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Message from the Head of A.R.O
Prof. Eli Feinerman

The world is changing;

populations are expanding steadily and food sources are neither
keeping pace, nor are they distributed equitably. Pollution, global
warming, erosion, non-potable water, and soil depletion, among
other environmental changes, are seriously - and perhaps irreversibly - impacting the delicate balance of our ecosystem and further
curtailing man’s ability to produce healthy food.
With its team of world-renowned scientists, proven track record for
innovative research and applied agricultural strategies, and its key
location in the ecologically diverse Middle East, the Volcani Institute is
uniquely poised to face the challenge of preserving our collective future.
Our vision is to develop and disseminate innovative, daring and broadly
applicable solutions to provide healthy nutrition, in a sustainable manner, to an ever hungrier planet. We believe that our ability to conduct
synergistic, integrative and interdisciplinary research across traditional boundaries will lead to the scientific advances we aim to achieve. Nanotechnology is an advanced interdisciplinary technology that its
application to agriculture presents a new and effective source of untapped innovations, solutions and
game changing technology.
One of our major challenges in Volcani is to harness and implement tools from nanotechnology to address some of the most pressing agricultural challenges of our day – food security and safety, climate
change and environmental sustainability.

Our vision is to develop and disseminate innovative,
daring and broadly applicable solutions to provide
healthy nutrition, in a sustainable manner, to an ever
hungrier planet.

VOLCANI VOICE

3

VOLCANI VOICE

Agricultural Research Organization Volcani Center

Message from the Editors

Agro-nanotechnology in the Volcani Center
Nanotechnology

aims to develop new materials in the nanometric size and to develop new
devices based on them, 1nm =
10-9 meter. The length of a line of
5 carbon atoms is ca. 1 nm. To get
a better understanding, the average width of the human hair is
80,000 nm and the smallest things
that are visible with the naked eye
are 10,000 nm across. Nanotechnology is an interdisciplinary technology in the field of chemistry,
physics, biology, medicine, computers and engineering. Prof. Finaman (a Nobel Prize winner in Physics) is regarded as the father
of nanothechnology. In a lecture to students at Cambridge University in 1959 he said: «There is plenty of room at the bottom,
since according to the rules of chemistry, physics and biology we
can decrease the size of the systems up to the atomic level». To
demonstrate this idea he asked: how is it possible to write all 24
volumes of the Encyclopedia Britannica on the head of a pin?
Nano-scaled materials possess special improved properties: very
high surface area/volume, lower melting and boiling temperatures, lower sintering temperature, higher stiffness, etc. This is a
revolutionary area that will probably be used in almost every field
in future, e.g., environment (new batteries, new water purification
methods, etc.), medical devices (cell separation, drug targeting,
controlled release, nano-robots, etc.), the military (new cloth, new
plans, smart dust, etc.), electronic devices (nm size chips, etc.), agriculture and food. It is thought that any industry that does not use
nanotechnology will vanish within 20 years.
In the last decade, six highly active nanotechnology centers have
been established in the Israeli universities, funded by the Israeli
Academy and INNI (Israel National Nanotechnology Initiative).
However, in these centers very little is done in the area of agriculture. Two years ago Prof. Kapulnik, the former director of the
Volcani Center, asked me to examine the feasibility of establishing
a new agro-nanotechnology center at the Volcani Center. During
the last year I have met about 80 independent researchers from
the Center and advised them how to combine nanotechnology
in their research. Surprisingly, many of them were excited to adopt
the nanotechnology approach into their own studies. Out of these
meetings about 30 new nano-based projects might be started in
the near future. These include topics such as nano-formulation,
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new delivery methods, nano-robots, targeting and controlled release, nano-encapsulation, smart nano-chemo, bio and electro
optics sensors, edible nanoparticles, thin films and coatings, antibiofilm nanoparticles and coatings, new nano-based pesticides
and herbicides, stabilization of bioactive reagents, antibacterial
nanoparticles, nano-based materials for imaging applications, nanoparticles for cosmetic applications, environment protection,
removal of contaminants from water, soil and air using nanotechnology processes, nano-based fertilizers, nano-based materials for
selective and non-selective disinfestation, etc.
In order to promote the establishement of the agro-nanotechnology center at the Volcani Center a nominated steering committee
has recently decided on the following steps: a scientific meeting
entitled «New Goals in Agro-Nanotechnology» (which was held
on April 5, 2017), establishment of a new digital website, editing of
a special Volcani Voice issue on agro-nanotechnology, establishment of a contract for collaboration between the Volcani Center
and the Nanotechnology Center of Bar-Ilan University, budgeting
researchers in the nano area, helping to advance new nano-based
projects, future establishement of a new agro-nanotechnology
building, including all the equipment, laboratories and researchers in the agro-nanotechnology area.
In this issue of Volcani Voice, six researchers from the Volcani Center present their work in the area of agro-nanotechnology. Three
have been working in this field for many years, while the other
three are new in this discipline. I hope that in the near future many
others will join these six and adopt nanotechnology processes in
their own work. Indeed, I am looking forward to the realization
of the above dream, which will be a huge step forward for the
Volcani Center.

Prof. Shlomo Margel
Bar-Ilan University, Institute of Nanotechnology and Advanced
Materials
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Nanotechnological Approaches to Form Active Edible
Films and Coatings to Enhance Quality and Storability of
Agricultural Food Products
By Elena Poverenov
ABSTRACT
Edible films and coatings based
on natural ingredients attract
much interest as an efficient
and safe approach for enhancement of quality and shelf-life of
agricultural food products. Advanced edible films and coatings can also serve as a matrix
for the delivery of active agents
such as natural antioxidants
and antimicrobials, nutraceuticals, antibrowning agents, and natural flavor or aroma compounds. For this purpose, nanotechnology-based approaches can be exploited. This review briefly describes utilization
of different nanotechnology methods such as nanoemulsions, nanoparticles, and Layer-by-Layer techniques for the
formation of active edible films and coatings. The review also
contains a discussion of the raw matrix materials and bioactive components that are used to form active edible films and
coatings. The review does not cover active films and coatings
that are based on inedible materials.
Keywords: Edible films and coatings, nanotechnology, food
quality, shelf-life.

INTRODUCTION
Edible films based on natural ingredients are used as covers, wraps,
packages and coatings of agricultural food products to enhance
their quality and shelf-life (Valencia-Chamorro et al. 2011; Umaraw
& Verma 2015). These films and coatings inhibit products of senescence processes, protect them from mechanical and microbial
damages, decrease escape of volatile sensitive food components,
and minimize undesired modifications. Due to their biodegradable nature, edible films and coatings provide a viable alternative
to contamination caused by synthetic packaging and coatings. In
addition, natural films and coatings can be utilized as a matrix for
the delivery of active agents such as natural antimicrobials, nutraceuticals, antibrowning agents, natural flavor and aroma com-

pounds to food products. In recent years, novel nanotechnology
techniques have begun being exploited in the edible films and
coatings research field. This review confers nanotechnological
approaches that are utilized to form active edible films and coatings that increase agricultural products’ quality and storability. The
review will cover the utilization of nanoemulsions, nanoparticles
and Layer-by-Layer techniques.

EDIBLE FILMS AND COATINGS RAW MATERIALS
Edible films and coatings matrix forming materials can be classified into three groups: (1) lipids, (2) proteins, and (3) polysaccharides. In addition, the film or coating matrix can be a composite,
based on a combination of several materials.
Waxes, paraffin, acetoglycerides, organic fatty acids and resins are
among the materials classified as lipids. Their hydrophobic nature
results in good moisture barrier properties which are important
for preventing physiological deterioration of food products. However, lipids have poor mechanical and reduced adhesion to food
products with hydrophilic surfaces.
Proteins such as gelatin, casein, whey protein, corn zein, wheat
gluten, soy protein, mung bean protein, peanut protein and more
are used as matrix materials for edible films and coatings. Proteins
offer a high variety of properties in terms of film forming ability,
physical and mechanical features and therefore can suit specific
needs for different food products. The limitation of proteins lies
in their relatively high probability of causing allergenic reactions.
Polysaccharides are extensively investigated biopolymers in the
field of edible films and coatings. They are highly available and often of relatively low cost. A notable advantage of polysaccharides
is their defined chemical structure that allows controlling the produced films features. Polysaccharides usually dissolve in water and
have good mechanical properties, however low moisture barrier.
The most investigated film forming polysaccharides are cellulose
derivatives, chitosan, alginate and other algae and plants derived
materials such as starch, pectin, and gums.
Composite edible films and coatings contain materials from two
or more different classification groups and can benefit an
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improved efficacy, since the weakness of one substance may
be compensated by the addition of another. For example, in order
to overcome the poor mechanical strength of lipid substances,
they can be combined with water soluble proteins or polysaccharides (hydrocolloids), which are known for their excellent mechanical properties. At the same time, the high moisture permeability
which characterizes hydrocolloids can be reduced by lipids.

INCORPORATION OF ACTIVE AGENTS INTO EDIBLE FILMS
AND COATING MATRICES
One of the most innovative functions of edible films and coatings
utilizes their potential to serve as a matrix for agents that have
beneficial activity (Figure 1). The most common active agents that
are currently incorporated are antimicrobials and antioxidants
(Bai & Plotto 2011). There are however many types of active compounds such as texture enhancers, aroma and flavor compounds
and nutraceuticals (Umaraw & Verma 2015). Incorporation into edible films and coating carrying matrices effectively protects the
active compounds from undesired interactions and helps to control and maintain their bioactivity and efficacy. It is important to
note that all additives incorporated into edible films and coatings
should be edible and generally recognized as safe. Examples of
incorporation of active compounds into edible films and coatings
are described below.

(Duran & Marcato 2013). In the following sections we will present
various nanotech approaches in the field of edible films and coatings (Arnon-Rips & Poverenov 2016).

NANOEMULSIONS
Emulsion is defined as a system containing two immiscible liquids in which one is dispersed homogeneously in the other, in the
form of globules. The size of the droplets and their distribution are
two of the most significant parameters on the emulsion nature in
terms of stability, rheology, appearance, color and texture (Figure
2). Therefore, fluctuation in these parameters may lead to sizable
alterations in emulsion features. In this sense, nanoemulsions and
conventional microemulsions (both based on the same contents)
can have completely different features as well as applications. Due
to a higher ratio of droplet surface per mass unit, nanoemulsions
have high delivery/encapsulation ability. In addition, activity and
bioavailability of an active agent are increased upon nanoemulsification.

