs can be classified into four types
based on secondary structure—namely, B-sheet, a-helical, loop,
and extended peptide—with the first two classes being the most
common in nature [108]. Since bacteria have developed resistance
as a result of the overuse of chemical preservatives, traditional
food preservation methods are inadequate for food safety. AMPs
were recently applied as a natural bio-preservative to enhance
the shelf-life of food [109]. Many researchers have pointed out that
AMPs demonstrate activity against several food-borne pathogens
without altering the food properties and or being nocuous to
humans [110]. In the search to address the persistent contamina-
tion caused by bacterial biofilms, AMPs have been considered as
potential alternative agents to conventional antibiotics. These pep-
tides can combat biofilms at their different stages of formation
[111]. Eliminations of bacteria occur through penetration, or by
the formation of pores on the surface of cell membranes by AMPs
[112]. Research has shown that AMPs can also inhibit the cell wall,
nucleic acid, and protein biosynthesis. Human cathelicidin LL-37
disrupted the development of biofilms formed by Staphylococcus
epidermidis. LL-37 can significantly reduce both the attachment
of bacteria to the surface and the biofilm mass at concentrations
that do not kill or inhibit the growth of planktonic bacteria, which
indicates a direct effect of the peptide on biofilm production [113].
AMPs have also been reported as stimulating twitching motility
and influencing the downregulation of genes related to biofilm
development [114].

A number of natural, semi-synthetic, and synthetic AMPs have
been shown to be active against microbial biofilms. biofilm-
active AMPs (BaAMPs) is a database designed to collect data on
AMPs specifically tested against microbial biofilms. The AMPs in
this database can be used as references for intervening in the
biofilm-forming process. Nevertheless, optimization of AMP anti-
biofilm activity for Cronobacter biofilms and the discovery and syn-
thesis of novel peptides are highly desirable. BAAMPs can be freely
accessed via the Internet at http://www.baamps.it. There are many
methods to design AMPs; however, the safety of synthetic AMPs
should be taken into consideration when these peptides are
applied in food.

3.4. Biological processes

The multiple interspecies interactions and metabolites pro-
duced by microorganisms can interfere with biofilm formation
and development. Two of the most frequently used approaches to
eradicate bacteria and their derivatives through microbe-microbe
interactions are discussed below.

3.4.1. Probiotic products

Kefir (Body Ecology, Inc., USA) is a dairy probiotic product with
antimicrobial activity against C. sakazakii [115]. Culture
supernatants derived from the lactic acid bacteria isolated in
kefir—including Lactobacillus kefiri (L. kefiri) DH5 and L. kefiranofaciens
DH101—significantly inhibited the proliferation of C. sakazakii ATCC
29544, L. kefiri DH5 exerted a higher degree of deactivation activity,
as it could disrupt the cellular membrane integrity of C. sakazakii.
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Awaisheh et al. [116] investigated the antimicrobial activity of lactic
acid bacteria against different strains of C. sakazakii, and discovered
that probiotic lactic acid bacteria isolated from healthy infants
produced bacteriocins that could suppress C. sakazakii. However,
these bacteriocins cannot be used in the industry due to their heat
lability. The inclusion of prebiotic products in infant formula milk
powder will not only contribute to the healthy growth of infants,
but also inhibit potential contamination by C. sakazakii.

3.4.2. Bacteriophages

The application of phages to control biofilms can be a practica-
ble, natural, harmless, and specific approach to control the diverse
organisms involved in biofilm formation [117]. For example, the
addition of the QS molecule AI-2 led to prophage induction and
promoted the dispersal of bacteria from established E. faecalis bio-
films [118]. The first phage product for food safety, ListShield (Intr-
alytix, Inc., USA), was approved by the FDA in 2006; thus, phages
have been recognized as a safety additive [119]. Since then, an
increasing number of phage products have been approved as food
biocontrol agents. These advances highlight the potential of phages
for controlling foodborne pathogenic bacteria and spoilage organ-
isms. Phage-related control methods have the following advan-
tages over traditional antibiotic therapy:

(1) High safety: Phages cannot infect mammalian cells.

(2) Accessibility: Phages are ubiquitous in the environment and
are therefore relatively easily obtained.

(3) Strong specificity: Specific phages that target pathogenic
bacteria would not interfere with other normal microflora in the
human body or with inherent microflora in the food matrix.

