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ABSTRACT

The noticeable discoveries in the field of nanotechnologies of the last years emphasized the
versatility of nanoscience in many fields. New evidences demonstrated that physical and chemical
properties of nanomaterials can be tuned to reduce safety issues of nanotechnology applied in food
industry. In this context, and inspired by the increasing interest of industry toward nanotechnology,
a novel iron oxide magnetic nanoparticle, whose synthesis was developed in our laboratory, was
used in association with polyphenols to elaborate hybrid nanomaterials with interesting applications
in the food industry field. The magnetic nanoparticles, presenting a size around 10 nm and
constituted of stoichiometric maghemite (y-Fe2O3), were called Surface Active Maghemite
Nanoparticles (SAMNs). SAMNs show a peculiar surface chemical behavior, which is highlighted
by their high water stability as colloidal suspensions, without any superficial modification or
coating derivatization. In addition, SAMN production is cost-effective and eco-friendly, and these
nanoparticles can be advantageously reutilized. SAMNs are able to immobilize various
biomolecules and the availability of iron (III) atoms on the particle surface provides to the
nanomaterial the ability to selectively bind selected molecules. Thereby, upon molecule
immobilization, a core-shell complex is formed, combining the magnetism of SAMNSs (the core)
and the function provided by the chosen molecule (the shell). Among several other biomolecules,
phenolic compounds have a high affinity for maghemite nanoparticles. This occurs because the
phenolic compounds have chelating groups that react with the iron (IIl) sites available on the
surface of SAMNSs. The immobilization of phenolic compounds on the surface of SAMNSs is very
stable and conserved upon binding, making it possible to use the resulting complex for various
purposes, such as magnetic purification, drug delivery, etc. Thus, this study proposes the
development of two hybrid nanostructure by coating SAMNs with tannic acid (TA) and curcumin
(CUR). Both core-shell nanostructures, SAMN@TA and SAMN@CUR, presented high stability
and were deeply characterized with different techniques. SAMN@TA was successfully applied for

the creation of an electrochemical sensor for the detection of polyphenol content in blueberries by
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square wave voltammetry. Furthermore, the antimicrobial properties of SAMN@TA were
successfully tested on Listeria monocytogenes. Due to the effectiveness on reducing bacterial
growth and easy removal from the system, SAMN@TA represents a possible alternative to
antibiotic methods for the elimination of foodborne pathogens. Finally, the use of SAMN@CUR
was proposed as a purification method to improve the extraction of pure curcumin from biological
samples. The results demonstrated a sustainable and highly efficient magnetic purification process
for curcumin as well as an outstanding yield of 90% and a purity > 98%. In conclusion, the reported
multiple uses of SAMNSs, ranging from biomolecule purification to foodborne pathogen control,
offer valuable insights into the versatility of the nanomaterial and its potential applications in the

food industry.






INTRODUCTION

I-NANOTECNOLOGY

The current nanotechnology revolution stimulated, through innovative prospects and applications,
widely renovation possibilities for many science fields. Particular interest is focused on
nanomaterial engineering, which provides a wide range of synthesis methods, due to the fact that
this branch combines several structures and composition to create new materials. Among
nanomaterials, nanoparticles are particularly interesting for their unique physical and chemical
properties at nano-scale, that are the heart of the versatility of nano-sized materials (Wu, Mendoza-
Garcia, Li, & Sun, 2016) that proved to be useful in fields as electronics (Bruce, Scrosati, Tarascon,

Chemie, & Bruce, 2008) and biomedicine (Tian et al., 2017).

2-NANOPARTICLES

Nanoparticles are a wide class of materials that have a size in the 1-100 nm range and can be
synthesized using different techniques. At nanoscale, materials present a variety of new properties,
which further change with the size or the shape of the nanomaterial (Jasieniak, Califano, &
Watkins, 2011). Actually, the unique nanoparticle features are scale-dependent, as an example, at
size below 20 nm many features of the nanomaterial, including optical characteristic, magnetism,
and the surface structure, can be altered (Burda, Chen, Narayanan, & El-Sayed, 2005; Igbal, Igbal,
Li, Gong, & Qin, 2017). At this scale, the atom percentage on the surface increases exponentially in
comparison to the same material in bulk phase, leading to a high exposition of functional atoms,

and thus great reactive features (Whitesides, 2003; Wu et al., 2016).

Nanoparticles exhibit peculiar magnetic, electronic, and optical behavior, and offer the great
advantage of a large reactive surface (Pérez-Lopez & Merkogi, 2011). Indeed enthusiastic efforts to

understand and completely unveil these singular properties represent a crucial task nowadays
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(Gupta & Gupta, 2005; Laurent et al., 2008; Lu, Salabas, & Schiith, 2007).

2.1-Iron oxide magnetic nanoparticles

Magnetic nanoparticles are commonly composed of iron oxide, and are a class of nanomaterials
mostly represented by maghemite (y-Fe2O3) or magnetite (Fe3Os). They can be synthetized
advantageously at the size of the biological entities of interest (Pankhurst, Connolly, Jones, &
Dobson, 2003). Besides the properties as low toxicity, biodegradability, small size, high surface
area, and magnetism (Laurent et al., 2008; Lu et al., 2007), they present broad application
possibilities due the wide spectrum of functionalities. Thereby, they can be used for biomedical
applications in magnetic resonance imaging (MRI), for the efficient separation of biomolecules and
as carriers for targeted drug delivery (Hola, Markova, Zoppellaro, Tucek, & Zboril, 2015; Magro et
al., 2014; Wu, Mendoza-Garcia, Li, & Sun, 2016).

In particular, magnetic properties of iron oxides can be drastically influenced at the nano-size,
resulting in the phenomenon of superparamagnetism, which consists in being responsive to an
external magnetic fields without bearing residual magnetism at the end of the exposition (Gupta &
Gupta, 2005). The magnetic manipulation, representing an effectively repeatable process, permits to
readily remove the superparamagnetic material from the reaction vessel, allowing its subsequent
dispersion in the system when magnetic field is absent (Govan & Gun ’ko, 2014). This property can
be exploited to perform the magnetic separation and easy isolation of target substances in solution
by simple application of an external magnetic field (Laurent et al., 2008).

Nevertheless, iron oxide nanoparticles present some important drawbacks, as this type of material
normally exhibits a tendency to aggregate, presenting a low colloidal stability in aqueous media,
hence the modification or coating derivatization to protect the nanoparticles surface is a necessary
prerequisite (Govan & Gun ko, 2014; Gupta & Gupta, 2005; Kalkan, Aksoy, Aksoy, & Hasirci,

2012). Notwithstanding surface covering ensures stabilization of the nanomaterial, this additional



synthetic step limits possible nanoparticle applications at large scale, as it is a time consuming
process, increasing of cost of the synthesis, as well as, due to the use of large volumes of solvents,

it represents a source of environmental hazard (Mahmoudi, Sant, Wang, Laurent, & Sen, 2011).

2.1.1- Application of magnetic nanoparticles for biomolecule purification by magnetic separation
Magnetic separation techniques using nanoparticles represent an effective protocol for the
separation and purification of specific molecules. In comparison with standard separation
procedures, such as expensive liquid chromatography systems, this alternative technique is
characterized by the facility, selectivity and reliability of the method, even for very large volumes
(Horak, Babi¢, Mackova, & Benes, 2007; Safarik & Safarikova, 2004).

Even more interesting, the separation process can be performed directly on crude samples
containing suspended solid material, thus, the purification process can be suitable to work in
complex biological matrixes, like plants extracts. This advantage, with respect to standard
chromatography techniques, reduces the quantities of solvents and avoid the dilution of the target
molecule in solution. This technique is already used in chemical processing, waste remediation and

purification system (Iranmanesh & Hulliger, 2017).

2.1.2- Application of magnetic nanoparticles for nanosensors

The wide range of applications of nanomaterials motivated great innovations also in the analytical
technologies. For instance, the possibility to synthetize hybrid nanomaterials by combining
nanoparticles with different functional components have attracted increasing interest, since the
modification of physicochemical properties can enhance sensor stability, selectivity and sensitivity
(Biilbiil, Hayat, & Andreescu, 2015). Nanomaterials are intensely used in electronics, biomaterials
sensing and, more recently, food industry (Pathakoti, Manubolu, & Hwang, 2017).

The large surface area and biocompatibility of iron oxide nanoparticles can be used as platform for
immobilizing various types of molecules by means of physical adsorption or covalent binding
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(Urbanova et al., 2014). This strategies permits to create novel bio-elements for developing new
sensors responding to the request of the main goals of the specific research, offering good
reproducibility and sensitivity (Biilbiil et al., 2015). Electrochemical sensors based on iron oxide
nanoparticles can be non-enzymatic, in which non-functionalized nanoparticles act as the sensing
element. In addition, the magnetic recoverability, another advantageous nanosensor feature,
permits the reuse of the system, representing in this way, an ecofriendly option to the expensive
traditional methods. A significant range of application for sensors based on hybrid nanoparticles has
been proposed, especially because of enhanced detection capabilities of analytical devices based on

this technology (Viswanathan, Radecka, & Radecki, 2009).

2.1.3- Application of magnetic nanoparticles as processing aid

A processing aid is defined as a substance, not consumed as a food by itself, which is used in the
processing of foods or their components, to implement a certain technological purpose during
treatment or processing (Knorr et al., 2011). Recently, nanostructures have been suggested as a new
processing aid in food productions process, in order to enhance food safety by reducing potential
contamination during processing, as bacteriostatic/bactericidal agents or to facilitate an easier
removal of impurities (Ansari, Grigoriev, Libor, Tothill, & Ramsden, 2009).

A successful application of nanoparticle as processing aid is represented by their application in the
control of foodborne illness. For example, magnetic iron oxide nanoparticles were effectively tested
on different types of microorganisms and the results indicated a high efficiency to separate the
target bacteria from contaminated food (Huang, Wang, & Yan, 2010). The process can be
developed using uncoated or functionalized nanoparticles, by attaching specific compounds (i.e.
antimicrobials), on their surface (Varshney, Yang, Su, & Li, 2005; Yang, Qu, Wimbrow, Jiang, &
Sun, 2007).

Once attached on bacterial cells, nanoparticles can induce membrane permeability, as their small

size and highly reactive surface can cause stress and loss of bacterial membrane integrity, so that
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the antimicrobial compound can be released from the nanoparticles inside the target microorganism
(Ivanova, Fernandes, & Tzanov, 2013; Kafayati, Raheb, Angazi , Mahmoud Torabi Alizadeh, &
Bardania, 2013). In addition, nanoparticles can penetrate the bacterial biofilm and hence disrupt this
biological structure (Gholami et al., 2016; Taylor & Webster, 2011). Therefore, this novel non-
traditional antimicrobial nanoparticle tool can help food industry to significantly reduce the
possibility of disease outbreaks avoiding the emergence of drug resistance in bacteria caused due to

excessive and inappropriate use of chemical substances (Arakha et al., 2015).

3-NANOTECHNOLOGY IN FOOD INDUSTRY

To face the worldwide increasing demand of food, technological advances for food processing and
preservation are of fundamental importance. Food industry is constantly seeking for the
development of new products and procedures to increase food offer in terms of nutritional and
health values, safety and, and at the same time, to limit large scale waste production. In this context,
nanotechnology applied to food industry represents a great innovation potential, attractiveness and

profitability (Etheridge et al., 2013; Knorr et al., 2011).

The gradual progress of nanotechnologies and the increase of scientific knowledge regarding the
control over their stability, physicochemical behavior and their safe manipulation demonstrate their
suitability for food applications. Indeed, food industry is one of the sectors that most opened up the

potential benefits of multi-faceted tools offered by nanotechnology (Livney, 2015).

Nano-formulates have been already used in food processing, such as food packaging, smart labels,
nanosized ingredients and additives (Valdés, Gonzalez, Calzon, & Diaz-Garcia, 2009). Moreover,
nanotechnology offers also innovative indirect pathways for upgrading the food productions, for
instance, providing novel analytical tools, such as nanosensor, processing aids and selective

purification procedures (Valdés et al., 2009).

11



4-POLYPHENOLS

Polyphenols are natural plant secondary metabolites showing multipotent combinations of
biochemical activities. These powerful active compounds, constituting the plant defending system
against pathogens and microorganisms, include simple or complex molecular structures that have in
common the presence of aromatic rings and at least one hydroxyl function (Chung, Wong, Wei,
Huang, & Lin, 1998).

The strong free radical scavenging action is probably the most important property of polyphenols.
This grants to polyphenols a notable antioxidant activity, which is achieved by the direct
scavenging of reactive oxygen species (ROS) and free radicals (Bhullar & Rupasinghe, 2013; Pan
& Ho, 2008). Furthermore, these phytochemicals are recognized for their anti-inflammatory
competence, antimicrobial, cardio-protective properties, promoting health and reducing the risk of
several human chronic diseases (Ghosh, Banerjee, & Sil, 2015; Pan & Ho, 2008). In addition,
polyphenols are abundant in natural sources, raising a great interest in medicinal and pharmaceutics

industry.

4.1-Curcumin (CUR)

Among several polyphenols intensely studied, curcumin (Figure 1) is a natural compound extracted
from rhizomes of Curcuma longa that possesses an incredible commercial potential because of its
medicinal benefits, including imunopromotion, anticancer and chemoprevention properties (Gupta
& Gupta, 2005). The medicinal use of curcuma has been extensively reported in Ayurveda (the
Indian system of medicine) for over 6000 years (Aggarwal, Kumar &Bharti, 2003). Its wide use
goes from the simple food spice and coloring agent to medicinal indication for multiple sclerosis
and Alzheimer (Wanninger, Lorenz, Subhan, & Edelmann, 2015). Therefore, strategies for the

improvement of the pure curcumin production, from plant cultivation to molecule isolation,
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represent an important task and attract interest from food and pharmaceutical field (Green et al.,

2008).
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Figure 1. The molecular structure (schetch) of curcumin and its cheto-enol equilibrium.

4.2-Tannic acid

Tannins are usually classified into two groups: proanthocyanidins and hydrolysable tannins.
Proanthocyanidins are flavonoid oligomers of catechin and epi-catechin and their gallic acid esters.
Hydrolysable tannins are composed of gallic and ellagic acid esters of core molecules that consist of
polyols, such as sugars, and phenolics, such as catechin. Tannic acid (P-penta-O-galloyl-d-glucose)
(Figure 1) is the model compound for this group of tannins (Chung, Wong, Wei, Huang, & Lin,
1998). Tannins compounds were used in many industrial applications and as component of
cosmetic products and pharmacological drugs due to their antioxidant activity, antimutagenic, and

anticancarcinogenic properties (Roche et al., 2015).
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Figure 2. Molecular structure of tannic acid

4.3-Nanoparticles and polyphenols

Nanotechnology can provide useful and effective devices for determining phenolic compounds in
various industrial processes. For example, phenols are commonly measured in environmental
settings using expensive and time-consuming methods that include colorimetric, gas
chromatography and liquid chromatography (Kitts & Weiler, 2003). In this context, new
nanotechnology based techniques can offer cost-effective, fast and sensitive detection devices
permitting easier evaluation of the safety limits of the phenolic present in waste water and
environmental matrices (Faraji, 2016).

The use of nanotechnology-based systems has been proposed as a convenient solution to enhance
the bioavailability of polyphenol molecules, while still maintaining their structural integrity
(Etheridge et al., 2013). Nanoparticles has been mentioned as an alternative approach to enhance
the polyphenol protection from degradation and to increase their shelf life (Musthaba, Baboota,
Ahmed, Ahuja, & Ali, 2009). Finally, the ability of nanoparticles to behave as carriers for
molecules, in combination with metal chelating properties of polyphenols, can be exploited for the
development of separating/isolating systems providing novel green routes to produce advanced

functional materials (Hu, Liu, Zhang, & Zeng, 2017; Mai & Hilt, 2017).
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5-SAMNSs

Being aware of the importance of sustainable procedures for the synthesis of nanomaterials, a novel
wet synthesis pathway for producing a new type of superparamagnetic nanoparticles was recently
developed by our research group (Magro, Valle, Russo, Nodari, & Vianello, 2012b). The innovative
material consists of stoichiometric maghemite (y-Fe>O3), with unique spectroscopic properties, size
around 10 nm and well-defined crystalline structure (Magro, Faralli, et al., 2012; Magro, Sinigaglia,
et al., 2012). This nanomaterial, denominated “Surface Active Maghemite Nanoparticles”
(SAMN ), exhibits a peculiar ability to form stable colloidal suspensions in water without any
organic or inorganic coating, being freely stable for several months as colloidal suspensions, and
presents a high average magnetic moment (Bonaiuto et al., 2016).