Figure 2. Schematic presentation of oil in water emulsions.

Figure 1. Schematic examples for incorporation of active agent into
edible coatings

NANOTECHNOLOGIES IN EDIBLE FILMS AND COATINGS
Nanotechnology is a multidisciplinary technological and scientific
field that undergoes rapid development. Size reduction to the nanometer scale (10-9 m) may fundamentally modify compounds’
physical, chemical and biological properties resulting in new application potential. The potential benefits of nanomaterials in the
food industry are tremendous and cover many aspects such as
food safety, nanosensors, nutrients delivery systems, bioavailability, new materials for pathogen detection and packaging materials
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Nanoemulsions are utilized in the food sector, mainly as a method to disperse lipophilic active ingredients in an aqueous media,
mainly in drinks and beverages. However, engagement of nanoemulsions for delivery of active agents to solid foods is more challenging. For this purpose, edible films and coatings based on nanoemulsion containing solutions can be utilized. Essential oils are
the most common active agents encapsulated into nanoemulsified edible films and coatings, due to their eco-friendly properties, relative safety and acceptance by consumers. Edible films and
coatings with nanoemulsified essential oils are mainly applied
on fruit and vegetables in order to inhibit or prevent microbial
growth (Donci et al. 2015, Sessa et al., 2015). Incorporation of essential oils to edible films and coatings in a nanoemulsion form
can also reduce their sensory impact. In addition, the nanoemulsion method of encapsulation enables to minimize the essential
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oil concentration required for antimicrobial activity by increasing
the accessibility of more essential oil per unit volume to microorganisms (Duran & Marcato, 2013).
It is important to note that although nanoemulsions benefit a
relatively good stability, the small droplet size makes them prone
to break up by the Ostwald ripening mechanism. Therefore, it is
recommended to apply nanoemulsionbased edible films and
coatings shortly after the nanoemulsion preparation (Sanguansri
& Augustin 2006; Weiss, Takhistov & Mcclements 2006).

some technical problems, related to the difficult adhesion of materials to the cut fruit’s hydrophilic surface. The alginate/chitosan
LbL coating was found to possess beneficial properties from both
ingredients (Poverenov et al. 2014a). The bilayer combination allowed for a good adhesion to the melon matrix by the inner alginate layer, along with good antimicrobial activity provided by the
outer chitosan layer (Figure 4).

LAYER-BY-LAYER EDIBLE FILMS AND COATINGS
The Layer-by-Layer (LbL) technique originates from materials science and is based on the alternate deposition of various polymers
to produce multilayers with controlled properties (Figure 3).

Figure 4. The fresh-cut melons after 14 days of storage at 6oC coated by
alginate, chitosan and Layer by Layer alginate chitosan coatings.

Figure 3. Schematic representation of Layer by Layer edible coatings

Due to a nanometer scale buildup, the approach facilitates a delicate and precise tuning of the materials’ features and extensively
explored and applied in electronic, optics and medicine in the
drug delivery field (Decher 1997). Frequently such LbL materials
consist of oppositely charged polyelectrolytes and are applied by
utilizing the electrostatic deposition method. The LbL approach
has entered the field of food nanotechnology relatively recently
(Weiss, Takhistov & Mcclements 2006). The majority of multilayered edible films and coatings were applied on fresh agricultural
products, whole or fresh-cut (Vargas et al. 2008). Rudra, Dave and
Haynie have reported LbL edible films based on polypeptides, incorporated with an antimicrobial protein (Rudra, Dave & Haynie
2006). Poverenov’s group has published four works on polysaccharide-based LbL edible coatings and films (Arnon et al. 2015;
Arnon et al. 2014; Poverenov et al. 2014a; Poverenov et al. 2014
b). These formulations allowed for the bilayer coatings to gain
the individual advantages from both comprising polymers. The
application of edible coatings to minimally processed fruit faces

The LbL edible films and coatings can consist of more than two
layers. Edible coatings that contain five layers of polyanionic alginate and polycationic chitosan were prepared and applied on
fresh-cut mangoes (Souza et al. 2015). The improved the fruit’s microbial quality during storage and extended their shelf-life up to 8
days in 8°C when compared to uncoated fruit (<2 days).
Adding lipids as a layer to the LbL film/coating formulations may
enhance water barrier efficiency. Velickova group combined beeswax and chitosan (Velickova et al. 2013). The performance of the
multilayered coatings was examined on strawberries and compared to coatings based on a chitosan and beeswax emulsion
and to coatings based on chitosan alone. The three-layer-coatings
maintained best strawberries’ quality however were mat.
The LbL films/coatings have been reported as an effective delivery system. The encapsulation of trans-cinnamaldehyde in a
β-cyclodextrin to polysaccharide-based LbL edible coatings was
reported (Brasil et al.,2012).

NANOPARTICLES
Incorporation of nanometric-sized particles was found to enhance physical, optical and mechanical properties of edible
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films and coatings. Nanoparticles (NPs) incorporated into
edible films and coatings can also serve as delivery systems for
active agents. This has led to the development of a variety of NPs
reinforced edible films and coatings also termed as “nanocomposites” (Duncan 2011). NPs can often be produced from food grade
biopolymers such as polysaccharides and proteins or natural bioactive compounds such as curcumin and solid lipids. NPs preparation methods compatible with food products include salting out,
spontaneous emulsification/diffusion, solvent evaporation and
nano-precipitation (Weiss, Takhistov & Mcclements 2006).
Biopolymeric NPs are prepared from biocompatible and biodegradable polymers in the 10-1000 nm size range. The active agent
is entrapped by the polymer NP matrix. The majority of biopolymeric NPs in edible films and coatings are based on polysaccharides such as chitosan and cellulose derivatives (Duncan 2011).
Such particles can be formed by promoting self-association/aggregation of single biopolymer or by inducing phase separation
in mixed biopolymer systems (Weiss, Takhistov & Mcclements
2006). Edible coatings based on biopolymeric nanoparticles were
studied to enhance quality of fruit and vegetables and revealed
a better antimicrobial efficiency from coatings with NPs when
compared to a conventional chitosan coating and uncoated fruit
(Pilon et al. 2014).
Nanoparticles can be made from various bioactive compounds
without involving polymers. Rapid expansion of subcritical solutions into liquid solvents (RESOLV), which has been developed
based on supercritical fluid technology, is a versatile technique
for producing NPs from a variety of compounds (Sane & Limtrakul 2011). Sonkaew, Sane and Suppakul (2012) have utilized this
technique for the production of curcumin NPs (Ccm-NPs) and/
or ascorbyl dipalmitate NPs (DPA-NPs) and incorporated them in
cellulose-based edible films (Sonkaew, Sane & Suppakul 2012).

CONCLUSIONS AND FUTURE APPLICATIONS
Utilizing advanced nanotechnology approaches in the relatively
new field of research of active edible films and coatings. It is attractive from both a fundamental scientific and applied point of
view. Nanoemulsions allow the delivery of bioactive agents and
significantly increase bioavailability and stability of these compounds. Delivery of active agents provides food products with
better physiological properties (freshness, firmness, appropriate
gas exchange and wettability), microbiological protection and
can even improve the products’ nutritional values and organoleptic properties. Nanoparticels can provide both enhancement
of mechanical and physical properties of the film and coatings
and also serve as encapsulating systems for the delivery of active

8

VOLCANI VOICE

components. LbL methods allow the buildup of active films and
coatings with precise nano-level molecular tuning of their properties. Thus, the nanotechnology methods allow a rational design of
active edible films and coatings and may have clear benefits with
regard to food products’ quality and safety.

ACKNOWLEDGMENTS
We would like to gratefully acknowledge the Chief Scientist of the
Israeli Ministry of Agriculture for financial support. We would like
to thank Hadar Arnon-Rips for her help in writing of this review.
We also thank our collaborators Dr. Ron Porat, Dr. Victor Rodov and
Prof. Eli Fallik who worked with us on active edible coatings projects. q
BIBLIOGRAPHY
Arnon, H, Granit, R, Porat, R & Poverenov, E 2015, ‘Development of polysaccharides-based edible coatings for citrus fruits: A layer-by-layer
approach’, Food Chemistry, vol 166, pp. 465–472.
Arnon, H, Zaitsev, Y, Porat, R & Poverenov, E 2014, ‘Effects of carboxymethyl cellulose and chitosan bilayer edible coatingon postharvest
quality of citrus fruit’, vol 87, pp. 21-26.
Arnon-Rips, H, Poverenov, E 2016. Biopolymers-embeded nanoemulsions and other nanotechnological approaches for safety, quality and
storability enhancement of food products: active edible coatings and
films. In Emulsions. Book Chapter Publisher: Elsevier Academic Press.
Bai, J & Plotto, A 2011, ‘Coatings for fresh fruits and vegetables’, in Edible Coatings and Films to Improve Food Quality, Second Edition, CRC
Press.
Brasil, IM, Gomes, C, Puerta-Gomez, A, Castell-Perez, ME & Moreira, RG
2012, ‘Polysaccharide-based multilayered antimicrobial edible coating enhances quality of fresh-cut papaya’, LWT - Food Science and
Technology, vol 47, pp. 39-45.
Decher, 1997, ‘Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites’, Science, vol 277, pp. 1232-1237.
Donsì, F, Marchese, E, Maresca, P, Pataro, G, Vu, KD, Salmieri, S, Lacroix, M & Ferrari, G 2015, ‘Green beans preservation by combination
of a modified chitosan based-coating containing nanoemulsion of
mandarin essential oil with high pressure or pulsed light processing’,
Postharvest Biology and Technology, vol 106, pp. 21-32.
Duncan, TV 2011, ‘Applications of nanotechnology in food packaging
and food safety: Barrier materials, antimicrobials and sensors’, Journal
of Colloid and Interface Science.
Pilon, L, Spricigo, PC, Miranda, M, de Moura, MR, Assis, OBG, Mattoso,
LHC & Ferreira, MD 2014, ‘Chitosan nanoparticle coatings reduce microbial growth on fresh-cut apples while not affecting quality attributes’, International Journal of Food Science and Technology, pp. 1-9.

