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Preface

Polysaccharides, the most abundant family of natural polymers, had gained consider-
able attention in the last decades as a source of innovative bio-based materials,
including an extensive assortment of polysaccharide hybrid nanomaterials for distinct
applications. This book presents the current knowledge about polysaccharide-based
hybrid nanomaterials with metal and metal oxide nanoparticles, carbon nanotubes and
graphene. The book covers the main polysaccharides, namely cellulose, chitin, chitosan
and starch, as well as their most relevant derivatives, and features the description of the
most significant production methodologies, properties and utmost applications of these
types of hybrids.
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Chapter 1 ®)
Introduction Check for

The quest to develop alternative eco-friendly materials derived from renewable
resources to replace (partially or even totally) petroleum-based materials, is mainly
devoted to the exploitation of naturally occurring polymers. In fact, natural poly-
mers have gained the status of building-blocks to engineer multifunctional materials
due to their abundance, low cost, biodegradability, biocompatibility and multiple
functionalities [1-4]. A variety of natural polymers, such as polysaccharides [e.g.,
cellulose, chitin, chitosan (CH), starch, alginate (ALG), dextran, fucoidan, heparin,
hyaluronan and pullulan] and proteins (e.g., albumin, apoferritin, casein, collagen,
fibrinogen and gelatin), have been used for the development of all kinds of materials
for the most assorted applications [5-8].

1.1 Polysaccharides

Polysaccharides are biopolymers composed of monosaccharides linked by glycosidic
bonds. These biopolymers have different origins and sources, namely from plants
(e.g., cellulose and starch), animals (e.g., chitin, heparin and hyaluronan), algae
(e.g., carrageenan, fucoidan and ALG) and microbial [e.g., pullulan, dextran and
bacterial cellulose (BC)], which in addition to biodegradability and biocompatibil-
ity exhibit diverse bioactivities, such as immunoregulatory, anti-tumour, anti-virus,
anti-inflammatory, antioxidant and hypoglycemic activities [9]. Within the available
polysaccharides, cellulose, chitin and its derivative CH, and starch (Fig. 1.1) are
among the most studied biopolymers for the fabrication of a wide spectrum of func-
tional materials. Despite the structural similarities between these polysaccharides
(Fig. 1.1) with the main differences residing primarily on molecular weight (poly-
merization degree), the position and/or stereochemistry of the glycosidic bond as well
as on the occurrence or not of branching, and ultimately, but of utmost importance
on the functional group present at C2 in each saccharide unit (i.e., OH group in cellu-
lose and starch, NHC(=0O)CH3; in chitin, NH, in CH), their properties, namely crys-
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Fig. 1.1 Structure of cellulose, chitin, chitosan and starch (amylose and amylopectin)

tallinity, solubility and ability for chemical modification, are quite divergent. Other
polysaccharides that are also at the spotlight include ALG, i.e. an anionic polysac-
charide derived from seaweeds [10], hyaluronan, i.e. an anionic glycosaminoglycan
available in vertebrate tissues [11, 12] and carrageenan, i.e. sulphated polysaccha-
ride derived from red seaweeds [13]; nevertheless, only some examples will be given
regarding these polysaccharides since they are not the focus of the present book.

Cellulose is a linear homopolysaccharide composed of §-D-glucopyranose units
linked by B-(1,4) glycosidic bonds (Fig. 1.1). The clear majority of cellulose avail-
able on earth is produced by photosynthesis in green plants, where it represents
the main component of plant cell walls, associated with lignin and hemicelluloses.
Nevertheless, this natural polymer is also produced by a family of sea animals called
tunicates, several species of algae and some aerobic non-pathogenic bacteria [14, 15].
The discovery of the nanoscale forms of this ubiquitous, biodegradable and inexpen-
sive biopolymer, i.e. cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs) and
bacterial cellulose (BC), unlocked novel perspectives for the design of sustainable
nanomaterials for a multitude of applications [16]. The most relevant properties of
this polysaccharide include anisotropic shape, excellent mechanical properties, good
biocompatibility and tailorable surface chemistry. Further details regarding cellulose
structure, properties and applications can be explored in the relevant literature [14,
15, 17-20].

Chitin is a high molecular weight linear homopolysaccharide consisting of
N-acetyl-2-amido-2-deoxy-D-glucose units linked by B-(1,4) glycosidic bonds
(Fig. 1.1). This polysaccharide is the second most abundant biopolymer and the
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main component of the exoskeleton of crustaceans, molluscs and insects [21]. At
an industrial level chitin is easily obtained from the shells of crabs, shrimps and
lobsters originated from the sea food processing waste shells. Despite the poor solu-
bility and processability of chitin, the biodegradability and biocompatibility of this
polysaccharide makes it an asset for biomedical applications [22].

CH is also a high molecular weight linear heteropolysaccharide obtained from
chitin via N-deacetylation in different degrees [21]. It is mainly composed of 2-
amino-2-deoxy-D-glucose units linked through 8-(1,4) glycosidic bonds (Fig. 1.1).
This polysaccharide has a cationic character and exhibits unique properties, such
as biocompatibility, antimicrobial activity and excellent film-forming ability, which
makes it particularly appealing for diverse applications [23, 24]. Supplementary
details concerning the structure, properties and applications of chitin and CH are
available elsewhere [21-27].

Starch is a naturally occurring storage heteropolysaccharide that consists of two
macromolecules, namely amylose and amylopectin (Fig. 1.1), whose proportions
vary with plant origin [28]. While amylose, a linear polysaccharide of glucose units
linked through «-(1,4) glycosidic bonds, accounts for about 20-30% of starch com-
position, the amylopectin, a multi-branched macromolecular component with addi-
tional «-(1,6) linkages, accounts for ca. 70-80% of starch composition [29]. Starch
can be found in a variety of plant organs such as cereal grains and tubers and is often
described according to its origin as e.g., corn starch, potato starch, tapioca starch, etc.
[28]. Albeit the insolubility of starch in cold water and alcohols, this polysaccharide
is soluble in hot water via a gelatinization process where water acts as a plasticizer.
Comprehensive reviews about starch are also available elsewhere [28-31].

Polysaccharides sparked the imagination of scientists, who thus have been using
them to create multifunctional materials for a multitude of applications, including
food packaging [32], osteoarthritis therapy [33], vaccines [34], nanotherapeutics [1],
drug delivery [35] and theranostics [36], among many others. In addition, this fasci-
nating class of biopolymers are also being exploited for the development of functional
hybrid materials for various domains spanning from biomedical to technological
applications [37-39]. Just to highlight a few, cellulose was combined with quantum
dots to design photoluminescence nanohybrids for anti-counterfeiting applications
[40], the partnership between CH and silica originated hybrid porous membranes
[41], ALG, CH and golden single-walled carbon nanotubes (SWCNTs) yielded an
effective hybrid photothermal converter for cancer ablation [42], and chitin was
combined with graphene oxide (GO) to fabricate hybrid materials for the removal of
pollutant dyes [43].

1.2 Hybrid Materials

Hybrid materials comprise two or more constituents with different natures, i.e. at least
one of the constituents is inorganic and the other is organic. The mixing and/or interac-
tion between the constituents usually occurs at the micrometric and sub-micrometric
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scale, reaching down to the nanometric and molecular level [44]. The ensuing hybrid
materials have either numerous functionalities and/or novel properties due to the
interactions between the individual constituents, mostly associated with synergetic
effects [45, 46]. Examples of nature made hybrid materials include nacre, which is
a crystallized compacted lamellar structure composed of aragonite and conchiolin,
and the natural pigment known as Blue Maya, which results from the combination
of natural dyes (derived of indigo-type molecules) and lamellar clays [47].

Hybrid materials can be roughly divided into two distinct classes according to the
nature of the interfacial interactions between the phases/components: (i) Class I, i.e.
the organic and inorganic components are embedded, and the cohesion of the whole
structure is due to hydrogen, van der Waals or electrostatic bonds, and (ii) Class I, i.e.
strong chemical covalent bonds partially link together the distinct components [48].
These materials can be prepared by bottom-up strategies (Fig. 1.2) including those
from molecular precursors and well-defined “nano-objects”, as well as template-
based strategies [49]. These methodologies can make use of processing approaches
such as casting, electrospinning, dip-, spin- and spray-coating, soft/hard lithogra-
phy and spray-drying, which can originate a multitude of materials like for example
monoliths, foams, fibres, membranes, films, patterns and particles as depicted in
Fig. 1.2 [49]. The main chemical routes for the design of functional hybrid nanoma-
terials do not require any extensive coverage here, given the published comprehensive
reviews on the topic [46-52].

Organic-inorganic hybrid materials have attracted the interest of various
researchers due to their unpaired mechanical, optical, electrical and thermal proper-
ties, which allow them to be applied in several domains such as mechanics, optics,
electronics, energy, environment, biology and medicine [46, 50]. Manifold hybrid
organic-inorganic materials with great potential for high added-value applications
have been developed over the past five years, mainly due to the enormous flexibility
of the synthetic routes and the almost endless choices of possible combinations that
can be employed to fabricate organic-inorganic hybrid structures [44, 46, 47, 51, 53,
54].

Numerous interesting reviews about organic/inorganic hybrid materials contain-
ing polysaccharides have been published, like for example the reviews on polysac-
charides/silica hybrids for biomedical and industrial applications [38], the efficient
hybrid association between metal oxides and polysaccharides [37], hybrid hydrogels
based on polysaccharides for cartilage regeneration [55], and hybrid systems of CNCs
and inorganic nanoparticles with potential applications in biomedical and chemical
systems [56]. Worth mentioning is also the chapter devoted to hybrid materials com-
posed of polysaccharides (cellulose, chitin and CH) for biomedical applications such
as biosensors, actuators, theranostics and tissue engineering [39].

As long as our literature survey could ascertain, there have been no compre-
hensive appraisals gathering the information that highlights the huge variety of
polysaccharides-based hybrids for diverse domains of application. In this context,
the purpose of this book is not to cover exhaustively the numerous publications deal-
ing with polysaccharides-based hybrids, but rather to select representative studies
published in the last 5 years that originated fascinating materials derived from cel-
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Fig. 1.2 The main routes for the design of functional hybrid nanomaterials, together with process-
ing approaches and examples of resulting materials. Reprinted with permission from [49]. Copyright
2014 American Chemical Society

lulose, chitin, chitosan and starch, and containing metal nanoparticles [Au, Ag, Cu
and Pd (Chap. 2)], metal oxide nanoparticles [TiO,, ZnO, CuO, Cu,0, SiO, Fe,03
and Fe;O4 (Chap. 3)] and carbon nanomaterials [graphene (Chap. 4) and carbon
nanotubes, CNTs (Chap. 5)].
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Chapter 2 ®)
Polysaccharides-Based Hybrids e
with Metal Nanoparticles

For over a century, metallic nanoparticles (mNPs) have fascinated scientists, however,
they have been empirically used by man since the middle ages as decorative pigments
for colouring glass, like for example the famous Lycurgus Cup [1]. In this case, its
use was due to one of the most interesting aspects of metallic colloids, their optical
properties. The colour variation occurs due to the change in the surface plasmon
resonance frequency (SPR) that is dependent on the size, and morphology but also
on the refractive index of dispersant medium and the distance between adjacent mNPs
[2].

In ancient times, the use of mNPs was certainly unintentional but, from a scientific
point of view, the preparation of mNPs dates to the 19th century when Faraday
described the preparation of monodisperse gold colloids by reduction of [AuCly]™
ions using phosphorus in CS, as reducing agent [3]. Michael Faraday was probably
the first scientist to correctly attribute the unusual properties of colloidal gold to size
effects occurring on very small particle size [3]. Since this pioneering work, massive
progresses have been made in the synthesis, functionalization and characterization
of these nanosystems. The paramount goal of this research field is the control of the
structure, size, shape and composition of the mNPs, since their properties are crucial
to determine their functionality and, consequently, the final applicability [4].

Nowadays, it is well-known that mNPs exhibit distinct and, in some cases, unique
physical, chemical and biological properties in comparison with their bulk counter-
parts. This justifies the enormous interest in these nanostructures in varied fields such
as catalysis, electronics, sensors, medicine, among others [5].

The research on hybrid materials based in polysaccharides is a fast-growing area
in materials science and engineering field. This growth results from the numerous
potential applications that those materials can find [6]. The combination between
polysaccharides and mNPs also contributed for the growth of this field where the
“green” connotation and renewable nature of polysaccharides was mixed with novel
and specific functionalities imparted by these inorganic fillers. This allows opening
complete new areas of application until then impossible to achieve. Thus, consider-
ing the enormous development in this field, it is important to summarize the most
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pertinent research results concerning the synthesis, properties and practical applica-
tions of these hybrid materials. In this vein, this chapter outlines distinct combinations
between polysaccharides (cellulose, chitin, chitosan (CH) and starch) and mNPs, as
well as the preparative methodologies and the potential applications of resulting
hybrid materials. Gold (Au), silver (Ag), copper (Cu), and palladium (Pd) are the
mNPs focused in this chapter.

2.1 Cellulose/mNPs Hybrid Materials

Since cellulose is the most abundant natural polymer is not surprising that this
polysaccharide presents a huge window of opportunity when combined with dis-
tinct mNPs. Currently, it is observed a growing interest not only in the use of plant
cellulose and its derivatives, but also the respective nanometric forms, namely cel-
lulose nanofibrils (CNFs), cellulose nanocrystals (CNCs) and bacterial cellulose
(BCO), for the preparation of hybrid materials. The high number of publications in
this domain validates the potentiality of cellulose-based hybrid materials, where the
respective application varies depending on the mNPs type and the cellulose form.
Several reviews in this field can be accessed to obtain a more detailed information
on this type of materials. Some examples include the reviews by Pinto et al. [7]
describing hybrid materials based in plant and bacterial cellulose, Foresti et al. [8]
showing actual applications of BC/mNPs materials, and Islam et al. [6] reporting
distinct CNCs/inorganic hybrid systems. Other appraisals are focused on specific
applications of these hybrid materials like for example in catalysis [9], biosensing
[10] and biomedical applications [11]. Table 2.1 summarizes some of the most recent
examples of cellulose/mNPs hybrid materials reported in literature, as well as the
respective preparation methodologies and practical applications.

Starting with cellulose and AuNPs, both have exciting features and their combina-
tion originates functional materials with unique properties. This topic was recently
reviewed in detail by Van Rie and Thielemans [12] with emphasis on functional
materials with specific catalytic, antimicrobial, sensing, antioxidant and Surface
Enhanced Raman Scattering (SERS) performance. The application field of cellu-
lose/AuNPs hybrids is broad but mainly centred on catalysis [13, 14] and sensors
[15]. Nevertheless, other interesting applications include biomolecules recognition
[16], and the design of optical [17, 18], conductive [19, 20], antioxidant [21], and
antimicrobial [22] materials.

A great number of cellulose/AuNPs hybrid materials were used as catalysts for the
reduction of 4-nitrophenol to 4-aminophenol, usualy using NaBH, as reducing agent.
An example was reported by Chen et al. [13], where 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-oxidized BC nanofibres were used as matrix (Fig. 2.1). Oxidized-
BC/AuNPs nanohybrids containing AuNPs with an average diameter of 4.30 nm,
showed superior catalytic properties than the unsupported AuNPs with a pseudo-first
order rate constant of 6.75 x 1073 s~!, which is nearly 20 times faster. Moreover, the
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Table 2.1 Examples of hybrid materials based on cellulose and mNPs, the preparation method-
ologies and potential applications

Metal Cellulose matrix | Methodology Application References
NPs
Au TEMPO- In situ reduction using | Catalysis (reduction of | [13]
oxidized NaBH4 4-nitrophenol)
BC
CNCs Hydrothermal synthesis | Catalysis (reduction of | [14]
4-nitrophenol)
Cellulose ester | In situ reduction using Sensors (determination | [15]
trisodium citrate of iodide ions)
Cellulose paper | Covalent immobilization | Biomedical [16]
of pre-synthesized (biorecognition)
AuNPs
Cellulose Direct mixing of the Optical (chiral [17]
nanorods components plasmonic films)
CNCs Electrostatic binding of | Optical (chiral [18]
AuNPs plasmonics)
CMC Polymerization of Thermal conductivity [19]
aniline using HAuCly as
an oxidant
BC In situ reduction using | Electrical conductivity | [20]
H>0;
Unbleached In situ reduction in an Antioxidant food [21]
cellulose autoclave packaging
BC Solution impregnation | Biomedical (wound [22]
method dressing)
Ag BC In situ reduction Biomedical (wound [23]
dressing)
CNCs In situ reduction using Biomedical (wound [24]
Syzygium cumini leaf healing)
extract
Cellulose Electrospinning Water remediation [25]
acetate (treatment of dye
wastewater)
Cellulose filter | In situ reduction using | Water remediation [26]
paper NaBH4 (clean drinking water)
CNCs Poly(dopamine) assisted | Catalysis (reduction of | [27]
reduction 4-nitrophenol)
CNFs In situ reduction using Sensors (detection of [28]
NaBH4 pesticides)
MFEC Pyrrole adsorbed MFC | Electrical conduction [29]
aerogels dipped into
AgNOj3 solution
CMC In situ reduction using Anti-corrosion [30]

natural honey

(Corrosion Inhibitor for
St37 Steel)

(continued)
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Table 2.1 (continued)
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Metal Cellulose matrix | Methodology Application References
NPs
Cu CNFs In situ reduction using Biomedical [31]
NaBH4
Regenerated In situ reduction using | Antibacterial packaging | [32]
cellulose Ocimum sanctum leaf and medical applications
extract
CMC In situ reduction using Biomedical (urinary [33]
hydrazine hydrate tract infection)
Cotton fibres In situ reduction using Biomedical (wound [34]
NaBH4 dressing)
BC Magnetron sputtering Electromagnetic [35]
shielding
Cellulose fibres | In situ reduction using | Catalysis [36]
hydrazine hydrate (nitrodecarboxylation of
aromatic unsaturated
compounds)
Pd CNCs Reduction of Pd salt by | Catalysis [37]
the reducing ends of (Mizoroki—Heck
CNCs cross-coupling reaction)
CMC In situ reduction using | Catalysis (degradation [38]
NaOH of azo-dyes)
Ethylenediamine- In situ reduction using | Catalysis [39]
functionalized | NaBHy (electrooxidation of
cellulose hydrazine)
Bio-waste In situ reduction using | Catalysis [40]
corn-cob hydrazine hydrate (Suzuki-Miyaura
cellulose cross-coupling
reactions)

catalytic properties of these nanohybrids are dependent on the amount of NaBHy, as
well as on the temperature of the reaction mixture.

A different method for the development of new biosensor membranes was
described by Li et al. [15], namely an effective method for the determination of
iodide (I7) ions by AuNPs deposited on a cellulose ester membrane. The authors
showed that this hybrid material can be used as substrate in pulsed laser desorp-
tion/ionization mass spectrometry of high-salinity real samples such as edible salt
samples and urine. This substrate presents a reduced background noise resulting from
the binding of I ions to the AuNPs, which induces an enhancement of the respective
desorption and ionization efficiency. The high homogeneous nature of this hybrid
probe improved the shot-to-shot and sample-to-sample reproducibility, thus enabling
high accuracy in the measurements.