In order to ensure infant formula safety, Nestlé proposed the
use of a nontoxic lytic phage to reduce contamination by Cronobac-
ter [120]. Endersen et al. [121] showed that a phage cocktail had a
relatively broad host range covering 73% of the C. sakazakii strains
tested. The viability of C. sakazakii (< 10* CFU-mL™') was markedly
reduced to below the limit of detection (<10 CFU-mL™!) by the
phage mixture (3 x 10% CFU-mL™'). The phage cocktail also
inhibited biofilm formation for more than 48 h after treatment.
Phage multiplication occurred at 4-37 °C and a pH range of 6-8.
In addition, all the phages were free of lysogenic properties, high-
lighting the potential therapeutic application of these phages. These
results demonstrate the potential application of phages for the bio-
control of C. sakazakii contamination in reconstituted infant formula
and for use as preventative agents against biofilm formation.

3.5. Potential approaches

3.5.1. Nanotechnology

The development of nanomaterials and corresponding tech-
nologies provides a novel opportunity for the development of
antimicrobial agents to control microbial biofilms [122]. Nanoma-
terials such as nanometer silver, titanium dioxide, and copper
oxide show good antibacterial activities [123,124]. These nanopar-
ticles have numerous useful properties including stability, toler-
ance of sterilization, lower toxicity, resistance elimination, and
high specific surface area giving more active sites for nanoparticles
to interact with bacteria. When used as a coating on equipment,
these materials can effectively control bacteria growth during food
processing.

Nanotechnology-based delivery systems are also important
strategies for enhancing anti-biofilm activity. Bactericide efficacy
against biofilms is usually limited due to poor penetration into
the biofilm matrix. However, nanotechnology-based drug delivery
systems can enable drugs to directly interact with the complex
architecture of biofilms, due to their direct interaction between
the nanoparticles and membranes of the microorganisms. At pre-
sent, the main types of nanosystems used to deliver bioactive sub-

stances include liposomes (LIPs), microemulsions, nanoemulsions,
cyclodextrins, solid lipid nanoparticles, polymeric nanoparticles,
and metallic nanoparticles [125]. Robinson et al. [126] compared
cationic and anionic LIPs with respect to sterilization by delivering
hydrophobic bactericide triclosan (TCS), which is an effective
enoyl-acyl-carrier protein (ACP) reductase inhibitor. The anionic
liposome exhibited both greater efficacy of delivery to the pure S.
sanguis C104 biofilms and higher effectiveness of the liposomal
TCS. The delivery of TCS by cationic LIPs was only effective in
inhibiting the growth of S. sanguis C104 biofilms, and was not
effective against mixed-flora biofilms. These findings demonstrate
the significance of electrostatic interaction for the delivery of TCS,
as the use of LIP formulations had a substantial effect on both sin-
gle bacteria and the mixed species of biofilms.

Nanozymes are defined as nanomaterials with enzyme-like
activity; they can catalyze the substrates of natural enzymes fol-
lowing similar reaction kinetics behaviors under physiological con-
ditions [127]. Based on the activities of the oxidase and peroxidase
in nanozymes, these materials are able to catalyze the production
of a free radical cloud that will damage the integrity of the cell
membrane, degrade the nucleic acid, inactivate various proteins,
and eventually cause bacterial death. Moreover, artificial enzymes
can circumvent the shortcomings of natural enzymes, as the natu-
ral catalytic activity of natural enzymes can easily be affected or
suppressed by their surroundings, and they can be digested by pro-
teases. Tao et al. [128] constructed a mesoporous silica-supported
gold nanoparticles (MSN-AuNPs)-based antibacterial system that
possesses dual enzyme activities similar to those of peroxidase
and oxidase. The peroxidase-like activity originating from MSN-
AuNPs can catalyze hydrogen peroxide (H,0,) decomposition into
-OH, and its oxidase-like activity can generate reactive oxygen
species (ROS). Due to their prominent enzyme activities, MSN-
AuNPs exhibit excellent antibacterial capacity and biofilm elimina-
tion against both Gram-negative and Gram-positive bacteria.
Ferromagnetic nanoparticles (Fe304, MNPs) with peroxidase-like
activity can efficiently degrade biological molecules such as DNA,
proteins, and polysaccharides by catalyzing the degradation of
hydrogen peroxide. In addition, Fe;04, MNPs have the capacity to
potentiate the efficacy of H,0, in biofilm elimination. Treatment
with MNP-H,0, resulted in (18 + 6.17)% of the biofilm remaining
after treatment, while (49 + 7.37)% of the biofilm remained after
treatment with H,0, alone [129]. This difference indicates that
MNP-H,0, is more efficient at reducing bacterial viability than
H,0,.