VOLCANI VOICE

Agricultural Research Organization Volcani Center

Poverenov, E, Danino, S, Horev, B, Granit, R, Vinokur, Y & Rodov, V 2014a,
‘Layer-by-Layer Electrostatic Deposition of Edible Coating on Fresh Cut
Melon Model: Anticipated and Unexpected Effects of Alginate–Chitosan Combination’, Food Bioprocess Technol, vol 7, pp. 1424–1432.
Poverenov, E, Rutenberg, R, Danino, S, Horev, B & Rodov, V 2014b,
‘Gelatin-chitosan composite films and edible coatings to enhance
the quality of food products: Layer-by-layer vs. Blended formulations’,
Food and bioprocess technology, 7, 3319.
Rudra, JS, Dave, K & Haynie, DT 2006, ‘Antimicrobial polypeptide multilayer nanocoatings’, Journal of Biomaterials Science, Polymer Edition,
vol 17, 1301.
Sane, A & Limtrakul, J 2011, ‘Co-precipitation of asiatic acid and poly(llactide) using rapid expansion of subcritical solutions into liquid solvents’, Journal of Nanoparticle Research, vol 13, p. 4001−4013.
Sanguansri, & Augustin, M 2006, ‘Nanoscale materials development –
a food industry perspective’, Trends in Food Science & Technology, vol
17, no. 10, pp. 547–556.
Sessa, M, Ferraria, G & Donsì, F 2015, ‘Novel Edible Coating Containing Essential Oil Nanoemulsions to Prolong the Shelf Life of Vegetable
Products’, Chemical Engineering Transactions, vol 43.
Sipahi, RE, Castell-Perez, ME & Moreir, RG 2013, ‘Improved multilayered antimicrobial alginate-based edible coating extends the shelf life
of fresh-cut watermelon (Citrullus lanatus)’, LWT - Food Science and
Technology, vol 51, pp. 9.
Sonkaew, P, Sane, A & Suppakul, P 2012, ‘Antioxidant Activities of Curcumin and Ascorbyl Dipalmitate Nanoparticles and Their Activities
after Incorporation into Cellulose-Based Packaging Films’, Journal of
Agricultural and Food Chemistry, vol 60, p. 5388−5399.
Souza, MP, Vaz, AFM, Cerqueira, MA, Texeira, JA, Vicente, AA & Carneiro-da-Cunha, MG 2015, ‘Effect of an Edible Nanomultilayer Coating
by Electrostatic Self-Assembly on the Shelf Life of Fresh-Cut Mangoes’,
Food Bioprocess Technology, vol 8, pp. 647–654.
Umaraw, P & Verma, AK 2015, ‘Comprehensive Review on Application
of Edible Film on Meat and Meat Products: An Eco-friendly Approach’,
Critical Reviews in Food Science and Nutrition.
Valencia-Chamorro, SA, Palou, L, del Río, MA & Pérez-Gago, MB 2011,
‘Antimicrobial Edible Films and Coatings for Fresh and Minimally Processed Fruits and Vegetables: A Review’, Critical Reviews in Food Science and Nutrition, pp. 872.
Vargas, M, Pastor, C, Chiralt, A, McClements, DJ & González-Martínez,
C 2008, ‘Recent Advances in Edible Coatings for Fresh and Minimally
Processed Fruits’, Critical Reviews in Food Science and Nutrition, vol 6,
no. 48, pp. 496-511.
Velickova, E, Winkelhausen, E, Kuzmanova, S, Alves, VD & MoldãoMartins, M 2013, ‘Impact of chitosan-beeswax edible coatings on the
quality of fresh strawberries (Fragaria ananassa cv Camarosa) under

commercial storage conditions’, LWT - Food Science and Technology,
vol 52, pp. 80-92.
Weiss, J, Takhistov, P & Mcclements, DJ 2006, ‘Functional Materials in
Food Nanotechnology’, Journal of Food Science, vol 71, pp. 107-116.

Dr. Elena Poverenov
Dr. Elena Poverenov has completed her PhD in Organic Chemistry from Weizmann Institute of Science at 2009 and postdoctoral
studies in Polymers and Material Chemistry in Weizmann Institute
of Science. Since 2011 she is Research Scientist in the Institute of
Postharvest and Food Sciences at Agricultural Research Organization, The Volcani Center. Her research group is implementing new
advanced approaches from chemical science and nanotechnology to improve quality and safety of food and agricultural products.
Elena has published 40 papers in international journals including
top journals, such as Nature and JACS and has been serving as an
editorial board member.

VOLCANI VOICE

9

VOLCANI VOICE

Agricultural Research Organization Volcani Center

New Chemoresistive Sensors for Ethylene Detection
Based on Highly Tunable Carbon Nanotubes/Latex
Nanocomposites
Franziska Grzegorzewski, Guy Mechrez
Ethylene

is a volatile molecule that is a key factor in fruit
ripening and responsible for
significant losses in fresh produce worldwide. This research
presents a new chemoresistive sensor for detection of
ethylene based on polymer/
multi-wall carbon nanotubes
(MWNTs) nanostructures with
controlled architecture and
composition. The MWNTs are finely dispersed in a polymeric latex i.e. polyacrylate, via ultrasonication, followed
by a microfiltration process. The latter step allows preserving the homogeneous dispersion structure in the resulting solid nanocomposite. The combination of microfiltration and proper choice of the polymer latex allows for the
design of complex nanostructures with tunable properties e.g., porosity, mechanical properties.

INTRODUCTION
Uncontrolled ethylene emission in growth chambers, greenhouses, storage facilities and during transportation leads to fast degradation of fresh produce and consequently to a significant amount
of postharvest losses. To predict the shelf life, optimize fruit quality, and reduce in-storage losses it is of paramount importance to
monitor and control the ethylene emission along the supply chain.
To this end, the analysis of the fruit pre-climacteric developmental
phase with a resolution as low as 10 ppb (parts-per-billion, 10−9) is
particularly important. The use of carbon nanotubes-based sensors for ethylene sensing is an emerging topic. Most prominent
example is a reversible MWNTs/copper metal complex sensor,
mimicking the critical cofactor for the ethylene plant ETR1 receptor.1 Upon exposure to C2H4, the copper complex reversibly binds
the ethylene, decreasing its interaction with the nanotubes, and
thus leading to a reduced conductance of the system. Despite the
excellent performance of this sensor, free-standing or high con-
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tent MWNT films in general suffer from low tunability of electrical
resistance and inferior mechanical integrity, which are crucial for
high chemoresistive sensing performances. This makes them inherently sensitive to mechanical abrasion, and leads to less robust
and potentially unstable long-term sensing performances.
A feasible approach for obtaining significant sensor robustness
and stable performances is to incorporate the MWNTs into a
polymeric carrier/matrix, ensuring high mechanical integrity and
tunable electrical resistance of the resulting nanocomposite thin
films.2 An immense research effort has been directed over the
past two decades towards the development of polymer/carbon
nanotubes systems and nanocomposites.3-5 The combination of
MWNTs with polymers offers an attractive route for introducing
new functionalities to the resulting materials, based on their morphological modification and the interaction between the two
components.6-8 A straightforward approach for the fabrication
of polymer/MWNTs nanocomposites is based on dispersing the
nanotubes within an aqueous polymeric dispersion.9-15 The polymer dispersion is usually synthesized by emulsion polymerization
(e.g., of styrene or acrylate monomers) and is commonly termed
as a latex. This fabrication process involves the pre-dispersion of
MWNTs in an aqueous surfactant solution by ultrasonication or
high-shear mixing. The resulting MWNTs dispersion is mixed with
a given polymer latex, followed by evaporation of the aqueous
phase, which leads to the coalescence of the polymer particles
(above the glass transition temperature, Tg, of the polymer). These
polymer/MWNTs nanocomposites have demonstrated appealing
properties for many applications, including thin films,10 porous
electrodes,16,17 thermo-electrics,11,14 and conductive foams.18
The present study introduces a rapid and facile fabrication method for tailoring polymer/MWNTs nanostructures with controlled
architecture and composition.19 The MWNTs are finely dispersed
in a polyacrylate latex via ultrasonication, followed by a microfiltration process. The latter step allows preserving the homogeneous dispersion structure in the resulting solid nanocomposite. An
important attribute of this methodology is the ability to tailor any
desired composition of polymer-MWNTs systems, i.e., nanotubes
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content can practically vary anywhere between 0 to 100 wt%.
Thus, for the first time a given polymer/MWNTs system is studied
over the entire MWNTs composition range.
Recent studies have shown that MWNTs exhibit similar characteristics to those of rigid polymer molecules.20-22 Based on this new
perspective, conceptually considering MWNTs as rigid macromolecules, polymer/MWNTs systems can be considered as two-phase
polymer blends. Thus, our method enables the design of any
desired composition of the two components similarly to binary
two-phase polymer blends. We demonstrate this new concept
in polyacrylate/MWNTs systems. The morphology and electrical
properties of the resulting polyacrylate/MWNTs nanomaterials are
investigated. We show that upon increasing nanotubes content
a structural transition is observed: from dispersed nanotube domains into a continuous MWNT porous matrix. An analogy of this
structural transition to phase inversion phenomena in two-phase
polymer blends is suggested. In addition, polyacrylate/MWNT
films exhibited controlled electrical resistance which is a
crucial property for high chemoresistive sensing performance, demonstrating a significant and clear feasibility for
ethylene detection.

cally applying the polyacrylate/MWNTs layers on an interdigital
contact network (IDT). To this end, the bouton of the wafer was
rapidly annealed so that the lower part of the porous film adhered
to the wafer surface without coalescence of its upper part. The
IDT was fabricated via standard photolithography on top of a silicon wafer on a SiO2 upper layer. The studied sensors were then
exposed to different contents of ethylene diluted in nitrogen in a
specially designed chamber. The electrical resistance was studied
by 4-point probe.