In addition, SAMNSs present the property of specifically bind organic molecules, leading to
composite colloidal nanomaterials (Magro, Faralli, et al., 2012). The peculiar surface chemistry of
SAMN:Ss can be explained by the presence of under-coordinated Fe (III) atoms distributed on SAMN
surface, which act as binding sites for molecules presenting chelating functionalities, such as
hydroxyl or phosphate groups, keto-enol or isothiocynate moieties on their structure (Sinigaglia et
al., 2012).

The functionalization process of SAMNSs involves the self-assembly of a monolayer of a particular
compound on the nanoparticles surface, which occurs by simply incubation in aqueous solutions
(Magro, Faralli, et al., 2012). Thus, the selectivity of SAMN surface reduces the absorption of
nonspecific compounds and confers a high specificity. Furthermore, the functionalization process
does not interfere with the magnetic properties of SAMNSs.

Bare SAMNSs display an excellent recycling availability, long lifetime, selectivity and stability
(Baratella et al., 2017; Chemello et al., 2016; Urbanova et al., 2014), and they can be considered as
an excellent environmental friendly and cost-effective tool for various industrial applications. In
particular, the recycling potential is an important industrial issue as the reusability of nanoparticles

added to long lifetime are extremely required for this sector (Molnar & Papp, 2017).
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Furthermore, SAMNs show notable electrocatalytic properties, already been used for the
construction of electrochemical sensors (Urbanova et al., 2014) and biosensors (Baratella et al.,
2013). Finally, successful interactions of SAMNs with organic and inorganic molecules led to the
creation of nano-conjugates with novel properties that have already been exploited in several fields,
ranging from drug delivery (Chemello et al., 2016) polyamine detection in tumor tissue (Bonaiuto
et al., 2016), biomarker recognition (Miotto et al., 2016), contrast agent for MRI (Skopalik et al.,
2014). For all the reasons, SAMNSs represent the ideal candidate for exploring numerous novel

applications.

5.1- SAMN: s for curcumin purification

Effective magnetic purification of biomolecules is one of the most interesting application of
SAMNSs for the pharmaceutical and food industries. Due their unique properties, the reactive
surface of SAMNSs offers a high specificity to select iron-chelating molecules (Magro et al., 2014).
SAMNSs preserved crystalline structure upon binding and the ability to release molecules make them
an attractive novel tool for isolating and purifying substances from natural matrixes (Magro et al.,
2014).

Curcumin presents keto-enol functionality, hence it exhibits a good binding proclivity toward
SAMN reactive surface. On these bases, Magro et al. (2014) demonstrated the application of
SAMNS to purify curcumin from complex matrixes without any kind of preparation step. Presenting
a fast and ecologically green production, involving the reduction of solvent volumes and offering
the possibility to reuse SAMNs for several purification cycles, this technique provides an
interesting example of the utilization of magnetic nanoparticles for biomolecule purification.
However, other aspects need to be taken into consideration regarding the purification techniques of
curcumin. For instance, an evaluation of the influence of environmental factors and agronomic
techniques on plant cropping is crucial for improving the content of curcumin in the plant (Kitts &

Weiler, 2003). In this context, to improve the curcumin production, it is very important to
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understand in which phase of plant development can lead to the recovery of highest amount of
curcumin in the biological matrix. A multidisciplinary approach, ranging from agronomy to
nanotechnology, could offers valuable insights for a sustainable production of pure curcumin from a

laboratory scale to industrial level.

5.2- The SAMN-tannic acid complex for sensor development

The desired goals for next generation sensors includes the optimization, at the same time, of
sensitivity, specificity and real-time detection. SAMN-based sensors are simple, cost effective,
potentially suitable for in-field readable responses and they can detect with high accuracy relevant
target species (Baratella et al., 2017; Bonaiuto et al., 2016). Recently, researches empathized the
application of polyphenolic compounds to modify the surface of nanoparticles to be used as sensors.
Among polyphenols, tannic acid (TA) presents a particular structure with hydroxyl groups which
offer the ability to form molecular interactions to form layers on nanoparticles surface
(Abouelmagd, Meng, Kim, Hyun, & Yeo, 2016). TA interacts with iron oxide crystalline forms
including lepidocrocite (y-FeOOH), goethite (a-FeOOH), magnetite (FesO4) and, of course
maghemite (y-Fe2O3). TA easily binds Fe*" ions leading to the formation of complexes of known
low solubility in water. In fact, precipitating ferric tannates form a protective layer with inhibiting
corrosion on metallic iron and steel.

The development of stable and functional interfaces of nanostructured ferric tannate on peculiar
maghemite nanoparticles occurs by self-assembly in aqueous solution producing a novel
nanoarchitecture called SAMN@TA. Due to its high structural stability and its electrochemical
properties, SAMN@TA could be applied for the development of a modified electrode aimed at the
electro-oxidation of polyphenols, which widened the application possibilities of both TA and

maghemite nanoparticles due to a synergistic effect.
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5.3- Processing aid by the SAMN-tannic acid complex

A different biotechnological application of SAMNs included its use as a processing aid in food
industry, exploiting the physical-chemical properties of magnetic nanoparticles and their propensity
to spontaneously bind on microorganism membrane (Azam et al., 2012). Moreover, the reactive
surface of SAMNs can be coated with antimicrobial compounds, which, in turn, enhance
antimicrobial effectiveness (Grumezescu et al., 2010; Huang, Wang, & Yan, 2010; Raghupathi,

Koodali, & Manna, 2011).

Because of the size and high surface-volume-ratio of SAMNSs, showing affinity for bacteria cell,
these nanoparticles can bind to the bacterial surface (Martinez-Gutierrez et al., 2010). This powerful
interaction can cause the clustering of bacteria cells that, combined with the magnetic property of
SAMN:S, can be used to remove the aggregates from the system using an external magnetic field
(Ansari, Grigoriev, Libor, Tothill, & Ramsden, 2009; Gholami et al., 2016). This procedure could
be considered as a new non-thermal process to remove bacteria from the environment (cleaning
purpose) or to increase the stress effect of sanitizing agents on bacteria due to the stretching effect
of the magnetic field application (Taylor & Webster, 2011; Xu, Li, Zhu, Huang, & Zhang, 2014).
These new applications can reduce the use of classical sanitizers and disinfectants and can reduce

the use of preservatives on food.

Among phenolic compounds, tannic acid stands outs for an effective inhibition of the growth of
Gram-positive bacteria (Payne et al., 2013). As tannic acid (TA) and SAMNs form an extremely
stable hybrid nanostructured complex, we tested SAMN@TA on Listeria monocytogenes.

L. monocytogenes is a Gram-positive foodborne bacterium that can cause relatively uncommon
infections with, in most cases, mild symptoms. However, the fatality rate van reach 30% among at-
risk patients (Ramaswamy et al., 2007). Notwithstanding sanitization efforts have significantly
reduced the contamination by L. monocytogenes, the incidence of illness outbreaks in susceptible

populations, as pregnant woman, remained constant along the years (Buchanan, Gorris, Hayman,
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Jackson, & Whiting, 2017). Therefore, investigating the antimicrobial properties of SAMN@TA on
Listeria monocytogenes in comparison to free TA, can give important information about the
preservation of TA’s inhibitory activity when bound on nanoparticles as the immobilization of
compounds of interest on the nanoparticle surface can intensify the effects on the target pathogens
(Taylor & Webster, 2011). For instance, phenolic compounds, that have the ability to interfere with
the bacterial growth and are promising anti-biofilm agent (Miklasinska et al., 2016; Min, Walker,
Tomita, & Anderson, 2008), would become great candidates to be used as natural antibacterial
agents upon immobilization on nanoparticles (Ivanova, Fernandes, & Tzanov, 2013).

Moreover, magnetic nanoparticles offer the possibility of being magnetically removed, leaving no
residues into the food matrix, making this nano-carrier an innovative processing aid for surface
treatments. Therefore, the carrier properties of SAMNSs could be used to improve the antimicrobial
efficiency by increasing the compound bioavailability and, moreover, offering the advantage of
being magnetically drivable. In addition, SAMN@TA could be used as an effective, low-cost and

environmental friendly antimicrobial nanomaterial for applications in the food industry.
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6-AIMS

The main objective of this thesis was to study and characterize the physical and chemical properties
of iron oxide nanoparticles in combination with polyphenols in order to elaborate hybrid
nanomaterials for the development of novel applications in the food industry field. More in-depth,
the specific objectives were to:

1) Study the purification method for the recovery of curcumin present in the mother biological
matrix (Curcuma longa root) using magnetic nanoparticles (SAMNSs). In addition, the scaling up at
industrial level of the proposed approach was demonstrated by developing an automatic modular
pilot plant, which was able of performing the continuous curcumin purification from the initial
water-ethanol extract of the C. longa root. The proposed multidisciplinary approach embodies the
fundamental principles of clean production, providing a paradigm for the utilization of magnetic
nanoparticles for biomolecule purification.

2) Examine the development of nanostructured ferric tannate, using tannic acid (TA) interfaces on
peculiar maghemite nanoparticles (SAMNs) to produce the SAMN@TA complex. The structure
and the electrochemical properties of the nanostructured material were characterized and applied for
the development of a novel sensing electrode that was proved to electro-oxidation of polyphenols.
The peculiar electrochemical properties of the SAMN@TA nanosensor were successfully used for
the determination of polyphenols in real samples, representing a potential alternative to classical
techniques.

3) Investigate the antimicrobial properties of the SAMN@TA hybrid nanostructure against the
bacterium Listeria monocytogenes. In particular, the antimicrobial properties of SAMN@TA on
Listeria monocytogenes, in comparison with free TA, can give important information about the
preservation of TA’s inhibitory activity when bound on nanoparticles. Thus, SAMN@TA was

proposed as processing aid for surface treatment, without leaving residues, for food industry.
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7-RESULTS

7.1- A purification system developed to offer valuable insights for a sustainable production of pure

curcumin at an industrial scale and for the economic valorization of agro-industry.
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Large volumes of residual biomass could represent a matter of concern for large-scale purification of
natural compounds, heavily influencing processing industries and logistic sizing, amount of solvents
employed for the extraction processes and the final chemical and biological waste generation. In the
present study, carried out in Brazil, the production of curcuminoids in Curcuma longa L. rhizomes was
maximized as a function of plant maturity and solar UV exclusion. Noteworthy, curcuminoid content
reached its maximum at around the end of the early vegetative phase (65 days after planting), hence-
forward plant growth determined only a detrimental accumulation of wastes. The harvesting at this early
phase of plant maturation led to a more than tenfold reduction of exceeding biomass. In addition, by
means of an innovative, sustainable and high efficient magnetic purification process for curcuminoids
based on Surface Active Maghemite Nanoparticles (SAMNs), an outstanding yield of 90% and >98% purity,
were achieved in a single magnetic purification step. The formation of the SAMN-curcuminoid complex
(SAMN@curcuminoid) was demonstrated by optical and electron spin resonance spectroscopy and
electron microscopy. The scalability of the purification method was proved by the application of an
automatic modular pilot system for continuous magnetic purification of curcuminoids, capable of
managing 100 L day~' of SAMN@curcuminoid suspensions. The presented multidisciplinary approach
embodies the fundamental principles of cleaner production providing a paradigm for the utilization of
magnetic nanoparticles for biomolecule purification. Moreover, Brazilian agro-industries can benefit
from sustainable innovation strategy outlined by the current study.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

as well as the sustainable product innovation are prerogatives of
the research field on cleaner production. Curcuma longa (Zingi-

The rational use of natural resources, the minimization of wastes beraceae), also known as turmeric, is the most important source of

curcuminoids, comprising curcumin and two related compounds,
demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC)
(Kulkarni et al., 2012). Nowadays, curcumin is used as a food sup-
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ence, University of Padua, Agripolis - Viale dell'Universita 16, Legnaro, 35020, PD,
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plement in several countries and the molecular basis for its phar-
maceutical application has been already delineated for a wide
range of diseases (Gupta et al., 2013 ). For this reason, curcumin and
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its derivatives are attracting an increasing interest in food and
pharmaceutical field. Thus, the development of strategies for the
improvement of pure curcuminoid production, from plant culti-
vation to molecule isolation, represents an important task. From
this viewpoint, the influence of environmental factors and agro-
nomic techniques on plant cropping is an important research topic,
as these factors influence the accumulation of biomass as well as
the biosynthesis of bioactive compounds,

In the present report, in the specific agro-climatic zone, under
the effect of different light intensities and UV exclusion, the cur-
cuminoid content in rhizomes reached its maximum at approxi-
mately the end of the early vegetative phase. Henceforward, the
amount of curcuminoids did not significantly vary with plant
growth. Thus, the anticipation of the harvest led to a significant
waste minimization and a one order of magnitude lower biomass
accumulation. Moreover, a sustainable and competitive purification
procedure was developed in the present study. Pharmaceutical and
food industries usually employ various chromatographic, ultrafil-
tration, or precipitation techniques or solvent extraction methods
for isolating biomolecules of interest (Kitts and Weiler, 2003).
These techniques show significant drawbacks when applied at the
industrial scale, such as expensive instrumentation, time-
consuming procedures, or large quantities of organic solvents and
corresponding wastes. In particular, the main disadvantage of all
standard column liguid chromatography procedures is the impos-
sibility to cope with biological samples containing particulate ma-
terial, so these technigues are not suitable for working at the early
stages of the isolationfpurification process, when suspended solids
and fouling components are present in the sample (Turkova, 1978).
In this context, the use of magnetic nanoparticles can represent a
valuable option as well as an innovation opportunity for cleaner
production. Notwithstanding, most of the proposed syntheses of
magnetic nanoparticle drastically limit their exploitation at an in-
dustrial level, as they are characterized by difficult scalability,
impressive consumption of organic solvents, high costs and heavy
impact on the environment. Furthermore, magnetic nanoparticles
need in the most of the cases, to be stabilized to avoid self-
aggregation and to guarantee long-term stability, pH and electro-
Iyte tolerance, and proper surface chemistry. Coating processes are
often cumbersome, time-consuming, and expensive, with low
yields and, due to their lack of stability, coating tend to degrade.
Coating deterioration represents a drawback as this phenomenon
compromises the binding capability of the material. As a conse-
quence, the use of nanomaterials as means for cleaner production
could reasonably become a paradox, as they represent themselves
sources of environmental hazard.

Recently, we developed a novel synthetic procedure for mag-
netic nanomaterial in the size range around 10 nm, constituted of
stoichiometric maghemite (y-Fe;03) and showing peculiar surface
chemical behavior, called surface active maghemite nanoparticles
(SAMNs) (Magro et al,, 2015a). Noteworthy, SAMNs applicability
range from the biomedical field, as a long-term imaging nanop-
robes (Cmiel et al., 2016; Skopalik et al., 2014), to the advanced
material development, such as conductive DNA based meta-
materials (Magro et al., 2015b) and electrocatalysis (Magro et al.,
2016a), as well as in sensoristics (Urbanova et al., 2014) for the
determination of glucose (Baratella et al., 2013), polyamines
(Bonaiuto et al., 2016) and hydrogen peroxide (Magro et al., 2013,
2014a). SAMNs present a high average magnetic moment and
high water stability as colloidal suspensions without any superficial
modification or coating derivatization. Because of their unigue
physical and chemical properties, these naked iron oxide nano-
particles are currently used to immobilize various biomolecules,
such as avidin (Magro et al., 2012a), curcumin (Magro et al., 2015¢),
citrinin (Magro et al, 2016b), rhodamine B isothiocyanate

(Sinigaglia et al., 2012) and endogenous proteins from prokaryotes
and eukaryotes (Magro et al., 2016c; Miotto et al., 2016; Venerando
et al, 2013). Thus, SAMNs represent an ideal material for cleaner
production as their synthesis is scalable and completely carried out
in water. They do not need any kind of stabilizing coating, present a
very high aqueous colloidal stability and, in contrast to their surface
reactivity, they are structurally conserved upon binding to target
molecules, such as curcumin (Magro et al.,, 2014b), DNA (Magro
et al.,, 2015b) and chromate (Magro et al., 2016e).