Majoinem et al. [ 18] exploited the twisting shape of CNCs as templates to prepare
chiral plasmonics by binding cationic AuNPs on this negatively charged cellulosic
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Bacterial cellulose

HAuCI,

Fig. 2.1 Synthetic procedure for the preparation of oxidized-BC/AuNPs nanohybrid material and
the correspondent illustration of its use in the catalytic reduction of 4-nitrophenol to 4-aminophenol
using NaBHy4 aqueous solution. Adapted with permission from [13]. Copyright 2016 Elsevier

nanostructure. The electrostatic self-assembly leads to nanoscale fibrillar superstruc-
tures with lateral dimensions of 30—60 nm and length of 200-500 nm that exhibited
a pronounced chiral right-handed plasmonic response, opposite to the left-handed
of their liquid crystallinity assemblies. The authors verified that the sizes of CNCs
and AuNPs must mutually match since too large AuNPs do not effectively bind on
CNCs, and too small AuNPs do not provide strong enough plasmonic signal.

Interesting conducting hybrid materials using BC [20] or carboxymethyl cellu-
lose [19] and AuNPs were also produced. In both cases, the cellulosic matrices were
combined with poly(aniline) and then the AuNPs were adsorbed onto the polysac-
charidic membranes. The presence of AuNPs induces differences in the voltammetric
profile of the membranes leading to easier diffusional processes through the mate-
rial. This allows an increased electrical conductivity and charge distribution over the
membranes.

Li et al. [22] also showed the possibility of preparing BC/AuNPs based materials
for treating bacterially infected wounds. BC membranes were soaked with colloidal
AuNPs modified with 4,6-diamino-2-pyrimidinethiol with distinct concentrations.
Modified hybrid membranes showed excellent physicochemical properties includ-
ing water-uptake capability, mechanical strain, biocompatibility and better efficacy
than most of current antibiotics (cefazolin/sulfamethoxazole) against Gram-negative
bacteria, namely Escherichia coli and Pseudomonas aeruginosa. This was demon-
strated on dorsal skin wounds of rats, where these hybrid materials inhibit bacterial
growth and promote visible wound repair in 14 days.

Cellulose/AgNPs hybrids have also been extensively used in the development
of antimicrobial materials for healthcare applications, such as wound healing [23,
24], because of the well known antimicrobial activity of AgNPs typically associ-
ated with the continous release of silver cations to the media. As representative
examples, Wu et al. [23] used BC and AgNPs to prepare slow-released antimicro-
bial wound dressing hybrid materials. Uniform spherical AgNPs (10-30 nm) were
generated and self-assembled homogeneously on the surface of BC nanofibres. This
hybrid nanostructure offered excellent and sustainable control of Ag* release of
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16.5% after 72 h in PBS solution. Regardless of the slow Ag* release, the hybrids
exhibited significant antibacterial activity (more than 99% reduction against E. coli
and Staphylococcus aureus, as well as P. aeruginosa) and, in co-culture with epi-
dermal cells, did not showed cytotoxicity. These results manifested that BC/AgNPs
gel-membrane hybrids were promising for antimicrobial wound dressing that could
reduce inflammation and promote wound healing.

Cellulose/AgNPs hybrids are also used in other applications such as environ-
mental protection (e.g. water remediation) [25, 26], catalysis [27], sensors [28], and
the preparation of electrical conducting [29] and anti-corrosion [30] materials. For
instance, Wang et al. [25] prepared cellulose acetate nanofibrous membranes with
AgNPs, by electrospinning, for the treatment of dyes contaminated wastewater. The
morphology and structures of the hybrid membranes can be controlled using solvent
systems with distinct volatilities. The use of a solvent with a higher volatility results
in a more porous structure with a higher ratio of ribbon-like fibres, offering a better
dye (thodamine B) adsorption ability that is not affected by the presence of AgNPs.
As expected, the nanofibrous membranes containing AgNPs presented also an effec-
tive antibacterial activity against Gram-positive S. aureus and Gram-negative E. coli
[25].

Another application of cellulose/AgNPs hybrids, in line with the global environ-
mental concerns was reported by Liou et al. [28] on the detection of pesticides in
fruits. Flexible and environmentally friendly substrates were prepared by impregna-
tion of CNFs films with AgNPs and used in SERS analysis to detect thiabendazole
(TBZ), a common pesticide and fungicide widely used for post-harvest tretament
of fruits and vegetables. TBZ only exhibited strong SERS signals when the pH was
below the TBZ’s pKa value (pH =4.65) and thus enabling the electrostatic attrac-
tion between TBZ and AgNPs. At a low pH value, CNFs prevented the uncontrolled
aggregation of AgNPs serving as an effective platform for SERS analysis. The authors
expected that this methodology could be extended in the future to the rapid detection
of other neutral molecules and pesticides in various food products [28].

An interesting approach for the preparation of a benign corrosion inhibitor was
studied by Solomon et al. [30] using carboxymethyl cellulose (CMC) as matrix
and AgNPs produced in situ by reduction of AgNO; using honey as the capping
and reducing agent. Hybrid materials with enhanced corrosion inhibitive ability for
longer immersion times (until 15 h) in 15% H,SO, solution, specifically for St37
steel, were prepared showing a high efficiency even at high temperatures (60 °C). The
incorporation of AgNPs into CMC membranes increased the inhibition efficiency and
stability of the polymer at high temperature and may also prevented the coiling up
of the polymer under the same temperature conditions [30].

Cellulosic substrates can also be combined with CuNPs and the correspond-
ing hybrid materials present similar applications to those of AgNPs-based hybrids,
despite their fabrication and correspondent use being less significant. The cellu-
lose/CuNPs hybrids can be obtained in the form of films [31, 32], hydrogels [33] or
even as textile fibres [34] and are essentially used for as antimicrobial materials for
biomedical applications. Following a physical approach, Lv et al. [35] used mag-
netron sputtering to prepare BC/CuNPs based hybrid materials with enhanced elec-
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tromagnetic shielding, thermal, conduction, and mechanical properties. These topo-
logical constructed materials showed high conductivity (0.026 S m~'), good mechan-
ical properties (tensile strength &~ 41.4 MPa and Young’s modulus =7.02 MPa) and
acceptable interference (EMI) shielding effectiveness (55 dB). It is also important to
refer that the use of BC/CuNPs materials in catalytic applications is also a possibility
[36].

The combination of cellulose and PANPs is also gaining prominence for the design
of innovative catalytic materials. Some reports in this field describe the use of dis-
tinct types of cellulosic matrices such as CNCs [37], CMC [38], ethylenediamine-
functionalized cellulose [39], and plant cellulose [40], as efficient matrix supports
for PANPs. Usually, the materials are prepared by in situ growth of PANPs on the
surface of the cellulosic materials, with the reducing ends of the matrix working as
the reducing agents [37, 38] or through the addition of external reducing agents [39,
40]. These materials can be used for the degradation of azo-dyes in the presence of
NaBHy,4 [38] or for the electrooxidation of hydrazine [39].

Another example was given by Rezayat et al. [37] which prepared effective cata-
lysts for carbon-carbon bond formation in the Mizoroki—Heck cross-coupling reac-
tion. In this work, PANPs were formed at the CNCs surface, where the reducing ends
of CNCs acted both as the reducing agent and support material, using subcritical
and supercritical CO, in one step for the easy recovery of the supported catalyst by
simply venting with CO,. The authors verified that the pressure, reaction time, and
weight ratio of precursors control the palladium particle diameter and loading. After
optimization of the experimental conditions, the mean diameter of PANPs can varied
between 6 and 13 nm, while the maximum Pd loading obtained was 45% (w/w) [37].

2.2 Chitin/mNPs Hybrid Materials

Although chitin is the second most abundant natural polymer, the number of reports
dealing with chitin/mNPs based hybrid materials is scarce. The main factor that
justifies this fact is most certainly the limited processability of this polysaccharide,
which affects the simplicity and consequently the viability of the processes involved
in the preparation of chitin-based materials. However, in last couple of years, some
studies reported the combination of this biopolymer with AuNPs and AgNPs for the
development of sensors [41] and materials for biomedical applications [42—44].
Huang et al. [41] reported the only work that focuses on the use of chitin nanofibrils
(prepared via green physical method, namely a dilute acid facilitated cationization)
as an efficient substrate to generate and immobilize AuNPs in a one-step process.
The surface amino groups of chitin (with a degree of acetylation of 80.2%) acted as
both reducing and stabilizing agents for the in situ synthesis of AuNPs due to the
reducibility and chelation capacity of these groups. The size of the AuNPs (7-30 nm)
were tuneable by adjusting the polysaccharide concentration, reaction time and tem-
perature. The hybrid membrane exhibited a peroxidase mimic behaviour and, when
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combined with glucose oxidase, could be applied in the colourimetric detection of
glucose with a detection limit of 94.5 nM [41].

Chitin/AgNPs hybrid materials also take advantage of the antimicrobial activity
of AgNPs and can find practical applications as wound dressing [42], or as antifungal
materials [43, 44]. These hybrids can be processed in distinct forms namely as powder
[43, 44] or as membranes [42]. In the later example, Singh et al. [42] obtained chitin
dressing cast films with AgNPs, which were synthesised by gamma irradiation at
doses of 50 kGy and exhibited a particle size distribution in the range of 3—13 nm. In
vitro antimicrobial tests showed that the membranes containing 100 ppm of AgNPs
could completely inactivate viable P. aeruginosa cells within 1 h, while, for the same
period, S. aureus was reduced by nearly 2-log CFU units.

2.3 Chitosan/mNPs Hybrid Materials

The versatility of CH as building block to engineer functional hybrid materials is
well-known [45]. This polysaccharide, apart from its intrinsic biocompatibility,
biodegradability and antimicrobial activity, presents a cationic behaviour in acidic
solutions, film-forming ability, easy chemical or physical modifying ability, and
strong affinity for metals ions [45]. These interesting properties turned this substrate
into an excellent alternative to develop functional hybrid materials, particularly in
combination with mNPs [46, 47]. Some relevant reviews in this area highlight dis-
tinct applications of CH/mNPs hybrids, namely on drug delivery [47], antimicrobial
and wound healing [48] and catalysis [49]. Table 2.2 shows an overview of distinct
CH-based hybrid materials with AuNPs, AgNPs, CuNPs and PdNPs, as well as the
corresponding preparation methodologies and fields of applicability.

The combination of CH with AuNPs resulted, mainly, in the development of mate-
rials for sensors applications. The array of systems described in literature is massive,
including sensors for the detection of glucose, uric acid, distinct metal ions (Cu?t,
Pb?, Hg2+, Cd?"), bacteria (Bacillus cereus, E. coli, Salmonella typhimurium),
proteins (lectin), nucleic acids, antibiotics, virus, neurotransmitters (dopamine,
tryptamine), pesticides, toxins, among others [46—49].

Dervisevic et al. [50] reported a sensor for the electrochemical detection of
the adenosine-3-phosphate degradation product, xanthine, that can be successfully
employed in the evaluation of meat freshness. Real samples of fish, chicken and
beef were analysed for 25 days and, although no visual change was observed in the
food condition, it was possible to detect an increase of the xanthine concentration.
The use of self-assembled AuNPs resulted in an improved performance, namely
in a lower response time (ca. 8 s), sensitivity (1.4 nA/uM), broader linear range
(1-200 wM), and lower detection limit (0.25 mM) when compared to other studies
using xanthine-based biosensors.

The development of food quality and safety control materials was also envisaged
by Giiner et al. [51] by targeting the specific detection of E. coli. In this work, a
disposable hybrid film composed of CH, AuNPs, polypyrrole and carbon nanotubes
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Table 2.2 Examples of hybrid materials based on CH and mNPs, the preparation methodologies
and potential applications

Metal Methodology Application References
NPs
Au Electrode modification using Sensors (meat quality) [50]
CH/polypyrrole/ AuNPs hybrid
Electrode modification using Sensors (bacteria detection) [51]
CH/polypyrrole/ AuNPs/CNTs
hybrid film
Reduction of Au salt using CH Biomedical (imaging agents) [52]
Reduction of Au salt using CH Biomedical (drug delivery) [53]
Electrochemical reduction of gold | Biomedical (orthopaedic [54]
and CH solution implants)
Blending of the components Biomedical (scaffolds) [55]
Oil-in-water emulsion technique | Biomedical (nanotheranostics) [56]
Ag Blending of the components Biomedical (antibacterial [57]
materials)
Electrospun CH/poly(ethylene Biomedical (antibacterial [58]
oxide) membranes with AgNPs | membranes for tissue
regeneration)
Seed-mediated growth in Biomedical (non-invasive [59]
presence of CH imaging)
Coating of as-prepared AgNPs Sensors (detection of food [60]
with quaternised CH contaminants)
Sunlight-induced reduction of Environmental (water [61]
silver ions at CH microspheres purification)
surface
Blending of the components Environmental (removal of metals | [62]
from surface waters)
Emulsion-chemical cross-linking | Catalysis (4-nitrophenol [63]
method followed by in situ reduction)
deposition of AgNPs
Cu Blending of the components Catalysis (C-S coupling reactions) | [64]
Reduction of copper salt by Antifouling materials [65]
L-ascorbic acid in presence of CH
Sorption of copper salt in CH Environmental (removal of metal | [66]
membranes followed by reduction | ions from aquatic environment)
with NaBHy
Blending of the components Agriculture (plant development [67]
and growth)
Pd Reduction of Pd salt with ellagic | Catalysis (Suzuki-Miyaura C-C | [68]
acid in presence of modified CH | coupling reactions)
Reduction of Pd salt with Catalysis (Suzuki-Miyaura C-C | [69]

hydrazine in presence of modified
CH

coupling reactions)

(continued)
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Table 2.2 (continued)

Metal Methodology Application References
NPs
In situ reduction of Pd salt in Catalysis (organic coupling [70]
presence of montmorillonite/CH | reactions)
matrix
Blending of the components Biomedical (nanotheranostics) [71]

(CNTs) was used to modify a pencil graphite electrode to construct an electro-
chemical immunosensor. In this platform, AuNPs allow the anti-E. coli monoclonal
antibody immobilization and CNTs provide higher surface area on the electrode for
antibodies accommodation. This biosensor presented a detection range from 30to 3 x
107 CFU mL~! with a detection limit of ca. 30 CFU mL~" in PBS buffer. A pointed
disadvantage of this hybrid material was its non-reusability since the antibodies were
not able to regenerate for subsequent detections [51].

CH/AuNPs hybrids also found application in the development of materials for
biomedical applications, such as imaging agents [52], drug delivery systems [53],
orthopedic implants [54] and scaffolds [55]. For example, Tentor et al. [55] developed
a scaffold for MC3T3-E1 osteoblast cells based on a CH/pectin hybrid loaded with
AuNPs. This thermosensitive hydrogel promoted mild cell proliferation and growth
over 10 days of exposure showing high cytocompatibility with several cell types,
including normal kidney epithelial cells (VERO cells), epithelial colorectal adeno-
carcinoma cells (HT-29 cells), HPV-16 positive human cervical tumour cells (SiHa
cells), kidney epithelial cells (LLCMK?2 cells) and murine macrophage cells (J774A1
cells). Another interesting example was given by Kostevsek et al. [56] regarding a
CH-based nanotheranostic system. Dumbbell-like gold—iron oxide NPs, prepared
by a high temperature polyol method, were surface functionalized with modified-
CH (thiol groups and cathecol fragments) via an oil-in-water emulsion technique
and used as water-stable nanocarriers which proved to be effective as non-invasive
photoacoustic imaging agent and as a photothermal therapy material [56].

In the case of CH/AgINPs hybrids, and as highlighted for the cellulose analogues
(i.e. cellulose/AgNPs hybrids), most of the studies take advantage of the intrinsic
antimicrobial activity of AgNPs, but here this feature is enhanced by the antimi-
crobial activity of CH [57, 58]. For instance, Holubnycha et al. [57] reported the
preparation of CH/AgNPs hybrids with different component ratios that were tested
against methicillin-resistant strains of S. aureus isolated from patients using a broth
macro-dilution method. The authors modified the surface of AgNPs with cetrimo-
nium bromide to improve their dispersibility and activity, as well as to decrease their
toxicity. This hybrid showed a superior antimicrobial efficacy when compared to the
pristine components, thus being a promising material to fight drug-resistant bacteria.
Shao et al. [58] evaluated the biological activity of CH/AgNPs membranes prepared
by electrospinning. The incorporation of AgNPs provided a continued antibacte-
rial support to CH-based membranes in a dose-dependent manner. The in vitro and
in vivo (subcutaneous implantation in rabbits) studies showed that AgNPs did not
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cause a noticeable cytotoxic effect on periodontal ligament cells. Furthermore, the
membranes with AgNPs induced a similar inflammatory response compared with
CH membranes without AgNPs, showing to be a promising material for clinical
applications like guided tissue regeneration [58].

The CH/AgNPs hybrids can also present other interesting applications such
as tracking and imaging [59], sensors for food contaminants [60], environmental
(removal of dyes and microbial contaminants) [61], sorbents (extraction of metal
pollutants from surface waters) [62], and catalytic [63] materials. For example, Chen
et al. [60] used CH capped AgNPs to develop a highly sensitive detection system
for food contaminants, namely tricyclazole and Sudan I, which are very difficult
to detect at trace levels. Spherical functionalized AgNPs with sizes in the range
15-25 nm were prepared by microwave irradiation using quaternized CH since not
only keeps the outstanding characteristics of CH but also displays great water sol-
ubility over a wide range of pH values. This hybrid system was then used to detect
the target contaminants by SERS, presenting a limit of detection of 50 and 10 ppm
for tricyclazole and Sudan I, respectively. The quaternized CH coating was essential
to avoid AgNPs aggregation and create hot spots between interconnected AgNPs to
provide a significative signal magnification [60].

Another interesting application of CH based systems addresses the growing aware-
ness towards water purification. Ramalingam et al. [61] developed core-shell NPs
with a Fe;04 magnetic core and a CH shell which were further decorated with AgNPs,
for adsorptive removal of dyes and microbial contaminants from water (Fig. 2.2). In
this multifunctional hybrid system, the magnetic core allowed the easy separation of
the material using an external magnetic field leading to the recycling and reuse, while
CH favoured the binding of dyes, and the AgNPs inhibited the bacterial growth and
prevented biofilm formation on the microspheres. This superparamagnetic hybrid
material removed efficiently the microbial contaminants and at the same time 99.5%
of dyes on single and multi-component systems showing a superior adsorption capac-
ity when compared with other commons adsorbents [61].

A similar procedure was used by Xu et al. [63], however, in this case, the purpose
was to prepare an efficient catalytic material. Herein, CH played the dual role of
encapsulating the magnetic core and acting as reducing agent. The hybrid micro-
capsules were used as catalysts in the reduction of p-nitrophenol to p-aminophenol
with NaBHy, exhibiting a conversion efficiency of 98% within 15 min. Moreover,
the catalysts can be recycled and reused successfully for at least ten cycles.