RESULTS AND DISCUSSION
Cryo-TEM images of a typical polyacrylate/MWNTs system (latex to
MWNTs ratio is 4:1) show that the nanotubes and the polyacrylate
nanoparticles (~100 nm in diameter) form a homogeneous dispersion, in which both components are individually dispersed (Fig. 1).
Figure 2a shows images of a typical polyacrylate/MWNTs film,
demonstrating its integrity and flexibility. High-resolution SEM mi-

EXPERIMENTAL
MWNTs were dispersed in a polyacrylate latex together
with an aqueous dodecylbenzenesulfonic acid (DBSA) solution by ultrasonication. The MWNT:DBSA ratio was kept
constant at 1:5 in all samples. The nanostructure of the
resulting aqueous dispersions was then characterized via
Figure 1. Cryo-TEM micrographs of polyacrylate/MWNTs dispersion (latex to
direct imaging using cryo-transmission electron microsMWNTs ratio is 4:1): (a) low and (b) high magnification.
copy (TEM). To this end, the samples needed to be cooled
and vitrified in ultra-fast manner.23 The specimens were examined in a cryo-TEM thereafter which operates at 120 kV, using
crographs of polyacrylate/MWNTs films containing 1, 10 and 50
cooling-holder system at about -180 °C.
wt% MWNTs are shown in Figure 2b-d, respectively.
The dispersions were subsequently filtered through a micro-poAt a concentration of 1 wt% MWNTs, uniformly dispersed nanorous hydrophilic membrane (mixed cellulose ester membranes
tubes are observed within the continuous polyacrylate matrix,
0.45 μm) under vacuum. During the microfiltration process both,
forming a delicate network (Fig. 2b). The polyacrylate used in this
the MWNTs and the polyacrylate nanoparticles, accumulated on
study has a Tg of 19 ºC (determined by dynamic mechanical therthe membrane. The resulting layer can then be separated from the
mal analysis, data not shown). Thus, the formation of a continuous
membrane and dried. Several polyacrylate/MWNT systems have
polyacrylate matrix arises from the coalescence of the latex nabeen fabricated with a MWNTs content in the dry solid layers of 0,
noparticles at room temperature. At a high MWNTs content of 50
0.05, 0.2, 1, 5, 10, 20, 30, 50 and 100 wt%.
wt%, the nanotubes form a porous “matrix” and the coalesced poThe morphology of the resulting layers was studied using scanlyacrylate acts as the dispersed phase (Fig. 2d). A “phase inversion”
ning electron microscope (SEM), equipped with a high-resolution
is observed at MWNTs content around 10 wt% (Fig. 2c). In analogy
field emission gun (FEG), operating at a 4 kV accelerating voltage
to immiscible polymer blends, at this concentration range, the
and a 3–4 mm working distance, and an in-lens detector of secMWNTs and the polyacrylate are forming co-continuous immisondary electrons. The sensing devices were fabricated by physicible phases. At this MWNTs concentration range, a struc-
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Figure 2. Images of a typical solid polyacrylate/MWNTs film, demonstrating its integrity and flexibility (a). High-resolution SEM micrographs of solid
polyacrylate/MWNTs films of different MWNTs content: (b) 1 wt%, (c) 10 wt%; (d) 50 wt%. The polyacrylate latex has a Tg of 19 ºC. High-resolution SEM
micrographs of solid polyacrylate/MWNTs films of different MWNTs content: (e) 5 wt%, (f ) 10 wt%. The polyacrylate latex has a Tg of 35 ºC. (g) A schematic
illustration of the acrylic-latex/MWNTs (non-coalesced system) nanostructure at nanotubes content ranging from 1 to 50 wt%, corresponding to the
morphology observed by SEM.

tural transition is observed i.e., from nanotubes dispersed within
a polymer matrix (nanocomposite) into a continuous MWNTs porous matrix, in which segregated coalesced polyacrylate domains
are entrapped, as schematically illustrated in Figure 2g. When a
polyacrylate latex with a Tg of 35º C is used, the polymer particles
do not coalesce at room temperature. Thus, in this case, the uniform dispersion of the nanotubes between the latex nanoparticles, observed in Figure 2e,f, is preserved during the microfiltration
process. The “phase inversion phenomena” can also be observed
in this system at MWNTs content around 10 wt% (Fig. 2f ).
Figure 3 depicts the volume electrical conductivity of the polyacrylate/MWNTs systems. A four-point probe technique is used to
measure the electrical conductivity of the films (at values higher
than 10-4 Siemens/cm). For conductivity values lower than 10-4 S/
cm, a two-point method is applied. The percolation threshold is
observed at a MWNTs content of 0.04 wt%. This value is significantly lower in comparison to other polymer/MWNTs systems reported in the literature.24-26 The obtained low percolation threshold is attributed to the dispersion uniformity of the MWNTs within
the polyacrylate matrix, as observed in Figure 2. Above percolation, the studied systems exhibit a further conductivity increase of
more than one order of magnitude as MWNTs content is increased
from 10 to 50 wt%. It should be emphasized that this behavior
is not a common behavior in percolative conductive systems in
general,27-29 and in polymer/MWNTs nanocomposites in particular.30,31 However, this behavior may be observed in segregated
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network composites, in which weak matrix-filler interaction allows
for intimate contact among the nanotubes. We ascribe this finding to the resemblance of our highly-filled polymer (e.g., 50 wt%
MWNTs) to Bucky paper systems.32-35 To the best of our knowledge,
this is the first time that the electrical conductivity of a polymer/
MWNTs system, which is fabricated under the same conditions, is
presented and characterized over the entire MWNTs concentration range (0 to 100 wt% MWNTs).

Figure 3. Electrical conductivity of polyacrylate/MWNTs films vs. MWNTs
content.

Polyacrylate/MWNT films also showed significant and clear fea-
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sibility as layers in a sensing device for ethylene detection. The
sensing layers had a loading of 5 wt% MWNT in the sensor and
were exposed to an ethylene concentration of 300 ppm. As demonstrated by the sensor response characteristics (resistance measurement vs. elapsed time, Fig. 4), the electric resistance increased
when the polyacrylate/MWNT film sensor was placed in ethylene
vapor atmosphere and decreased upon ventilating the chamber.
The films show very promising resistance reproducibility and stability after three cycles of exposure to ethylene. Electrical resistance was increased by 15%. The response time and recovery time
of the sensor to ethylene are approximately 5 s and 240 s, respectively. All these findings confirm that the microfiltration approach
of embedding highly dispersed MWNTs in a polymer matrix will
lead to complex nanostructures with highly tunable, and controllable properties. This will allow their future use in many applications, such as chemical sensing. Tuning the polymer structure (e.g.
its porosity) or the functionalization of MWNTs prior to their dispersion in the polymer matrix will in future significantly improve
the sensing performances.

Figure 4. Electrical conductivity of polyacrylate/MWNTs layers vs. MWNTs
content.

CONCLUSIONS
This research presents a new fabrication method of polymer/
MWNT systems based on microfiltration of latex and MWNT dispersions. We show that this methodology allows for the design
of polymer/MWNT layers at any desired composition, i.e., nanotubes concentration can practically range from 0 to 100 wt%, resembling two-phase polymer blends. The polyacrylate phase in
these systems exhibits a structural transition from a continuous
matrix (nanocomposite) to segregated domains dispersed within
a porous MWNTs network. An analogy of this structural transition
to phase inversion phenomena in a two-phase polymer blend is

suggested. The resulting polyacrylate/MWNT layers exhibited a
percolation threshold as low as 0.04 wt% MWNT. The response
characteristics of our chemical sensor device with polyacrylate/
MWNTs as the sensing layer material showed significant reproducibility and stability of the resistance signal. We therefore anticipate
that the fine-tuning of the sensor layer properties due to the microfiltration approach will lead to a significant improvement of
the sensor performance. q
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Nanostructured Porous Silicon Thin Films Dedicated for
Optical Biosensing
By Giorgi Shtenberg
ABSTRACT
Porous silicon (pSi) is an exciting nanostructured material
poised to take center stage
in the evolving biosensing
effort for real-time detection
applications. Sophisticated
designs based on pSi platforms are currently utilized
in biomedical diagnostics,
environmental monitoring,
veterinary and food quality
control. The broad spectrum of applications is mainly ascribed to the fine tuning of the intrinsic characteristics,
e.g., tunable optical and morphological properties, ease
and speed of fabrication, high internal surface area and
versatile surface chemistries, that render it as an ideal
nanomaterial platform for label-free biosensing. The
present overview focuses on the latest optical sensing
schemes for monitoring agriculture related analytes.

INTRODUCTION
Novel developments in nanotechnology have paved the way
for a large number of emerging materials and devices with
desirable properties and useful functions for numerous sensing and biosensing applications. Silicon, the most dominant
and matured material of the semiconductor industry has provided, since the early days of the industry, a platform for the
development of temperature/pressure/chemical sensors and
to some extent early biosensing concept designs. However,
only after the discovery of visible light emission from porous
silicon (pSi) three decades ago, that has sparked a whole raft
of research towards biosensor related uses demonstrating the
versatility of the pSi platform. Some of the favorable properties of this nanomaterial include, high surface area (~800
m2g-1), inexpensive and fast preparation (compatibility with
most microfabrication techniques), tunable optical properties, and versatile surface chemistry routes.1 The high surface
area enables a variety of biomolecular recognition events by
targeting short peptides, proteins, enzymes, DNA fragments,

membrane lipids, bacteria, mammalian cells and others. These
events are occurring over a small predesignated working area
that offers the miniaturization of the biosensor. Not surprisingly, the last decade has seen a variety of successful utilization of pSi platforms for diverse biosensing applications, in
the fields of biomedical diagnostics, environmental monitoring, veterinary and food quality control.1 The thin pSi layer is
fabricated by electrochemical anodization of the crystalline
silicon wafer using hydrofluoric acid-based solution. The electrochemical process allows a precise control of the intrinsic
properties and morphologies of the resulting thin-films. The
porous layer thickness, porosity, and pore orientation/geometry/dimensions are easily tuned by varying the etching
conditions.2 The precise fabrication reveals the unique optical properties of the pSi nanostructure, that no labeling of
the target analyte is required, allowing for sensitive and labelfree detection of a variety of biomolecular interactions.1 Both,
photoluminescence (PL) and reflectance of the nanostructure
are highly sensitive to the presence of chemical and biological
species inside the pores. A capturing event of target molecule
by bioreceptor-modified platform is detected by either monitoring the PL quenching of the pSi, or by observing the reflectance spectra shift resulting from changes in the effective
refractive index of the entire void of the nanostructure. The
latter technique is size and mass transfer dependent. Briefly, the fringe pattern is shifted towards longer wavelengths
(red-shift) upon molecules penetration into the pores, thus
increasing the refractive index, as schematically illustrated in
Figure 1a. Analytes that are excluded from the nanostructure
based on their physical dimensions (e.g., bacteria or cells),
tend to reduce the reflected light intensity (scatter light) as a
result from a change in the refractive index contrast at the pSi
medium interface (Figure 1b).3 Finally, the effective refractive
index is linearly affected by the analyte’s concentration within
the porous scaffold, thus a higher analyte degree within the
pores will profoundly influence the obtained reflectivity spectra.
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Figure 1. A schematic illustration of a reflectivity PSi-based biosensor and
the sensing concept. The high-resolution scanning electron microscopy
(HR-SEM) micrograph shows a typical single layer pSi film, while the inset
displays a top view of the porous surface (scale bar of 900 nm and 150
nm, respectively). The pSi nanostructure is illuminated with white light
perpendicular to sample surface, while the reflected light is captured
and detected by a spectrometer. The obtained reflectance spectrum is
fast Fourier transformed (FFT) into an effective optical thickness. The biorecognition event, between the bioreceptor and its analyte, manifest
changes in the reflectivity spectra based on the analyte’s size. (a) Moderate and small sized molecules are captured within the pores (effective
optical thickness increase), while (b) microorganisms and whole cells are
excluded (intensity decrease).