In the present work, a purification method leading to the re-
covery of curcuminoids present in the mother biological matrix
with high yield (90%) and purity (98%) was proposed. In addition,
the feasibility of the proposed approach to be scaled up at industrial
level was demonstrated by developing an automatic modular pilot
plant, which was able of performing the continuous curcuminoid
purification from the initial water-ethanol extract. The reported
multidisciplinary approach, ranging from agronomy to nanotech-
nology and engineering, offers valuable insights for a sustainable
production of pure curcuminoids at an industrial scale and for the
economic valorization of Brazilian agro-industry.

2. Materials and methods
2.1. Materials

The cultivation experiments were carried out in an experi-
mental farm of the Agronomic Science College, Universidade
Estadual Paulista - UNESP, Botucatu - SP, in Sao Manuel - SP
(22°46'0,571" S and 48°34'11,32" W, 744 m above sea level).

The experimental design was completely randomized with five
light conditions and four harvest times, split plot in time, with five
replicates consisting of six plants. Light levels were: A) UV exclu-
sion; B) full sun, C) 30% shading; D) 50% shading and E) 70%
shading. Harvest times were: 65, 128, 174, and 203 days after
planting (DAP) corresponding to January, April, May, and June 2013.

The different light conditions were obtained by protected en-
vironments in tunnel structures, 3 m wide, 1.70 m high and 22.5 m
long, with different coatings for light exposure control. The coating
applied to exclude UV radiations was an anti-UV polyethylene film
(150 pm) (Trifilme, Plastilux, Brazil), characterized by excluding
more than 80% UV-B radiation. Coatings used to control shading
levels were black polyethylene screens with 30%, 50% and 70%
shading (Plastilux, Brazil).

An infrared gas analyser (LI-6400, Li-Cor Inc. Lincholn, NE, USA)
was used to quantify photosynthetically active radiation (PAR).
Measurements were carried out at 09:00 and 11:00 a.m. in cloud-
less days, every month during the plant growth. The mean PAR
measured was used to define the amount of radiation for each light
exposure condition: UV exclusion (610 pmol m~2s~'), 70% shading
(360 pmol m~?s~"), 50% shading (500 pmol m~2s~"), 30% shading
(630 pmol m~%s~") and full sun (1200 pmol m~2s~"),

The soil was classified as Oxisol, sandy phase (Camargo et al.,
1987; Santos et al., 2006) and exhibited the following chemical
characteristics in the layer between 0 and 0.20 m: 12 g dm™?
organic matter; pH 5.4; 204 mg dm~? P; 25 mmol dm~® K
39 mmol dm~> Ca; 11 mmol dm~? Mg; 71 mmol dm~> CTC;
V = 76%.

Seed rhizomes, 12 cm long, were selected and homogenized.
Planting was carried out on plots 0.4 m high, spaced 0.5 m apart, by
placing each propagule 4 cm deep.

Necessary crop treatments, such as weed control and repairs in
ridges were carried out during plant growth. Plots were irrigated
daily, according to water demand recorded by tensiometers, thus
soil was near its calculated field capacity. Irrigation was suspended
15 days before harvest.
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Rhizomes of six plants for each replica were harvested, sliced
and dried in a forced air-circulating oven at 65 = 5 °C until the
samples reached a constant weight to determine biomass produc-
tion, expressed per plant. These dried rhizomes were milled to a
fine powder, pooled, mixed and used to measure the curcuminoid
content by HPLC. The water content in the fresh rhizomes was
approximately 83 + 3%.

2.2, Chemicals

Chemicals were purchased at the highest commercially avail-
able purity, and were used without further treatment. lron(Ill)
chloride hexahydrate (97%), sodium borohydride (MaBH4), and
ethanol (99.6%) were obtained from Aldrich (Sigma-Aldrich, Italy)
as well as pure curcuminoids (curcumin, demethoxycurcumin, and
bis-demethoxycurcumin) (purity > 94.0%), being curcumin >80.0%
(by TLC). HPLC grade ethanol, acetonitrile and acetic acid were from
Mallinckrodt (St. Louis, USA).

2.3, Instrumentation

Optical spectroscopy measurements were performed in 1 cm
quartz cuvettes using a Cary 60 spectrophotometer (Varian Inc.,
Palo Alto, CA, USA).

Electron spin resonance spectra were acquired in water, in a
glass tube (50 pL), at room temperature (21 °C), by a Bruker ER200D
X-band ESR spectrometer (Bruker, Germany). Experimental pa-
rameters were: magnetic field modulation 100 kHz; power, —10 dB
(20 mW); frequency, 9.84 GHz; scan rate, 20 Gauss s~ 1. modulation
amplitude, 1 Gauss; time constant, 1 s. The center field values were
calibrated and locked by using the stable free radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 50 puM, as internal standard.

A series of Nd — Fe — B magnets (N35, 263—287 kj/m?® BH,
1170-1210 mT flux density by Powermagnet, Germany) was used
for the magnetic driving of nanoparticles.

2.4. Synthesis of surface active magnetic nanoparticles

A typical synthesis of nanoparticles was already described and
can be summarized as follows (Magro et al, 2012b, 2015a):
FeCls-6H,0 (10.0 g, 37 mmol) was dissolved in Milli-Q grade water
(800 mL) under vigorous stirring at room temperature. NaBHy so-
lution (2 g, 53 mmol) in ammonia (3.5%, 100 mL, 4.86 mol mol~! Fe)
was quickly added to the mixture. Soon after the reduction reaction
occurrence, the temperature of the system was increased to 100 °C
and kept constant for 2 h. Then, the material was cooled at room
temperature and aged in water, as prepared, for 24 h. This product
was separated by imposition of an external magnet and washed
several times with water. This material can be transformed into a
red-brown powder (final synthesis product) by drying and curing
at 400 °C for 2 h. The resulting nanopowder showed a magnetic
response upon exposure to a magnetic field. The final mass of
product was 2.0 g (12.5 mmol) of Fe;03, and a yield of 68% was
calculated.

The nanoparticulated resulting material was characterized by
Mossbauer spectroscopy, FT-IR spectroscopy, high-resolution
transmission electron microscopy, x-ray powder diffraction, and
magnetization measurements and was constituted of stoichio-
metric maghemite (y-Fe;03;) with a mean diameter (d,,) of
11 + 2 nm (Magro et al,, 2012b), which can lead to the formation,
upon ultrasound application in water (Falc, model LSB1, 50 kHz,
500 W), of a stable colloidal suspension, without any organic or
inorganic coating or derivatization. The surface of these bare
maghemite nanoparticles shows peculiar binding properties and
can be reversibly derivatized with selected organic molecules. We
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called these bare nanoparticles surface active maghemite nano-
particles (SAMNs). SAMNs are currently produced and delivered by
AINT s.r.l. (Venice, Italy).

2.5. Quantitative determination of curcuminoids by HPLC

The determination of bis-demethoxy-curcumin (BDMC),
demethoxy-curcumin (DMC) and curcumin was carried out ac-
cording to He with modifications (He et al., 1998). A UHPLC system
(Ultimate 3000 BioRS, Dionex-Thermo Fisher Scientific Inc., USA)
equipped with a diode array detector, was used. An Ace 5 C18
(Advanced Chromatography Technologies, UK) column (5 pm,
25 cm = 4,6 mm) was used for curcuminoids analysis, at 48 °C. The
gradient profile of the mobile phase, (A) 0.25% acetic acid in water
and (B) acetonitrile (HPLC grade), was as follows: 0-17 min,
40—-60% B; 17-32 min, 60-85% B; 32—38 min, 85% B; 38—40 min,
85-40% B; 40—45 min, 40% B; the flow rate was 0.5 mL min~". The
injection volume was 20 pL (full loop). All samples were filtered
through 0.22 pm membrane filters before the injection. Curcumi-
noids were identified by retention times as determined with in-
jections tests with standards (curcumin, demethoxy-curcumin, and
bisdemethoxy-curcumin).

2.6. Statistical analysis

The experimental results were expressed as mean values
(mean + SE). Data were analyzed using Sigma Plot (version 10.0)
and Assistat statistical program (version 7.7). Significant differences
between the samples were evaluated by analysis of variance
(ANOVA) followed by Tukey test (p < 0.05).

3. Results and discussion

3.1. Effect of plant maturity and light conditions en curcuminoid
content in C. longa rhizomes

According to literature, the highest curcuminoid content in
C. longa rhizome can range from 2.7% to 7.7% with respect to the
total dry mass (Nair, 2013). Notwithstanding, the correlation be-
tween plant maturity and curcuminoid content is still a matter of
debate. Authors found that the highest curcuminoid production
was reached in plants between 5 and 9 month growth, while others
affirmed that plant maturity does not influence curcumin produc-
tion (Asghari et al, 2009; Cooray et al, 1988; Manhas and Gill,
2012). Furthermore, other studies, already reporting on the influ-
ence of light intensity on productivity and quality of turmeric,
indicated a good curcumin productivity in C. longa under shading
(Bhuiyan et al., 2012; Hossain et al., 2009; Padmapriya et al., 2007;
Srikrishnah and Sutharsan, 2015). As the aim of the present study
was the optimization of curcuminoid production by C. longa rhi-
zomes, as well as of their purification yield, focused to a future
application at industrial level, besides curcuminoid content, the
limitation of plant biomass represents a crucial aspect for cost
reduction of raw material transport, waste generation and solvent
volumes in the extraction process. Thus, total curcuminoid content
in C. longa rhizomes was studied as a function of plant maturity and
light conditions specifically in a case study (5ao Paulo state, see
Materials and Methods) in the Brazilian agroclimatic zone. Curcu-
minoid concentration in rhizomes, determined by HPLC in extracts,
as a function of days after planting (DAP) and light conditions is
reported in Fig. 1. Noteworthy, curcuminoid content, expressed in
mg per gram rhizome mass, decreased with time for all tested light
conditions. In particular, curcuminoid concentration decreased
following an exponential decay, and the corresponding first order
kinetic constants were calculated for all the light exposure



M.L Ferreira et al. / Journal of Cleaner Production 154 (2017) 233241

236

100
‘o
o 804
E
o
c
£ w0
€ J
o
3
o
c
"E' 40 -
5
e
5
Q
E 20
°
-

0 T T T

40 60 80 100

120

140 160 180 200 220

DAP

Fig. 1. Curcuminoid content {mg g '} in rhizome mass as a function of C. longa maturity (DAP) under different light conditions. Curcuminoid determinations were carried out by
HPLC as described in Materials and Methods. Black line = UV exclusion; blue line = 70% shading; pink line = 50% shading; green line = 30% shading; orange line = full sun.
Determinations were carried out in triplicate. The maximum error was below 7.0% for all the experimental points. {For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

conditions, As model, we assumed a single exponential as shown in
the following equation:

TCCipap) = TCCmaturity + TCCo x exp{=* * DAP)

where TCC pap) represents the total curcuminoid content (mg gh
of Curcuma longa in a specific day after planting (DAP), TCCinaturity is
the total curcuminoid content (mg g"] at the end of the plant
growth. TCCy is the extrapolated total curcuminoid content at
0 DAP. k is the decay kinetic constant. Interestingly, no significant
differences emerged among decay kinetic constants, which were
not sensitive on light exposure: the average value resulted
k = 3.0 + 0.2 x 107* days™". The curcuminoid content reached a
plateau after 180 DAP, where it was about 30% with respect to the
first determination (65 DAP) (see Fig. 1). Interestingly, at 65 DAP,
the influence of light exposure on curcuminoid level was evident.
At 65 DAP, curcuminoid content was according to the following
order (see Fig. 2): plants under full sun < 30% shading < 50%
shading < 70% shading. The exclusion of solar UV radiations
resulted in a curcuminoid content comparable to 50% shading.
Therefore, the concentration of curcuminoids in rhizomes appears
more sensitive to PAR intensity than to UV radiation exclusion
(Fig. 2, inset). Furthermore, the dependence of curcuminoid con-
centration in rhizomes on PAR was well fitted by an exponential
curve, characterized by first order constant
k= 3.0+ 0.1 x 10 PAR™, as shown in the following equation:

TCCpag = TCCgs + TCCy x expl—k * PAR)

where TCCpag represents the total curcuminoid content (mg g~ " of
Curcuma longa as a function of PAR, TCCy represents the total cur-
cuminoid content when plants are cultivated under full sun (0%
shading), TCCy is the extrapolated total curcuminoid content of
plants cultivated in the dark (100% shading), and k is decay kinetic
constant. The decay led to a minimum curcuminoid concentration

value under full sun, at about 1200 PAR (Fig. 2, inset). At this light
intensity, the concentration of curcuminoids resulted about 75%
with respect to plants grown under 70% shading (Fig. 2, inset).
Concluding, according to our results, plants at 65 DAP under 70%
shading represents the best conditions for obtaining the highest
curcuminoid content in C. longa rhizomes (Table 1).

Noteworthy, the biomass produced at 65 DAF is about 7.5% with
respect the total biomass produced at the end of growth period (see
Table 1). In other words, a potential industrial plant for curcumi-
noid purification will treat an amount of C. longa rhizomes one
order of magnitude lower if plants are harvested at 65 DAP, which
contain 4 times higher curcuminoid content, than plants at the end
of the growth period.

3.2. Binding of curcuminoids to magnetic nanoparticles

Curcuminoids present a keto-enol functionality, which shows
strong binding proclivity toward a new category of maghemite
nanoparticles, named Surface Active Maghemite Nanoparticles
(SAMNs) (Magro et al., 2014b). Curcumin appeared as one of the
best ligands for SAMN surface, among an extended list of com-
pounds (Magro et al., 2015¢), confirming the literature reporting on
the formation of stable complexes between curcumin and iron(llI)
(Borsari et al., 2002). In the present report, based on preliminary
studies (Magro et al., 2015c¢), an efficient curcuminoid purification
process was developed exploiting the influence of solvent polarity
on the binding equilibrium. Specifically, C. longa rhizomes,
collected at 65 DAP, were manually sliced, dried at 65 °C in a
ventilated oven and finely ground as described in Methods. Dried
and powdered C, longa rhizomes were extracted (20 mg mL™') with
99.6% ethanol. Then, extracts were incubated with stable aqueous
colloidal suspensions of SAMNs under magnetic stirring at room
temperature for 1 h. Under optimized binding conditions, the
aqueous SAMN suspension was added to the ethanol rhizome
extract (3:1 v/v), thus, ethanol final concentration was 25%.
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Table 1
Biomass {g) and curcuminoid content (% dry weight) in rhizome of C. longa culti-
vated under 70% shading at different stages of maturity (DAP).

DAP Rhizome biomass (g) Curcuminoids (% dry weight)
65 356+23 84 + 06
128 1402 + 246 251041
174 3533 £ 357 28101
203 476.8 £ 32.0 23101

Values are the mean of six plants and three replicates with standard deviation.

Curcuminoid solubility drastically decreased with the introduction
of water, and solvent modification forced the interaction of the
biomolecules with nanoparticle surface. Briefly, after the incuba-
tion of C. longa extracts with SAMNs in 25% of ethanol, a nano-
bioconjugate (SAMN@curcuminoid) was produced, which was
subsequently magnetically isolated and subjected to three washing
cycles in water. The possible loss of bound biomolecules from the
surface of SAMNs was followed by UV-Vis spectroscopy and
resulted below the limit of detection of the instrument (0.25 mg L'
curcuminoid). The chemical interaction between curcuminoids and
SAMNs was visually witnessed by a remarkable modification of the
color, from brown to red purple, of the SAMN suspension (see Fig. 3,
inset).