Hybrid materials based on CH and CuNPs have a demonstrated applicability
as catalytic systems. As an illustrative example, Frindy et al. [64] prepared porous
microspheres where the CuNPs were embedded within the CH matrix (Cu maximum
loading of 2.3 wt%). These aerogels are effective heterogeneous catalysts for the C—S
coupling of aryl halides and thiophenol in toluene. The catalyst was more active for
aryl iodides than for aryl bromides and chlorides and can be reused up to four times,
under optimal conditions. Nevertheless, this material showed some disadvantages,
namely Cu leaching from the first to the second use, and the “poisoning activity”
from the halides released during the reaction that increased the Cu leaching [64].
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Fig. 2.2 Synthesis of AgNPs decorated core-shell type magnetic-CH microspheres for application
in water purification. Reprinted with permission from [61]. Copyright 2015 American Chemical
Society

The preparation of antifouling coatings against the growth of algae [65] and sor-
bent membranes for the removal of chromate and vanadate from aquatic environment
[66] are other applications reported for the CH/CuNPs hybrid materials. Following
a distinct perspective, Gémez et al. [67] developed an interesting CH/CuNPs hybrid
material for utilization in modern agriculture, aiming to improve plants development
and growth following a more ecological way through a grafting cultivation tech-
nique. CH/poly(vinyl alcohol) hydrogels soaked with CulNPs (dilute solutions) were
grafted on watermelon plants (“Jubilee” cultivar) via the tongue approach method,
in order to assess the changes in the grafted plant growth and stomatal morphology
(density, index, width and length). The leaf micromorphology was changed with an
increase in the growth of the primary stems, the root system, and in stomatal width.
This positive behaviour was explained by the authors as a probable improvement in
the ability to take up water and nutrients from their environment, which is translated
into a superior growth rate [67].

As verified for most of palladium-based materials, the driving force for the devel-
opment of CH/PdNPs materials is based on the effective catalytic properties of this
metallic NPs. For this specific type of hybrid materials, the focus was the prepa-
ration of heterogeneous nanocatalysts for Suzuki-Miyaura coupling reactions. The
importance of this carbon-carbon bond formation reaction lies, in the fact, that is
one of the most important methods for the synthesis of biaryl products in a single-
step process. Usually, CH was modified with distinct molecules e.g., biguanidine
[68] and thiourea [69], before being used to functionalize the PANPs. The objective
of the CH functionalization is to provide coordination sites for immobilization of
PdNPs. Veisi et al. [68] functionalized CH with dicyandiamide to obtain biguani-
dine groups used to adsorb Pd (II) ions which were later reduced using hydrazine
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hydrate. This metal-polymer hybrid material performed as an excellent catalyst for
Suzuki coupling reactions in terms of activity for various aryl halides, including less
reactive chlorobenzenes. The hybrid reusability was also demonstrated with a high
catalytic activity even after six runs and without metal leaching [68]. Affrose et al.
[69] followed a dissimilar procedure to prepare CH/PdNPs hybrid materials using
an aqueous system and a green reducing agent, viz. ellagic acid; hence, avoiding
organic solvents and the use of hydrazine. The reaction was performed with various
heterocyclic boronic acids and the catalyst could also be easily recovered and reused
for at least five runs without losing its activity.

In a different vein, Zeng et al. [70] prepared a versatile platform of CH and
montmorillonite, that works as a suitable scaffolding material to incorporate PANPs.
This porous matrix allowed the easy diffusion of reactants and respective product
molecules, showing to be highly active for the Heck reactions of aromatic halides
and alkenes. This economical and abundant heterogeneous catalyst demonstrated to
be recycled thirty times without significant loss of activity [70].

In the biomedical field, Bharathiraja et al. [71] give a step forward using PANPs
modified with thiolated CH (confers biocompatibility and enables further function-
alization with other molecules via conventional coupling chemistry using the amine
and hydroxyl groups present in the polymer) to develop a nanotheranostic agent
for enhanced imaging and therapy of tumours tissues using a near-infrared laser
(Fig. 2.3). The PdANPs were functionalised with CH to improve the biocompatibility
of the particles and an arginine-glycine-aspartic acid (RGD) peptide to increase the
mNPs accumulation in the cancer cells and thus enhancing the respective photother-
mal therapeutic effects. The resulting hybrid material showed good biocompatibility,
water dispersity, colloidal and physiological stability, and capability to destroy the
tumour effectively under 808 nm laser illumination (photothermal transduction effi-
ciency was comparable with the presented by isolated Au nanorods, as Au is the
standard reference mNPs). Furthermore, the material gives a good amplitude of pho-
toacoustic signals, enabling the tumour tissues imaging using a non-invasive photoa-
coustic tomography system. However, the authors alert to the significant challenges
that remain in advancing from laboratory settings to clinical therapy. In this case,
the biggest challenge will be the need to ensure the reproducibility and uniformity
of these functionalized PANPs after the scale-up of the process [71].

2.4 Starch/mNPs Hybrid Materials

Starch is another polysaccharide that can be used to develop hybrid materials with
mNPs, as summarized in Table 2.3 showing recent examples of the combination
between starch and different mNPs, namely AuNPs [72-76], AgNPs [77-84], CuNPs
[85, 86] and PANPs [87-91].
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Fig. 2.3 a Preparation of PANPs and further surface coating with thiolated CH and, functionaliza-
tion using RGD peptide. b Photothermal ablation and photoacoustic imaging of tumour tissue using
CH/PdNPs hybrid material. Reprinted with permission from [71]. Copyright 2018 Springer Nature

Usually, the methodology used for the preparation of starch/AuNPs hybrid sys-
tems comprises the reduction of an Au salt by distinct reduction agents (e.g. sodium
citrate) in the presence of starch that acts as stabilizer. The hybrids prepared following
this methodology envisaged, for example, the development of colourimetric sensing
materials that can be used for the detention of heavy metals, such as Cu®* and Pb**
in contaminated waters [72] or for the detection of the protein content in milk [73].
Another application described for starch-stabilized gold materials includes the devel-
opment of catalytic systems, namely for the homocoupling of phenylboronic acid in
water using oxygen in air as oxidant at ambient temperature [74]. The same authors
developed later a similar catalytic material for the degradation of 4-nitrophenol, how-
ever, in this case, a green synthesis method based on the use of mung bean starch
as reducing (aldehyde functional terminal groups) and stabilizing (hydroxyl groups)
agent was used to prepare the AuNPs hybrid material [75].

A distinct methodology was described by Pagno et al. [76] for the preparation
of hybrid biofilms from quinoa starch with potential application as active food
packaging materials. In this work, cast biofilms with different gold NPs contents
where obtained through the mixing of AuNPs, stabilised by an ionic silsesquioxane,
with a 4% starch suspension, using glycerol as plasticizer. These hybrid biofilms
demonstrated an increased tensile strength, UV radiation absorption, thermal stabil-
ity, antimicrobial activity and a decreased solubility in relation to the pure starch
biofilm.
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Table 2.3 Examples of hybrid materials based on starch and mNPs, preparation methodologies
and potential applications

Metal Methodology Application References
NPs
Au Reduction of Au salt with NaOH | Sensors (heavy metals detection) | [72]
in presence of starch
Reduction of Au salt with NaOH | Sensors (colorimetric detector) [73]
in presence of starch
Reduction of Au* with a starch | Catalysis (homocoupling of [74]
complex with sodium citrate phenylboronic acid)
Reduction of Au salt using starch | Catalysis (reduction of [75]
4-nitrophenol)
Biofilms prepared by casting Food packaging [76]
Ag Reduction of Ag salt with Sensors (colorimetric detection of | [77]
dextrose in presence of starch hydrogen peroxide)
Reduction of Ag salt with NaBH4 | Biomedical (tissue regeneration [78]
in presence of starch applications)
Biofilms prepared by Antibacterial materials [79]
microwave-assisted syntheses
Reduction of Ag salt with sodium | Sensors (analysis of food and [80]
citrate in presence of starch environmental samples)
Reduction of Ag salt using starch | Catalysis (synthesis of 2-aryl [81]
under sonication substituted benzimidazoles)
Blending of the components Antimicrobial packaging, [82, 83]
using glycerol as plasticizer biomedicine and sensors
Blending of the components Antimicrobial packaging [84]
using glycerol as plasticizer
Cu Deposition of CuNPs on starch Catalysis [85]
microparticles
Blending of the components Antimicrobial hydrogels [86]
Pd Reduction of Pd salt with sodium | Catalysis (synthesis of biphenyl | [87]
borohydride in presence of compounds via Suzuki-Miyaura
starch/chitosan reactions)
Formation of PANPs in presences | Catalysis (Suzuki-Miyaura [88]
of starch and NaOH cross-coupling reactions)
Reduction of Pd salt with citric Catalysis (Suzuki and Heck [89]
acid in the presence of starch cross-coupling reactions)
Grafting of starch on the surface | Catalysis (Heck and Sonogashira | [90]
of PANPs coupling reactions)
Mixture of PANPs with Catalysis (oxidation of alcohols) | [91]

amino-functionalized starch
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As verified for other polysaccharides, AgNPs-based starch hybrids are also the
most common materials reported in literature. Most of these works combine starch
with distinct reducing agents for the preparation of starch-capped AgNPs hybrid
systems, where starch acts as a stabilizing, shape-directing and/or capping agent
during the growth process of the nanostructures. One example is the work reported
by Mohan et al. [77] where starch and dextrose were used as stabilizing and reduc-
ing agent, respectively. The as-prepared NPs showed antibacterial activity but, at
same time, the ability to the colourimetric detection of hydrogen peroxide (down
to concentrations of 1 x 107'% M). A similar work was carried out by Mandal and
co-workers who prepared stable AgNPs capped with variable concentrations of sago
starch [78]. These nanostructures were incorporated into collagen extracted from fish
scales and freeze-dried to form scaffolds for tissue engineering. The scaffolds display
enhanced stability and improved Young’s modulus when compared with pristine col-
lagen scaffolds. The in vitro studies showed that these materials are biocompatible
and presented a strong antibacterial activity.

Kabhrilas et al. [79] prepared AgNPs caped with starch by a microwave-assisted
methodology. Following this green approach, NPs with a size of 12.1 £4.8 nm were
obtained in less than 15 min exhibiting a clear antibacterial effect on a variety of
Gram-positive and Gram-negative bacteria (E. coli, Bacillus subtilis, Klebsiella pneu-
moniae, P. aeruginosa, S. aureus, and Janthinobacterium lividum). These hybrid
systems could be applied in the development of distinct antimicrobial materials. The
authors pointed the further steps in this field, namely the evaluation of the effects of
AgNPs versus antibiotics, and the effect of AgNPs on chemical signalling of specific
compounds or metabolites. Other interesting applications for starch coated AgNPs
involve their use in sensors for the analysis of food and environmental samples using
SERS [80] or in catalysis for the synthesis of 2-aryl substituted benzimidazoles,
which are compounds with numerous biomedical applications [81].

Starch/AgNPs hybrid materials can also be processed in the form of films for
application as packaging materials. The work reported by Cheviron et al. [82, 83]
showed this possibility, where the as-prepared AgNPs were dispersed in a potato
starch/glycerol matrix and then casted. However, regardless of the silver incorpora-
tion approach, no significant difference on the thermal stability of hybrid films was
observed. However, a lower water-uptake and a high decrease of relative water and
oxygen permeability were detected when compared to the associated neat matrix.
More recently, and following a similar procedure, Ortega et al. [84] prepared hybrid
films, but in addition to the study of the abovementioned properties, the mechanical
properties, the antimicrobial activity, the heat-sealing capacity, and the conservation
of a dairy product (fresh cheese) protected by the hybrid films were also evaluated.
As verified in the previous studies [82, 83], a decrease in water vapour permeability
with increasing concentration of AgNPs was observed. Besides, AgNPs incorpora-
tion contributed to the matrix reinforcement, strong antimicrobial activity, and to
extend the shelf-life of fresh cheese samples by 21 days. This example demonstrates
that the starch active films have a high potential to be used as active food packag-
ing materials, however, as referred by the authors, tests on the AgNPs toxicity and
migration to the product are still necessary [84].
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For starch/PdNPs based hybrid materials, the most common application is once
again on catalysis due to the well-known catalytic activity of palladium. The
described works showed the applicability of these systems in Suzuki-Miyaura
[87-89] and Heck and Sonogashira [89, 90] cross-coupling reactions, and selec-
tive oxidation of primary alcohols to aldehydes [91]. Usually, the hybrid materials
are prepared either by synthesizing the PANPs in the presence of starch and using
NaBH, or citric acid as reducing agents, or by synthesizing the PANPs with the pre-
vious reducing agents and then graft the polysaccharide moieties into the surface of
the NPs.

Arecent illustrative example was described by Tukhani et al. [90], that developed a
catalytic system through the immobilization of PANPs on starch-functionalized mag-
netic NPs (Fe;O4 NPs) coated with a silica layer and functionalized with chlorosi-
1yl groups at their surface (Fig. 2.4). This magnetic and reusable catalystic system
obtained by a “green” approach is active in Heck and Sonogashira coupling reac-
tions in water, demonstrating a good reusability with no significant loss of catalytic
activity after 5 cycles.
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Fig. 2.4 Synthetic pathway used for the preparation of starch/PdNPs hybrid material. Reprinted
with permission from [90]. Copyright 2018 American Chemical Society
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Metal oxide nanoparticles (NPs), such as titanium dioxide (TiO,), zinc oxide (ZnO),
copper oxides (CuO and Cu,0), silica (Si0,) and iron oxides (Fe, O3 and Fe;0,4) NPs,
are high in request for several high-tech applications, including catalysts, absorbent
materials, optoelectronic materials, magnetic composites, luminescent materials,
drug delivery systems, sensors, antimicrobial materials, imaging, among many oth-
ers [1-5]. In this context, the association of metal oxide NPs with different materials
[6-8] is a well-recognized approach to produce metal oxide-based hybrid nanoma-
terials with a wide range of properties and controlled morphologies with improved
stability and better performance.

In this perspective, the partnership between polysaccharides and metal oxide NPs
has been extensively explored in different fields of research [8], namely (i) on the
conversion of polysaccharides into renewable based fuels and chemicals, (ii) on
the transformation of polysaccharides into carbons, (iii) as modifiers of the metal
oxides’ surfaces, and (iv) on the development of novel hybrid nanomaterials. Boury
and Plumejeau [8] reviewed the association of metal oxides and polysaccharides,
with emphasis on the different methods to combine them, on the controlled hydrol-
ysis/polycondensation and nucleation growth process of metal oxides NPs using
polysaccharide fibres and templating (moulding raw materials with metal oxides)
of polysaccharide fibres. Salama [9] summarized and discussed the efforts of using
polysaccharides to produce hybrid materials with silica, and Chauhan et al. [10]
reviewed the methodologies for the incorporation of metal oxides in paper matrices.
However, so far there we could not find in the literature an overarching appraisal of
the production and applications of polysaccharide/metal oxides NPs hybrid materi-
als. Thus, the focus of this chapter will be on significant recent publications regarding
the production and applications of innovative hybrid materials based on metal oxides
(particularly TiO;, ZnO, CuO, Cu,0, SiO,, Fe;04 and Fe,03) NPs and most abun-
dant polysaccharides, viz. cellulose (Table 3.1), chitin and chitosan (Table 3.2), and
starch (Table 3.3).
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3 Polysaccharides-Based Hybrids with Metal Oxide Nanoparticles

Table 3.1 Examples of cellulose-based hybrids with metal oxides NPs, the preparation method-
ologies and potential applications

Metal oxide | Cellulose substrate | Methodology Application References
TiO; Cotton fabrics Dip-padding-curing | Self-cleaning textiles | [11]
Cellulose fibres In situ formation of | Nanosorbents for [12]
TiO, Pb2*
CNCs Blending Active food [13]
packaging
BC Impregnation of N-F | Photocatalytic water | [14]
doped BC membrane | disinfection against
with the TiO, bacteria
suspension
BC Self-assembly Production of Hy by |[15]
photocatalysis
BC Impregnation of the | Photocatalytic dye [16]
BC membrane with | degradation
the TiO, suspension
Electrospun Impregnation of Ammonia gas sensor | [17]
cellulose fibres cellulose nanofibres
with the TiO; sol
Pulp fibres Chemical adhesion | Photocatalytic [18]
and physical decomposition o
adhesion VOCs
CNCs Sol-gel process UV filters for skin [19]
care products
BC Impregnation of BC | Wound healing [20]
nanofibres with the | composites
TiO» sol
CA Dispersion of TiO, | Clinical applications | [21]
nanotubes in CA
solution, casting
ZnO CNFs Electrostatic Paper coating [22]
assembly formulations
Pulp fibres Blending of ZnO Antibody [23]
NPs with a cellulose | immobilization
suspension materials
BC In situ formation of | Wound healing and | [24]
ZnO NPs water disinfection
Cellulose paper Dispersion of a ZnO | Oxygen sensor [25]
film over a paper
surface
Cotton pulp Blending of ZnO Glucose biosensor [26]

NPs with a cellulose
solution

(continued)
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Table 3.1 (continued)
Metal oxide | Cellulose substrate | Methodology Application References
Cotton linter pulp One-step coagulation | Functional [27]
process biomaterials
CNFs Blending of Wood coatings [28]
commercial ZnO
NPs with cellulose
suspensions
CNCs Blending of ZnO Water purification [29]
NPs with a
polymerizable
solution
CNFs In situ formation of | Active food [30]
ZnO NPs followed | packaging
by self-assembly of
hybrid nanofibres
BC Impregnation of BC | Wound healing [31]
with a ZnO NPs membranes
suspension
CNCs Copolymerization Water purification [32]
ice-template method
a-Cellulose Dissolution and Photocatalysis [33]
regeneration of
cellulose followed
by hydrothermal
synthesis of ZnO
Cotton fabrics Blending of ZnO Functional textiles [34]
NPs (and other metal
oxides) with
finishing
formulations
CA Blending of ZnO Photocatalysis, [35]
NPs with a cellulose | degradation of dyes
acetate solution
Si0; Cellulose In situ sol-gel Sensors for HyO» [36]
microfibres synthesis detection
Microcrystalline Dispersion of SiO, | Packaging materials | [37]
cellulose NPs in a cellulose
solution
CNFS Dispersion of SiO; Separators for [38]
NPs in a CNFs lithium batteries
suspension followed
by vacuum filtration
Filter paper In situ sol-gel Colorimetric [39]
synthesis bioassays
Cotton linter pulp Dispersion of SiO, | Sensor for moisture | [40]

NPs in a cellulose
solution

detection

(continued)
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Table 3.1 (continued)

Metal oxide | Cellulose substrate | Methodology Application References

CNFs In situ sol-gel Insulation materials | [41]
synthesis

Microcrystalline Conjugation of Nanotherapeutics for | [42]

cellulose cellulose with SiO; | cancer treatment
NPs by esterification

BC In situ sol-gel Various applications | [43]
synthesis of SiOy
NPs

CA Dispersion of SiO; Insulation material [44]
NPs in a cellulose
acetate mixture

CNFs Mixture of SiO; NPs | Flame retardancy [45]
with a cellulose materials
suspension followed
by wet spinning

Microfibrillated Mixture of SiO, NPs | Filters, absorbers [46]

cellulose with a cellulose and catalysts
suspension followed

CNCs Directional freeze Electrical insulators | [47]
casting

CA Covalent Water purification [48]
immobilization of
SiO; NPs in a
cellulose membrane

Iron oxides | CNCs In situ Separation of [49]

co-precipitation proteins
method

CNCs Grafting of Removal of [50]
B-cyclodextrin onto | pharmaceutical
the surface of residues
Fe304@SiO, NPs

CMC LbL assembly of Drug delivery and [51]
polyelectrolytes on | protein
F304 NPs surface immobilization

CMC In situ synthesis of | NMR contrast agents | [52]
Fe304 NPs (imaging)