BIOSENSING
Since the first pSi based biosensor fabrication by Lin et al. in 1997,
numerous optical designs and sensing schemes have been used
for monitoring an endless list of agriculture relevant analytes (enzymes, pesticides, organic substances, bacteria, toxins, etc.).1 The
simplest experimental setup used in most of these assays is fixing
the bioreceptor-modified pSi in a flow-cell and exposing it to various substrate/analyte solution combinations. The reactions are
monitored in real-time by acquisition of the reflectivity data. Orosco et al. have shown a self-reporting double-layer nanoreactor
capable of isolating and quantifying proteolytic reaction products
and assessing the kinetic parameters in a volume of 5 nL.4 The reaction included pepsin, an active protease adsorbed onto the pSi
pore walls of the first layer (~100 nm in diameter), and incubation
with α-casein during which short peptides are produced and selectively infiltrated into the second layer (~6 nm). Our subsequent
study showed sensitive detection of heavy metal ions (silver, lead
and copper), by monitoring enzymatic reaction products at environmentally relevant concentrations, presenting a limit of de-
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tection (LOD) of 56 parts per billion (ppb), using a simple and
portable experimental setup.1 It should be noted that a variety
of enzymes are catalytically inhibited in the presence of heavy
metal due to conformational changes. Moreover, the detection
and quantification of these metal pollutants in real water samples (e.g. surface and ground water) is demonstrated with results
comparable with gold standard analytical techniques, i.e., inductively coupled plasma atomic emission spectroscopy. Krepker et
al. have fabricated a bi-functional nanostructured platform for the
detection and quantification of organophosphorus compounds
(OPCs) in aqueous solutions.5 The biosensor is constructed from
two conjugated interacting sections i.e., the pH-responsive pSi/
hydrogel hybrid, used as the optical transducer element, and organophosphorus hydrolase-modified pSi region, which functions
as an array of nanoreactors for enzymatic hydrolysis of OPCs. Exposure to the target analyte (methyl paraoxon) resulted in a rapid
and reproducible change in the optical reflectivity spectrum of
the hybrid, allowing for a label-free detection and quantification
of OPCs in a simple and reliable manner (LOD of 40 µM). A preliminary work by Starodub et al. have developed a PL immunosensor
for rapid detection of T-2 trichothecene mycotoxin, a Fusarium
fungi byproduct.6 The authors revealed LOD of 10 ng mL-1, using a simple and portable experimental setup. The Segal group
has established the feasibility of pSi for optical detection of “large”
biological targets (e.g., Escherichia coli K12), via their “direct-cellcapture” onto selective bioprobes (e.g., antibodies and aptamers)
modified nanostructure.2 The observation of the attachment is
conducted by monitoring the intensity changes (Figure 1b), with
no prior sample processing, at relatively low bacterial concentrations (~102 cells mL-1) within minutes. This concept is designated
for rapid, real-time identification and quantification of food- and

Figure 2. A schematic illustration and HR-SEM micrographs of different multilayered pSi structures: (a) double layer, (b) rugate filter 7 and (c) microcavity.8
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water-borne pathogens outside the laboratory environment.3 An
alternative strategy for signal amplification is by applying more sophisticated optical design (e.g., multilayered devices, rugate filters
and microcavities, see Figure 2) providing sharp spectral features
for improved spectral sensitivity.
Kilian et al. have shown a proof-of-concept of nanostructured photonic crystal (i.e., rugate filter) decorated with hybrid lipid bilayer
membranes containing the ganglioside GM1 as the recognition
species, which presented capturing affinity towards cholera toxin
(LOD of 3 nM).9 Thus, modifying pSi surface by an organic layer
can also provide selective binding of analyte molecules, leading
to enhanced specificity. Kelly et al. have constructed a progressed
photonic crystal by stacking three mesoporous layers rugate filters with unique optical fingerprint.10 The middle layer worked as
a drift tube where the analyte diffusion affected the delay time
depending on its concentration and polarity. This approach allowed for identification and quantification of seven different volatile organic compounds (cyclohexane, heptane, toluene, acetone,
methanol, ethanol and isopropanol) with concentration in the
ppm range. Another example for gas sensing is demonstrated
by Shang et al.11 pSi rugate filters are functionalized with polymer
film (chitosan) and bromothylmol blue (pH indicator) is used as
ammonia-sensing molecule. Monitoring the reflectivity spectrum
allowed for direct, real-time observation of changes in the concentration of ammonia gas in air. The sensor depicted LOD of 0.5
ppm with response time of a few minutes. This design may potentially fulfill the need for sensitive and reliable method for online
monitoring of gases in air surroundings. De Stefano et al. have
presented pSi microcavity for sensitive detection of atrazine (LOD
of 1 ppm), an anthropogenic herbicide with serious physiological implications e.g., endocrine disruption, severe reproductive
effects, breast and prostate cancer.12 The same group has shown
the detection of trace amounts of wheat gliadin in several foods
with high relevance to celiac patients. Glutamine-binding protein
from Escherichia coli served as a molecular probe for sensitive determination of the toxic peptide (2-40 ppb).13
CONCLUSIONS
The current overview shows a glimpse of the possible utilization
of pSi based biosensors for label-free detection of “real-world”
samples. These biosensors offer several profound advantages over
conventional laboratory grade techniques in terms of speed, sensitivity, cost of measurement, reproducibility and portability. The
generic design of the biosensing platform can be easily adapted
for monitoring a wide spectrum of analytes, by simply adjusting
the bioreceptor (sensing element) and the optical nanostructure
design for selective, high-throughput, real-time analysis of com-

plex matrices. We expect, within the next few years, further exciting developments of pSi biosensors for agricultural applications. q
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Nano-algaecides as an alternative treatment against toxic
cyanobacterial blooms in freshwater aquaculture
By Orr H. Shapiro, Giji Sadasivam
ABSTRACT
Harmful cyanobacterial blooms
are a major problem in freshwater aquaculture. Such blooms
occur regularly in aquaculture
ponds, particularly under high
nutrient loads and elevated
environmental temperatures.
Secondary metabolites produced by cyanobacterial cells
during such blooms often result in the accumulation of unpleasant off-flavors in fish and
other aquatic food species. Some cyanobacterial species are
also capable of producing potent hepatotoxins that, when
accumulated in fish tissue, may render it unsafe for consumption. Here we report the efficacy of biocidic nanoparticles in
controlling such blooms under laboratory conditions, and
the developing of a novel microfluidic experimental platform
that will allow us to gain mechanistic insights into the activity of these nanoparticles, and how they may be improved
to specifically target harmful phytoplankton species in the
environment.
Freshwater aquaculture (FWA) is the fastest growing food sector
today. Over the 3 decades between 1980 and 2011, global production of animal protein from FWA had increased 16 fold, from
2.35 million tons to nearly 39 million tons per year, more than doubling in size every 8 years. The majority of this growth (over 65%)
is driven by a rapid expansion of the Chinese FWA industry1. Over
the same period, the Israeli FWA has grown from 12,000 to 18,000
tons per year, equaling approximately 60% of locally produced fish
and supplying 20-25% of local fish consumption.
The majority of FWA, in Israel and globally, is based in open ponds
with limited water exchange. Much of the industry is centered in
areas with warm climate, similar to that in Israel, where staple species such as Carp, Nile tilapia and Bass can be grown most efficiently. The high nutrient loads introduced to such pond cultures
in the form of fish feed, in combination with limited water exchange, high environmental temperatures and high levels of sun-
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light, provide an ideal habitat for various species of phytoplankton, giving pond water a characteristic green-brown color. High
densities of phytoplankton cells are generally considered to have
a positive impact on cultured fish, providing a natural food source,
improving water oxygenation and reducing nutrient levels, particularly ammonia, which might otherwise accumulate to levels
toxic to the cultured fish3. However, under certain conditions, the
phytoplankton composition may shift towards species capable
of producing various toxins, a process called harmful algal bloom
(HAB)4. The precise conditions leading to the development of HAB
are not fully understood, although high temperatures, light and
nutrients appear to play a part in bloom formation5.
Cyanobacteria, formerly known as blue-green algae, are amongst
the most common and most successful phytoplankton species.
Strictly speaking these are not “true” algae, but rather photosynthetic bacteria. Many cyanobacterial species are particularly adept
at rapid proliferation in eutrophic freshwater reservoirs, including
aquaculture ponds, and are responsible for the majority of phytoplankton blooms in these environments4,6. These blooms pose
several challenges for water-management authorities. Several
species within this ancient and highly diverse group have evolved
to produce semi-volatile compounds, particularly geosmin and
2-methylisoborneol (2-MIB). Accumulation of these compounds
during bloom formation gives water, and the organism grown
in these water, characteristic muddy or musty off flavors which
make them unpalatable for consumers. An even larger problem
is caused by blooming species producing toxic compounds, most
notably hepatotoxins such as microcystines, nodularin and cylindrospermopsin, generally known as cyanotoxins, which make
water unsafe for use6.
Toxic cyanobacterial blooms in drinking other freshwater reservoirs are a rapidly growing concern. Cyanobacterial blooms,
and the associated accumulation of cyanotoxins, are continuously monitored in reservoirs supplying drinking water, or those
used for recreational purposes6. Recommendations by the World
Health Organization (WHO) limit cyanotoxins concentrations in
drinking or recreational waters to below 1 mg/L, with a tolerable
daily intake (TDI) of no more than 0.04 mg/kg body weight7.
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Regulations based on these recommendations have been implemented by many countries8, including Israel.
As current environmental regulations do not apply to agricultural
settings, and as fish losses related to cyanobacterial blooms are
exceedingly rare, cyanotoxins in FWA environments are not regularly monitored. Nevertheless, several studies have demonstrated
the accumulation of cyanotoxins in edible tissues of fish, and
other aquaculture-grown organisms9. Consequently, a recent report issued by the European Food Safety Authority (EFSA), based
on an extensive literature review, concludes that consumers of
FWA-grown food are at risk of exposure to cyanotoxins at levels
exceeding the WHO-issued TDI, and recommends further efforts
to study this problem and to develop solutions for it10. A recent
study focusing on the abundance and toxigenic potential of one
cyanobacterial species, Microcystis aeruginosa, in different water
reservoirs in Israel found potentially toxic strains in 38 out of 45
freshwater reservoirs sampled11. The collected data suggested a
positive correlation between phosphorus content and toxigenic
potential. Importantly, all aquaculture ponds sampled during that
survey (n=10) were found positive for the presence of potentially
toxigenic M. aeruginosa.
The control of cyanobacterial blooms, at least at the scale of small
ponds such as used for most FWA, if fairly straightforward. Application of designated herbicides (e.g. diuron, endothall) or strong
oxidizing agents such as chlorine or hydrogen peroxide is generally effective at terminating a bloom and ultimately reducing cyanotoxins concentrations in the environment12. However, many of
these solutions are inapplicable for FWA, as they are either toxic
to the fish themselves (as in the case of chlorine) or may threaten
consumers when accumulated in the fish tissue. The most commonly used algaecide in FWA operations is copper-sulfate. This
compound offers an effective and affordable solution with relatively low toxicity towards fish, and is routinely used e.g. to curb
cyanobacterial blooms in FWA operations13. However, the use of
copper-based algaecides is raising environmental concerns due
the toxicity of copper towards non-target organisms, including
crustaceans and amphibians, and due to accumulation of the
heavy metal in pond sediments12. Thus, alternative algaecides are
needed that will be environmentally safe while enabling to specifically target cyanobacteria.
Nanomaterials have been proposed before as advanced algaecides, and the efficacy of silver, silicate and iron nanoparticles
against cyanobacteria has been demonstrated in laboratory settings12. Recently, a novel class of biocides has been proposed,
which utilizes N-halamine derivatized nanoparticles14,15. The action