The SAMN@curcuminoid complex was characterized by UV—Vis
spectroscopy confirming the binding of the biomolecules onto the
surface exposed iron(lll) sites on SAMNs, as already observed in
previous papers (Magro et al., 2014b, 2015b). Curcuminoid binding
influenced the optical properties of SAMNs as already reported for
hybrid nanomaterials, which can display peculiar properties,
differently from those inherited from their components. The
UV—Vis spectrum of the SAMN®@curcuminoid complex was ac-
quired and compared with those of naked SAMNs and of the
C. longa rhizome extract (see Fig. 3). C longa extract presented an
intense yellow color and its spectrum was characterized by an
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intense band at 430 nm, attributable to the presence of curcumi-
noids (Rymbai et al., 2011). The electronic absorption spectrum of
bare SAMNs, acquired in water, showed a wide band with a
maximum at about 400 nm as already reported (Magro et al.,
2012a). Conversely, the optical spectrum of the SAMN@curcumi-
noid complex resulted characterized by the presence of two peaks,
at 350 nm and 425 nm (see Fig. 3). Such a dramatic spectral alter-
ation, regarding both the shape and the position of the optical
bands, witnessed the occurrence of the binding and provided the
evidence of its covalent nature, in agreement with ESR measure-
ment (see hereafter) and with results presented elsewhere (Magro
et al,, 2014b). It should be mentioned that the SAMN@curcuminoid
complex was very stable in water and, if stored at 4 °C, organic
molecules remained firmly bound to SAMN surface for at least 12
months,

Transmission electron microscopy (TEM) was used to further
characterize the complex between magnetic nanoparticles and
curcuminoids (SAMN®@curcuminoid). TEM images showed the
presence of an organic matrix, forming a shell of about 2.0 nm
around iron oxide nanoparticles, characterized by a lower electron
density, attributable to curcuminoid molecules layering on the
SAMN surface (Fig. 4).

Moreover, the SAMN@curcuminoid complex was characterized
by electron spin resonance (ESR) spectroscopy. In particular, ESR
spectra of SAMNs and SAMN@curcuminoid were acquired in order
to evidence the binding occurrence. As shown in Fig. 5, ESR spec-
trum of SAMNs, at room temperature, presented a nearly sym-
metric wide signal characterized by a center field at 2940 Gauss,
corresponding to a g factor of 2.39, and a linewidth of 1200 Gauss.
Differently, the ESR spectrum of the SAMN@curcuminoid complex
was characterized by a center field at 2850 Gauss (g factor of 2.49)
and a linewidth of 1140 Gauss. The lower linewidth indicates less
magnetic interparticle interactions, and these spectral variations
with respect to naked SAMNs suggest a strong binding through
electron delocalization over the biomolecule—surface-iron(1ll)
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Fig. 4. Transmission electron microscopy image of SAMNs incubated in C longa
rhizome extracts.

complex in the SAMN@curcuminoid complex (Amstad et al., 2011).

3.3. Recovery of curcuminoids from the SAMN®@curcuminoid
complex

The concentration of nanoparticles during the incubation with
C. longa rhizome extract influenced the fraction of curcuminoids
released from the SAMN surface. Thus, curcuminoid binding was
tested at SAMN final concentrations in the 1.0-10.0 g L~ range.

Interestingly, the highest yield of recovered curcuminoids was
obtained with 1.0 g L~' SAMNSs. In particular, the fraction of bound
curcuminoids, expressed in % with respect to their total amount in
the extract, was 93.5% at 1.0 g L' SAMNs, while at 100 g L'
SAMNSs was 82.7% (see Table 2). This result was not surprising as at
high concentrations (10 g L™') and in the presence of an organic
solvent (ethanol) SAMNs can lead to partial aggregation, lowering
the surface area available for binding. Thus, in the present case, the
lowest SAMN concentration led to the highest colloidal stability
and the highest nanoparticle surface area exposed to the solvent,
and available for curcuminoid binding.

The binding process of curcuminoids to SAMN surface was very
fast (completed within 5 min) and the resulting nanobioconjugate
(SAMN@curcuminoid) was collected by the application of an
external magnet. Then, it was extensively washed with water to
eliminate loosely bound substances.

The release of curcuminoids from nanoparticle surface, after
magnetic purification, was accomplished by incubating the
SAMN@curcuminoid complex in 99.6% ethanol. Under these con-
ditions, the release of curcuminoids from the nanobioconjugate
was tested with different SAMN concentrations. For example, when
the concentration of SAMNs in the C. longa rhizome extract was
1.0gL " and 10.0 g L, the released curcuminoids were 96.0% and
51.2% with respect to the amount of bound biomolecules, respec-
tively (Table 2). Thus, the binding of curcuminoids on 1.0 g L'
SAMNs was completely reversible, and the magnetic nanosystem
was able to quantitatively bind and recover the curcuminoid mol-
ecules present in the rhizome extracts. For comparison, in a pre-
liminary study, we described the purification of 3.95 mg
curcuminoid g~' C longa rhizome by magnetic nanoparticles
(Magro et al., 2015c). With respect to this value, in the present
protocol the curcuminoid purification protocol was improved up to
69.7 mg curcuminoid g~ C. longa rhizome, corresponding to a yield
increase of about 17.5 times, using an order of magnitude lower
concentration of SAMNs.

The proposed procedure for curcumin purification can be
summarized as follows: dried powder of C. longa rhizome, collected
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Fig. 5. Electron spin resonance spectra of SAMNs and SAMN@curcuminoid.

Table 2

Curcuminoid binding and release efficiencies in different incubations conditions with SAMNs. Bound curcuminoids were calculated with respect to their total content in the
C. longa rhizome extracts. Purified curcuminoids were calculated with respect to their amount bound on SAMNs,

EtOH content (%) Concentration of SAMNs (g L")

% Bound Curcuminoids % Purified Curcuminoids

250 1
250 10
99.6 1
99.6 10

926+ 3.7 955+ 78
806+ 138 499 + 5.3
9.7 £6.1 32%35
49142 13.8 £ 160

*Values are the mean and standard deviation of three experiments,

at 65 DAP, was extracted with 99.6% ethanol (1:60 wjv) aided by
5 min sonication (Falc, model LSB1, 50 kHz, 500 W). After decan-
tation (10 min), the supernatant was incubated with SAMNs
(1.0 g L") for 5 min, under stirring, at room temperature. The
nanoparticle containing suspension was subjected to magnetic
separation, and the resulting supernatant was eliminated. The
collected SAMN@curcuminoid complex was washed with water.
The releasing of curcuminoids bound onto the nanoparticles was
accomplished by subsequent incubation of SAMN@curcuminoid in
99.6% ethanol (1:60 w/v) for 1 h, at room temperature, and naked
nanoparticles were magnetically removed. Under laboratory con-
ditions, the whole process can be accomplished within 80 min.
Released curcuminoids in ethanol were dried under low vacuum
(100 torr) at 40 °C, leading to 67.4 + 9.0 mg g~' of a yellow powder,
consisting of 47.8 + 3.8% curcumin, 221 x 25% demethoxy-
curcumin, and 30.1 + 3.9% bis-demethoxy-curcumin (by HPLC),
with a purity > 98% with respect to the total dry rhizome mass of
the extract.

After the curcuminoid purification, and due to the great
reversibility of the binding, SAMNs can be recycled and used for
other purification processes.

3.4. Pilot plant for curcuminoid purification by magnetic separation

Finally, with the aim of demonstrating the feasibility of the
described laboratory approach to be moved to an industrial scale, a
prototype plant, consisting of a simple modular and reconfigurable
robotic  platform, was applied for performing continuous
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curcuminoid purification, see Fig. 6. It should be mentioned that a
modified version of this patented prototype (Magro et al., 2016d)
was already described and successfully applied for environmental
remediation (Magro et al., 2016e). In the current study, the system
was able to process 100 L day~'. Nevertheless, it is readily
expandable for larger volumes in an industrial plant (Fig. 6, inset).
The proposed prototype comprises two modules (a mixing module
and a magnetic separation module), in which the mixing module is
a paddle mixer, while the magnetic separation module is an oscil-
lating pan, equipped with a magnetic plate for nanoparticle re-
covery. The magnetic plate is positioned at the bottom of the pan
and the distance between the pan and the plate will vary by
pneumatic actuators as the process proceeds (see Fig. 6). The
module oscillations and the distance of the magnetic plate are
controlled by a software built in-house. Water and SAMNs sus-
pension were moved through the treatment steps by liquid pumps
as described (Magro et al., 2016d). Note that all these operations are
possible because of the peculiar colloidal stability of SAMNSs, their
surface reactivity, and the fast binding kinetics. In addition, the
synthetic protocol for SAMNs responds to appealing requirements,
such as cost effectiveness (below 3 $ g=' at the laboratory scale),
environmental sustainability, and industrialization suitability. The
synthesis is completely carried out in water, without the necessity
of any organic solvent. Moreover, SAMNs do not need any kind of
cumbersome, time-consuming, and expensive stabilizing coating,
which limits massive applications. Beyond their excellent charac-
teristics in term of binding performances and low environmental
impact, SAMNs represent a competitive and sustainable alternative
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Fig. 6. Schematic representation of the pilot plant used for the recovery of curcuminoids from C. longa rhizome extracts by

j . T

ic separation. A: module; B:

mixing module; C: separation chamber; D: mixer motor; E: reservoirs for stocking water suspensions of bare SAMNs, ethanolic extract from C. longa, water for washing processes,

recycled SAMNs, ethanol solution ¢
C longa rhizome.

to standard chromatographic or extraction methods for biomole-
cule purification.

4. Conclusions

The optimum harvesting time for the maximization of curcu-
minoid content and the reduction of biomass of C. longa in a case
study in the Brazilian agro-climatic zone was individuated, as well
as the best light exposition condition. The early harvest (65 DAP)
led to 4 times higher curcuminoid content per rhizome dry weight
than late harvest, reducing biological and chemical wastes as well
as plant sizing to 7.5%. Moreover, a new category of maghemite
nanoparticles, named Surface Active Maghemite Nanoparticles
(SAMNs), was exploited for the magnetic purification of curcumi-
noids from C. longa rhizomes. The proposed magnetic purification
protocol led to the recovery of 90% of high purity curcuminoids in a
single magnetic purification step. Finally, an automatic modular
pilot system for the continuous magnetic separation and purifica-
tion of curcuminoids was applied, demonstrating the scalability of
the presented approach, as SAMNs respond to essential pre-
requisites of environmental sustainability, and industrialization
feasibility.

The reduction of biomass and the consequent waste generation,
the minimization of solvent volumes and the costs related to raw
material transport, as well as to the high yield and purity of cur-
cuminoids, can be of interest for agro-industries in Brazil.
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7.2- Characterization of the structure and electrochemical properties of the nanostructured

SAMN@TA and determination of polyphenols in real samples.
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A novel core-shell hybrid nanomaterial composed of peculiar
maghemite nanoparticles (surface-active maghemite nanopar-
ticles (SAMNSs)) as the core and tannic acid (TA) as the shell
was developed by self-assembly of ferric tannates onto the sur-
face of SAMNs by simple incubation in water. The hybrid nano-
material (SAMN@TA) was characterized by using UV/Vis, FTIR,
and Mossbauer spectroscopies, magnetization measurements,
and X-ray powder diffraction, which provide evidence of a dras-
tic reorganization of the iron oxide surface upon reaction with
TA and the formation of an outer shell that consists of a cross-

1. Introduction

Hybrid nanomaterials, composed of different functional com-
ponents and different nanoscale functionalities, have attracted
increasing interest from materials scientists due to their com-
bined physicochemical properties and great potential applica-
tions in the areas of electronics,"! photonics,?’ biotechnology,”!
biosensing,” nanotechnology,”® and catalysis.”® Of the
hybrid nanoparticle families, magnetic iron oxide nanoparticles
play an important role in a wide range of disciplines, such as
magnetic fluids,” environmental remediation,"” magnetic
energy storage,’” and electrochemical sensing platforms."*'¥
Moreover, iron oxide nanoparticles have been studied and
used in fields such as drug delivery systems,"” tissue repair,'®
and magnetic resonance imaging (MRI)."”

Nanotechnological applications of iron oxides involve two
crystal forms, namely magnetite (Fe,0,) and maghemite (y-
Fe;0,} and, to the best of our knowledge, to date only mag-
netite has been explored for the development of hybrids with
tannic acid."*%
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linked network of ferric tannates. According to a Langmuir iso-
therm analysis, SAMN@TA offers one of most stable iron com-
plexes of TA reported in the literature to date. Moreover,
SAMN@TA was characterized by using electrical impedance
spectroscopy, voltammetry, and chronoamperometry. The
nanostructured ferric tannate interface showed improved con-
ductivity and selective electrocatalytic activity toward the oxi-
dation of polyphenols. Finally, a carbon-paste electrode modi-
fied with SAMN@TA was used for the determination of poly-
phenols in blueberry extracts by square-wave voltammetry.

Recently, we developed a novel wet synthetic pathway for
producing a new type of superparamagnetic nanoparticle that
consists of maghemite (y-Fe,0;) that reveals peculiar surface
characteristics, excellent colloidal stability, reversible direct
binding of organic molecules without the need for any addi-
tional organic or inorganic surface modification, unique spec-
troscopic properties, and well-defined crystalline structure.”**"
We called these nanoparticles surface-active maghemite nano-
particles (SAMN). This nanomaterial was characterized by using
bulk techniques, such as in-field Massbauer spectroscopy, mag-
netization measurements, X-ray powder diffraction, and FTIR
spectroscopy. The most prominent peculiarity of these nano-
particles is the ability to form stable colloidal suspensions in
water without any organic or inorganic coating to prevent
their aggregation and, at the same time, they are able to bind
specific organic molecules, which leads to composite materials
that can be exploited for biotechnological applications.***”

Herein, we prepared and characterized a novel hybrid by
coating SAMNs with tannins. Tannins are usually classified into
two groups: proanthocyanidins and hydrolyzable tannins.
Proanthocyanidins are flavonoid oligomers of catechin and epi-
catechin and their gallic acid esters. Hydrolysable tannins are
composed of gallic and ellagic acid esters of core molecules
that consist of polyols, such as sugars, and phenolics, such as
catechin. Tannic acid (P-penta-O-galloyl-p-glucose) is the
model compound for this group of tannins,”*** and we used
this substance for SAMN modification.

Tannins interact with several iron oxide crystalline forms,
such as lepidocrocite (y-FeOOH), goethite (a-FeOOH), magnet-

© 2016 Wiley-VICH Verlag GmbH & Co. KGaA, Weinheim
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ite (Fe;0,), and maghemite (y-Fe,0,).”***" TA easily complexes
Fe’* ions to form complexes of known low solubility in
water* In fact, precipitated ferric tannates form a protective
layer with corrosion-inhibiting properties on steel.*®

Herein, we present an optimized procedure for the prepara-
tion of a nanostructured SAMN-TA hybrid (SAMN@TA). The re-
sulting SAMN@TA complex was extremely stable and was
structurally and electrochemically characterized. The reaction
between SAMNs and TA led to a drastic modification of the
nanoparticle surface and a change in the SAMN properties.
The core-shell nanostructure was successfully applied for the
development of an electrochemical application for the detec-
tion of polyphenol content in blueberries by using square-
wave voltammetry. To the best of our knowledge, this study
represents the first example of the electrocatalysis of ferric tan-
nates at the interface of iron oxide nanoparticles.

2. Results and Discussion

2.1. Development of a Nanostructured Ferric Tannate
Interface on SAMNs

The optical spectrum of TA was acquired in 50 mm tetra-
methylammonium perchlorate, pH 7.0, and exhibited two ab-
sorbance peaks at 1=211 and 279 nm (see Figure 51 in the
Supporting Information). For the determination of TA concen-
tration, a calibration curve was built by using a molar extinc-
tion coefficient of 38.5x10°m'cm ™' at 4 =279 nm, which was
comparable to data reported for other aqueous buffers.””