3.5.2. Signal blocking

QS is one of the mechanisms that has been proposed to govern
the development and sustenance of biofilm communities. There-
fore, quorum sensing inhibition (QSI) has been developed to inter-
fere with QS-regulated behaviors such as cell adherence and the
secretion of extracellular polymers. Hence, QS therapeutics usually
disable cells by modulating bacterial communication pathways.
The process of QS can be disrupted by different mechanisms:
inhibiting the synthesis of QS signal molecules, @ reducing the
activity of QS signal molecules, @ degrading QS signal molecules,
and @ designing analogues of signal molecules that will competi-
tively bind to the receptor proteins [130]. Among the methods of
QS inhibition, degrading signal molecules and inhibiting the syn-
thesis of AHLs are currently the more promising directions for bio-
film control. Singh et al. [131] investigated nine plant extracts
(Piper nigrum, Cinnamomum verum, Coriandrum sativum, Cuminum
cyminum, Allium sativum, Myristica fragrans, Zingiber officinale,
Syzygium aromaticum, and Trigonella foenum graecum) for their
inhibition of QS-mediated biofilm formation by C. sakazakii strains.
Of the nine plant extracts, Piper nigrum and Cinnamomum verum at
100 parts per million (ppm) led to a decrease of 78% and 68% in
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QS-controlled production, as measured using the bioindicators
Chromobacterium violaceum 026 and Agrobacterium tumefaciens
NTL4 (pZLR4), respectively. Accordingly, these two extracts
displayed higher inhibitory effects (> 50%) on biofilm formation
in C. sakazakii, whereas moderate (25%-50%) and minimal (< 25%)
suppressed activities were found using the other extracts. This
study highlights the use of Piper nigrum and Cinnamomum verum
for their anti-QS potential to inhibit C. sakazakii biofilm formation;
this study would be the important foundation and basis for novel
bioactive molecules. Certainly, further studies could focus on QS
disruption by other plant extracts.

4. Suggestions regarding Cronobacter biofilms in food
processing factories

Cronobacter contamination of infant formula can be due to the
production environment, which includes ingredients as well as
personnel. Storage tanks, equipment, and operation rooms are
generally the most popular locations for microorganisms (Fig. 6).
“Dead zones” within the plant, such as cracks, corners, joints, and
gaskets, are places where biofilms can remain after cleaning. Apart
from equipment that is prone to biofilm residue, incoming aerosol
particles via filtration and catchment areas give rise to the reten-
tion of bacteria and, thereafter, the formation of biofilms. In view
of the diverse practical application and operation of appliances
(machine size, texture, function, etc.), it might not be possible to
eliminate bacteria in food-production facilities using one method;
therefore, combinations of techniques are recommended. The
emergence of surface modifications of materials that incorporate
technologies that target adherence is a promising approach to
prevent microbial adhesion and subsequent biofilm formation.
These strategies may show further potential when the ecological
complexity of biofilms in food environments is addressed.
This—together with an improved knowledge of the mechanisms
involved in biofilm formation—plays a crucial part towards the
goal of achieving a novel, highly practical, economic, and
environmentally friendly tactic to ensure food safety.

5. Conclusion and perspective

High-throughput DNA sequencing technologies greatly facili-
tate a comprehensive understanding of the molecular mechanism
of biofilm formation. Biofilm formation can be considerably
reduced by the application of various approaches. To be specific,
modifications of contact materials to interfere with the stages of
biofilm formation result in both prevention and control of biofilm.
The most pursued and successful strategy, which combines
antibacterial substances and materials, has been surface coating—
a strategy that directly manages the contamination sites for bio-
films. In addition, QS signal-blocking compounds are promising
future approaches, as an impaired QS system would further influ-
ence cell adsorption, matrix secretion, and prevention of its infec-
tion and pathogenicity.

Our understanding of biofilms has progressed considerably
since this term was first formally defined in the mid-1980s. How-
ever, we are only now beginning to understand the onset of
Cronobacter biofilm formation, and many questions concerning
the molecular mechanisms and functions of Cronobacter biofilms
remain to be revealed in future studies using a combination of bio-
chemical, cellular, molecular, and genetic approaches. The follow-
ing questions related to biofilms in C. sakazakii might be reserved
for further consideration and clarification.

(1) What is the unique mechanism of fimbriae synthesis in C.
sakazakii? And how do fimbriae affect biofilms?

(2) What is the mechanism of extraordinary resistance to the
desiccation of C. sakazakii biofilm?

(3) Does the drying process change the composition of C.
sakazakii biofilm so that it has a strong dry-resistance ability that
other bacteria do not achieve?

(4) Research indicates that C. sakazakii pathovar with K2:CA2
capsule is strongly associated with life-threatening neonatal
meningitis. Is this capsule composition enabling the organism to
persist in powdered infant formula, and in the stomach?

(5) How does Cronobacter retain communication with other
species within the biofilm? Can it be postulated that there are
shared quorum sensing mechanisms across different bacterial
species?
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