of these particles is based on the release of active Cl- ions upon
contact with organic materials or cell surfaces. A certain level of
specificity against bacterial targets has also been demonstrated,
possibly due to specific interactions with bacterial cell membranes18. Preliminary experiments conducted at our laboratory
have demonstrated the activity of these nanoparticles against a
culture of the bloom-forming cyanobacterium Microcystis aeruginosa (Figure 1). Initial results from these experiments are particularly intriguing as the nanoparticles appear to be active at lower
chlorine concentration relative to addition of bleach. Moreover,
while bleach kills cells within minutes of treatment, the effect of
nanoparticles takes from hours to days, in a dose dependent manner, suggesting a different killing mechanism (Figure 1C-E).

Figure 1: Effects of biocidic N-halamine derivatized nanoparticles on
Microcystis aeruginosa. A. M. aeruginosa bloom in a nearby eutrophic
freshwater pond during the summer of 2016. B. A laboratory culture of
M. aeruginosa, 2 days following addition of biocidic nanoparticles (1mM
Cl-), compared to control culture (left) maintained under the same conditions. C,D. Treatment of a M. aeruginosa culture with 0.02-0.05 mM Clin the form of either bleach (C) or nanoparticles (D). Response here is
measured as change in phycocyanin concentrations (shown as relative
fluorescence units (RFLU)). Nanoparticle treatment shows a delayed response (seen as initial increase in phycocyanin autofluorescence), but the
effect is as good as, or better than an equimolar treatment with bleach.
Increase in relative fluorescence at end of experiments for control, as well
as for 0.02 mM bleach treatment (C), are the product of cell proliferation,
as demonstrated using direct microscopy counts. E. M. aeruginosa treated
with 0.1-1 mM Cl- provided as nanoparticles. Initial response (increase in
phycocyanin fluorescence) is observed between hours and days from
treatment, and delay is clearly dose-dependent.
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To gain a mechanistic understanding into the mode of action of these nanoparticles we are now developing a new experimental platform combining advanced light microscopy
and microfluidics (Figure 2A). This system allows us to maintain
microliter-sized cyanobacterial blooms over period of up to several days (Figure 2B), and to interrogate interactions between
nanoparticles and living cells at the single-cell level using microscopy (Figure 2C,D). Initial results from this system provide further
insights into this process. A subtle but clear difference between
phycocyanin fluorescence in treated and control populations
is evident already in the early hours following addition of nanoparticles (Figure 2C). Moreover, the analysis of individual cells
clearly shows that the decay in fluorescence signal for each cell
is a sudden, catastrophic-like event that is preceded by a sharp
rise in fluorescence. The gradual rise and decay observed when
measuring whole populations is thus a product of multiple such
events occurring at different times following the addition of nanoparticles. It is as yet unclear whether the observed differences
between individual cells are due to the initial physiological state
of the cells or to random differences in the number of nanoparticles each cell encounters. We hope to answer these questions using specific fluorescent dyes that can provide more information
regarding cell cycle and oxidative state, as well as fluorescently
labelled nanoparticles that will allow us to measure specific interactions for each cell.
It is important to note that the polyacrylamide of the nanoparticles currently used are considered non-toxic in its polymerized
form. However, this polymer is considered not-readily biodegradable, and its breakdown products potentially toxic. Thus, it is unlikely that such nanoparticles can be freely dispersed in the environment, specifically in food-production environments such as
aquaculture ponds. We are thus aiming to develop an alternative
formulation that will retain the algaecidic activity of the current
one, but that, following release of the Cl- ions, becomes non-toxic
and readily biodegradable. It is our hope that such a formulation
may provide an effective algaecide that will be both specific and
environmentally safe, and will allow the control of cyanobacterial
blooms in aquaculture ponds and other polluted water bodies. q

Figure 2: Initial results from a novel microfluidic-based experimental
platform for studying cyanobacterial blooms. A. Advanced microscopy
system recently installed in the Shapiro lab, enabling long-term liveimaging microscopy of biological samples maintained under controlled
physico-chemical conditions. Inset: an in-house fabricated microfluidic device used to maintain micro-liter sized M. aeruginosa blooms. B.
Microscopic view of a M. aeruginosa culture held within a microfluidic
device (scale bar - 10 mm). C. Changes in average phycocyanin fluorescence from approximately 100 individual M. aeruginosa cells following
treatment (blue) with biocidic nanoparticles (5 mM Cl-), compared to untreated control (red). Results indicate that cells are affected by addition
of nanoparticles already at early stages, but loss of phycocyanin fluorescence is only observed 8 hours following treatment. Addition of bleach
at equimolar concentration resulted in immediate loss of autofluorescence (results not shown). D. Changes in phycocyanin fluorescence of 5
randomly selected cells from treated with nanoparticles (blue) vs 5 cells
from a control population (red). These results clearly demonstrate that
the loss of phycocyanin fluorescence for each cell is rapid, and preceded
by a sharp rise in in fluorescent signal of between 25 and 50%.

Toxic cyanobacterial blooms in freshwater reservoirs used for drinking aquaculture
are a rapidly growing concern”. “We are aiming to develop an environmentally safe
nanoparticle-based formulation that specifically targets cyanobacterial cells
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Developing Bio-inspired Nano-technologies to Inhibit
Biofilm Formation Associated to Dairy Industry
By Ievgeniia Ostrov, Moshe Shemesh
ABSTRACT
Microbial damages caused by
biofilm bacteria in the dairy
industry are a fundamental
threat to the safety and quality
of milk products. Many bacteria
in industrial settings tend to
form multicellular communities
known as biofilms. Bacterial
cells are extremely protected
in the biofilms due to a selfproduced matrix that consists mainly of sugars and proteins,
which form a physical barrier. Biofilms are not only a potential
source of contamination, but can also increase corrosion
rate, reduce heat transfer and increase fluid frictional resistance.
Therefore, mitigation of biofilm forming species will enable
the development of novel means and technologies for
preventing biofilm formation and subsequent contamination
of dairy products. In our laboratory, we are developing
different approaches for surface modification in order to
control and minimize bacterial adhesion and subsequent
biofilm formation.

BACKGROUND
Microbial contamination can adversely affect the quality, functionality and safety of agricultural and food products. Microorganisms can lead to impairment of structure, color, smell or taste of
fresh and processed food which may result in the loss of edibility.
Today, approximately one third of all produced food products is
discarded due to microbial contamination. Despite aggressive
disinfection and cleaning procedures, which are used in the food
industry to destroy contaminating microorganisms and/or antimicrobial treatments designed for food preservation, there are
groups of bacteria that can survive these processes and endanger
food quality and safety.
It appears that the major source of microbial contamination in the
dairy industry is often associated with biofilms on the surfaces of
milk processing equipment (Brooks and Flint., 2008). Biofilm formation (box 1) is a multistage process in which cells adhere to a
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surface by producing an extracellular matrix typically composed
of exopolymeric substances such as polysaccharides, proteins
and nucleic acids, which often surround and protect the bacteria (Shemesh et al., 2010 a; Vlamakis et al., 2013). Bacterial cells in
biofilms are characterized by increased resistance to unfavorable
environmental conditions, antimicrobial agents and cleaning
chemicals (Shaheen et al., 2010). The persistence of accumulated microorganisms in the form of biofilms on dairy equipment
causes pre- and post-processing contamination, leading to lowered shelf-life of products, equipment impairment and possible
transmission of diseases (Bremer et al., 2006, Shaheen et al., 2010).
Biofilm formation in dairy farms/ plants is often initiated when raw milk
bacteria attach to inner surfaces of milking equipment. The working surfaces in the dairy industry are composed of a number of substances that
come into contact with animal udders and milk and include: stainless
steel, rubber, silicone and plastic materials. Attached bacteria form biofilms which protect embedded cells and allow their reproduction under
unfavorable environmental conditions such as turbulent flow, elevated
temperatures, lack of nutrients and antimicrobial agents (Ostrov et al, 2016).