TA is a known chelator of iron(lll} due to the combined
action and the vicinity of hydroxyl groups on the aromatic
rings.”™ The binding of TA on SAMNs can be explained by con-
sidering the peculiar surface chemistry of the nanomaterial,
and in particular by taking into account the availability and re-
activity of the previously demonstrated presence of under-co-
ordinated iron(lll) sites on the surface of these nanoparticles.*”

The binding process of TA (20 pm) on the SAMN surface (0.1,
0.2, 05 1.0, 1.5 2.0gL"") was monitored in 50 mm tetra-
methylammonium perchlorate, pH 7.0. The amount of TA
bound on the SAMN surface was estimated by determining
the free TA in solution after binding by using spectrophotome-
try at A =279 nm (Figure 1).

As shown in Figure 1, the TA concentration in solution de-
creased as a function of SAMN concentration, which demon-
strates the ability of SAMNs to sequestrate TA. In particular,
free TA was completely sequestered (>98%) at 0.5 gL' SAMN.
The mass of TA on iron oxide nanoparticles in the SAMN@TA
complex was calculated and was found to be 68.0mgg ™’
SAMNSs. It should be noted that this value does not represent
the ligand concentration at saturation on the surface (see
below).

The proclivity of different components to join reversibly into
a complex is generally expressed in term of stability constants.
Usually, nanomaterial binding properties are compared based
on their maximum adsorption capacities, that is, their maxi-
mum loading.
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Figure 1. Sequestration of tannic acid by SAMNs, studied by using spectro-
photometry at =279 nm. Measurements were carried out in 0.1 molL '
PBS, pH 7.0, in the presence of 20 pm tannic acid.

TA binding on SAMNs was analyzed according to the Lang-
muir isotherm model. " For example, an experiment was
performed with TA in the 5 to 100 um concentration range,
with SAMN at a constant concentration of 0.5 gL' (Figure S2).
The nanoparticle surface fractional coverage was calculated by
using the following saturation function:****

o W K [TA]

T Ty 1+HK[TA]
in which  is the surface fractional coverage of bound sub-
stance, I, is the surface concentration of TA at full coverage,
K is the apparent stability constant, and [I" is the surface con-
centration of associated TA when its bulk concentration is [TA].
A linear plot of the experimentally determined 01 value as
a function of [TA]-1 gives the value of the binding constant,
K. In the case of the SAMN@TA complex, K was 911.0 mLmg ™'
and I, was 161.3mgg . Taking into account the TA molar
mass (see the Experimental Section) and the SAMN surface
area (46.23 m’g™"), determined by using the BET method, the
amount of polyphenol on the metal oxide surface was estimat-
ed to be about 1.2 TA molecules per nm?.

The binding of TA on solid materials is an object of interest
in the field of environmental remediation, as it is commonly
considered as a pollutant, and various nanomaterials have
been proposed for its removal.**~7 Within this context, the
absorption efficiency of SAMNs toward TA stands out as one of
the most competitive (Table 1). The observed high binding
constant can be explained by the characterization of the
SAMN@TA complex (see below), which indicated the occur-
rence of dramatic structural changes in the maghemite nano-
particle surface that revealed the irreversibility of the binding
and, as a consequence, the stability of the self-assembled TA
shell. Moreover, experiments were carried out to test the re-
lease of TA from the SAMN surface to provide a deeper insight
into the TA-SAMN interaction and to test the stability of the
complex. Compared with other previously studied SAMN sur-
face modifiers, absolute ethanol and 0.5m NH,OH, which rep-
resent the two main releasing conditions for SAMN complexes,
were unsuccessful. Accordingly, of the substances tested for
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Material K . Fim _. Ref, bands at 1016, 1081, and 1179 cm ' can be interpret-
[mtmg 1 [mgg | ed as vibrations of C—O groups in the TA structure.
chitosan-coated attapulgite 154 95.2 [44] Bands at 1308 and 1443 cm ' originate from a bend-
magnetic basic anion exchange resin (MAEX) 109 1921 [45] ing of aromatic carbons. The bands of TA bound on
magnetic lignocellulosic adsorbent 35 1124 [46) L 3
amino-functionalized magnetic nanoadsorbent 200 140.8 [20) SAMNs are spectrally shifted towards higher wave-
(Fe;,0.@Si0,-NH;) numbers, with a spectral shift approximately of
cetylpyridinium bromide modified zeolites 918 mao [47] 50 cm ™', This shift can be interpreted as a result of
SAMbE: m 1613 2‘(‘; the interaction of TA with the nanoparticle surfaces.
The SAMN@TA complex was further characterized

binding on SAMNs,"**** TA binding stands out by showing one
of the highest Langmuir stability constants (K=911.0 mLmg ),
comparable to genomic DNA, which gives irreversible com-
plexes with SAMNs.”*

2.2, Characterization of the SAMN@TA Complex by Using
Optical and IR Spectroscopy

The SAMN@TA complex was magnetically isolated and washed
several times with water. The complex was stable, without any
loss of TA into solution, as verified by spectrophotometry.

The IR spectrum (FTIR spectroscopy) of the as-prepared
SAMN@TA complex is shown in Figure 2A and compared with
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Figure 2. Spectroscopic characterization of the as-prepared SAMN@TA com-
plex. A) FTIR spectra of tannic acid (black) and the SAMN@TA complex (red).
B) Optical spectra of bare SAMNSs {40 ugmL ', black) and SAMNETA

(40 pgmL ', red) in tetramethylammeonium perchlorate (50 mmolL '),

pH 7.0,
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by using optical spectroscopy and Figure 2B shows

the spectra of bare SAMNs and SAMN@TA. It should
be noted that optical spectroscopy has already been used to
investigate reorganization of the maghemite nanoparticle sur-
face in the presence of several modifiers.”*?*? ¥ The elec-
tronic absorption spectrum of bare SAMNs shows a wide band
with a maximum at about A=400nm (Figure 28), character-
ized by an extinction coefficient of 1520m'cm ™', expressed as
the Fe,0; molar concentration. Note that SAMN@TA shows
a wide absorption band characterized by a maximum of ab-
sorption at A=420nm and a shoulder at 4=490nm (Fig-
ure 2B). Furthermore, a peak at about i=280 nm is observed
and attributed to the aromatic rings of TA (see Figure S1 for
comparison). The spectral modifications of SAMNs upon TA
binding and the redshift in the #=400 nm band revealed the
chelation of TA on the iron(lll) sites at the interface with
SAMNSs.

According to the surface reconstruction theory, the modifica-
tion of optical properties of nanocrystalline metal oxide occurs
as a consequence of ligand binding.”**” In fact, in the SAMN
size domain, the surface atoms adjust their coordination envi-
ronment to form under-coordinated metal sites. Thus, ligand
binding is favored because ligand adsorption induces the re-
storation of dangling bonds on the nanoparticle surface. Fun-
damental prerequisites of the theory are colloidal stability, high
crystallinity, dimensions below 20nm, and a proclivity to
adsorb chelating ligands. Therefore, this approach can be ef-
fectively used on SAMNs and the observed optical features can
be explained in term of restructuration of SAMN surface by TA.

2.3. Structural and Morphological Characterization of
SAMNE@TA

The magnetic properties of the SAMN@TA complex were ex-
amined. In Figure 3a,b, the magnetization versus an external
magnetic field (hysteresis loops) and magnetization versus
temperature (ZFC/FC) curves are presented. The hysteresis
loop measured at 5 K (Figure 3a) reveals a symmetric homoge-
neous profile around the origin, with the significant values of
coercivity (24.06 mT) and remanence (14.29 Am’ kg™'). These
values are in good agreement with those reported for the -
Fe,0, nanoparticulate system.”” Conversely, the saturation
magnetization (4698 Am’kg ') was significantly decreased
on binding with TA, and a dramatic decrease of about 40%
with respect to the parent maghemite was observed
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Figure 3. Hysteresis loops of the SAMN@TA complex measured at a) 5 and
b) 300 K. Insets: Magnification of the magnetic field (M) in the low-field
region. ¢} ZFC/FC magnetization curves measured for the SAMN@TA com-
plex under an external magnetic field of 0.1 T

(=77 Am’ kg ').”* This alteration is due to the presence of
a diamagnetic phase, very likely the TA shell, on the surface of
maghemite nanoparticles (Table S$1, and below). The effect of
a diamagnetic substance is also manifested by the nonsaturat-
ed curve even at a high magnetic field (5T). The magnetiza-
tion versus external magnetic field measurement recorded at
room temperature does not show any sign of hysteresis (see
Figure 3b). The profile of nonhysteresis behavior is a conse-
quence of the superspins of all magnetic nanoparticles, which
fluctuate between the orientations of the easy axis of magneti-
zation. This suggests that the system behaves in a superpara-
magnetic manner. To confirm this superparamagnetic behavior,
ZFC/FC magnetization measurements were carried out (Fig-
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ure 3¢). The broad maximum on the ZFC curve (around 127 K)
confirms the freezing of the spins to the magnetically blocked
regime, and below this temperature the system is in a com-
pletely magnetically blocked state. The maximum at the ZFC
curve corresponds to the average blocking temperature (Ty,,)
of nanoparticles with the most probable size in the assembly.
Mo change in the slope of the FC magnetization curve, even
below T, is evidence of the weak magnetic interactions be-
tween all magnetic nanoparticles, most probably based on
dipole-dipole interactions. The separation of two curves in the
ZFC/FC measurement is known as the temperature of irreversi-
bility (T;,), which marks the onset of the blocking mechanism
that belongs to the largest nanoparticles in the system. In the
SAMN@TA system T, is around 270 K, which is far from the
values of T, which suggests a broad particle-size distribution.
To provide deeper insight into the chemical nature, structur-
al, and magnetic properties of the iron oxide phase, zero-field
“'Fe Mésshauer spectroscopy was used. The Mssbauer spectra
of the SAMN and SAMN@TA samples are shown in Figure 4,

£
=
o
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2
g
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= 94-' Fit ’
- rFe,0,
93— Fe (lll)
92 & 300 K, 0T Hyperfine magnetic field §_(T)

L R
-10 -5 0 5 10
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Figure 4. “'Fe Mdssbauer spectrum of a) bare SAMNs and b) SAMN@TA com-
plex recorded at room temperature and without an external magnetic field.

and the values of the Méssbauer hyperfine parameters, derived
from the spectrum fitting, are listed in Table 52. At room tem-
perature, the Mdssbauer spectrum of the SAMN sample fea-
tures only one sextet with non-Lorentzian line profiles.
The isomer shift (=031 mms), quadrupole splitting
(=0.00 mms™"), and hyperfine magnetic field (~46.1 T) values
were characteristics of y-Fe,0,.* The distribution of the hyper-
fine magnetic field was used to account for collective magnetic
excitations, a phenomenon that typically emerges in nanopar-
ticle systems if a nanoparticle superspin fluctuates/rotates
around the easy axis of magnetization established by nanopar-
ticle magnetic anisotropy.

The presence of collective magnetic excitations presages the
passage from a magnetically ordered state to a superparamag-
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netic regime. However, no doublet is observed, which implies
that all the y-Fe,0; nanoparticles are still in the magnetically
blocked state in the time window of the Mossbauer technique
(=210"% 5). More importantly, in addition to the sextet assigned
to y-Fe,0,, the room-temperature *'Fe Mossbauer spectrum of
the SAMN@TA sample shows a doublet with an isomer shift
(=035mms ') and a quadrupole splitting (=0.72 mms )
typical for Fe" molecular species; from the spectral area, the
doublet accounts for approximately 20% of the total iron(lll)
content in the sample.

It should be taken into account that TA reacts with Fe’~
ions to produce complexes of known low solubility in water,
which leads to the formation of stable protective coatings on
weathered steel and iron surfaces.” This impressive presence
of Fe'* ions in SAMN@TA samples shows the conversion of
20% of the y-Fe,0, iron oxide into TA-Fe*' complexes. Consid-
ering the y-Fe,0, molar mass (160 gmol ') and SAMN surface
area (46,23 m’g '), as determined by using the BET method, it
was possible to calculate the number of Fe’' atoms in the
parent metal oxide surface that were involved in the shell for-
mation. We estimated that about 32.6 Fe’* atoms per nm’® of
the SAMN surface reacted with TA. Furthermore, based on
Massbauer spectroscopy measurements and a Langmuir iso-
therm study, we calculated that the shell of SAMN@TA is char-
acterized by about 26.5 Fe®" ions for each TA molecule. There-
fore, Mossbauer spectroscopy and magnetization measure-
ments are fully in harmony with the Langmuir isotherm study.
In fact, magnetization measurements, which revealed the pres-
ence of an organic coating, showed a 40% loss in magnetic
saturation. In an acceptable approximation, this value can be
likely interpreted as the sum of the degraded paramagnetic
y-Fe,0, (20%) and the TA shell (11 %), calculated according to
the Langmuir isotherm, and accounting for the reaction of TA
molecules with Fe'" on the SAMN surface to form a ferric
tannate,”

High-resolution TEM images of the SAMN@TA complex were
acquired (see Figure 5), and revealed the formation of core-
shell hybrid nanostructures. Note that a ferric tannate network
on the SAMN surface characterized by a lower electron density
is observable, in comparison with the metal oxide core.

The SAMN@TA complex was further characterized by using
X-ray powder diffraction (XRPD). The diffraction pattern is pre-
sented in Figure S3. Three crystalline phases were identified by
using XRPD analysis: a major phase (93 % w/w) was identified
as maghemite (i.e. y-Fe,0.) in the cubic structure (space group
P4332) with a lattice parameter of 0.8342 nm and a mean X-
ray coherence length (MCL) of 22 nm; the minor phases were
found to be hematite (a-Fe,0;, 5% w/w) and lepidocrocite (y-
FeOOH, 2% w/w). All parameters derived by using a Rietveld
refinement are summarized in Table 53.

According to the literature,”"! it has been shown that tannins
are able to react with iron to form insoluble amorphous com-
pounds of mono- and bis-type tannate complexes, for exam-
ple, bis-ferric tannate. According to the Mossbauer and XRPD
results, Fe’* jons can be considered the most important pre-
cursors for the formation of ferric tannate complexes on the
surface of SAMNSs.
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Figure 5. High-resolution transmission electron microscopy (HR-TEM) image
of the SAMNE@TA complex,

2.4, Electrochemical Characterization of SAMN@TA

The novel nanostructured ferric tannate on the SAMN surface
was characterized by using electrochemical techniques be-
cause the electrocatalytic properties of bare SAMNs have
already been studied and applied.”**"

The SAMN@TA complex was inserted in a carbon-paste elec-
trode (CPE) and characterized by using cyclic voltammetry and
chronoamperometry. The cyclic voltammograms of CPE modi-
fied with TA (1% w/w), SAMNs, and SAMN@TA (15% w/w), in
the absence of any electroactive substance, are reported for
comparison in Figure 54. The modification of SAMNs with TA
did not influence the cyclic voltammograms with respect to
bare SAMNs. Conversely, the modification of CPEs with 1% TA
led to a reduction in the capacitive current at the electrodes
and the appearance of a broad oxidation peak at +0.1V, pos-
sibly due to the oxidation of the polyphenolic moieties of TA.