Cellulose from Template synthesis | Removal of Cr(VI) | [53]

native wheat straw combined with from contaminated
co-precipitation waters

CMC Conjugation of NPs | Drug delivery and [54]

with CMC by
chemical reaction

hyperthermia
treatment

(continued)
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Table 3.1 (continued)
Metal oxide | Cellulose substrate | Methodology Application References
Methyl cellulose In situ formation of | Magnetic [55]
magnetite NPs hyperthermia
treatment (cancer
treatment)
Cotton linter pulp Extrusion dropping | Removal of metal [56]
technology from ions (water
NaOH/urea aqueous | purification)
solution
CNCs In situ synthesis of | Flexible NO; sensors | [57]
iron oxide
Hydroxyethyl Fe3O4 NPs coating | Targeted drug [58]
cellulose with HEC delivery
CNCs Coupling reaction Platforms for [59]
separation of
proteins
Filter paper Deposition of Magnetic [60]
magnetite NPs on paper-based ELISA
cellulose paper for IgM-dengue
sheets detection
Copper CNCs In situ formation of | Catalysis; reduction | [61]
oxide CuO NPs of 4-nitrophenol
CuO
Cotton fabrics In situ formation of | Wound dressing and | [62]
CuO NPs other biomedical
applications
Cellulose paper In situ formation of | Water purification [63]
CuO NPs
Cotton fabrics In situ formation of | Medical and [64]
CuO NPs technical textiles
CMC Synthesis of CuO UV-light barrier [65]
followed by mixing | and antibacterial
with the polymer food packaging
solutions and then
casting
CNCs In situ formation of | Flexible [66]
CuO NPs supercapacitor
electrodes
BC Adsorption of Water purification [67]

commercial CuO
NPs

and food packaging
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Table 3.2 Examples of chitosan-based hybrids with metal oxides NPs, the preparation methodolo-
gies and potential applications

Metal oxide | Type of material Methodology Application References
TiO, Thin coating Mixture of CH Photocatalysis [68]
solution with TiO, (degradation of the
NPs followed by herbicide
coating of the terbuthylazine)
substrates
Core-shell Molecular Photocatalysis [69]
microparticles imprinting (degradation of
methyl orange)
Microparticles In situ synthesis of | Drug delivery [70]
TiO, NPs systems
Coating suspension | Dispersion of TiO, | Protective coatings | [71]
NPs into a CH for paper packaging
solution with
glycerol
Beads Mixture of CH Photocatalysis [72]
solution with TiO; (adsorptive
NPs followed by abatement of
coagulation aqueous arsenic)
Membranes Carboxymethyl CH | CO; removal-air [73]
modified TiO, NPs | purification
embedded into
Pebax-1657 polymer
matrix
Films Addition of colloidal | Packaging [74]
TiO; to GO/CH
nanometre film
followed by
freeze-drying
Films Solvent casting of Packaging [75]
CH/TiO; NPs
suspension
Coating Dispersion of TiO, | Glucose biosensors | [76]
NPs in a CH solution
followed by
electrodeposition
Films Dispersion of TiO, | Antifouling [77]
NPs and Ag NPs in a | materials
CH solution
followed by casting
NPs Preparation of Photocatalytic [78]
magnetic CH/EDTA | adsorbents
NPs by W/O
emulsion
cross-linking
followed by loading

with TiO, NPs

(continued)
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Table 3.2 (continued)
Metal oxide | Type of material Methodology Application References
Nanofibrous Synthesis of Drug delivery [79]
scaffolds GO/TiO,/DOX systems
composites, mixing
with CH/PLA
solution followed by
electrospinning

Coating In situ synthesis of | Acetylcholinesterase | [80]
TiO, NPs in a CH biosensor for
solution detection of

pesticides
ZnO Coatings In situ synthesis of | Cotton finishing [81]

ZnO NPs

Films Mixing of CH/ZnO | Wound healing [82]
hybrid with a castor
oil polymer solution
followed by casting

Beads In situ synthesis of | Photocatalysis [83]
ZnO NPs decolorization

Coating Solvent casting of Sensors for [84]
MWNT and ZnO determination of
NPs onto carbon neurotransmitters
electrodes followed
by coating with CH

Nanospheres Nonsolvent-aided Cell imaging and [85]
counter-ion cancer therapy
complexation
method

NPs Coating of ZnO NPs | Cancer [86]
with carboxymethyl | therapy-delivery of
chitosan curcumin

Sponges CH sponges Wound healing [87]
impregnation with
Ag/ZnO composite

Film Casting of a Packaging material | [88]
CH/CMC/ZnO NPs | (cheese)
suspension

Film Casting of a Packaging material | [89]
CMC/CH/ZnO NPs | (bread)
suspension

Coating In situ synthesis of | Glucose biosensors | [90]
ZnO meso crystals

Coating Solvent casting Anti-fouling [91]

coatings

(continued)
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Table 3.2 (continued)

Metal oxide | Type of material Methodology Application References

Coating Solvent casting of a | Sensor for [92]
CH/ZnO determination of
nanoneedles onto 4-nitrophenol
carbon electrodes

Cross-linked Incorporation of Insulin drug delivery | [93]

hydrogels ZnO NPs into a CH
solution followed by
cross-linking

NPs Ultrasonic sonication | Anti-fouling systems | [94]
of CH NPs and ZnO
NPs

SiO, NPs Adsorption of Drug carriers for [95]

insulin onto SiO» insulin
NPs followed by
coating with CH

NPs LbL assembly of CH | Drug carriers for [96]
and alginate onto anticancer drugs
SiOy NPs

Core-shell Microfluidic Catalysis [97]

microspheres approach

NPs Microemulsion Sensors [98]
method, in situ
synthesis of SiOy
NPs

NPs Microemulsion Sensors [99]
method, in situ
synthesis of SiOy
NPs

Aerogels In situ synthesis of Scaffolds for tissue | [100]
SiO; NPs, followed | regeneration
by freeze drying

Nanogels Self-assembly in a Gene carrier material | [101]
microemulsion
system

Particles In situ Stober Scadium recovery [102]
method

NPs Adsorption of Drug carriers for [103]
CH-lactobioinic acid | anticancer drugs
onto SiO, NPs

Aerogels In situ synthesis of | Scaffolds for bone [104]
SiO; NPs, followed | regeneration
by freeze drying

NPs Adsorption of CH CO; adsorption [105]

onto SiO> NPs

(continued)
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Table 3.2 (continued)
Metal oxide | Type of material Methodology Application References
Films In situ synthesis of | Food packaging [106]
SiO, followed
by solvent casting
Composites Sol-gel method Removal of dyes [107]
Xerogels Sol-gel method Immobilization of [108]
followed by drying | proteins
Particles Covalent grafting of | Immobilization of [109]
mesoporous SiO2 proteins
with CH
Iron oxide | Films Mixing of iron oxide | Apatsensor for [110]
NPs with a CH determination of
solution following pesticides
by dip coating of (malathion)
FTO sheets
NPs Dispersion of Fe3O4 | Glucose biosensor [111]
NPs in a CH solution
Microspheres Mixing of FezOq4 Biocatalysts for [112]
NPs, Pseudomans biodiesel production
and CH solution
followed by
coagulation of the
solution for the
formation of the
microspheres
NPs Co-precipitation Catalysis, synthesis | [112]
method (in situ of spiroacridines
synthesis of Fe3O4
NPs)
NPs Loading of chitosan | Cancer imaging [113]
NPs with iron oxide
nanocubes
NPs Surface Nanotheranostic [114]
functionalization of | systems
dumdbell-like
gol-iron oxide NPs
with CH
(water-in-oil
emulsion)
Beads In situ synthesis of Sorbent for Cr(VI) [115]
iron oxide NPs removal
Microspheres Ion imprinting and Sorbent for selective | [116]
inverse suspension removal of Cu(II)
cross-linking
Microspheres Mixture of CH Enrichment of intact |[117]

solution and Fe3Oy4

proteins

(continued)
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Table 3.2 (continued)

Metal oxide | Type of material Methodology Application References
NPs Water-in-oil Sorbents for [117]
microemulsion mycotoxins (patulin)
methodology
Copper Microspheres In situ synthesis of | Biosensor for Hg(II) |[118]
oxides CuO detection
CuO or
Cuy0
Thin films Mixture of CuO NPs | Photocatalysis [119]
with a CH solution
followed by solvent
casting
Microparticles In situ synthesis of | Photocatalysis [120]
Cuy0
Pellets Mechanical mixing | Sensors for [121]
technique temperature and
humidity
Hydrogel In situ synthesis of | Antibacterial [122]
CuO NPs hydrogel
Films Mixture of Antibacterial film [123]
MMT/CuO with a
CH solution
followed by solvent
casting
Films Mixture of CuO (or | Photocatalysis [124]

ZnO/CuO
nanocomposites)
NPs with a CH
solution followed by
solvent casting
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Table 3.3 Examples of starch-based hybrids with metal oxides NPs, the preparation methodologies
and potential applications

Metal oxide | Starch type Methodology Application References
TiO; Soluble starch In situ synthesis of Photocatalysis [125]
TiO, nanostructures
- In situ synthesis Photocatalysis [126]
Sodium carboxymethyl | Multi step procedure Solar cells [127]
starch
Starch aqueous Post-modification of Nanoadsorbents | [128]
solution TiO, NPs with starch | for metal ions
absorption and
preconcentration
ZnO Rice starch Solution casting Shape memory | [129]
packaging films
Tapioca starch Solution casting Packaging films | [130]
or coating
Rice starch Solution casting Packaging films | [131]
SiO; Cassava starch Melting mixing - [132]
Hydroxypropyl starch | Solvent casting Biodegradable | [133]
food packaging
films
Modified starch and Mixture of the Binder for [134]
corn starch different components | particle board
panels
Iron oxide |- Commercial starch Magnetic [135]
coated magnetic iron | imaging and
oxide NPs were tumour targeting
aminated and
simultaneously
PEGylated and
heparinized
- Co-precipitation Sorbents for [136]
method hevalent
chromium
removal
- Modification of Sorbents for [137]
hydrous ferric oxide arsenate removal
NPs with starch via a
water-based approach
- Synthesis of Fe304 Drug delivery [138]
NPs, followed by systems
adsorption of starch
and grafting of
poly(ethylene
phthalate)
- Co-precipitation Nanosystems for | [139]

method

curcumin release

(continued)
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Table 3.3 (continued)

Metal oxide | Starch type Methodology Application References
Commercial Incorporation of Scaffolds for [140]
starch/polycaprolactone| commercial iron oxide | tendon
blend NPs into a 3D structure | regeneration

of aligned
starch/polycaprolactone
fibres
Starch from rice Alkaline oxidative Sorbents for [141]
hydrolysis followed by | pesticides
encapsulation with a removal
starch-silica hybrid
Corn starch (27% Adsorption of Theranostic [142]
amylose) itaconate- applications
functionalized starch
onto the surface of iron
oxide NPs followed by
copolymerization with
N-isopropylacrylamide
- In situ synthesis of iron | Nanosystems for | [143]
oxide NPs curcumin release
Short-chain amylose Non-emulsion based Several [144]
approach, biomedical
co-precipitation applications

Cupper - In situ synthesis of Photocatalysis [145]

oxides CuO NPs

CuO or

Cu,O
Potato starch In situ synthesis of Biomedical [146]

CuO NPs applications
(anticancer
activity)
- Blending of starch and | Antimicrobial [147]
CuO NPs with a polyol | foams for
before the infections
polyurethane synthesis | control

3.1 Cellulose/Metal Oxide NPs Hybrid Materials

Cellulose, including wood fibres, paper, cotton, regenerated cellulose and nanocel-
lulose substrates, namely cellulose nanofibrils (CNFs), bacterial cellulose (BC),
cellulose nanocrystals (CNCs), and cellulose derivatives (mainly cellulose acetate
(CA) and carboxymethylcellulose (CMC)) have been extensively investigated in
combination with different metal oxides, originating a plethora of hybrid materials
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in the form of films [13, 26, 27, 33, 37, 40, 65], membranes [12, 15-17, 21, 23, 25, 30,
31, 36,43, 46, 48, 57, 63, 66, 67], aerogels [14, 24, 32, 47, 53, 148, 149], hydrogels
[40, 62], nanoparticles [49-52, 54-56, 58, 59], and fibres (including cotton fabrics
and paper sheets and filter paper) [11, 18, 22, 31, 38, 60], among others [19, 42, 45,
150] (Table 3.1).

For example, the combination of cellulose and TiO, NPs is one of the most studied
strategies to fabricate bio-based materials for photocatalytic applications [11, 14-16,
18, 149]. As a representative study, Fujiwara et al. [18] recently reported the fabri-
cation of a photocatalytic paper using TiO, NPs confined in hollow silica capsules.
This strategy is particularly interesting because it allows the fabrication of photocat-
alytic active papers with photo-resistance against self-degradation of the cellulosic
support. The obtained papers showed high photocatalytic activity (>35 wmol h™")
in the photocatalytic decomposition of volatile organic compounds (VOCs), namely
2-propanol, being promising candidates materials for air cleaning.

Equally worth of reference is the work carried out by Li et al. [16] on the design of
a laccase immobilized BC/TiO; functionalized membrane. Dye degradation experi-
ments showed that under UV-irradiation the dye degradation efficiency increased and
that these new hybrid BC membranes, with bio and photocatalytic functionalities, are
valid for industrial degradation of textile dyes. In a distinct vein, nanostructured thin
films containing TiO, and Au NPs supported in BC membranes were investigated
as flexible photocatalytic devices to produce H, from an ethanol aqueous solution
[15]. The nanostructured films were prepared by layer-by-layer assembly using poly-
electrolytes and previously prepared TiO, and Au NPs. The best production of H,,
measured using gas chromatography, for the obtained films was of 0.70 mmol cm~2
when irradiated for 3 h.

Cellulose/TiO; hybrids have also been explored in the biomedical field [19-21],
food packaging [13], as sensors [ 17] and nanosorbent systems [12], however in lower
extent. As illustrative examples, the in vivo burn wound healing potential of BC/TiO,
nanocomposites was investigated in burn wound model through wound area mea-
surement, percent contraction and histopathology and the results pointed to a good
healing pattern with 71% of wound contraction and formation of healthy granulation
tissue [20]. In a different perspective, Pang et al. [17] reported an approach to prepare
cellulose/TiO,/polyaniline composite nanofibres for application as room temperature
ammonia gas sensor. Briefly, electrospun cellulose acetate nanofibres were deacety-
lated to obtain regenerated cellulose nanofibres that were immersed into TiO; sol
to produce cellulose/TiO, nanocomposites. Finally, in situ polymerization of aniline
allowed to deposit polyaniline onto the surface of the nanocomposites. Evaluation
of the gas sensing properties of the resulting hybrid nanofibres revealed that their
response values and sensitivity (>5 for 250 ppm of ammonia) were much higher than
those of cellulose/polyaniline counterparts (around 2).

In the latter years, a huge number of cellulose/ZnO hybrids have also been
described in literature [151], with applications ranging from antibacterial materials
for food packaging [22, 30], biomedical applications [23, 24, 31], water purification
systems [24, 32], sensors [25, 26], photocatalysis [33, 35], UV-absorbing materi-
als [152] and functional textiles [34], among others. Some other studies have their
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focus essentially on improving synthetic approaches to obtain this type of hybrids
[153-156].

For instance, the self-assembly of hierarchically structured cellulose@ZnO
hybrids in solid-liquid homogeneous phase was investigated as a strategy to produce
antibacterial materials for food packaging [30]. The self-assembly mechanism was
systematically studied, and it was found that the electrostatic attraction between cellu-
lose and ZnO NPs was the driven force for the establishment of the first level structure.
In a different study, Khalid et al. [31] fabricated antibacterial BC/ZnO hybrid materi-
als for application as innovative dressing systems for burn wounds. The in vivo wound
healing ability of the materials was investigated in burn BALB® mice model and
revealed a considerable activity (66%). Recently, Wang et al. [32] produced super-
fast adsorption-disinfection cryogels decorated with CNCs and ZnO nanorod clusters
for water-purifying microdevices. These cryogels were obtained through a one-pot
copolymerization of acrylamide and N’,N”-methylenebis(acrylamide) monomer, 2-
(dimethylamino)ethyl methacrylate monomer and flower like CNCs/ZnO nanohy-
brids and showed high mechanical strength, adsorption capacity of 30.8 g g !, super-
fast adsorption time (2.5 s), stable swelling/deswelling ability upon 10 cycles and
dual temperature/pH responsiveness. Equally interesting, Mun et al. [26] reported
a flexible and disposable cellulose/ZnO hybrid film, for conductometric glucose
biosensing. The hybrid film was produced by blending ZnO NPs with a cellulose solu-
tion in lithium chloride/N ,N-dimethylacetamide, followed by curing in an isopropyl
alcohol/water mixture. The biosensor was finally obtained by physical adsorption of
glucose oxidase into the film. It was observed that the enzyme activity increased with
the increase of the ZnO weight ratio in the film and that the film can detect glucose
in the range 1-12 mM. Another representative study investigated the degradation
of organic contaminants, (Congo red and Reactive yellow-105) using a cellulose
acetate-polystyrene membrane impregnated with ZnO NPs under sunlight irradia-
tion [35]. It was concluded that the addition of ZnO NPs to the membrane decrease
its fouling and improve the permeation quality with above 90% of photocatalytic
degradation efficiency for the studied dyes. Moreover, the reusability of the hybrid
membranes was studied, and no significant changes were perceived until four cycles.

Cellulose/SiO, hybrids have similarly been widely explored in the latter years,
with applications in vast domains, including insulation [41, 44, 47] and flame-
retardant [45, 148] materials, sensors [36, 39, 40], water purifications systems [48],
separation [38, 46] and packaging [37] materials, functional textiles [ 150] (as recently
reviewed) drug delivery [42], among many others [43]. As an illustrative example,
transparent cellulose-silica aerogels with excellent flame retardancy were prepared
by in situ formation of SiO, NPs via a two-step sol-gel process in a cellulose gel
[148]. The results showed that the increasing of the silica content increases the
transparency, compressive, thermal and thermo-oxidative properties of the obtained
aerogels. For an aerogel with 33.6% of silica, the transmittance of the composite at
800 nm was of 78.4%. In a different study, Kim et al. [38] developed porous structure-
tuned cellulose nanofibre paper separators, following an architectural methodology
based on SiO, NPs, for lithium ion batteries. The porous structure of these cellu-
lose separators can be tuned by varying the amount of SiO, NPs in the cellulose
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nanofibres suspension, with the one with 5% showing the highest ionic conductivity.
Equally interesting, Evans et al. [39] produced a silica NPs-modified microfluidic
analytical device for enzymatic reactions with clinical significance. The devices were
fabricated in filter paper and using a CO, laser engraver. The addition of silica NPs
promoted an increment of the colour intensity and uniformity. The obtained cellulose
devices allowed the detection of three analytes (glucose, glutamate and lactate) in
artificial urine samples with detection limits of 0.50, 0.25 and 0.63 mM, respectively.
Recently, Albertini et al. [48] described novel boron-chelating membranes based in
hybrid mesoporous silica NPs immobilized in a cellulose acetate membrane for water
purification. These membranes showed boron removal efficiencies of up to 93% and
can be used in multistage filtering systems with continuous operation. In a com-
pletely different vein, Hakeem et al. [42] designed innovative cellulose conjugated
silica NPs based stimuli-responsive nanosystems for cancer treatment. Esterification
between cellulose and mesoporous silica NPs was carried out to conjugate cellulose
on the surface of the NPs aiming to control the release (avoid premature release) of
doxorubicin (DOX) under physiological conditions. DOX release from the cellulose
conjugate silica NPs was only 10.9% at pH 7.4 in comparison with 75.4% from pure
silica NPs.