The significant source of the contamination of dairy products is
often associated with biofilms formed by members of the Bacillus
and Pseudomonas genus (Simoes et al., 2010). These bacteria are
capable to reproduce at refrigerator temperatures, produce enzymes that break down the milk components and also produce
toxins (Flint et al., 1997; Mittelman, 1998; Simoes et al., 2010) which
leads to spoilage of dairy products, causes economic damage and
threat to the health of consumers.
The process of attaching to a surface is an important starting
point for bacterial colonization and the development of biofilm
(Palmer et al., 2007). Biofilm development begins with the interaction of a bacterium with a surface that causes the activation
of genes needed for attachment and colonization. In a previous
study, we found that the type of surface has a decisive effect on
the adhesion of Streptococcus cells to the surface and biofilm development (Shemesh et al., 2010 b). We showed that the surface
type affects the gene expression profile in biofilm forming bacteria. In addition, we found that the level of the secreted signal
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- Autoinducer-2, which plays an important role in bacterial communication affecting biofilm formation, varies depending on the
type of surface on which the biofilm was formed (Shemesh et al.,
2010 b). The results of this study lead to the conclusion that the
type of surface determines the gene expression profile in bacteria
and the extent of biofilm development.
Preventing biofilm formation would be a much more desirable
option than treating it, and a wide range of bacteria-resistant
surfaces has been proposed for this purpose. However, there is
no technology that can completely prevent biofilm formation
without causing undesirable side effects up to date. Therefore, it
is necessary to develop new approaches to control biofilm formation by bacteria relevant to the dairy industry via affecting the
mechanisms of biofilm formation.

NEW APPROACHES DEVELOPED IN OUR LABORATORY TO
INHIBIT BIOFILM FORMATION ON SURFACES RELEVANT TO
FOOD INDUSTRY
In our laboratory several approaches for prevention of biofilm
formation using modification of surfaces such as superhydrophobic wax coatings (Pechook et al., 2015; Ostrov et al., unpublished
results), surface attached antifouling peptide (Friedlander et al.,
unpublished results) and random peptide mixtures (Bustan et al.,
unpublished results) are being developed. The general principle
for preventing bacterial adhesion and subsequent biofilm formation is schematically shown in Figure 1. We investigate the antibiofilm effect of the antimicrobial surfaces using wild type bacterial strains, isolated from the dairy associated environment and
characterized by robust biofilm formation. It is believed that such
isolates to be a more appropriate model for testing anti-biofilm
materials than laboratory strains that often undergo the process of
domestication and thus become unable to form confluent biofilms.

Figure 1. General principle of preventing bacterial adherence onto
surface.

Previous reports have described the antifouling properties of
natural and bioinspired surfaces (Epstein et al., 2012; Glinel et al.
2012). In addition, several superhydrophobic surfaces have demonstrated antibacterial properties (Banerjee et al., 2011; Chung
et al., 2012). Based on previous reports about the possibility to
produce antifouling surfaces by acting on the nanotopology,
micropatterning and reducing the area available for bacterial attachment (Mitik-Dineva et al., 2009), we decided to test the antibiofilm effect of biomimetic superhydrophobic surfaces that are
formed via the self-assembly of paraffin or fluorinated wax crystals
(Pechook et al., 2015). This project has been carried out in collaboration with Prof. Boaz Pokroy from Technion, Israel. The tested wax
materials form 3D crystalline structures on a variety of substrates
and present superhydrophobic properties (contact angle >150˚
and contact angle hysteresis <10˚) regardless of the underlying
substrate type. It has been suggested that the tested wax surfaces
form a Cassie wetting state (heterogeneous surface that combines
wax and air pockets), might reduce the contact area between a
bacterium and the surface and thereby interrupt bacterial adhesion, thus preventing the initial step of biofilm formation (Pechook
et al., 2015).
Moreover, it has been shown that superhydrophobic surfaces almost completely prevented the formation of biofilms (reduction
of 95.6-99.9% over a 7 d period) by two different pathogenic bacteria, B. cereus and P. aeruginosa, both considered to be extremely
problematic bacteria in industrial settings (Pechook et al., 2015).
These results exceed previous developments reported on other
state-of-the-art antibacterial surfaces (Krishnan et al., 2008; HallStoodley et al., 2004). Among the tested coatings the two-tiered
paraffin surface C24F50 provided the most effective reduction of
B. cereus bacteria adhesion and biofilm formation on the different types of substrates, while C36H74+C50H102 was the most effective against P. aeruginosa. Importantly, the wax coatings were
nontoxic to the tested bacteria (Pechook et al., 2015); thus, their
action is most probably attributable to biofilm formation. Given
our experimental observations, it is conceivable that the bacteria have difficulty in developing a confluent biofilm efficiently
since they are not able to be in contact with substrates coated
with C36H74+C50H102 and C24F50. The exceptional ability of the
C36H74+C50H102 and C24F50 hierarchical structures to resist attachment and biofilm formation of the tested bacteria independently
of any specific chemical or physical feature of the cells (Pechook
et al., 2015) points to the potential feasibility of using this coating
as a general antifouling material for resisting biofilms formed by a
broad spectrum of bacteria. Moreover, such wax coatings can be
formed on a great variety of materials and intricately shaped
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surfaces, making the technology potentially feasible for various industrial applications. Therefore, biomimetic superhydrophobic surfaces might be used as a novel approach to the prevention
of surface biofilm attachment.
Other strategies for prevention of biofilm formation that are being
developed in our laboratory are based on antifouling peptides.
A peptide backbone is rather suitable for the design of antifouling materials since peptides are diverse, biocompatible, stable,
and can spontaneously form ordered structures by self-assembly
(Maity et al., 2014). We have chosen to study the antibiofilm effect of synthetic tripeptide designed by research group of Dr.
Meital Reches (Hebrew University) that was shown to inhibit the
first step of biofouling (Maity et al., 2014). The peptide contains
three elements: two adjacent fluorinated phenylalanine residues
(enable its self-assembly into a coating, while the carbon– fluorine
bond of the fluorinated aromatic ring leads to the formation of a
‘‘Teflon-like’’ material that prevents the attachment of proteins to
the surface and therefore acts as the antifouling motif ) and 3,4-dihydroxy-L-phenylalanine (DOPA) (the main constituent of mussel
adhesive proteins, which is responsible for protein’s adsorption to
substrate) (Maity et al., 2014). Since the peptide coating can be
formed on wide range of substrates (Maity et al., 2014), it can be
applicable in many different areas including food industry.
The third approach, which is being developed in collaboration
with Dr. Zvi Hayouka (Hebrew University), is based on antimicrobial peptides. Antimicrobial peptides are produced in nature by a
wide variety of eukaryotic organisms as part of the antibacterial
defense system. Peptides are composed of 5-10 amino acids, with
wide variations in peptide structures as well as amino acid composition (Nakatsuji and Gallo, 2012). It turns out that the common
features of antimicrobial peptides are short chains and richness in
hydrophobic amino acids and cations (Brogden, 2005; Whimley
and Kristova, 2011). Bacterial membranes are usually negatively
charged, enabling electrostatic interaction with the peptide, the
second stage penetration into the membrane due to its hydrophobic nature. There are several mechanisms of antibacterial activity of peptides. Most of the peptides act on the membrane itself
by creating pores that causes its dissolution. There are peptides
known to penetrate into the cell and act by binding to DNA, causing inhibition of transcription, translation, activation of certain
processes or inhibition of enzymatic activity (Brogden, 2005).
The use of peptides as antimicrobial agents in food industry is a
concept developed in recent years. For example, there are peptides secreted by bacteria - bacteriocines, such as nisin (which is
also approved as a dietary supplement by the FDA) (Joubran et al.,
2013). Moreover, degradation of milk proteins (naturally) leads to
formation of peptides with an anti-microbial activity. Antimicrobial peptides have a general, non-specific mechanism of action on
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bacterial membrane; therefore, it is difficult to bacteria to develop
resistance against them. The use of random peptide mixtures
further reduces the likelihood of developing resistance, as there
are composed of variable mixture of amino acids (Hayouka et al.,
2013). Antimicrobial peptides are naturally occurring biological
material that can degraded. Furthermore, peptide mixtures might
be used in free form or surface immobilized. Therefore, use of random peptide mixtures and examination of their antimicrobial and
anti-biofilm activity is an interesting challenge.