Commonly, material deposition on electrodes can be ex-
plored by using electrical impedance spectroscopy (EIS) in the
presence of a redox couple, namely the ferricyanide/ferro-
cyanide redox system ([Fe(CN)*“*"). Initially, cyclic voltammo-
grams of CPEs modified with SAMNs and with SAMN@TA were
recorded at a 50 mVs~' scan rate in a 0.1 m PBS buffer solution
that contained 5 mm [Fe(CN),J> ™. As shown in Figure S5, all
bare and modified electrodes exhibited reversible redox peaks,
in which the bare CPE showed the highest peak-to-peak sepa-
ration, AE=239 mV, and the lowest peak current density (see
Table 54). The presence of TA led to two effects on the CPE re-
sponse, that is, an increase in peak currents, which suggests
improved electrocatalytic properties, and a decrease in the
peak separation, which indicates an improved reversibility of
the redox reactions. The interfacial properties of the modified
electrodes were further evaluated by using EIS. The impedance
between the electrode and the electrolyte solution can be
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Figure 6. Characterization of modified CPEs by using electrical impedance
spectroscopy. Nyquist plots of bare CPE (e) and CPEs modified with tannic
acid (£}, with SAMNs (o), and with SAMN@TA (). All measurements were
performed in 0.1 molL ' PBS, pH 7.0, that contained [Fe(CN).]* * redox
probe (5 mmolL ') at an applied frequency range of 0.1 Hz to 100 kHz. An
AC amplitude of 10 mV was applied. Inset: Randles equivalent circuit for the
data fitting.

modeled simply by using the Randles equivalent circuit, as
shown in Figure 6, inset. Impedance data are presented in Ny-
quist form in Figure 6, in which the semicircular part at higher
frequencies corresponds to the electron-transfer-limited pro-
cess and the linear part at lower frequencies corresponds to
the diffusion process. The diameter of the semicircle is equal
to the charge transfer resistance (R,), which controls the elec-
tron-transfer kinetics of the redox probe at the electrode inter-
face. The large semicircle observed for the bare CPE indicates
a high electron-transfer resistance. In the presence of TA/CPE,
a smaller semicircle appeared and the R, value of SAMN@TA/
CPE (1514.1 2) was almost two times lower than of bare CPE
(2902.1 Q), which indicates improved conductivity of the modi-
fied electrode (see Table $5). The same behavior was found for
TA/CPE, which demonstrates successful immobilization of TA
on the surface of the SAMNSs. To test the electrocatalytic prop-
erties of SAMN@TA modified electrodes further, in comparison
with the behavior of CPEs modified with bare SAMNs, different
electroactive substances were used, that is, hydrogen peroxide,
reduced nicotinamide adenine dinucleotide (NADH), and
hydroquinone (HQ).

SAMNs demonstrated good electrocatalytic properties
toward hydrogen peroxide reduction and were applied for the
development of sensors.””*! For comparison, the electrocata-
lytic properties of the SAMN@TA complex were tested in the
presence of H,0, and Figure 54, inset, shows the cyclic voltam-
mograms of CPEs modified with SAMN@TA in the presence of
increasing concentrations of hydrogen peroxide.

Results of the chronoamperometry study are reported in
Table 56. As shown, the response toward H,0, was unaltered
with respect to bare SAMNs, which confirmed the results ob-
tained by using cyclic voltammetry (see Figure S4).

The sensitivity of SAMN@TA toward NADH was more than
halved with respect to bare SAMNs, and showed a ten times
higher limit of detection. In contrast, the response of
SAMN@TA towards HQ was enhanced with respect to bare
SAMNs. The corresponding typical current-time curve is shown
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in Figure 56. With respect to CPEs modified with bare SAMNs,
the presence of SAMN@TA led to a 30% higher sensitivity and
a four times lower detection limit. In this case, the calibration
plot was linear (/=4.95+1.45[HQI) in the 25 to 500 ym HQ
concentration range. In 0.5 to 3 mm HQ, the electrode per-
formance was characterized by slightly lower sensitivity
(95.37 nA um 'em %, even with good linearity (0.988). In this
last case, the linear equation was /= —9.019+ 1.362HQ. These
results demonstrate that SAMN@TA/CPE can be proposed for
the electrochemical determination of hydroquinone and deriv-
atives.

The electrochemical behavior of SAMN@TA/CPE, compared
with bare CPE, TA/CPE, and SAMN/CPE in the presence of the
HQ/BQ (BQ=benzoquinone) redox couple was revealed by
using cyclic voltammetry (see Figure 57 A). The introduction of
the SAMN@TA complex in the CPE led to the lowest peak-to-
peak potential difference with respect to the other modified
and unmodified CPEs, which indicated the best electrochemi-
cal reversibility of the heterogeneous electron transfer reac-
tions involving HQ oxidation and BQ reduction at the electrode
surface (see Table S7). Furthermore, the influence of the poten-
tial scan rate on the registered CV peak currents in the pres-
ence of the HQ/BQ redox couple was also investigated (see
Figure S7B). The results revealed that the HQ oxidation peak
depended linearly on the square root of the scan rate from 5
to 200 mVs ', which suggests that in this case the electron-
transfer process is essentially diffusion-controlled (see
Figure 57 C and Table 57).

Because the modification of CPEs by the introduction of the
SAMN@TA complex led to specific electrocatalytic behavior for
HQ oxidation, the possibility to detect HQ electrochemically
was investigated by using square-wave voltammetry (SWV), as
shown in Figure 58. The SAMN@TA-modified CPE, in the pres-
ence of 0.3 mm HQ, displayed a well-defined peak at +0.06 V
with a peak area of (1340+40)nC (n=3), compared with
(632+41)nC (n=3) calculated for the TA/CPE and (308+
22) nC for the SAMN/CPE (n=3). The SWV oxidation peak of
HQ at the SAMN@TA-modified CPE increased linearly with HQ
concentration in the 25 to 500 um range, and a calibration plot
was constructed (see Figure 7). The sensitivity and the detec-
tion limit were 312.81 nCpum~'cm™ and 8.57 pm, respectively.
The limit of detection was estimated as the signal-to-noise
ratio (S/N 3).5"

Because polyphenols in vegetal samples possess molecular
structures derived from HQ (dihydroxybenzene derivatives and
their polymers) and show the same redox behavior, we investi-
gated the applicability of the proposed system for the determi-
nation of polyphenols in real samples, namely local blueberry
extracts (see the Supporting Information). The amount of poly-
phenols in the samples was compared with the value obtained
by using the Folin-Ciocalteu method,*! which is considered
a gold standard for polyphenol determination in plant extracts.
The polyphenol content in blueberry samples determined by
using the SAMN@TA electrodes was (89.9+2.7)% (n=3) with
respect to the Folin-Ciocalteu method, which indicates that
the proposed system can be successfully applied to real sam-
ples.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

37



ChemPubSoc
Europe
10000 e =
1300 { -
e
8300 Emo- ~
B % A
: Iﬂ?. /}.l
< §000 &« -
£ we! o
- o 50 100 180 00 N0 WO
E 4% hydrquinone concentration [1M)
2000
0 — ——— = |
22 02 22 04 o0& cs

applied potential (V) v SCE
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bration plot.

3. Conclusions

Herein, we reported on the development of stable and func-
tional nanostructured ferric tannate interfaces on peculiar ma-
ghemite nanoparticles. The presence of surface under-coordi-
nated iron(lll) sites on nanoparticles acted, in the presence of
TA in an aqueous solution, as nucleation seeds for the self-as-
sembly of a ferric tannate nanoarchitecture (SAMN@TA). The
nanomaterial was characterized by a considerably high stability
constant according to a Langmuir isotherm study, so we envis-
age SAMNs as a potential tool for the magnetic removal of TA.
The structure and electrochemical properties of the nanostruc-
tured SAMN@TA material were exhaustively characterized.
Finally, the complex was applied for the development of
a modified electrode aimed at the electrooxidation of polyphe-
nols, which widened the application possibilities of both TA
and maghemite nanoparticles due to a synergistic effect. The
novel electrochemical properties of the SAMN@TA nanosensor
were successfully used for to determine polyphenols in real
samples, and thus represent a potential alternative to classical
techniques.

Experimental Section

Chemicals were purchased at the highest commercially available
purity and were used without further treatment. Iron(lll) chloride
hexahydrate (97%), sodium borohydride (NaBH,), tannic acid (cat.
40304, 1701.23 gmol ' molecular weight), and ammonia solution
(35% in water) were obtained from Aldrich (Sigma-Aldrich, Iltaly).
Methods are reported in the Supporting Information.

Acknowledgements

The present experimental work was partially funded by the ltal-
ian Institutional Ministry grants code 60A068055. The authors
gratefully acknowledge the University of Padua (ltaly), grant “As-
segni di Ricerca Junior” 2014 n. CPDR148959 and the CARIPARO
Foundation for support. The authors acknowledge support from
the Ministry of Education, Youth and Sports of the Czech Republic
(LO1305) and the Internal Student Grant of Palacky University in

ChemPhysChem 2016, 17, 3196- 3203 www.chemphyschem.org

3202

CHEMPHYSCHEM
Articles

Olomoue, Czech Republic (project no. IGA_Prf_2015 017). The
authors also acknowledge the assistance provided by the Re-
search Infrastructure NanoEnviCz, supported by the Ministry of
Education, Youth and Sports of the Czech Republic under project
no. LM2015073.

Keywords: electrochemistry + iron oxide - nanoparticles -
organic-inorganic hybrid composites - tannic acid

[1] P.G. Bruce, B. Scrosati, J. M. Tarascon, Angew. Chem. Int. Ed. 2008, 47,
2930-2946; Angew. Chem. 2008, 120, 2972-2989.

[2] ). Rocha, L.D. Carlos, F. A, A Paz, D. Ananias, Chem. Soc. Rev. 2011, 40,
926-940,

[3] M. Sarikaya, C. Tamerler, A. K. Y. Jen, K. Schulten, F. Baneyx, Nat. Mater.
2003, 2, 577-585,

[4] E. Katz, L. Willner, Angew. Chem. Int. Ed. 2004, 43, 6042-6108; Angew.
Chemn. 2004, 116, 6166-6235.

[5] 5. H. Jo, T. Chang, I. Ebong, B. B. Bhadviya, P. Mazumder, W. Lu, Nano
Lett. 2010, 10, 1297 -1301.

[6] G.H. Yu, L.B. Hu, M. Vosgueritchian, H.L Wang, X. Xie, J. R. McDo-
nough, X, Cui, Y. Cui, Z. N, Bag, Nano Lett. 2011, 17, 2905-2911.

[71 F. Hoffmann, M. Comelius, ). Morell, M. Froba, Angew. Chem. Int. Ed.
2006, 45, 3216-3251; Angew. Chem. 2006, 118, 3290-3328,

[8] A.K. Cheetham, C.N.R. Rao, R.K. Feller, Chem. Commun. 2006, 46,
4780-4795,

[9] H. Goesmann, C. Feldmann, Angew. Chem. int. Ed. 2010, 49, 1362-1395;
Angew. Chem. 2010, 122, 1402-1437.

[10] L. F Liu, Z.5. Zhao, G. B. Jiang, Environ. Sci. Technol. 2008, 42, 6949-
6954,

[11] M. A. Frey, 5. Peng, K. Cheng, 5. H. 5un, Chem. Scc. Rev. 2009, 38, 2532~
2542,

[12] J. Hrbag, V. Halouzka, V. R. Zboril, K. Papadopoulos, T. Triantis, Electroa-
nalysis 2007, 19, 1850-1854.

[13] H. Teymourian, A. Salimi, 5. Khezrian, Biosens. Bioelectron. 2013, 49, 1-8.

[14] V. Urbanova, M. Magro, A. Gedanken, D. Baratella, F. Vianello, R. Zboril,
Chem. Mater. 2014, 26, 6653 -6673.

[15] M. Arruebo, R. Fernandez-Pacheco, M. R. lbarra, ). Santamaria, Nano
Toeday 2007, 2, 22-32.

[16] A. K. Gupta, M. Gupta, Biomaterials 2005, 26, 3995-4021.

[17]1 Q. A. Pankhurst, J. Connolly, 5. K. Jones, ). Dobson, .. Phys. D Appl. Phys.
2003, 36, R167 -R181.

(18] S. Altun, B. Cakirogly, M. Ozacar, M. Ozacar, Colloids Surf. B 2015, 136,
963 =970,

[19] M. Bagrash, Y. Yamini, E. Tahmasebi, J. Zolghamein, Z. Dalirnasab, Micro-
chim. Acta 2016, 183, 449-456,

[20] J.H. Wang, C-L. Zheng, 5. L. Ding, H. R. Ma, Y. F. Ji, Desalination 2011,
273, 285-291.

(21] K. Atacan, M. Ozacar, Colloids Surf. B 2015, 128, 227 -236.

[22] C. Nadejde, M. Neamtu, V.-D. Hodoroaba, R. ). Schneider, A. Paul, G.
Ababei, U. Panne, J. Nanepart. Res. 2015, 17, 476.

[23] M. Magro, G. Sinigaglia, L. Nodari, J. Tucek, K. Polakova, Z. Marusak, S.
Cardillo, G. Salviulo, U. Russo, R. Stevanato, R. Zboril, F. Vianello, Acta 8i-
omater, 2012, 8, 2068 - 2076,

[24] M. Magro, L. Nodari, U. Russo, G. Valle, F. Vianello, US Patent 8, 980, 218
2015 March 17.

[25] M. Magro, A, Faralli, D. Baratella, |. Bertipaglia, 5. Giannetti, G. Salviulo,
R. Zboril, F. Vianello, Langmuir 2012, 28, 15392~ 15401.

[26] G. Sinigaglia, M. Magro, G. Miotto, 5. Cardillo, E. Agostinelli, R. Zboril, E.
Bidollari, F. Vianello, Int. 1. Nanomedicine 2012, 7, 2249-2259,

[27] G. Miotto, M. Magro, M. Terzo, M. Zaccarin, L. Da Dalt, E. Bonaiuto, D.
Baratella, G. Gabai, F. Vianello, Colloids Surf. B 2016, 140, 40-49.

[28] K.-T. Chung, T.¥. C. Wong, C.I. Wei, Y. W. Huang, Y. Lin, Crit. Rev. Food
Sci. Nutr. 1998, 38, 421 -464.

[29] A. Roche, E. Ross, N. Walsh, K. O'Donnell, A. Williams, M. Klapp, N. Full-
ard, S. Edelstein, Crit. Rev. Food Scii Nutr. 2015, DOI: 10.1080/
10408398.2013.865589,

{30] M. Favre, D. Landolt, Corros. Sci. 1993, 34, 1481- 1494,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

38



@* ChemPubSoc
i Europe

[31]1 M. Favre, D. Landolt, K. Hoffman, M. Stratmann, Corros. 5ci. 1998,
40,793 - 803,

[32] ). Gust, Corrosion-NACE 1991, 47, 453 - 457,

[33] D. Landolt, M. Favre in Progress in the Understanding and F ion of
Corrosion (Eds.: J. M. Costa, A. D. Mercer), Institute of Materials, London,
UK 1993, pp. 374- 386,

[34] S. Nasrazadani, Corros. Sci. 1997, 39, 1845 -1859.

[35] J. Gust, J. Suwalski, Corrosion-NACE 1994, 50, 355-365.

[36] Iglesias, E. G. De Saldaia, ). A. Jaen, Hyperfine Interact. 2001, 134, 109~
114,

[37] L. C. Katwa, M. Ramakrishna, M. R. R. Rao, J. Biosci. 1981, 3, 135-142,

[38] 5. Yahya, A. M. Shah, A. A. Rahim, N. H. A. Aziz, R. Roslan, J. Phys. Sci.
2008, 19, 31-41.

[39] M. Magro, D. Baratella, P. Jakubec, G. Zoppellaro, J. Tucek, C. Aparicio, R.
Venerando, G. Sartori, F. Francescato, F. Mion, N. Gabellini, R. Zboril, F.
Vianello, Adwv. Funct. Mater. 2015, 25, 1822-1831.

[40) I. Langmuir, J. Am. Chem. Soc. 1918, 40, 1361 - 1403,

[41] LY. Yang, C. P. Swaminathan, Y. Huang, R. ). Guan, 5. W. Cho, M. Kieke,
D. M. Kranz, R.A. Mariuzza, E.J. Sundberg, J Biol Chem. 2003, 278,
50412-50421,

[42] H.G. Hong, W. A. Park, Electrochim. Acta 2005, 51, 579-587.

[43] M.L Pisarchick, M.L; Thompson, Biophys. J. 1990, 58, 1235-1249;
Thompson, Biophys. J. 1990, 58, 1235-1249.

[44] Y. H. Deng, L. Wang, X.B. Hu, B.Z. Liu, Z.B. Wei, 5.G. Yang, C. 5un,
Chem. Eng. J. 2012, 187, 300-306.