Because of the well-recognized magnetic properties of some iron oxides, in the
latter years, the combination of cellulose and iron oxide NPs have been essentially
investigated to produce magnetic materials for application in water purification [50,
53, 56], drug delivery [51, 54, 58], magnetic hyperthermia treatments [54, 55], imag-
ing [52], sensing [57, 60] and proteins separation [49, 59]. Other less reported applica-
tions of cellulose/iron oxides include magneto-optical components [157], magneto-
responsive nanofillers [158], shielding materials [159], wound healing membranes
[160], multifunctional pigments [161] and catalysts [162, 163], among others. It is
important to emphasize that most of above mentioned studies are related with the
use of cellulose, and cellulose derivatives, as capping agents to produce more sta-
ble composite iron oxide NPs rather than to take advantage of the supramolecular
structure of cellulose substrates.

For example, Luo et al. [56] fabricated magnetic cellulose beads with micro and
nanoporous structures following an extrusion dropping technology from NaOH/urea
aqueous solution (Fig. 3.1). The hybrid beads incorporated with carboxyl modified
magnetite NPs and nitric acid modified carbon nanotubes showed sensitive magnetic
response and efficient removal performance for several heavy metal ions from water
(maximum adsorption amounts calculated of 47.64, 37.99 and 22.30 mg g~! for
Cu?*, Pb?* and Zn>", respectively).

In a distinct study, Chen et al. [50] reported the design of S-cyclodextrin-modified
cellulose nanocrystals superparamagnetic nanorods for removal of pharmaceuti-
cal residues. These functional cellulose nanorods were obtained by grafting of 8-
cyclodextrin onto the surface of Fe;0,@SiO, hybrids and showed good adsorp-
tion of two model compounds, namely procaine hydrochloride (13.0 mg g~') and
imipramine hydrochloride (14.8 mg g~!). Another interesting study focused on the
development of superparamagnetic iron oxide NPs for targeted delivery of curcumin
and hyperthermia treatment [54]. MnFe, O3 NPs (15-20 nm) were used as core



46 3 Polysaccharides-Based Hybrids with Metal Oxide Nanoparticles

Nictric acid modification Optimal extrusion

AC « =« AC-NA Gmpn_ing leclmology_

MN : — - MN-CA

Caray | Attracted by a magnet

|

Cellulose solution

&

Fig. 3.1 Preparation of magnetic cellulose-beads and the absorption mechanisms of heavy metal
by the beads. Reprinted with permission from [56]. Copyright 2016 American Chemical Society

materials and modified with carboxymethyl cellulose, folic acid and a dual respon-
sive polymer by microwave irradiation. The obtained nanosystems are not harm-
ful for normal cells and cancer cells but show high drug loading (89%) and fast
drug delivery at pH 5.5. Equally stimulating, Darwish et al. [55] developed a new
approach to produce magnetic NPs with shells of oleic acid, polyethyleneimine, and
polyethyleneimine-methyl cellulose. The obtained NPs display antibacterial activity
against both Staphylococcus aureus and Escherichia coli, specifically 10% growth
inhibition (EC10) for concentrations <150 mg L', and high specific adsorption rate
being effective for high heat-generation in alternating magnetic fields and therefore
for magnetic hyperthermia cancer treatment and simultaneous decrease of bacterial
infectious co-localized with cancers.

Another interesting study involved the development of magnetic cellulose
nanocrystals/Fe; O4 NPs hybrids, complexed with Cu (II) ions, to be used as regener-
able, efficient and selective platforms for protein removal [59]. The performance of
these hybrids was assessed by selectively removing lysozyme from aqueous media
(binding capacity close to 860 mg g~!) and nearly full protein recovery (~98%), and
then confirmed in the separation of that protein from egg white.

In a different vein, an inexpensive methodology to deposit magnetite NPs on cel-
lulose filter paper sheets and to conjugate these NPs with anti-human-IgM antibodies
using polydopamine as linker was developed [60]. These novel magnetic papers were
tested as solid immunoassay platforms for [gM-dengue antibodies recognition and
showed improved analytical response, precisely two orders more sensitive than the
traditional ELISA systems.
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Compared to other metal oxide NPs, the literature available on cellulose/copper
oxide hybrid materials is scarcer and essentially centred on the production of antibac-
terial materials for different applications including, food packaging [65, 67], wound
dressing [62], water purification [63, 67] and functional textiles [64]. Cellulose/CuO
hybrids for catalysis [61] and supercapacitors have also been reported in the latter
years.

In a representative example, the in situ formation of CuO NPs inside a
carboxymethylcellulose-based hydrogel matrix attached to cotton fabrics was inves-
tigated [62]. The performance of the CuO hydrogels as potential wound dressing
was tested for antibacterial activity against E. coli, Pseudomonas aeruginosa, S.
aureus and Bacillus subtilis, and showed high antibacterial activity (19, 19, 20 and
10 mm cm™! of inhibition zone diameter). In a different study, Booshehri et al. [63]
reported also a simple in situ method for the deposition of CuO NPs onto cellulose
paper and their superior antibacterial activity against E. coli and E. aureus (100%
CFU reduction after 150 and 180 min, respectively) was attributed to the release of
copper ions from CuO NPs. Based on these results the authors proposed their use as
cheap systems for drinking water purification. In a completely different way, Peng
et al. [66] prepared bacterial cellulose membranes coated with polypyrrole and CuO
NPs for application as flexible electrodes in supercapacitors. Electrochemical mea-
surements showed that the supercapacitors employing the polypyrrole/CuO/BC elec-
trodes had a specific capacitance of 601 F g~! with an energy density of 48.2 W kg~!

and a power density of 85.8 W kg~! at a current density of 0.8 mA cm™2.

3.2 Chitin/Metal Oxide NPs Hybrid Materials

Because of the low solubility of chitin in common solvents, as well as due to the inter-
esting properties of its main derivative chitosan, only a few examples of chitin/metal
oxide hybrid materials were reported in literature in the last 5 years. For example,
Wysokowski et al. [164] reported a hydrothermal synthesis of B-chitin/ZnO nanos-
tructured hybrids with antibacterial properties against Gram positive bacteria that
can be employed for the preparation of wound dressing materials. In a similar vein,
B-chitin hydrogel/ZnO bandages were fabricated and tested as an alternative to exist-
ing wound healing bandages [165]. ZnO NPs were added to S-chitin hydrogels and
the porous bandages were finally obtained by freeze-drying. The obtained hybrids
showed controlled swelling and degradation as well as higher blood clotting and
platelet activation, when compared with the control, resulting in a faster healing and
collagen deposition ability. Recently, Sahraee et al. [166] fabricated gelatin films
containing ZnO NPs and chitin nanofibres by solvent casting of aqueous suspen-
sions containing different amounts of ZnO (0, 1, 3 and 5%) and chitin (0, 1, 3, 5 and
10% relative to gelatin). The addition of chitin and ZnO NPs increased the thermal
stability and antifungal activity of the films, and the incorporation of ZnO improved
also their water vapour permeability (WVP) and mechanical properties. Therefore,
these hybrid films can be used as active food packaging systems. In a similar way,
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chitin nanowhiskers based hybrids with ZnO and Ag NPs were used for the prepa-
ration of multifunctional carboxymethyl cellulose films with improved mechanical
properties [167]. The CMC film with 5 wt% of this hybrid was homogeneous and
showed the highest UV-barrier properties and strong antibacterial activity against E.
coli and Listeria monocytogenes.

Chitin/silica hybrids have also been investigated, however in a much more fun-
damental manner. Bashenov et al. [168] prepared monolithic silica-chitin materials
under extreme biomimetic conditions (80 °C and pH 1.5) using 3D chitinous matrices
and studied them by different techniques to establish a mechanism for the chitin-silica
interactions. In another study, chitin/silica hybrid thin films were prepared by col-
loidal self-assembly of chitin nanorods and siloxane oligomers and studied for the
first time by PeakForce QNM AFM mode to explore their structure and mechanical
properties [169].

In a distinct vein, Ramos et al. [170] investigated novel chitin hydrogels reinforced
with TiO, NPs for removal of arsenic from natural waters. The equilibrium assay
showed a maximum adsorption capacity of 3.1 mg g~' and the reutilization of the
hybrid gel sorbent was assessed up to five cycles.

In another representative work, Wang et al. [171] fabricated a sunlight photocat-
alyst by in situ synthesis of Cu,O in regenerated chitin/graphene oxide films, where
the porous chitin film was used as the micro-reactor for the formation of the Cu,O
NPs. It was also found that the chitin film could load both Cu,O and graphene, con-
trolling the size of the copper oxide NPs and leading to easy recycle and reuse of the
photocatalyst.

3.3 Chitosan/Metal Oxide NPs Hybrid Materials

Chitosan (CH), the deacetylated derivative of chitin, because of its recognised antimi-
crobial properties, solubility in acidic aqueous solutions and film-forming ability has
been extensively investigated in combination with different metal oxides to produce
panoply of hybrids, in the form of films [77, 82, 88, 89, 106, 110, 124], (nano)particles
[74, 85, 86, 94-96, 98, 99, 102, 103, 109, 111-113, 172, 173], aerogels [69, 87, 100,
104], microspheres [97, 112, 116-118], nanogels [101, 122], beads [72, 83, 93,
115], nanocomposites [70, 107, 174], xerogels [108], coatings [68, 71, 76, 81, 91,
92], among others [121], as summarized in Table 3.2.

CH/TiO; hybrids are one of the most investigated CH based hybrid classes, with
a huge number of studies focusing on the exploitation of their adsorbing and pho-
tocatalytic properties to obtain materials for environmental remediation [68, 69, 72,
78], packaging [71, 74] and antifouling materials [77]. For example, novel core-shell
surface imprinted chitosan-TiO, hybrids for pollutants removal were developed by
combination of molecular imprinting, chitosan sorption capacity and nano TiO,
photocatalytic technology, using methyl orange as the template [69]. As expected,
the composites showed improved photocatalytic selectivity for methyl orange, when
compared with the non-imprinted counterpart, because of the existing of proper loca-
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tions generated by this technique. It was also found that the removal of methyl orange
was essentially due to photodegradation rather than adsorption and that the nanosys-
tems could be reused for 10 cycles without the need for desorption and regeneration.

In a different study, a bio-photocatalyst for arsenic diminution in aqueous media
was fabricated by immobilization of TiO, NPs and feldspar particles in a chitosan
matrix [72]. Contrarily to other TiO, based remediation strategies, these materials
effectively removed arsenic in a wide range of pH values. UV irradiation improved
removal efficiencies from 33 to 73% and from 23 to 84% for arsenate and arsenite,
respectively, for an initial concentration of 4800 pg L~'. The enhanced removal of
As under U V-irradiation was associated by the UV cleavage of CH polymeric chain
releasing new carboxyl groups.

Recently, Alizadeh et al. [78] reported novel cross-linked magnetic
EDTA/TiO,/CH nanosystems for removal of Cd (II) and phenol from aqueous solu-
tions. Results revealed that the hybrids with an average diameter of 40 nm had the
best performance in the adsorption of Cd (II), and on the photodegradation of phenol
at a pH of 5-6. In this case, the removal of the contaminants takes advantage of
both the adsorption and photocatalytic activity of the hybrid. The maximum adsorp-
tion capacity of Cd (II) predicted from Langmuir model was ca. 209 mg g~! and
phenol degradation efficiency was up to 90%. Regarding packaging applications of
CH/TiO; hybrids, for instance, Tang et al. [71] reported a CH/TiO; coating for pack-
aging materials. The obtained results showed that the increasing of the TiO, NPs
loading (from 0 to 20%) decrease the viscosity and dynamic viscoelasticity of the
coating suspensions, that facilitates the production of high solid content coatings,
and enhanced the antibacterial activity (against E. coli) and mechanical performance
of surface coated cellulosic materials, with an optimal TiO, loading of 10%. In a
different study chitosan/TiO, NPs films with efficient antibacterial activity (100%
sterilization after 12 h) against food-borne pathogens (E. coli, S. aureus, Candida
albicans and Aspergillus niger) were obtained by solvent casting [75]. TiO, addi-
tion led to higher hydrophilicity, improved mechanical properties, and decrease light
transmittance of the films in the visible region. The films were further tested for pack-
aging of red grapes showing positive results (preservation of grapes lasted for 15 days
with pure chitosan film and 22 days with the CH/TiO, film). Natarajan et al. [77]
investigated the antifouling activity of CH/TiO,/Ag NPs films against fresh water
algae (Scenedesmus sp. and Chlorella sp.) under different photo conditions. The
results showed that Scenedesmus sp. is more sensitive to all films investigated than
Chlorella sp. under both UV-C exposure and dark conditions. The slime formation,
biomass, lipid peroxidation and uptake of NPs correlated well with toxicity of the
algae, indicating that the species variations considerably influences the antifouling
action of all tested films, including those with TiO, NPs.

Other applications of CH/TiO, NPs hybrid materials include CO, removal [73],
drug delivery [70] and biosensors [76, 80], among others [175—177]. In an illustrative
example, efficient CO, removal using mixed matrix membranes with carboxymethyl
chitosan (or 3-aminopropyl-diethoxymethylsilane) modified TiO, NPs was described
[73]. TiO, NPs modification with carboxymethyl chitosan and surface grafting with
3-aminopropyl-diethoxymethylsilane led to an increase of 50-66% in the CO, per-
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meability and of 30-33% in CO,/N, selectivity when compared with the pristine
polymeric matrix. The performance of these membranes is satisfactorily above the
2008 Robeson upper bond and showed acceptable durability during the 36 h exper-
iments. In a distinct mood, Kamari and Ghiaci [70] produced ibuprofen/modified-
CH/TiO;, NPs hybrid drug delivery systems. The coating of the chitosan-ibuprofen
composite with TiO, enhanced the drug entrapment and reduced the drug release
from 24 to 54 h. Moreover, these hybrids showed a pH sensitive drug release profile,
with slower release in the simulated gastric fluid (pH 1.2). These results demonstrate
that these systems could decrease the side effects of ibuprofen by minimizing its
release in the stomach.

Regarding the design of CH/TiO, biosensors, as an expressive example, Cui
et al. [80] developed a highly stable acetylcholinesterase biosensor based on
CH/TiO,/graphene hybrids for detection of organophosphate pesticides. The fab-
rication process was based on the adsorption of acetylcholinesterase on a CH/TiO,
sol-gel and reduced graphene oxide multi-layered mesoporous matrix. The catalytic
activity of glassy carbon electrodes coated with this hybrid to acetylcholine was sig-
nificantly higher than those of the individual components in the matrix. The linear
detection of this biosensor to a model organophosphate compound ranged from 0.036
to 22.6 uM with a detection limit of 29 nM and detection time of 25 min. Moreover,
it was found that the biosensor was stable under detection and storage (30 days).

Similarly to other polysaccharides, CH based ZnO NPs hybrids have also been
extensively investigated in the last 5 years. Most of the applications of CH/ZnO NPs
based materials take advantage of the well-known antimicrobial activity of both ZnO
NPs and CH, as for example, wound healing materials [82, 87, 178], anti-biofouling
systems [91, 94], packaging materials [88, 89] and antibacterial cotton finishing [81].
Other applications of CH/ZnO hybrids include photocatalysis [83], sensors [84, 90,
92], and nanosytems for cancer therapy [85, 86], imaging [86] and drug delivery
[93].

For instance, Diez-Pascual and Diez-Vicente [82] prepared biodegradable com-
posites based on castor oil polymeric films reinforced with CH/ZnO NPs via solu-
tion mixing and solvent casting for application as wound healing materials. Several
properties of the films, namely thermal stability, mechanical performance, degree
of porosity, water absorption, water vapor transmission, oxygen permeability and
biodegradability increased with the chitosan/ZnO hybrid loading. The antibacterial
activity of the films against E. coli, S. aureus and Micrococcus luteus was investi-
gated in the absence and presence of light showing an increase biocide effect with
the content of the hybrid and stronger against Gram-positive bacterial strains. More-
over, hybrids with less than 5.0% of ZnO NPs showed very good cytocompatibility
and promoted faster wound healing than neat castor oil films and control gauze. In
another study [87], sponge-like Ag/ZnO nanocomposite loaded chitosan dressings
were fabricated by lyophilisation process followed by incorporation of the Ag/ZnO
nanocomposite into the chitosan porous material. Results showed that the prepared
dressings have high porosity (81-88%) and swelling (21-24 swelling ratio), enhanced
antibacterial activity (against drug-resistant pathogenic bacteria) and blood coagu-
lation and low in vitro cytotoxicity. In vivo studies in mice reveal that these porous
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dressing augment the wound healing and endorse re-epithelialization and collagen
deposition.

In a totally different vein, composite packaging materials prepared using CH,
CMC and ZnO NPs were prepared by a casting method and characterized by different
techniques to evaluate their potential to enhance the shelf life of Egyptian soft white
cheese [88]. The films demonstrated good antibacterial activity against Gram positive
(S. aureus) and Gram negative (P. aeruginosa and E. coli) bacteria and fungi (C.
albicans), and consequently increased the cheese shell life (stored at 7 °C). In a
comparable fashion, Noshirvani et al. [89] also used CMC/CH/ZnO hybrid films to
increase the self-life of bread from 3 to 35 days.

In another recent contribution, Rasool et al. [94] described highly stable green
biocide formulations, composed of ZnO-interlinked CH NPs, for inhibition of film
formation caused by sulphate reducing bacteria in inject seawater. The inhibition
of these bacteria was found to be concentration dependent with more than 73%
inhibition at 250 mg mL~! of chitosan/ZnO NPs at an initial ZnO loading of 10%.
Moreover, the cytotoxicity and environmental impact of these nanosystems was eval-
uated by using zebrafish embryos and neither mortality nor teratogenic effects were
observed using the acute toxicity assay.

CH/ZnO NPs based materials have also been considerably explored for the devel-
opment of sensors for different target molecules because of their intrinsic proper-
ties. For example, Wang et al. [84] reported a disposable electrochemical sensor for
simultaneous determination of norepinephrine and serotine in rat cerebrospinal fluid
composed of multi-walled carbon nanotubes (MWNTs)-ZnO/CH hybrids modified
screen-printed electrodes. The obtained results showed that the responses of both
neurotransmitters significantly improved due to the high catalytic activity of the
hybrids. Moreover, the peak currents of norepinephrine and serotine were linearly
dependent on their concentrations in the ranges 0.5-30 and 0.05-1 wM, with detec-
tion limits of 0.2 and 0.01 wM, respectively, and the electrodes can be stored at 4 °C
for at least 3 months. In a similar vein, a highly sensitive electrochemical method for
the determination of 4-nitrophenol in water based on a chitosan crafted ZnO needles
modified screen printed carbon electrode was developed [92]. Under optimum con-
ditions, the modified electrode showed a wide linear response, from 0.5 to 400.6 uM
towards the detection of the target molecule, with a detection limit of 0.23 M. these
electrodes showed also a long-term stability.