SUMMARY
Development of efficient anti-biofilm coatings is one of the major
current challenges since the presence of biofilms on the equipment surfaces is a significant problem in the dairy industry. However, current strategies based on regular cleaning procedures using sanitizing agents are limited due their incomplete efficiency
and their role in the emergence of resistant bacteria. In this context, bioinspired strategies offer a tremendous approach to design
engineered antimicrobial surfaces with enhanced antimicrobial
properties. This review has presented new bio-inspired alternatives such as biomimetic superhydrophobic surfaces, antifouling
peptide coatings and random anti-microbial peptide mixtures.
Although leading to very encouraging results, these strategies require now a better knowledge of the mechanisms explaining the
activity of these anti-biofilm and bactericidal substances. Moreover, considering the tremendous capability of bacteria to continuously adapt themselves in response to their environment, it is also
clear that approaches combining several strategies such as immobilization of several substances affecting surface attachment,
integrity or metabolism of bacteria, as well as the control of the
surface morphology, may be the future key to produce highly efficient anti-biofilm surfaces. Another challenge will be to improve
the durability and the stability of these new coatings in various
conditions characteristic to the dairy processing environment. q

The persistence of accumulated
microorganisms in the form of biofilms
on dairy equipment causes pre- and
post-processing contamination. We are
developing different approaches for
surface modification in order to control
and minimize bacterial adhesion and
subsequent biofilm formation
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NANOCURCUMIN for food safety and quality
By V. Rodov1, I. Shlar1,2, B. Horev1, Y. Vinokur1, M. Shemesh1, E. Poverenov1,

S. Droby1, A. Buslovich1,4, A. Friedlander1,2, R. Choudhary3, P. Kohli3,
J.D. Haddock3, G. Amirian4, I. Perelshtein4, A. Gedanken4
WHAT IS CURCUMIN?
Curcumin
(diferuloylmethane) is a bright-yellow natural
polyphenolic phytochemical
compound, the major active
constituent of turmeric, a spice
prepared from dried ground
rhizomes of Curcuma longa L.
(Zingiberaceae). Turmeric has
been an integral part of India’s
cultural and culinary heritage
for thousands of years. Historical evidence says that turmeric
was first cultivated in India as early as about 3000 B.C., and
for the first time its medicinal potential was documented in
250 B.C. It has been highly valued by Eastern medicinal systems, including Ayurveda and traditional Chinese medicine
for its healing properties for wounds, ulcers, skin diseases,
inflammations, etc.
Curcumin was first isolated by Vogel in 1842. It was structurally characterized in 1910, synthesized and confirmed in
1913 (Hatcher et al., 2008). In the last 20 years, extensive evidence shows that this phenylpropanoid derivative exhibits
a wide range of antimicrobial, anti-inflammatory, antitumor
and antiangiogenic activities. Number of scientific publications dealing with curcumin is steadily growing, from 100150 publications/year in the first half of 1980-ies to 19,400 in
2016 (Figure 1).

Figure 1. Number of publications on curcumin published annually from
1980 until 2016 (based on Google Scholar). In the insert: turmeric and
structural formula of curcumin.
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Since first described by Schraufstätter and Bernt in 1949, the
antimicrobial properties of curcumin have been demonstrated
against a wide range of microorganisms. Curcumin showed by
far the highest antibacterial activity among the range of phenolic compounds tested (Figure 2). The combination of high antimicrobial activity with a registered status of food additive and
“generally recognized as safe” (GRAS) compound and low human
toxicity makes curcumin an attractive candidate for developing a
new generation of “green” food preservatives. Such preservatives
are expected to control food spoilage and reduce microbiological
safety hazards without tainting foods with residues of toxic synthetic chemicals.

Figure 2. Values of half-maximal inhibitory concentrations (IC50) of various
natural phenolic compounds towards Escherichia coli. The compounds
were tested as methyl-β-cyclodextrin inclusion complexes. IC50 – a dose
that reduces the microbial growth by half. Note that IC50 of curcumin
was 20-100 times lower (i.e. the activity higher) than of other compounds
tested. Adapted from Dogra et al., 2015, with permission.
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WHY “NANO”?

(e.g. Polyquaternium 10) in
order to control the particle
In spite of the many attractive
growth and to prevent their
features of curcumin, its poor
agglomeration (Figure 3).
aqueous solubility creates an
Fig. 3c presents the inhibitory
obstacle for delivering the
activity of surface-protected
bioactivity in food systems
curcumin nanoparticles on
and pharmaceutical formuthe growth of E. coli. The minilations. Development of apmal inhibitory concentration
propriate delivery systems is
value (MIC) was found equal
a prerequisite for implement400 µM (0.4 mM of curcumin)
ing the potential of curcumin
Polydiacetylene nanovesicles
for health and antimicrobial
Polydiacetylene (PDA) vesiactivity Similar to other comcles are a novel carrier system
pounds of limited aqueous
Figure 3. Scheme: production of surface-protected nanoparticles of curfor hydrophobic materials
solubility, curcumin delivery
cumin by antisolvent precipitation (a). Environmental scanning electron
poorly
soluble in water, such
can benefit from nanotechnomicroscopy image of the curcumin particles stabilized with polyquateras curcumin. Incorporation of
logical approaches. Developnium 10 (b). The effect of the nanodispersed curcumin concentration on
a polymerizable diacetylene
ment of nanotechnological
the kinetics of E. coli growth. Ligand: polyquternium 10 (c). Size distribuinto the lipid bilayer greatly
tion of the nanoparticles stabilized with polyquaternium 10 (d). Adopted
delivery systems for exploiting
improves the stability of the
from
Shlar
et
al.
(2015),
with
permission.
the antimicrobial potential of
vesicles compared with the
curcumin in food systems was
conventional liposomes. Furthe major objective of the USthermore, the PDA vesicles can be covalently bound to the surIsrael collaborative BARD project “Antimicrobial functionalized naface of solid substrates such as glass.
noparticles for enhancing food safety and quality” performed in
2013-2016 by the researchers of the ARO and the Southern Illinois
University. The project aimed at the creation of nanocurcuminbased antimicrobial food-contact materials in order to control undesirable phenomena such as cross-contamination and microbial
biofilm formation.
Nanoformulations of curcumin and their activity
Various nanoformulations have been developed in the world for
enhancing aqueous solubility and bioavailability of curcumin. The
methods of nanoparticle production can be divided into two categories: top-down and bottom-up approaches. In the top-down
methods larger units are mechanically broken to get micro or nanoparticles. On the other hand, the bottom-up approach relies
on self-assembly of molecules into nanoscale aggregates. Three
bottom-up approaches were used in this project.
Surface-protected nanoparticles.
Antisolvent precipitation is one of the popular bottom-up methods based on self-assembly of dissolved molecules into nanoparticles when a poorly water-soluble compound dissolved in organic
solvent is admixed into an aqueous medium (antisolvent).. Supersaturation occurs upon the solvent change resulting in nucleation
and further particle growth. The process is controlled by mechanical interventions (e.g. ultrasound) and the use of capping ligands

Figure 4. Scheme illustrating self-assembly of curcumin-functionalized
nanovesicles and their covalent binding to silanized glass: a- curcumin;
b- monomers for self-assembly of the nanovesicle: DA – diacetylene, DANHS - N-hydroxysuccinimide (NHS)-tagged DA monomers, DA-Glu – glucose-tagged DA, DMPC - 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(phospholipid); c – self-assembly of the nanovesicles; d – binding the
nanovesicle to silanized glass; e – atomic force microscope (AFM) image
of the nanovesicles. Adopted from Dogra et al., 2015, with permission.
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Figure 5. Scheme of self-assembly of curcumin-MBCD inclusion complex (a). Effect of illumination and inoculum size on the activity of
MBCD-inclusion complex of curcumin against E. coli. Gray bars: the inoculum of ca. 108 CFU mL-1; black bars: the inoculum of ca. 104 CFU
mL-1. Illumination conditions: blue light (wavelength 430-500 nm), dose 9 J/cm2. Adopted from Shlar et al., 2017, with permission.

Supramolecular methyl-β-cyclodextrin inclusion complex
Cyclodextrins are cyclic oligosaccharides produced from starch.
They have a hydrophilic outer surface and a hydrophobic inner
cavity and can therefore form water-soluble inclusion complexes
with hydrophobic compounds like curcumin and improve their
solubility. Specifically, the methyl-b-cyclodextrin (MBCD) was particularly effective in curcumin solubilization and delivery of its activity to bacterial cells.

plastic polymers (polyethylene and polyamide) at the laboratory
of Prof. A. Gedanken at Bar-Ilan University. One of the advantages
of this approach is its simplicity and easy upscaling to commercial
level. The attachment of both Gram-negative (Pseudomonas aeruginosa) and Gram-positive (B. subtilis) bacteria to ultrasonically
curcumin-impregnated plastics was inhibited by 60-90% compared with regular plastics (Figure 7). The 1-2 log CFU inhibition of
biofilm development was observed.

The antimicrobial efficacy of curcumin inclusion complexes was a
function of the bacterial population size. The diluted suspensions
of E. coli (105 CFU mL-1) were more sensitive to curcumin than the
dense ones (108 CFU mL-1) with half-maximal inhibitory concentrations (IC50) of 130 and 320 µM, respectively (Fig. 5). Exposure to
blue light markedly enhanced the antimicrobial effect of curcumin/MBCD causing approximately threefold reduction of the IC50
values. MIC values of curcumin at the inoculum level of 105 CFU
mL-1 went from 500 µM in the dark to 90 µM after illumination.

ANTIMICROBIAL FOOD-CONTACT SURFACES
The decontamination capacity of glass beads covalently coated
with curcumin-functionalized nanovesicles was tested with tender
coconut water inoculated with E. coli and Listeria monocytogenes.
Ten minutes of cold pasteurization by circulating the inoculated
product through column filled with CFN-coated glass beads were
sufficient for reducing the bacterial counts by 4-5 log CFU/mL and
complete elimination of L. monocytogenes (Figure 6).
Sonochemical methods were used for one-step grafting of surface-stabilized curcumin nanoparticles onto flexible and rigid
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Figure 6. Elimination of L. monocytogenes from tender coconut water
by circulating through the column filled with glass beads coated with
curcumin-functionalized nanovesicles.
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Figure 7. Plastic films sonochemically impregnated with surface-stabilized
curcumin particles: a – external appearance; b – fluorescent microscope
image revealing fluorescent curcumin particles; scale bar10 µm; c – evaluation of B. subtilis attachment to regular polyethylene vs. curcumin-coated polyethylene.

Contact of fresh-cut melon with polyamide (nylon 6.6) rigid chips
inoculated with E. coli or Bac. licheniformis resulted in transfer of
bacterial cells onto cut fruit surface (cross-contamination). However, no viable bacteria were detected on the cut fruit if nylon surface was ultrasonically coated with curcumin and after inoculation
exposed to blue light photoactivation (Figure 8).
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Figure 8. Nylon chips inoculated with B. licheniformis are incubated under
blue light (a) or in the dark (b). Yellow chip – coated with curcumin, white
chip – control. C- Recovery of B. licheniformis from fresh-cut melon surfaces after contact with contaminated plastic surface. ND – not detected.
Note that the only condition that prevented the transfer of bacteria from
the plastic surface to cut melon (cross-contamination) was the combination of curcumin coating with blue light illumination.

CONCLUSION
The research has shown that nanotechnological approaches can
help in realization of antimicrobial potential of curcumin for improving food safety and preserving quality. Light can enhance the
antimicrobial potency of curcumin and contribute to the success
of the treatments. q
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