[45] L.C. Fu, F.Q. Liu, Y. Ma, X. W. Tao, C. Ling, A.M. Li, C. D, Shuang, Y. Li,
Chem. Eng. J. 2015, 263, 83-91,

ChemPhysChem 2016, 17, 3196- 3203 www.chemphyschem.org

39

3203

CHEMPHYSCHEM
Articles

[46] R. Kumar, M. A. Barakat, E. M. Soliman, J Ind. Eng. Chem. 2014, 20,
2992-2997.

[47] J.W. Lin, Y. H. Zhan, Z.L. Zhu, Y.Q. Xing, J. Hazard. Mater. 2011, 193,
102-11.

[48] M. Magro, R. Campos, D. Baratella, G. Lima, K. Hola, C. Divoky, R. Stoll-
berger, O. Malina, C. Aparicio, G. Zoppellaro, R. Zboril, F. Vianello, Chem.
Eur. J. 2014, 20, 11913 -11920.

[49] M. Magro, D. E. Moritz, E. Bonaiuto, D. Baratella, M. Terzo, P. Jakubec, O.
Malina, K. Cépe, G.M.F. de Aragao, R. Zboril, F. Vianello, Food Chem.
2016, 203, 505-512.

[50] T. Rajh, L. X. Chen, K. Lukas, T. Liu, M. C. Thurnauer, D. M. Tiede, J. Phys.
Chem. B 2002, 106, 10543 -10552.

[51] J. A, Jaen, ). De Obaldia, M. V. Rodriguez, Hyperfine Interact. 2011, 202,
25-38,

[52] D. Baratella, M. Magro, G. Sinigaglia, R. Zboril, G. Salviule, F. Vianello,
Biosens. Bioelectron. 2013, 45, 13-18.

53] M. Magro, D. Baratella, N. Pianca, A. Toninello, 5. Grancara, R. Zboril, F.
Vianello, Sens. Actuators. B Chem. 2013, 176, 315-322,

[54] E. Desimoni, B. Brunetti in Emvironmental Analysis by Electrochemical
Sensors and Biosensors—Applications, Vol. 2, 15t ed. (Eds.: L. M. Moretto,
K. Kalcher), Springer, New York, 2015, pp. 1137-1151,

[55] K.W. Lee, Y. ). Kim, H.). Lee, C. Y. Lee, ). Agric. Food Chem. 2003, 51,
7292 -7295.

Manuscript received: July 3, 2016
Accepted Article published: July 28, 2016
Final Article published: August 19, 2016

© 2016 Wiley VCH Verlag GmbH & Co. KGaA, Weinheim



7.3- Innovative core-shell nanocarrier, SAMN@TA, applied to test the antimicrobial properties of

SAMN@TA on Listeria monocytogenes.

Publication number 3:

de Almeida Roger, J. Magro, M. Spagnolo, S. Bonaiuto, E. Baratella, D. Fasolato, L. Vianello, L.
Massimiliano. Antimicrobial and magnetically removable tannic acid nanocarrier: A processing aid
for Listeria monocytogenes treatment for food industry applications. 2017. Food chemistry.

https://doi.org/10.1016/j.foodchem.2017.06.109.

40


https://doi.org/10.1016/j.foodchem.2017.06.109

Food Chemistry xxx (2017) xxx-xxx

ELSEVIER

journal homepage: www.elsevier.com/locate/foodchem

Contents lists available at ScienceDirect

Food Chemistry CHEMISTRY

Antimicrobial and magnetically removable tannic acid nanocarrier: A
processing aid for Listeria monocytogenes treatment for food industry

applications

Jessica de Almeida Roger?, Massimiliano Magro *", Silvia Spagnolo *, Emanuela Bonaiuto?,

Davide Baratella“, Luca Fasolato*", Fabio Vianello

a,by#

* Department of Comparative Biomedicine and Food Science, University of Padua, ltaly
Y Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry and Experimental Physics, Palacky University, Olomouc, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 1 March 2017

Received in revised form 14 June 2017
Accepted 20 June 2017

Available online xxxx

Chemical compounds studied in this article:

Tannic acid (PubChem CID: 16129778)

Keywords:
Tannic acid
Magnetic nanoparticles

An innovative core-shell nanocarrier, combining the magnetism of surface active maghemite nanoparti-
cles (SAMNs, the core) and tannic acid (TA, the shell) was self-assembled by simple incubation in water.
Due to the drastic reorganization of SAMN surface, the prepared magnetic nanocarrier (SAMN@TA)
resulted as one of the most robust nanomaterial bearing TA to date. Nevertheless, the ferric tannates net-
work, constituting the SAMN@TA shell, and the free tannic acid display comparable chemical behavior.
The antimicrobial properties of SAMN@TA were tested on Listeria monocytogenes in comparison with free
TA, showing similar bacteriostatic effects at relatively low concentrations. Besides the preservation of the
TA inhibitory activity toward L. monocytogenes, the possibility of being magnetically removed leaving no
residues into the matrix makes this nanocarrier an innovative processing aid for surface treatments. Thus,
SAMMN@TA can be used as an effective, low-cost and environmentally friendly antimicrobial nanomaterial
for the food industry applications.

Listeria monocytogenes
Bacteria removal
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Nanohybrid

© 2017 Elsevier Lid. All rights reserved.

1. Introduction

The control of foodborne pathogens represents a crucial task as
a mean to reduce significantly the possibility of disease outbreaks
(Kiran-kumar, Badarinath, & Halami, 2008). In an attempt to pre-
vent this problem, food industries normally use synthetic preser-
vatives and antibiotics in the food production processes for
eliminating microorganisms. However, the combination of exces-
sive and inappropriate use of chemical substances led to the emer-
gence of drug resistance in bacteria, increasing the difficulty of
controlling the proliferation of foodborne diseases.
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The interest in natural alternatives to antibiotics and classical
preservatives is rapidly increasing for reducing chemicals and
avoiding bacterial resistance, and may represent a new strategy
against microbial infections (David, Steenson, & Davidson, 2013).
Among natural substances, phenolic compounds have been shown
to exert antioxidant, anti-inflammatory, anti-cancer and antibacte-
rial activity. Indeed, phenolic compounds are a class of biomole-
cules known for their antimicrobial action (Coppo & Marchese,
2014; Gyawali & Ibrahim, 2014; Kim, Kang, & Kim, 2011; Lagha,
Dudonné, Desjardins, & Grenier, 2015), and were proposed as nat-
ural food preservatives against foodborne bacteria (Coppo &
Marchese, 2014).

Phenolic compounds are widely distributed in natural products,
such as fruits, vegetables and seeds, and constitute one of the lar-
gest and most ubiquitous class of secondary metabolites in the
plant kingdom. They comprise, as common motif, molecular struc-
tures with at least one aromatic ring, substituted with one or more
hydroxyl moieties (Fig. 1, panel A). Most phenols of natural origin
have at least two hydroxyls in their structure and are characterized
by a wide structural diversity.
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Fig. 1. Structure of a simple phenolic compound and of tannic acid, A) Molecular
structure of gallic acid B} Molecular structure of tannic acid.

Among phenolic compounds, tannic acid (TA), is a widely
spread polyphenol, characterized by an effective inhibition of bac-
terial growth, see panel B of Fig. 1 (Coppo & Marchese, 2014).
Molecularly, TA (IUPAC name: 2,3-dihydroxy-5-({[(2R,3R.4S,5R,
6R)-3,4,5,6-tetrakis([3,4-dihydroxy-5-[(3,4,5-trihydroxyphenyl)-
carbonyloxy|-phenyl}carbonyloxyJoxan-2-yl|methoxy Jcarbonyl)
phenyl-3.4,5-trihydroxybenzoate)  affects several metabolic
pathways in bacteria cells, where it can reduce iron intake, due
to its chelating properties toward transition metals, leading to a
modulation of cellular oxidative stress (Lim, Penesyan, Hassan,
Loper, & Paulsen, 2013). Bacterial swimming motility and biofilm
formation are also affected by TA, possibly due to iron ions
depletion or to the direct binding of TA to cell surface structures,
such as lipo-polysaccarides and flagellin (Lim et al, 2013;
O'May & Tufenkji, 2011). These effects are of greater concerns for
the food industry, where biofilm formation is a matter of concern,
especially for foodborne pathogen, such as Listeria monocytogenes.

L. monocytogenes can cause listeriosis, which is a severe disease
with high hospitalization and a case-fatality rate up to 30%
(Buchanan, Gorris, Hayman, Jackson, and Whiting, 2017,
Lomonaco, Nucera, & Filipello, 2015; Mead et al., 1999; Mufioz
et al., 2012). Both outbreaks and sporadic cases are associated with
contamination of various types of food, such as milk, soft cheese,
meat, vegetables and seafood products. The ubiquitous nature of
this foodborne pathogen and its growth ability at low tempera-
tures concur to its survival and maintenance in the food industry
plants. Indeed L. monecytogenes can persist for long time in the
form of biofilm on the surfaces of the processing plant, and even
in the refrigerated food final products (Simdes, Simdes, & Vieira,
2010).

The use of natural compounds could be a new eco-friendly sys-
tem to control L. monocytogenes contamination of food and biofilm
formation. The strong activity of tannin rich fraction of pomegra-
nate against L monocytogenes cell membrane, was documented
(Li et al, 2014). Accordingly, Cetin-Karaca and Newman (2015)
described the antimicrobial activity of TA on L. monocytogenes,
showing a minimal inhibitory concentration (MIC) below 20 ug/
mL, after 60 h of incubation. Concerning its real applicability in
food industry, tannic acid can not be considered a processing aid
as it can be hardly removed from food matrixes once added.

In the last years, nanotechnology emerged as sophisticated plat-
form for responding to the need of novel strategies at molecular
level (Bohara & Pawar, 2015), and represents a new frontier in food
industry, finding potential applications in every segment of the
production process. Nanomaterials can be employed as supports
for the immobilization of substances of interest enhancing their
bioavailability, creating magnetically drivable vehicles (Magro,
Campos et al,, 2014) and providing targeting functionalities, which
can improve delivered drug efficacy. Furthermore, nanomaterials
can provide competitive methods for the identification, capture
and inhibition of bacteria (Inbaraj & Chen, 2015).

Recently, we developed a new type of magnetic nanoparticles,
consisting of a nanostructured superparamagnetic iron oxide con-
stituted of stoichiometric maghemite (y-Fe,05), with a size around
10 nm, and presenting peculiar surface chemical behavior (Magro,
Sinigaglia et al, 2012). These nanoparticles were named “surface
active maghemite nanoparticles” (SAMNs). SAMNs show excellent
water stability, as colloidal suspensions, without any organic or
inorganic surface coating, and a high average magnetic moment,
allowing an easy magnetic driving. Due to SAMN peculiar proper-
ties, they were already used for immobilizing different biomole-
cules (Magro, Faralli et al, 2012; Magro, Baratella et al.,, 2015)
and proposed for the development of biosensors (Baratella et al.,
2013; Bonaiuto et al., 2016; Magro et al., 2013), and for biomedical
applications (Cmiel et al., 2016; Skopalik et al., 2014; Venerando
et al,, 2013), biotechnology (Magro, Faralli et al,, 2012) and food
industry {Magro, Baratella et al, 2014; Magro, Esteves et al.,
2016; Miotto et al., 2016). In particular, we prepared and charac-
terized a novel hybrid nanomaterial by coating SAMNs with TA
(SAMN@TA). SAMN@TA complex resulted extremely stable and
was structurally and electrochemically characterized and success-
fully applied for the development of an electrochemical sensor
(Magro, Fasolato et al.,, 2016). In the present report, the antimicro-
bial properties of the nanostructured SAMN@TA hybrid complex
were tested against Listeria monocytogenes, and proposed as pro-
cessing aid for surface treatment, without leaving residues in the
matrix.

2. Material and methods

Chemicals were purchased at the highest commercially avail-
able purity and were used without further treatment. Iron(lll) chlo-
ride hexahydrate (97%), sodium borohydride (NaBH4), tannic acid
((IUPAC name: 2 3-dihydroxy-5-({[(2R,3R45,5R,6R)-3,4,5 6-tetra
kis((3.4-dihydroxy-5-](3.4.5-trihydroxyphenyl }-carbonyloxy]-phe
nyl}carbonyloxy Joxan-2-ylJmethoxy Jcarbonyl )phenyl-3,4,5-trihy
droxybenzoate, cat. 40304, 1701.23 gmol ' molecular weight), and
ammonia solution (35% in water) were obtained from Aldrich
(Sigma-Aldrich, Italy).

2.1. Synthesis of nanoparticles

A typical nanoparticles were synthesized as previously
described (Magro, Valle, Russo, Nodari, & Vianello, 2012) and can
be summarized as follows: FeCl;-6H;0 (10.0 g, 37 mmol) was dis-
solved in Milli-Q grade water (800 mL) under vigorous stirring at
room temperature. NaBH, solution (2.0 g, 53 mmol) in ammonia
(3.5%, 100 mL, 4.86 mol/mol Fe) was then quickly added to the
mixture, After the reduction reaction occurrence, the temperature
was increased up to 100 °C and kept constant for 2 h, under stir-
ring. Then, the system was cooled at room temperature and aged
in water for 12 h. The magnetic product was separated by imposi-
tion of an external magnet for 60 min, and washed three times
with water. The resulting material can be transformed into a red
brown powder (final synthesis product) by curing at 400 °C for
2 h, leading to individual nanoparticles. The resulting nanopowder
showed a high magnetic response upon exposure to a magnetic
field. The final Fe,0; mass was 2.0 g (12.5 mmol} and a yield of
68% was calculated. The obtained naked iron oxide nanomaterial
leads to a stable colloidal suspension in water upon sonication
(Bransonic, model 221, 48 kHz, 50 W).

2.2, Magnetic separation

A series of Nd—Fe—B magnets (N35, 263-287 kJ/m® BH, 1170-
1210 mT flux density by Powermagnet, Germany) were used for
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the magnetic separations. Magnets were applied on the bottom of
the reaction flasks, and depending on the flask volume, super-
natants were separated by suction after 30-60 min.

2.3, Derivatization of SAMNs with tannic acid

The core-shell hybrid nanomaterial (SAMN®@TA) constituted of
SAMNSs (the core) and tannic acid (TA, the shell) was prepared as
follows (Magro, Fasolato et al., 2016): a colloidal dispersion of
naked SAMNs (400 mgL ') was prepared in house and subse-
quently derivatized with TA (200 mg L'} by simple incubation in
water overnight at 25 °C. After the incubation period, the nanopar-
ticles were separated by application of an external magnet and
extensively washed with water. The amount of TA bound on
SAMNs was calculated from the disappearance of the absorbance
at 280nm in the supernatants (£zsonm=6.99 % 10°M 'cm ™).
The final amount of TA on nanoparticle surface was 200 mg/g
SAMN. Once prepared the SAMN@TA complex was suspended in
Phosphate-Buffered Saline (PBS) for further experiments.

2.4, Quantitative assay for the minimum inhibitory concentration

A standardized inoculum of L. menocytogenes (ATCC 19117 ) was
used for experiments. The strains were plated on ALOA (Biolife Ital-
iana srl, Milano, Italy) and incubated at 37 “C for 19 h. Pure colo-
nies were suspended in 10mL Mueller Hinton Broth (MHB,
Biolife Italiana srl, Milano, Italy) and diluted until the concentra-
tion was 5.0 Logo CFU (colony forming unit)/ml.

The microbroth dilution technique of antimicrobial susceptibil-
ity was performed to test the inhibitory effect on the growth of Lis-
teria monocytogenes. Serial two fold dilutions of the SAMN@TA
complex (25, 50, 100 and 200mglL ') were carried out in
96-well flat bottom micro-titer plates (Sarstedt, Miimbrecht,
Germany) and incubated with standardized inoculum (100 pL).
Control experiments on L. monocytogenes were carried out in the
presence of free TA (6.75, 12.5, 25 and 50 mg L~ ').