Finally, CH/ZnO NPs hybrids also showed enormous potential as cancer imag-
ing and therapy platforms and drug delivery systems. For example, Zhao et al. [85],
reported novel CH/ZnO quantum dots-based NPs (around 100 nm) with enhanced
photoluminescence stability and longer retention time in cells, compared with pure
ZnO quantum dots. Moreover, these NPs can also be loaded with drugs, as DOX,
without affecting the fluorescent properties of the ZnO quantum dots allowing the
simultaneous cell imaging and cancer therapy. In another study [93], smart and flex-
ible CH/ZnO hydrogels were prepared and investigated as nanosystems for insulin
nasal cavity drug delivery using in vivo rat models. The formulation of the hydrogels
decreased the blood glucose concentration (50-65% of the initial glucose concen-
tration) for at least 4-5.5 h after the administration and have not shown cytotoxicity.
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CH/SiO, NPs hybrids have also been extensively investigated in different appli-
cations, including packaging films [106], drug delivery systems [95, 96, 103], gene
carriers [101], hybrid scaffolds [100, 104], catalysis [97], adsorbers [102, 105, 107],
protein immobilization [108, 109] and sensors [98, 99].

As an illustrative example, Yu et al. [106] developed biodegradable PVA/CH
films with improved mechanical properties by in situ incorporation of SiO, NPs. The
tensile strength of the films improved 45% when only 0.6% of SiO, was incorporated.
Moreover, the oxygen and moisture permeability of the hybrid films decreased 25.6
and 10.2%, respectively, making them interesting candidates for food packages with
extended preservation time.

In a totally different vein, mesoporous silica NPs coated with low molecular
weight CH were investigated as injectable controlled release carriers for insulin
[95]. Results of surface tension measurements showed that insulin was absorbed into
the silica NPs and interacted with CH. Moreover, their stability was confirmed by
different analytical techniques and in vivo results pointed for an insulin prolonged
released after loading in the silica NPs. In another interesting example, Feng et al.
[96] proposed a layer-by-layer (LbL) approach to prepare pH-responsive alginate/CH
multi-layered coated silica NPs drug delivery systems with improved efficacy and
blood compatibility. As a proof-of-concept, the nanocarriers were loaded with DOX
and tested both in vitro and in vivo as pH responsive systems showing a sustained
intracellular DOX release, a prolonged accumulation in the nucleus and a longer
systemic circulation time and slower plasma elimination rate when compared with
free DOX. In another contribution, a pH sensitive system based on lactobionic acid
modified CH-conjugated mesoporous silica NPs for co-delivery of sorafenib, a multi-
tyrosine inhibitor, and ursolic acid, a sensitive agent for sorafenib, was developed
(Fig. 3.2) [103]. These nanosystems showed synergetic cytotoxicity and attenuated
the adhesion and migration of asialoglycoprotein receptor over-expressing liver can-
cer SMMC-7721 cells at non-cytotoxic concentrations. In addition, this nanocomplex
considerably enlarged the cellular apoptosis and down-regulated the proteins related
with cell proliferation and tumour angiogenesis. Overall, the co-delivery of ursolic
and sorafenib by pH-sensitive chitosan-conjugated mesoporous silica NPs repre-
sents a promising strategy for hepatocellular carcinoma combinational treatment, in
particularly for metastasis chemoprevention.

In the latter years, CH/SiO, hybrid materials have also been explored as scaf-
folds for tissue regeneration. For example, Wang et al. [100] reported highly flexible
CH/silica hybrid scaffolds with oriented pore structures produced by a sol-gel method
with a unidirectional freeze casting method. Structural characterization of the hybrids
and dissolution assays indicated the covalent cross-linking of CH and the silica net-
work. The scaffolds showed directional lamellar and cellular morphologies along
and perpendicular to the freezing directions, respectively. Compression tests results
showed that the hybrids with 60% CH were flexible and elastomeric perpendicu-
larly to the freeze direction whilst being elastic-brittle parallel to the freeze direction
(with a compressive strength of about 160 kPa) showing enormous potential for sur-
gical implants by simply squeezing and pressing the scaffold from the perpendicular
direction into the tissue imperfection without affecting the mechanical properties of
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Fig. 3.2 Formation of lactobionic acid modified pH-sensitive chitosan-conjugated mesoporous
silica NPs loaded with ursolic acid and sorafenib and the co-delivery of the bioactive molecules.
Reprinted with permission from [103]. Copyright 2017 Elsevier

the stronger side. In a more recent study, similar CH/silica scaffolds were prepared
and investigated on guided bone regeneration [104]. In vitro studies showed that the
scaffolds promoted a fast formation of calcium phosphate mineral without cytotoxic
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effects, against murine macrophage and endothelial cells, showing a bone bioactivity
superior to the one of pure CH scaffolds.

In a totally different vein, Zhao et al. [97] described a facile microfluidic approach
to fabricate CH/silica core-shell hybrids microspheres with effective protection of
—NH,; groups and improved mechanical performance (2 times) when compared with
CH microspheres. When loaded with Cu (I) salts, these chitosan/silica systems are
outstanding reusable catalysts for azide-alkyne cycloaddition reaction at room tem-
perature. In this study, silica was not obtained in the form of NPs but as a shell
coating.

CH/silica NPs hybrids show an enormous potentiality as absorbers. In an illustra-
tive example, mesoporous CH/Si0, particles (211 nm) were synthesized and evalu-
ated for the absorption of CO, [105]. The BET (Brunauer—-Emmett—Teller) surface
area and the porous volume of these particles were found to be of 621 and 0.71 m? g,
respectively. The CO, adsorption was investigated by a volumetric methodology and
the CH/SiO, hybrid particles showed a maximum CO, adsorption of 4.39 mmol g~!
at 25 °C and a high separation selectivity for CO,-over-Nj (Sco,/N, = 15.46). In
a very recent study, CH/silica hybrids, obtained by different techniques (physical
adsorption and sol-gel method), were investigated for the removal of azo dyes from
aqueous solutions [107]. For example, it was found that the sol-gel method allows
to obtain hybrids with high CH content (16.7%) and specific area of 600 m?> g~!.
Adsorption studies revealed the ability of all these materials to adsorb dyes, how-
ever, their adsorption capacities were differentiated, depending on the methodology,
because of their distinct physicochemical, surface and structure properties.

In another interesting approach, a nanosensor based on CH/silica NPs doped with
Ru(2,2'-bipyridyl)3* and fluorescein isothiocyanate, was used as surface paper pH
indicator [99]. The nanosensor showed a linear dynamic range from 5.5 to 8.0. It
was also verified its suitability for in situ surface pH sensor of paper fibre because it
could infiltrate into the surface of the paper, as demonstrated with paper art samples.

In the latter years, the combination of CH and iron oxide NPs has also been con-
siderable exploited, with focus on the design of magnetic sorbents for removal of
metal ions from water [115, 116, 174] as well as proteins or other biomolecules from
distinct aqueous systems [117]. For instance, Kong et al. [116] prepared magnetic
copper imprinted CH/graphene oxide (GO)/iron oxide NPs by combination of ion
imprinting and inverse suspension cross-linking. High adsorption capacity for cop-
per was observe, particularly for the systems with graphene oxide. The maximum
adsorption capacity was 132 mg g~! at pH 6. The adsorption process follows the Fre-
undlich isotherm equation and a pseudo-second order kinetic model. These hybrid
beads showed a good stability and regeneration ability (up to five cycles adsorption-
desorption). In another contribution, CH/iron oxide hybrids were obtained by one-
pot green route and tested for sequestration of Pb (II) and Cd (II) from synthetic
and industrial wastewaters [174]. In this case, the experimental results fitted better
with the Langmuir isotherm and a pseudo-second order kinetic model. The maximum
monolayer sorption capacities of Pb (II) and Cd (II) were found to be around 215 and
204 mg g~ !, respectively. These hybrid materials showed also excellent recyclability
up to 5 cycles.
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With a different purpose, CH coated Fe;O4 NPs were prepared by reverse oil-in-
water microemulsion method and used as magnetic adsorbents for the adsorption of
the mycotoxin patulin in juice-pH simulation systems [172]. The maximum adsorp-
tion capacity was of 6.67 mg g~! within 5 days by adding 300 wg of the NPs into
10 mL of aqueous patulin 200 g L~! demonstrating their potential for the removal
of this mycotoxin from industrial fruit juices.

Other interesting applications of CH/iron oxide-based NPs materials include sen-
sors [110, 111], catalysis [112], cancer imaging [113] and nanotheranostic systems
[114], among others [179, 180]. In a more fundamental mood, the thermal and mag-
netic properties of chitosan/iron oxide NPs [181] and the in vitro toxicity assessment
of chitosan oligosaccharide coated iron oxide NPs [182] were investigated.

In an illustrative example, an electrochemical aptasensor based on CH/iron oxide
film deposited on fluorine tin oxide (FTO) was fabricated for the detection of the pes-
ticide malathion [110]. The biotinylated DNA aptamer sequence specific to this pes-
ticide was immobilized onto the iron oxide/CH/FTO electrode by linking using strep-
tavidin. Compared to enzyme-based sensors, the developed aptalectrode exploit the
remarkable specific recognition elements for the detection of malathion. The obtained
results showed that the electrodes exhibited a limit of detection of ~0.001 ng mL~!
within 15 min. Moreover, spike-in studies revealed a recovery of malathion in the
range of 80-92% from lettuce leaves and soil samples demonstrating its potentiali-
ties. In a distinct vein, Chen et al. [112] developed magnetic whole-cell biocatalysts
for enzymatic production of biodiesel from soybean oil, by immobilization of Pseu-
domonas mendocina cells into Fe;O4/CH microsheperes. A biodiesel production
yield of 87.32% was achieved under the optimum experimental conditions (biocat-
alytic concentration of 10 wt%, water content of 10 wt%, 35 °C, methanol to water
ratio of 4:1, and a four step addition of methanol). The biocatalyst has a very good
reusability with a biodiesel production of ca. 84% after 10 cycles and could be recy-
cled easily because of its superparamagnetic properties, demonstrating its potential
for large-scale biodiesel industry. As an example of the exploitation of CH/iron
oxide hybrids in cancer treatment and diagnosis, Kostevsek et al. [114] described
the synthesis of CH based nanotheranostic systems following one-step synthesis and
functionalization of dumbbell-like gold-iron oxide NPs. The results demonstrated
the potential of these NPs as a photoacoustic imaging contrast agent in the phantom
and as nano-heater for photothermal therapy.

CH/copper oxide hybrids were fairly investigated in the later years, particularly
in combination with other metal oxide NPs, for application essentially in catalysis
[119, 120], sensors [118, 121] and antibacterial materials [122, 123]. For example,
thin films of CH and ZnO/CuO nanocomposites were prepared by solvent casting
methodology and tested for the photodegradation of Fast Green Dye under artificial
and solar irradiation [ 124]. The obtained results indicated that the best catalytic results
were obtained with the nanocomposite in combination with UV light irradiation (with
more than 90% of photodegradation). The study also concluded that the film was
easy to separate without the need of a centrifuge or magnet as in several other studies.
Chani [121] reported the synthesis of a hybrid composed of CH and a CuO-Fe;04
nanopowder with a particle size of about 30 nm that were used to fabricate sensor
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pellets (10 mm i.d., thickness of 1 mm) for impedimetric sensing of temperature and
humidity. The sensors perform best in the 20-80 °C temperature range but cover the
entire room humidity range. In a distinct vein, a series of antibacterial carboxymethyl
CH/CuO hybrid hydrogels were obtained by treating carboxymethyl chitosan with
a Cu (II) chloride solution followed by oxidation [122]. SEM micrographs of the
hydrogel revealed a uniform distribution of the CuO NPs (20-50 nm) within the
CH hydrogel matrix. The obtained hydrogels showed rather higher swelling ability
compared with the pure carboxymethyl chitosan hydrogels and excellent antibacterial
activity against S. aureus and E. coli. Therefore, these hydrogels can find application
in numerous biomedical fields where the control of bacterial infections is an important
issue.

3.4 Starch/Metal Oxide NPs Hybrid Materials

In the latter years, the partnership between starch and metal oxide NPs (Table 3.3)
has been essentially centred on the use of starch as reducing and stabilizing agent
and/or capping biopolymeric layer on the synthesis of stable nanocomposite metal
oxide NPs for distinct applications [125, 126, 128, 135-137, 139, 141, 142, 145,
146]. The studies dealing with the development of materials are almost limited to
the preparation of nanocomposites (essentially films) [130—-133, 138, 140, 144, 183],
foams [134, 147] and gels [127].

The combination of starch with TiO, NPs have been used to prepare hybrids
for application in packaging [183], photocatalysis [125, 126], solar cells [127] and
sorbents for water purification [128]. Bao et al. [125] investigated the synthesis of
TiO, nanostructures using other saccharides (S-cyclodextrin, chitosan and starch)
as templates to tailor their morphology, crystal phase and photocatalytic activity.
Remarkably, it was observed that saccharides not only direct the formation of the
desired architectural crystals but also considerable influence the crystal phase. Rutile
TiO; is obtained when using CH and S-cyclodextrin, while anatase TiO; is formed
when using soluble starch. All hybrid nanomaterials show higher photocatalytic
activity (when tested on a model dye) than those obtained without the templates.
Another fascinating example involves a novel gel electrolyte produced by solidify-
ing conventional polysulfide aqueous solution with sodium carboxymethyl starch as
gelator [127]. The obtained gels exhibit high conductivity and beneficial ion transport
due to theirs high water absorbing and holding capacity as well as porous network.
These gel electrolytes could form a passivation layer coated on the surface of quan-
tum dots/TiO, yielding quasi-solid-sate quantum dot-sensitized solar cells with a
photoelectric conversion efficiency of 6.32%. In a different vein, Baysal et al. [128]
reported starch coated TiO, NPs as innovative nanosorbents as a fast easy handled
and environmentally friendly approach to separate and preconcentrate several heavy
metals and for their analysis using a graphite furnace atomic absorption spectrometry.
The detection limits achieved were 0.05, 0.28, 1.90 and 0.11 mg L~ for cadmium,
cobalt, copper, nickel and lead.
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Starch/ZnO hybrids have also been considerably investigated in the latter years
with emphasis on the development of nanomaterials for application in active pack-
aging [129-131]. In an illustrative example, biodegradable films of starch/lysine and
ZnO NPs with shape memory were produced by solvent casting methodology. The
amounts of ZnO NPs was varied from 0 to 5% and it was observed that the incre-
ment of the ZnO content improved the thermal stability, decrease the solubility of the
film in water, and increased the mechanical properties. In addition, the films showed
shape memory properties when placed at room temperature and then at 55 °C. More
recently, Marvizadeh et al. [130] developed a nano-packaging material for using as
coating or edible film composed of tapioca starch, bovine gelatin and nanorod zinc
oxide NPs. The films were also prepared by solution casting and characterized in
terms of physicochemical properties, mechanical performance and barrier proper-
ties. The results showed that the incorporation of the nanorods into the films (3.5
w/w) leads to full absorption of UV light, while the tensile strength increased from
14 to 18 MPa and the oxygen permeability decreased from 151.03 to 91.52 um m—2
day~!.

The simultaneous combination of starch with ZnO NPs and other nanostructures,
as for example Ag NPs, has also been considered as a strategy to produce active
films for packaging applications [131], taking advantage of the functionalities of
both nanostructures.

Starch/SiO, based materials have been poorly explored in the last 5 years. Liu
et al. [132] studied the effect of the addition of silica and a silane modified silica
NPs on the morphology, structure and properties of a thermoplastic starch/poly/vinyl
alcohol) blend concluding that the thermal stability and mechanical properties of the
resulting hybrids increased with the increasing amount of modified silica. Following
a different approach, starch-based hybrids with improved H,O/O, selectivity for
food packaging were prepared by solvent casting of hydroxypropyl starch/SiO, NPs
mixtures [133]. More recently, Chotikhun et al. [ 134] evaluated the termite resistance
of particle board panels composed of Eastern redcedar using SiO, NPs modified
starch as binder. An average weight loss of 9.25% was observed for panels with 3%
of NPs against 14.08% of the control sample, showing an increased level of resistance
against the damage provoked termites.

Starch/iron oxide NPs have been far more investigated as magnetic nano-sorbents
for different pollutants [136, 137, 141], nanosystems for theranostic applications
[135, 142] and drug delivery systems [139, 143]. As an illustrative example, super-
paramagnetic starch-functionalized magnetic NPs (6-14 nm) obtained by a co-
precipitation methodology and used for the removal of Cr (VI) from aqueous medium
have been recently reported [136]. Under optimum pH conditions (pH =2) the max-
imum adsorption capacity of the NPs was found to be 26.6 mg g~'. Moreover, the
NPs could be easily regenerated and reused because of their low adsorption activation
energy. In a different study, Fernandes et al. [141] described novel magnetic nanosor-
bents composed of magnetite cores functionalized with starch and carrageenan hybrid
siliceous shells for the uptake of paraquat from aqueous systems. These hybrid NPs
showed superior paraquat removal, with a maximum value of 257.7 mg g~!, plac-
ing it among the best systems for the removal of this herbicide from water. In a
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Fig. 3.3 Production of superparamagnetic amylose microbeads. Reprinted with permission from
[144]. Copyright 2017 Elsevier

total different vein, Poorgholy et al. [142] developed stimuli-responsive starch/Fe;O4
based nanosystems for theranostic applications. For this purpose, starch was mod-
ified with itaconic anhydride, adsorbed onto the surface of iron oxide NPs, and
finally co-polymerized with N-isopropylacrylamide. These nanosystems displayed
temperature and magnetic responsiveness and a loading capacity of the nanosystems
of about 74% towards the chemotherapeutic drug methotrexate. In another recent
study, thiolated coated iron oxide NPS containing curcumin were produced and their
cytotoxicity to lymphocytes and cancer cell lines was investigated. NPs with different
concentrations of thiolated starch (1-5%) were produced and those with 5% loading
showed a curcumin encapsulation efficiency of 78%. It was also concluded that the
drug release was pH dependent and increased with the polymer concentration. The
cytotoxicity tests revealed an excellent compatibility with lymphocyte cells but a
considerable toxicity for the MFC7 and HepG2 cells.