The microtiter assays were incubated at 37 °C and the optical
density (OD,,) was continuously monitored by spectrophotome-
try for 24 h using a Spectrophotometer Multiskan GO Microplate
Readers (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). In order to correct the possible absorbance interferences
due to the oxidation of free and bound TA, control experiments
were performed (Tsai, Tsai, Chien, Lee, & Tsai, 2008).

The minimum inhibitory concentration (MIC) was defined as
the lowest concentration of the substance that inhibited the bacte-
rial growth in comparison with the control. As a threshold, the con-
centration that limited the increase of turbidity to<0.05
absorbance was adopted (Tsai et al., 2008). After 24 h incubation,
the minimum lethal concentration (MLC) was also performed by
striking 10 uL broth cultures on TSAYE medium (Tryptone Soy Agar
supplemented with 0.6% yeast extract (YE) by Oxoid) at 37 °C for
48 h. MLC was defined as the lowest concentration leading to no
visible growth. Three different biological replicates were per-
formed for each plate and all experiments were performed in
triplicate.

2.5, Determination of capture efficiency (CE)

Capture efficiency (CE) was estimated as the percentage of cells
that interact with nanoparticles (100mgL ') and were conse-
quently removed from the liquid medium using an external mag-
net. Standardized pre-inoculums were prepared according to the
above mentioned method, and experiments were conducted with
the initial populations of 3.0 log,p CFU/ml. Each experiment was
performed in sterile test tubes at a 2 mL final volume incubated

at room temperature (22 °C) for 30 min with or without gently
mixing. After the incubation period, a magnetic separation was
performed (30min) and the supernatants were removed. As
defined by preliminary experiments, the pellets were washed
and re-suspended in fresh PBS. No effects of wall retention or
adsorption on the test tubes were observed. Finally, the number
of microbial cells were estimated in the supernatants and
re-suspended pellets. Serial 10-fold dilutions were performed in
PBS medium and then 100 uL of each dilution was inoculated by
spread-plate method on TSBYE plates. The results were reported
as log,o CFU (colony forming units)/mL. The capture efficiency
(CE) was calculated according to the equation reported by Xiong
et al. (2014):

CE (%) = (1 —&) % 100

Co
where C, represented the total CFU in the samples and Cy, the CFU in
the supernatant.

3. Results and discussion

3.1. Characterization of the complex between magnetic nanoparticles
(SAMNs) and tannic acid (TA): The SAMN@TA nanocarrier

The nanoparticulated SAMN@TA hybrid was synthetized
according to the method described by Magro, Fasolato et al
(2016), and an HR-TEM micrograph of the as prepared SAMN@TA
complex is reported in Fig. 2, where a coating characterized by a
lower electrondensity compatible with the expected ferric tannate
shell of approximately 2.0 nm thickness on the magnetic core is
evident. The nature of the core of the witnessed self-assembly
core-shell nanostructure is easily attributable to maghemite
nanoparticles, as shown in Fig. 2, inset. In fact, the value of mea-
sured interplanar distances resulted to be 2.9 A, which perfectly
matches with the vy-Fe;0; crystal (220) Miller index (Guivar
et al,, 2014).

As the aim of the present work was to study the effects of the
SAMN@TA complex on L. monocytogenes cells, it was important
to prepare and characterize stable colloidal suspensions of the
hybrid nanomaterial (Yu & Xie, 2012). Thus, the resuspension
kinetics of SAMN@TA (0.10g) in bi-distilled water (500 mL) was
examined using an ultrasonic bath (Falc Instruments, Italy, mod.
LBS1, 50-60 Hz, 500 W). Starting from the dried nanomaterial,

Fig. 2. TEM image of the SAMN@TA complex. Inset: high-magnification of
SAMN@TA complex by HR-TEM evidencing crystal planes and the characteristic
interplanar distances of the well-conserved y-Fe, 0, lattice.
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the formation of the colloidal suspension was followed by monitor-
ing the optical absorption spectrum at 420 nm (Magro, Fasolato
et al., 2016). As reported in our earlier study (Magro, Sinigaglia
et al, 2012), the interaction of an organic molecule (tannic acid)
with SAMN surface leads to a modification of the nanoparticle opti-
cal properties. In particular, the wide absorption band of
SAMN@TA is characterized by a maximum absorption at 420 nm
and a shoulder at 490 nm and followed along with the ultrasound
application process. The increase of suspension absorbance at
420 nm during sonication exhibited exponential behavior, charac-
terized by a kinetic constant of 0.85 h™', which was superimpos-
able to the resuspension behavior of naked SAMNs (Sinigaglia
et al.,, 2012).

During the resuspension process in water, pH values decreased
from 5.5 to 4.0, as the reddish brown nanoparticulated powder was
subjected to ultrasound treatment, indicating that the reorganiza-
tion of SAMN surface into ferric tannates leads to the development
of an acidic interface.

At the accomplishment of the ultrasound induced resuspension,
the obtained stable colloidal suspension of SAMN@TA (200 mg L ')
was titrated using a pH-meter (basic 20, Crison). The resulting
titration curve indicated a pKa at pH 10.5, attributable to the phe-
nolic hydrogens of TA molecule (Costadinnova, Hristova,
Kolusheva, & Stoilova, 2012) and an additional pKa at around
pH = 6.0, (Fig. 3). According to Fazary, Taha, and Ju (2009), the
chelation of iron(Ill) by polyphenols induces a drastic shift of the
pKa of phenolic hydroxyls to lower pH values. Thus, this lower
pKa can be attributable to the involvement of the polyphenol in
the metal surface complexation of SAMNs, which lead to the
formation of the ferric tannate network of SAMN@TA. The avail-
ability of these hydroxyl groups (-OH) can explain the observed
nanohybrid acidity. Taking into account that the number of pheno-
lic -OH per single TA molecule is 25, and that the amount of
polyphenols on the metal oxide surface corresponds to about 1.2
TA molecules per nm? (Magro, Fasolato et al., 2016), it is possible
to calculate the surface density of phenolic -OH on SAMN@TA,
which corresponds to 37.5 OH groups per square nanometer. On
the basis of previously determined surface area of maghemite
nanoparticles by BET (46.23m?g™') (Magro, Baratella et al,
2014), the surface density of -OH obtained from the experimental
titration curve is in agreement with this value (39 -OH per square
nanometer). This suggests that the availability of -OH on the ferric

tannate layer shelling the SAMN@TA nanocarrier are comparable
to those of the free TA. Therefore, such a similarity could explain
the similar behavior with respect to the growth inhibition of
L. monocytogenes (see hereafter).

3.2. Magnetic separation of L. Monocytogenes by SAMN@TA

Macromolecules on the bacterial cell surface, such as flagellin
and lipo-polysaccarides, were proposed as possible targets
involved in the interaction with tannic acid (Lim et al, 2013;
O'May et al, 2011). Recently, informative insights on
nanoparticle-bacteria interactions were provided by SAMNs as
magnetically drivable probe in the study of iron uptake regulation
and mineral adhesion mechanism in Pseudomonas fluorescens
(Magro, Bonaiuto et al,, 2016). Thus, in order to test the interac-
tions between L. monocytogenes and SAMN®@TA, capture studies
were performed via simple magnetic separation.

Capture efficiency (CE) of SAMN@TA on L. monocytogenes was
estimated as the percentage of bacterial cells that interacted with
nanoparticles (100 mg L") and were consequently removed from
the liquid medium using an external magnet, as described in
Methods.

Noteworthy, as shown in Table 1, CE was relevant both in the
presence and in absence of agitation, indicating the occurrence of
a strong interaction between SAMN@TA and bacterial cells.
Agitation led to a 50% higher CE, probably by favouring a higher
number of effective collisions between the nanomaterial and
microorganisms.

Interestingly, after the magnetic separation, the number of
microbial cells in the pellets revealed a different behavior. Con-
versely to the pellet obtained from the cultures subjected to agita-
tion, in which about 90.0% of captured cell grew regularly, in the
absence of agitation the growth of microorganisms was drastically
inhibited. According to the plate count (see Materials and Meth-
ods), only 2.0% of the magnetically recovered cells resulted to grow
on plate, suggesting the occurrence of aggregation phenomena.
Similarly to growth inhibition, the capture efficiency depended
on the concentration of SAMN@TA (see next paragraph). Actually,
the two phenomena were a function of the fraction of bacteria pop-
ulation interacting with SAMN@TA. As reported below, at
200 mg L~' SAMN@TA, the bacterial growth was completely zer-
oed, showing that SAMN@TA can interact with the whole bacterial
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Fig. 3. Titration curve of the SAMN@TA complex.
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Table 1

Capture efficiency of SAMN@TA on L. monocytogenes,
Incubation Bacteria concentration LogCFU/mL Capture efficiency (%)
Static 4.52 £+ 0.58 43.49 + 460
Agitation 414008 66.25 £ 4.48

" Capture efficiency supernatant (%) =(1-(number of cells from supernatant/
total cell number of initial samples)) = 100.

population. Under these conditions, the removal of bacterial cells
was easily accomplished. On the other hand, as in the case of bac-
teria capture under static conditions, the successful capture cannot
be adequately demonstrated by plate count, probably because of
excessive aggregation. It should be considered that surveys on
raw milk, as an example of contaminated liquid food products,
showed that the concentration of L. monocytogenes in positive sam-
ples was usually less than 1 log,s (King, Lake, & Cressey, 2014;
Waak, Tham, & Danielsson-Tham, 2002). Our results suggest that
the SAMN@&TA complex was able to remove about 4 Log,q, which
is the level often releaved in the case of elevate contamination
(e.g. mastitic milk) (King et al., 2014). Notably, the treatment of
highly contaminated products is feasible increasing SAMN@TA
concentration. Therefore, besides demonstrating the proclivity of
interacting with L. monocytogenes, SAMN®@TA can be proposed as
a tool for the magnetic removal of this bacterium, as well as for
its determination in plate.

3.3. Minimum inhibitory concentration (MIC) of SAMN@TA on L.
Monocytogenes

The determination of MIC, and of other endpoint assays, is a
crucial step for the characterization of a novel antimicrobial agent
for the food industry. Moreover, liquid assays provide an accurate
evaluation of growth inhibition also in dynamic studies, where the
decrease of absorbance and the delay of bacterial lag phases are
considered as a success criterion for future applications (David
et al., 2013).

The effect of the SAMN@TA nanocarrier on the growth of
L. monocytogenes was studied and compared to free tannic acid
(TA) in the concentration range comprised between 6.75 and
100 mg L~ (see Fig. 4).

The MIC values were assessed according to the threshold pro-
posed by Tsai et al. (2008), and, as a conservative interpretation,
the MIC concentrations were considered when all experimental
replicates show an increase of absorbance <0.05 ODgpp. After 24 h
incubation, MIC values of free TA resulted of 25 mg L™, in good
agreement with other studies performed by applying free TA and
TA in nanocomposites. Literature reported similar values for TA
against gram-negative such as Pseudomonas aeruginosa, Salmonella

A 012
01 -
0.08
Sgooe

004

[} 6 12 18 4

= Control =675 ==12.5 =25 =50

Fig. 4. Growth curves of L monocytogenes in the presence of free tannic acid (A) and SAMN@TA (B). Data are reported as the

concentrations were expressed as mg L',

and Escherichia coli and gram positive bacteria, such as Staphylococ-
cus aureus and L. monocytogenes (Cetin-Karaca 2011; Kim, Cha, Cho,
& Park, 2016).

The MIC value showed by SAMN@TA on L. monocytogenes was at
100 mg L~". Considering that TA represents 20.0% w/w of the
SAMN@TA complex, MIC values resulted similar for SAMN@TA
and free TA. This further proves the comparable surface chemistry
of the ferric tannate layer shelling the SAMN@TA complex and the
free TA, probably due to the conserved availability of phenolic
hydroxyls upon interaction with maghemite. In fact, in contrast
with the drastic reorganization of SAMN surface upon TA binding,
the final nanostructured ferric tannates maintains the inhibitory
activity of free TA on L. monocytogenes. Moreover, the growth
behavior of L. monocytogenes resulted influenced by the presence
of SAMN@TA, showing longer lag times and a reduction of the
0D wvalues. The bacterial growth was completely zeroed at
200 mg L' SAMN@TA.

The interaction of SAMN@TA with bacteria led to the formation
of aggregates, which tend to precipitate in PBS. Pellets were stud-
ied in order to verify if the process affects the vitality of bacterial
cells. Thus, after 24 h of incubation in the presence of SAMN@TA
and TA, bacterial suspensions and pellets were plated on TSAYE
medium in order to evaluate the minimum lethal concentration
(MLC). Interestingly, L. monocytogenes formed visible colonies at
all the studied concentrations (6.75, 12.5, 25 and 50 pg/mL), sug-
gesting that SAMN@TA, as free TA, shows a bacteriostatic effect
and not the bactericidal activity.

Magnetic capture ability and inhibitory activity of SAMN@TA
could be advantageously used for cleaning purposes and to reduce
the potential growth of L. monocytogenes during food processing.
Moreover, thanks to the magnetic properties of the maghemite
nanoparticles, the SAMN@TA complex can be applied as processing
aid, which can be eventually removed from the final product. It
should be stressed that the magnetic properties correlated with
the maghemite core of SAMN@TA offer the advantage of perform-
ing the removal of L. monocytogenes from the matrix by the appli-
cation of external magnetic field, allowing a subsequent bacteria
quantification by microbiological assays.

The described laboratory approach has shown potential to be
used as antimicrobial agent for the food industrial applications.
Indeed, a recent publication reported on a patented prototype
plant (Bettinsoli et al., 2016), consisting of a simple modular
robotic platform, which was successfully applied for environmen-
tal remediation (Magro, Domeneghetti et al., 2016). The proposed
robotic system can be easily applied on liquid food products for
the magnetic removal of L. monocytogenes. Note that all these oper-
ations are possible because of the peculiar colloidal stability of
SAMN@TA, their surface reactivity, and the fast binding kinetics.
In addition, the synthetic protocol for SAMNs and the TA coating
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respond to appealing requirements, such as cost effectiveness
(below 3 $ g~' at the laboratory scale), environmental sustainabil-
ity, and industrialization suitability. The SAMN@TA complex was
tested on other species of foodborne bacteria prone to interact with
tannic acid, leading to very promising results. At the same time,
experiments are in progress to modify SAMNs with other polyphe-
nols, showing bacteriostatic or bactericidal effects, and for testing
the obtained nanoconjugates.

Concluding, the presented concept has an important validity
and this paper represents the first example of this innovative
approach.
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8-CONCLUSIONS

Nanotechnology have undoubtedly opened up enormous opportunities for innovative
developments in the food industry, although challenges still persist. We demonstrated the selective
purification of curcumin from a complex matrix (C. longa extract) by using uncoated magnetic
nanoparticles, presenting a low cost platform for the efficient isolation of natural compounds. In
this work we proposed a novel, nanoparticle based, high capacity purification system for
polyphenols, characterized by short operating times and significant reduction of costs compared to
traditional methods. Moreover, an industrial scale prototype for the magnetic purification of high
value compounds from different raw materials is proposed. Furthermore, the possibility to apply
SAMNSs for the development of novel analytical devices, competitive to conventional detection
systems, was assessed. The electrochemical properties of the SAMN@TA complex were used for
the development of a novel nanosensor which was applied for the determination of polyphenols in
real samples with high sensitivity and low detection limits. This results support future promising
implementations of emerging technologies based on iron magnetic nanoparticles as viable platforms
for improving food safety and quality. Finally, the antimicrobial properties of SAMN@TA were
tested on Listeria monocytogenes in comparison with free TA. The similar bacteriostatic effects of
both compounds demonstrated the preservation of the TA inhibitory activity when bound on
nanoparticles toward L. monocytogenes, with the added value of magnetic driving ability of
SAMN@TA, leaving no residues into the matrix. These features make this novel nanocarrier an
innovative processing aid for surface treatments. Thus, SAMN@TA can be proposed as an
effective, low-cost and environmentally friendly antimicrobial tool for food industry applications.
In conclusion, SAMNSs can provide powerful instruments for magnetic separation, electrochemical
sensors and antimicrobiological agents and can be applied in different biotechnological fields and in

several production systems.
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