Regarding the production of starch/iron oxide hybrids or nanocomposites, we can
cite for example, the work developed by Gongalves et al. [140] on the design of
sophisticated magnetic polymer scaffolds for tendon regeneration by incorporating
iron oxide NPs into a 3D structure of aligned starch/polycaprolactone (PCL) fibres
fabricated by prototyping technology. The effect of an externally applied magnetic
field was investigated and revealed that adipose stem cells undergo tenogenic differ-
entiation, producing a Tenascin C and Collagen type I enriched matrix under magnetic
stimulation. These scaffolds also evidenced good biocompatibility and integration
within the surrounding tissues when implanted in ectopic rat models. Another inter-
esting example refers to the production of starch-based magnetic polymers beads
through co-precipitation of short chain amylose and dextran coated iron oxide NPs
(Fig. 3.3) [144]. The obtained microbeads were readily functionalized with an anti-
body using a linker protein which showed great capture efficiency and specific target
bacteria present in complicated food matrix. These beads exhibited also excellent
biocompatibility and high magnetic sensitivity making them suitable for applica-
tions as, for example, immunomagnetic separation of target bacteria, bio-sensing
and magnet-mediated delivery of drugs.
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The available literature in starch/copper oxides hybrids is very scarce. Sun et al.
[145] described a starch-assisted synthesis of cuprous oxide microcrystals for photo-
catalytic applications. Octahedral Cu,O structures with average size 1.6 jum showed
the highest performance for the photodegradation of methyl orange with a pho-
todegradation efficiency of 90.0% after visible light irradiation for 3.5 s. In another
study, the green synthesis of CuO NPs using starch extracted from Solanum tubero-
sum was investigated [146]. The CuO NPs were highly stable and spherical with a
mean size of about 54 nm and showed considerable activity against several Gram-
positive and negative bacterial strains. In addition, the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay showed anticancer activity for the syn-
thesized CuO NPs against the MFC-7 cell line. In a totally different study, Ash-
jari et al. [147] described a new method to produce starch-based polyurethane/CuO
nanocomposite foams for bacterial infection control. The foam obtained at the opti-
mal condition (starch dosage of 6 g per 100 g polyol and CuO NPs dosage of 1 g
per 100 g polyol) had an open cell structure with high tensile strength (172.1 kPa)
and efficient antimicrobial activity against nosocomial infections.
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Polysaccharides-Based Hybrids e
with Graphene

Graphene is a single layer of carbon atoms covalently bonded in a hexagonal crys-
talline structure, isolated for the first time by Geim and Novoselov from the University
of Manchester (UK) [1]. Graphene is a flat-like single layer of hybridized sp? carbon
atoms, which are densely packed onto each other into an ordered 2D honeycomb
network (Fig. 4.1a), described by IUPAC as a single carbon layer of the graphite
structure, describing its nature by analogy to a polycyclic aromatic hydrocarbon of
quasi infinite size [2]. A unit hexagonal cell of graphene comprises two equivalent
sub-lattices of carbon atoms, joined together by sigma (o) bonds with a carbon-
carbon bond length of 0.142 nm [3]. Each carbon atom in the lattice has a 7 -orbital
that contributes to a delocalized network of electrons, making graphene sufficiently
stable compared to other nanosystems and providing graphene with unique proper-
ties [4]. The applicability of graphene is based on the advantageous carbon network
which provides this material with a combination of a large specific surface area,
superior mechanical stiffness and flexibility, remarkable optical transmittance, high
electronic and thermal conductivities, permeability to gases, as well as many other
supreme properties [4].

However, the hydrophobic nature of graphene makes it incompatible with most
biopolymers (and polysaccharides in particular) and tends to irreversibility agglom-
erate. For this reason, a graphene derivative, viz. graphene oxide (GO), is most often
used to prepare polymer-based hybrids (also commonly refereed as nanocompos-
ites). GO retains much of the properties of the highly valued pure graphene, but it
is much easier and cheaper to prepare in bulk quantities, and its oxygen containing
functionalities have demonstrated to be very attractive to grow chemical structures
at its surface using diverse strategies [5]. The preparation of GO is mainly achieved
through the chemical exfoliation of graphite given the low-cost and massive scalabil-
ity of this method [6]. Since the structure of GO depends on the chemical oxidation
process used to its preparation, the proposed GO structure models differ considerably
as discussed in the critical review by Dreyer et al. [7]. Nevertheless, the structure
of GO can be simplistically assumed as a graphene sheet functionalized mainly
with hydroxyl (C—OH), carbonyl (C = O), carboxyl (COOH) and epoxide (C—O-C)
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Fig. 4.1 Schematic representation of a graphene, b graphene oxide, and ¢ reduced graphene oxide
structures

moieties, among others [8] (Fig. 4.1b). The presence of these oxygen functionalities
enhances the interfacial interaction between GO and polymer matrices, and even at
very low amounts they improve considerably the physical properties of the resulting
hybrids because of the improved stress transfer from the polymer matrix to GO [9].
Nevertheless, GO is frequently reduced (rGO) to produce a nanomaterial closer,
in terms of structure, to pristine graphene (Fig. 4.1c). However, rGO owns several
defects (holes) in the carbon network and some remaining oxygen functional groups.
The degree of these defects depends mainly on the reduction method. Thus far, many
reduction reagents have been used for this purpose (see for example Ref. [10]).

Frequently, the term graphene is used in a general and unprecise way creating some
confusion and inconsistency. Besides the already referred structure lattice defects and
different oxygen content (different C/O), also the number of carbon nanosheets layers
candiffer from 1 to 10, the average lateral dimension of the nanosheets can range from
few nanometres to several micrometres. The need for unequivocal classification of
these materials is well described by Wick et al. [11]. These authors present a concise
discussion about the classification framework for graphene-based materials (GBMs)
[11]. Consequently, in this chapter, the term GBMs is used generically when we are
not referring to a specific carbon nanostructure.

Nanofillers such as GBMs are known to generate polymer-based hybrids with
improved and often innovative mechanical but also thermal and electrical functional
properties. The effects of the incorporation of GBMs in polymers have been exten-
sively reviewed [12—14]. The final properties of the hybrids depend on numerous fac-
tors being the most important the interfacial bonding between the nanofiller and the
matrix [15-17]. Interesting effects result from the addition of GBMs to polysaccha-
rides, depending on the type of polysaccharide matrix and the interfacial interactions,
which are directly related to their compatibility.

The present chapter summarizes the recent advances in the preparation of
graphene-based hybrid materials with polysaccharides, their properties and appli-
cations, namely biomedical, water remediation, packaging and energy applications.
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4.1 Biomedical Applications

The versatility polysaccharides to be used as biomaterials is attributable to their
renewable nature, broad range of useful physical properties and facility to be shaped
into different forms, such as capsules, beads, films, hydrogels and fibres [18], creating
a multitude of uses, especially as drug delivery carriers and tissue engineering scaf-
folds. Despite these properties, their poor mechanical performance often limits their
applications [15]. In this context, the combination of polysaccharides with GBMs
allows to overcome not only the limited mechanical but also to improve specific
physical properties and even biocompatibility [19].

Hydrogels are swollen, cross-linked networks that have great potential for use
in biomedical applications. They are prepared by the cross-linked networks of
hydrophilic polymers that swell in water and augment many times their origi-
nal mass [20]. Several hydrogels have been developed based on polysaccharides
towards regenerative medicine, drug delivery and tissue adhesives [21]. Hydrogels
for biomedical applications are designed to resemble the characteristics of native
extracellular matrix (ECM) and to provide three-dimensional (3D) supports for cel-
Iular growth and tissue formation. There are many polysaccharides used to form
gel biomaterials being chitosan (CH), alginate (ALG), hyaluronan, cellulose and
agarose, the most common [22-26]. However, hydrogels with improved mechanical
properties are necessary during tissue regeneration to provide support and mechan-
ical signalling to cells both in vitro and in vivo, for functional optimization of the
new ECM being formed [27]. Thus, GBMs can be very good candidates to reinforce
the hydrogels.

Cellulose hydrogels can be easily obtained by regeneration of dissolved cellulose.
The search for environmentally friendly methods to dissolve cellulose led to the use
of ionic liquids (ILs) [28, 29]. In this sequence, the preparation of cellulose/GBMs
hydrogels have been pursuit using ILs [30]. Cellulose/rGO hydrogels may be pre-
pared using a 1-butyl-3-methyl-imidazolium chloride solution to dissolve cellulose
obtained from wood pulp and using deionized water as coagulant. Vitamin C was
used as the reducing agent to convert GO into rGO directly in the IL. Mechanical
strength and thermal stability of the resulting hydrogels were much higher in com-
parison with pure cellulose hydrogels, which is related with the doping ratio of rGO.
Values of over four times higher compressive Young’s modulus were obtained with
0.5 wt% doping with rGO [30].

Fanetal. [31] prepared a hydrogel through the cross-linking reaction between oxi-
dized konjac glucomannan and carboxymethyl-CH with GO. The hydrogels showed
rapid gelation, good swelling ability, appropriate water retention capacity and a sta-
ble 3D network structure, which all accomplish with the application of this hydrogel
as wound dressings. The addition of 5 mg mL~! of GO to the hydrogel increased the
compressive strength and modulus by 144 and 296%, respectively, in relation to the
hydrogel without GO. This behaviour is ascribed to the hydrogen bonding between
GO sheets and the polysaccharides chains. Additionally, the hydrogels with GO have
better biocompatibility.



72 4 Polysaccharides-Based Hybrids with Graphene

ALG hydrogels functionalized with GO were explored by Marrella et al. [32] for
the construction of cell laden hybrid materials. The cells used were human bone mar-
row mesenchymal stem cells (MSC). The results pointed out that the cell viability
was statistically higher in hydrogels containing GO, while there was no significant
difference between 0.5 and 2 wt% GO/ALG hydrogels up to 14 days. Furthermore,
the mechanical properties of the hydrogel with 2 wt% GO were monitored up to one
month under cell culture, demonstrating a significant improvement of the compres-
sive elastic modulus reaching values of 300 kPa (6 times higher stiffness), which
are close to those of articular tissues. The authors correlate this finding with the
increased intermolecular hydrogen bonds over time between GO and ALG. The 3D
GO/ALG hydrogels trigger cellular activity in vitro, as demonstrated by the statisti-
cally significant improvement of the viability of fibroblasts encapsulated in GO/ALG
hydrogels and by the absence of cytotoxicity of suspended GO. GO/ALG hydrogels
are therefore promissing hybrids for articular tissue engineering, where biomechan-
ical requirements are critical [32].

Nandgaonkar et al. [33] reported a one-pot in situ biosynthetic method to fab-
ricate structurally controllable bacterial cellulose (BC) with rGO composites. GO
(with concentrations between 0.05 and 0.5 mg mL~") was first reduced in an auto-
clave using yeast extract (a nutrient component for the cultivation of BC), then, the
obtained rGO was dispersed in the BC culture medium, and a two-day old BC culture
supernatant was added into the flask. Main cultivations were carried out at 30 °C for
7 days under stirring. As time progressed, the initial black colour solution became
clearer indicating the incorporation of rGO nanosheets into BC membrane. The
resulting BC/rGO composites allowed the preparation of different shapes: sealed
structures in water, aerogels with a porous cross-section and aligned longitudinal
structure and films. Atomic force microscopy (AFM) characterization showed that
rGO incorporation into the BC culture media did not affect the BC nanofibrous struc-
ture being the rGO sheets randomly embedded in the BC fibrils. The green character
of these hybrids foretells good results for several biomedical applications that include
nerve cell signalling, muscle cell actuation, and heart cell innervation [33].

GBMs hold interest to integrate devices that can automatically respond to external
stimulations such as electrical, chemical, photonic, thermal and other. The association
of polysaccharides and GBMs is beneficial to build effective drug delivery systems
(DDS) since it brings together biocompatibility and stimuli-responsive behaviour
which can be crucial for DDS. In fact, Mura et al. [34] provided an interesting
review article with recent advances in stimuli-responsive nanosystems, where the
type of stimulus is distinguished between exogenous (variations in temperature,
magnetic field, ultrasound intensity, light or electric pulses) or endogenous (changes
in pH, enzyme concentration or redox gradients). Hereafter, some examples of DDS
comprising natural polysaccharides and GBMs will be presented.

Deng et al. [35] designed a hybrid microcapsule (h-MC) using a layer-by-layer
(LbL) methodology with three polysaccharides (ALG, CH and hyaluronan), together
with iron oxide and GO, taking advantage of the electrostatic assembly of the differ-
ent components. The h-MC were achieved using a sacrificial template of monodis-
perse spherical HCI-soluble melamine formaldehyde resin (MF) particles. Fe;O4-
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Fig. 4.2 Hybrid microcapsules (h-MC) via LbL assembly. Reprinted with permission from [35].
Copyright 2016 American Chemical Society

decorated GO (Fe;O4,@GO) was synthesized by a co-precipitation method with
a size of 191.2 £ 7.8 nm. Basically, the Fe;0,@GO nanosheet was incorporated
within ALG/CH microcapsules with an hyaluronan shell. The Fe;04 @ GO nanosheet
is intended to be the functional layer between the alternating oppositely charged
polysaccharides layers. The MF particles were etched by HCI to yield the hollow
centre for the drug loading. Doxorubicin (DOX) was the selected anti-cancer drug,
which was directly mixed with the microcapsules in PBS and incubated at 37 °C
overnight. These capsules can be employed as a dual-responsive trigger induced
by both NIR (near-infrared) and magnetic hyperthermia due to the presence of
Fe;04 @GO nanosheets, while the hyaluronan ensure high bioavailability and tumour
accumulation. The authors arrived at an interesting combination: by joining pho-
tothermal therapy (higher energy), magnetic hyperthermia (deeper penetration), and
targeted chemotherapy (higher tumour accumulation) in a biocompatible carrier, gen-
erating a synergistic effect to efficiently annihilate cancer cells [35], as illustrated in
Fig. 4.2.

The potential of GBM as drug nanocarriers is highlighted by Luo et al. [36] owing
to their large specific surface area, as well as the chemical interactions between the
drugs and the carbon network, namely by w—m stacking interactions, that prevent
drugs from premature release outside the target cells. These authors studied the load-
ing and release of ibuprofen (IBU) from BC/GO hybrid hydrogels. BC/GO hydrogels
were prepared by adding GO (0.19 and 0.48 wt% with respect to BC) to the BC cul-
ture medium. The resulting hydrogels were immersed in an ethanol solution of IBU,
followed by mild stirring at room temperature for 24 h. The drug-loaded samples
were washed with deionized water and freeze dried. The in vitro release experiments
were performed in PBS at pH 7.4 and simulated gastric fluid (SGF, pH 1.2) by dialy-
sis bag technique at 37 °C. Results show that the drug can be simultaneously carried
by both BC and GO, though IBU loading capacity increases with the GO content
in BC/GO hydrogels. This was attributed to the increased specific surface area of
BC/GO, as well as possible surface reaction between IBU and GO. The drug release
studies showed a typical pH-sensitive release behaviour, that is faster in neutral and
slower in acid media. In comparison with simple BC, BC/GO hydrogel demonstrated
a more sustained released in both pH conditions [36].
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Graphene Quantum Dots (GQDs) are fluorescent GBMs that retain the GO struc-
tural and physical properties but have smaller lateral dimensions (< 10nm) and
abundant periphery carboxylic groups [37]. GQDs have an outstanding ability in
drug delivery and anti-cancer activity boost without any pre-modification due to
their low toxicity, chemical inertness, solubility, functionality, crystallinity, two-
dimensionality, biocompatibility, among other properties [37, 38]. Usually, tradi-
tional DDS could be visualized only by using organic fluorophores and semiconduc-
tor quantum dots to understand the cellular uptake, while in the case of GQDs, we
can easily monitor movement in the cells in real time without employing external
dyes considering its inherent fluorescence. The association of GQDs with hydrogels
extend the DDS application, which can be used in different ways for oral, rectal, ocu-
lar, epidermal and subcutaneous applications. One of these examples is the use of
carboxymethyl cellulose (CMC) to obtain flexible hybrid hydrogel films loaded with
DOX, as proposed by Javanbakht et al. [39]. These hybrids were prepared through
casting method of GQDs as a nanoparticle and CMC hydrogel as a polymeric matrix.
The DOX loading in the CMC/GQD hydrogel films was made by swelling during
72 h in the dark with shaking. Results of swelling degradation, permeability and
mechanical tests showed that, when compared with neat CMC, the CMC/GQDs
hydrogel films have a great improvement in the tested properties. DOX loading and
release studies revealed that the presence of GQDs in the CMC films caused a pH-
sensitivity and consecutively prolonged the drug release. The hybrid without DOX
showed non-significant toxicity against blood cancer cells (K562), meaning that the
prepared DOX/CMC/GQD hybrids could possess a great potential as a long-lasting
and high-efficiency anti-cancer agent [39].

Justin et al. [40] studied the association of GQDs with CH by creating biodegrad-
able microneedles for electrically-stimulated and tracked transdermal DDS. As
already mentioned, the advantage offered by GQDs is the ability to track, under
fluorescent light, the diffusion of drugs in the body after delivery. In this study, the
GQDs were bonded to lidocaine hydrochloride (LH) mainly through n—x staking of
the aromatic rings, with minor hydrogen bonding and subsequently integrated with
CH by solution casting into moulds and dried to form microneedle arrays. Concentra-
tions of GQDs of 0.25 to 2 wt% with respect to CH were tested, being the optimized
concentration 1 wt%. These microneedle arrays tested resisted to a compressive force
of at least 10 N, showing that they are strong enough to withstand the compressive
force of insertion into human skin (i.e., 3.18 MPa or 1.6 N for the whole array of
100 microneedles [41]). The microneedle arrays have not broken or bent noticeably
after the tests in comparison to their shape before the test. These arrays released
the painkiller LH more substantially than pristine CH microneedles (68.3% of the
available drug was released compared to 57.4%). Bovine serum albumin (BSA),
as a model of a large molecular weight therapeutic agent, was also tested and the
feasibility of realising BSA bonded to GQDs from the microneedle array assessed.
The release was negligible under passive diffusion conditions, but was promoted
under electrical stimulation, with an increase from 7.6 to 94.5% of the available
drug after 24 h. These multifunctional materials provide a universal platform for
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stimulus-responsive and tracked delivery of both small and large molecular weight
drugs [40].

Table 4.1 summarizes some representative studies dedicated to polysaccharides
and GBMs hybrid materials developed for biomedical applications.

4.2 Water Remediation

In the last decades, nanotechnology has gained wide attention and several nanoma-
terials have been developed for water remediation, with GMBs being amongst the
most promising. Indeed, these materials are gaining heightened attention as novel
materials for environmental applications in general [42, 43]. The same can be stated
for polysaccharides [44—47]. One of the drawbacks of many reported GBM aerogels
is their brittle nature [43]. Also, most of them are formed by n—mt staking assembly
of GBMs nanosheets, which would greatly reduce the specific surface area and thus
limit the applications [48]. In this context, the addition of GBM macrostructures to
polysaccharides can be also designed to avoid these shortcomings.

One successful approach to overcome the previously reported drawbacks was
achieved by adding previously electrospun cellulose acetate (CA) nanofibres to a
GO aqueous suspension, which after a good homogenization was freeze dried [49].
The strong hydrogen bonding interactions between hydroxyl groups on the surface of
CA nanofibres and the oxygen-containing groups on GO nanosheets allows obtaining
aerogels with excellent mechanical performance. The prepared aerogels were tested
for adsorption of dyes from contaminated waters showing high adsorption activity
for cationic dyes due to strong electrostatic interactions with the aerogel. These aero-
gels were further modified for separation of oil-in-water emulsions. For this, poly-
dopamine (PDA) and polyethylenimine (PEI) were added to the previous aerogels
and compressed by 80% strain, which turned them into a robust membrane with pores
of 5-10 pm due to the reshaping during compression, being suitable for separation of
oil-in-water microemulsions. The contact angles in n-hexane and 1,2-dichloroethane
on the surface are as high as 143.5 and 148.5°, respectively. The authors went even fur-
ther and modified the initial aerogel with hexadecyltrimethoxysilane vapour yielding
a hydrophobic aerogel. This latest aerogel presents a high capacity for the removal of
oils floating on or sinking in water. Furthermore, it shows a remarkable compressive
elasticity, being able to recover to the original shape after being compressed by 80%
making possible the oils recovery. This work by Xiao et al. [49] gives an excellent
example of the versatility of polysaccharides/GBMs aerogels, which can be prepared
with different pore size and surface chemistry allowing to modulate their application.

Highly compressible cellulose nanofibrils (CNFs)/GO aerogels were prepared by
bidirectional freeze drying allowing the preparation of ultra-light anisotropic aero-
gels [50]. Different CNFs/GO homogeneous mixtures were bidirectional freeze dried,
followed by modification with n-dodecyltriethoxysilane vapour to prepare superhy-
drophobic aerogels. With respect to the average pore size and pore aspect ratio, both
increased as the content of GO increased until 20 wt%. This composition was cho-
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Table 4.1 Examples of different polysaccharides and GBMs hybrids for biomedical applications

Polysaccharide(s)

GBMs

Methodology

Main out-
come/application

References

Cellulose

rGO

Regeneration of
the mixture of
wood pulp and
rGO from ionic
liquid using water
as coagulant.
Vitamin C was the
reducing agent to
prepare rGO
directly in the IL.
The hydrogels
were freeze-dried

Biomedicine,
environment and
energy

[30]

Cellulose
nanocrystals
(CNCs)

rGO

Poly(lactic
acid)/CNCs/rGO
nanocomposites
films were
prepared through
solution casting
method

Antibacterial
response and
good
biocompatibility

[86]

CMC

GQDs

Solvent casting
using glycerol as a
plasticizer and
epichlorohydrin as
a cross-linker of
CMC and GQDs

DDS of
doxorubicin for
cancer cells

[39]

BC

GO

Hydroxyapatite
(HAp) was
prepared in the
presence of GO
(GOHAp) and
dispersed in
ethanol. Wet BC
membrane was
added to the above
solution and freeze
dried

Scaffold in bone
defects

[20]

GO

Sonochemical
method using
crushed BC
membranes by
high speed
homogenizer

Biomedical
applications
(antibacterial)

[32]

(continued)
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Table 4.1 (continued)
Polysaccharide(s) | GBMs Methodology Main out- References
come/application
rGO In situ synthesis of | Nerve cell [33]
BC in the presence | signalling, muscle
of rGO cell actuation,
and heart cell
innervation
GO BC/GO hybrids DDS of ibuprofen | [36]
were prepared by | for Inflammatory
adding a GO diseases
suspension to the
BC culture
medium
CH GO Self-assembly and | Bone tissue [23]
simultaneous materials
reduction and
cross-linking, in
which GO serves
as the cross-linking
agent for CH
GO The drug was DDS of [87]
loaded on GO-CH | dexamethasone
via phosphate phosphorylated
esterification for inflammations
GQDs GQDs were DDS of lidocaine | [40]
bonded to the drug | hydrochloride for
and integrated with | local anaesthetic,
chitosan by heart arrhythmia,
solution casting epilepsy
CH and gelatin GO GO was sonicated | Porous structure | [83]
with a CH/gelatin | mimicking the
mixture in acetic | natural
acid. GO/CH/Gn | architecture of
scaffolds were bone
obtained by freeze
drying
CH and GO GO/hyaluronan/CH| Blood contacting | [82]
hyaluronan films were materials (anti-

prepared by LbL.
technique using
the hand dipping
method

thrombogenicity)

(continued)
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Polysaccharide(s) | GBMs Methodology Main out- References
come/application
GO Solution mixing in | DDS of [88]
aqueous acetic acid | SNX-2112
solution followed | (anti-cancer drug)
by dialysis and
freeze drying
Carboxymethyl- | GO Cross-linking Increased [31]
CH reaction between | compressive
carboxymethyl- strength and
CH and oxidized modulus, better
konjac biocompatibility
glucomannan with
GO as an additive
ALG GO ALG hydrogels Tissue [84]
were synthesised | engineering,
with calcium bioprocess
chloride as engineering, drug
cross-linking agent | carriers
and 1 wt% of GO
GO Cylindrical holes | Articular tissue [32]
were made inside
agarose gels and
the GO/ALG
mixtures were
poured inside
them. The
mixtures were
chemically
cross-linked with
calcium ions
ALG, CH, GO Hybrid DDS of DOX for | [35]
hyaluronan microcapsule cancer cells
produced by a LbL
method
ALG, gellanand | GO The scaffolds were | Tissue [85]
amylopectin prepared by engineering

mixing all the
components in
aqueous solution
and then freeze
dried
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Fig. 4.3 a Demonstration of selective light oil (dyed hexane) absorption atop water and heavy oil
(dyed chloroform) absorption underwater using cellulose/GO aerogel. b The absorption capacity of
cellulose/GO aerogel towards various oils and chemical solvents. Reprinted with permission from
[50]. Copyright 2018 Elsevier

sen to selectively absorb light oil (hexane) over water and heavy oil (chloroform)
under water. As shown in Fig. 4.3a, the aerogel rapidly absorbed hexane from the
water surface and remained floating. When used to absorb oil under water, an air
layer was formed around the aerogel, protecting it from getting wet, which proves its
high hydrophobicity. Oil was fast absorbed as soon as the two substances came into
contact. The absorption capacity ranged from 80 to 197 times the aerogel weight,
depending on the surface tension and density of the liquids tested. A final remark
to mention the reusability of the aerogel, with less than 3% decrease in absorp-
tion capacity by extraction and a less than 10% decrease in absorption capacity by
mechanical squeezing when reused for 10 cycles [50].

Aerogels composed of GO and microcrystalline cellulose (GO/MCC) were pre-
pared by dissolving GO and lithium bromide in distilled water, followed by MCC
dissolution in the previously prepared solution to obtain a gel, which was then con-
verted to an aerogel through a solvent exchange with deionized water and freeze-
drying treatment [51]. This solvent system has the advantage of promoting the gela-
tion of cellulose in 1 min in the presence of GO, which consequently ensure the
homogeneous dispersion of GO in the final hybrid aerogels. The GO/MCC aerogels
exhibit a 3D porous structure that can be adjusted by varying the GO content. The
adsorption ability of the aerogels was measured using methylene blue as a model
adsorbate. Interestingly, the GO/MCC 0.3 wt% ratio presented an adsorption ability
of 2630 mg g~', which is significantly higher when compared with the pure GO
aerogel (824 mg g~!). The MCC aerogel presents a negligible adsorption ability
value less than 10 mg g~ ! [51].

Yao et al. [52] prepared a CNF/GO aerogel via a one-step ultrasonication method
with adsorption ability for the removal of 21 types of antibiotics from water. The
as-prepared CNF/GO aerogel possesses interconnected 3D network microstruc-
ture, in which the 2D GO nanosheets were intimately linked along CNF through
hydrogen bonds. The aerogel exhibited superior adsorption ability towards the
antibiotics. The removal percentages of the antibiotics were higher than 69% and
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the sequence of six categories antibiotics according to the adsorption efficiency
was as follows: tetracyclines>quinolones > sulfonamides >chloramphenicols > 8-
lactams > macrolides. The adsorption mechanism was proposed to be based on elec-
trostatic attraction, p—w interaction, w7 interaction and hydrogen bonding. The
authors also refer that the CNF/GO aerogel possesses reusability and can be easily
removed from water presenting a great potential for future implementation [52].

Heavy metals are between the most common pollutants found in wastewater and
can be accumulated in the environment and living tissues posing a threat to human
health [53]. GBMs are promising candidates for heavy metals removal [43, 54].
Some authors are starting to study the formulation of polysaccharides with GBM
also for this purpose, either in the form of hydrogels [55] or membranes [53, 56].
The association between GBMs and polysaccharides are starting to be explored
for heavy metals removal from wastewater. The role of CH as nanofiller of GO to
prepare materials presenting improved Hg (II) adsorption properties was explored by
Kyzas et al. [57]. The oxygen functional groups of GO were combined and interacted
with the amino groups of CH (or/and in CH with magnetic nanoparticles (Fe;Oy)
(GO/mCH)) creating new sites for Hg (II) adsorption. It is known that amino groups
are responsible for metal ion binding through chelation mechanisms and may also
contribute to adsorption process [57]. Three materials in powdered form (GO, GO/CH
and GO/mCH) were studied and compared with respect to Hg (IT) adsorption ability.
At 25 °C, the adsorption capacity of the initial GO was 187 mg g~!, which increased
to 381 mg g~! for GO/CH and to 397 mg g~! for GO/mCH. The advantage of using
GO/mCH is related with the easier separation from the aqueous medium. A similar
composition of GO with CH and magnetic nanoparticles was successfully tested for
Cr (IV) water removal [58].

Table 4.2 summarizes recent examples of hybrid materials composed of polysac-
charides and GBMs for water remediation.

4.3 Packaging Applications

In food packaging applications, it is essential that protective films present good
mechanical properties and reduced permeation to oxygen and other gases and
volatile compounds. Furthermore, films should have good thermal stability, good
transparency and anti-microbial activity to increase the shelf-life of food products.
The GBM:s incorporation in polysaccharides proved to have a positive effect in the
mechanical and barrier properties of the resulting materials. For that, it is crucial to
ensure a good dispersion of GBMs into the polysaccharide matrix, which is usually
achieved at low GBMs loading, and guarantee good compatibility between the GBMs
and host matrix, for good transfer load. Furthermore, the alignment and orientation
of GBMs inside the polysaccharide matrix is also important. Several studies reported
the preparation of cellulose [59], CH [60], ALG [61] and starch [62] hybrid films
with GBMs by solvent casting.
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Polysaccharide Methodology Pollutant References
Cellulose Thermal treatment of | Organophosphorus [90]
the mixture in an pesticide
autoclave and drying
under vacuum
followed by mixing
with KOH and heating
Cross-linking of Metal ions, namely [55]
cellulose and GO Cu?*
using epichlorohydrin
One-step 21 kinds of antibiotics | [52]
ultrasonication and
freeze-drying
Cross-linking of Cu (II) and Pb (II) [92]
cellulose and GO
using ethylenediamine
a-cellulose A mixture of Uranium (VI) [91]
a-cellulose, GO,
NaOH and urea was
vigorously stirred and
converted to powder
MCC GOfcellulose Co (II), Ni (II), Cu [53]
membranes (pressed | (II), Zn (II), Cd (II)
and non-pressed
membranes)
CNFs Bidirectional freeze Selective oil [50]
drying and chemical | absorption and
vapour deposition to | recovery
gain
super-hydrophobicity
CA Freeze-drying Cationic dyes [49]
Oil/water separation
CH Cross-linking of GO | Hg (II) [57]
and CH solutions
using glutaraldehyde
ALG Freeze-drying and Oil [89]
ionic cross-linking
Freeze-drying and Oil [89]
ionic cross-linking
GO/ALG beads were | Cu (II) [93]

formed by coagulation
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CH/GO films with improved barrier and thermo-mechanical properties were pre-
pared by Ahmed et al. [63]. For 2 wt% of GO content, the value of the tensile strength
increased around 119% and the water vapour permeability (WVP) was reduced in
about 56%, while oxygen permeability (OP) decreased ca. 65% in comparison with
pure CH films. The excellent dispersion of GO in the CH matrix was pointed as
the main reason for the mechanical and barrier properties enhancements. The good
compatibility between the GBMs and the host matrix enabled a good transfer load,
which enhanced the mechanical properties. The alignment of nanofillers perpendic-
ularly to the direction of diffusion maximized the pathway tortuosity and delayed the
diffusion of gases. A ternary system of poly(vinylpyrrolidone) (PVP)/CH/GO was
also prepared by casting method. The incorporation of 2 wt% of GO into the CH/PVP
films with a 1:1 proportion promoted an enhancement of 130 and 109% in Young’s
modulus and tensile strength, respectively, in comparison to the CH/PVP films [64].

The effect of GBMs content on the mechanical and barrier properties of starch/GO
and starch/rGO hybrid films was estimated by Ma et al. [65]. For that, GO and rGO
were mixed with plasticized starch (with glycerol) at different loading levels (0, 0.5,
1,2, 3 and 4 wt% for GO and 0, 2, 4, 6 and 8 wt% for rGO). Globally, both GO and
rGO acted as reinforcement in starch matrices, until a certain level of incorporation
(2 and 6 wt% for GO and rGO, respectively). The effectiveness of GO is higher
compared to rGO due to the higher content of oxygen functionalities in GO, which
contribute to a higher hydrogen bonding between GO and starch [65].

Table 4.3 summarizes the effect of GBMs on the mechanical and barrier properties
(OP and WVP) of different polysaccharides. As can be observed a low amount of
GBMs addition to polysaccharides films enhance the main required properties for
good performance films for packaging applications.

4.4 Energy Applications

Polysaccharides/GBMs have started to be used for the development of new and high-
performance energy devices. Polysaccharides can produce lightweight and flexible
materials, while GBMs promote the electrochemical performance and strength [66].
In energy applications (e.g., conductive papers, energy storage devices and superca-
pacitors), cellulose is the most studied polysaccharide. Herein, special focus will be
placed on the specific capacitance and stability of charge-discharge cycles, since the
main challenge in the production of components for energy storage devices relies
in producing flexible and freestanding materials with high specific capacitance and
long cycle lives [67, 68].

Cellulose/GBMs paper films are typically mentioned for the above referred appli-
cations [68, 69]. Cellulose nanopapers can be easily obtained via classical papermak-
ing or similar processes (e.g. vacuum filtration) using cellulose obtained from CNF
wood pulp and BC pellicles. The incorporation of GBMs into the cellulose matrix,
either pre-mixed with cellulose fibres [70, 71] or depositing GBMs suspensions as a
coating onto paper surface [72, 73], can improve electrochemical performance and
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strength. Kang et al. [72] prepared graphene/cellulose paper electrodes with 3.2 wt%
of graphene obtaining a high specific capacitance of 252 F g~! and good cycle charge-
discharge stability, of up to 99% capacitance over 5000 cycles. The association of
rGO to a metal hydroxide can enhance even more the performance of the final mate-
rial. Ma et al. [74] prepared a ternary system of BC/rGO/Ni(OH),, where BC paper
prepared by vacuum filtration of BC fibres was coated with as-prepared rGO-wrapped
flowery Ni(OH), obtained by a hydrothermal process. A flexible and freestanding
Ni(OH),/rGO/BC film was obtained with specific capacitance of 877.1 F g~! and
excellent cycling stability (93.6% capacitance retention after 15,000 cycles).

The aerogels of polysaccharides/GBMs are highly porous materials with low den-
sities and large specific areas which facilitate the access to the electrolyte solutions,
and thus enhancing its electrochemical performance [69]. The role of GBMs is to
increase the surface area and improve the electrochemical performance by increasing
the electrical conductivity and mechanical stability. The behaviour of these nanocom-
posites is strongly dependent on the material design. For this application, the spatial
orientation of the graphene sheets in cellulose/GBMs hybrids is a matter of great
importance. It is documented that, for the case of graphene sheets, these can eas-
ily suffer agglomeration (because contrary to GO, graphene does not have oxygen
functional groups), which can result in the reduction of surface area and compromise
the electrochemical performance. To avoid agglomeration, the authors proposed the
use of cellulose spacers and thus improve the electrochemical performance of the
material [75-77].

The use of CNFs as nanospacer was also evaluated in a study conducted by Gao
et al. [78]. The authors prepared CNFs/rGO hybrid aerogel by supercritical CO; dry-
ing and concluded that CNFs can effectively reduce the strong interactions between
the graphene nanosheets maintaining, simultaneously, their intrinsic characteristics
and consequently allowing good electrochemical performance of the material. The
device capacitance still retained about 99.1% of the initial capacity (207 F g~!) after
5000 charge—discharge cycles.

Two studies performed by Liu and co-workers [76, 77] reported the fabrication
of a 3D structure by covalent intercalation of BC fibrils and GO sheets via one-step
esterification between carboxylic groups of GO and hydroxyl groups from BC. In
the first study, they noticed the importance of covalent bonding, by comparing the
performance between BC/GO composite prepared by simple physical mixing and
by covalent bonding. The results reported a highly improvement in the electrical
conductivity conferred by the efficient conductive network formed with the covalent
interpenetration between the GO and the BC nanofibrils which effectively avoided
the aggregation of the GO sheets [76]. In the later study, the authors reported the
development of a ternary system, Fig. 4.4, where a chemically bonded BC/GO hybrid
composite was coated with a conductive polymer, polypyrrole, PPy [77]. Comparing
the binary (BC/GO) and ternary (BC/GO/PPy) systems, an improvement of 248% in
specific capacitance was achieved for the ternary system.
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Fig. 4.4 a Self-assembly of BC nanofibres on GO surface, BC and GO cross-linking, reduction of
GO, self-assembly of Py on BC nanofibre surface, and in situ polymerization to prepare PPy/BC/GO
composites. b SEM image of pristine GO. The cross-sectional view of SEM image of ¢ cross-linked
BC/GO via the covalent intercalation of GO sheets with BC, d a single layer of PPy/BC/GO hybrid,
e multilayers of PPy/BC/GO as stacking, and f PPy/BC core/sheath hybrid as linkage between
stacking. Reprinted with permission from [77]. Copyright 2015 American Chemical Society

High performance materials were also obtained from ternary systems resulting
from the combination of bacterial cellulose, polyaniline and graphene (BC/PANI/G)
[79]. For the BC/PANI/G system, Liu et al. took advantage of the functional surface
of BC to polymerize PANI. A layer of graphene was deposited by vacuum filtration
on the surface of BC/PANI making a film with 477 F g~! of specific capacitance and
retaining 97% of that initial capacitance after 1000 cycles [79]. Although promising
results were obtained, the non-uniform dispersion of graphene in the system and the
lack of suitable pore size may have contributed to decrease the electrical conductivity
and greatly contributed to the loss of mechanical integrity and stability. A different
and improved in situ biosynthesis method of BC/graphene was presented by Luo et al.
to preserve the 3D intrinsic network of BC [80]. For that, the authors added graphene
suspensions to BC culture medium and found that the structure of graphene remained
unchanged after the procedure. Furthermore, graphene sheets were uniformly
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dispersed and well bounded. Later, the authors prepared a BC/graphene/PANI ternary
system by LbL in situ culture method. The BC/G hydrogel was prepared as before
and then deposited with polyaniline. The most promising material obtained presented
645 F g~! of specific capacitance and retention of 82.2% after 1000 cycles [80].

A different type of configuration was proposed by Lv et al. [75] with a ternary
system consisting of CNFs/molybdenum disulphide (MoS,)/rGO hybrid aerogel.
The aerogel was obtained by supercritical CO, drying and then compressed to a
film to be used as an electrode. The MoS; provided high specific surface area to the
electrode, while the GO enhanced the specific capacitance. The specific capacitance
is about 916.42 F g~!. Moreover, the capacity retention is more than 98% after 5000
charge/discharge cycles.

Selvam et al. [81] produced a wearable and flexible electronic device by single-
step hydrothermal technique. For the purpose, GO, CH and copper chloride were
cross-linked under an IL medium in an autoclave, forming a gel. The amine groups
of CH can form strong interactions with the oxygen functionalities of GO and form
dative bonds with copper metal ions. The temperature of the hydrothermal process
(50,75 and 100 °C) influenced the homogeneity of the hybrid material. The maximum
specific capacitance achieved by the dried gel was 356 F g=! using 100 °C in the
hydrothermal step. This type of supercapacitor showed excellent long-term cyclic
stability and retained its initial capacitance up to 200,000 cycles.

Table 4.4 gathers the information concerning polysaccharides/GBMs hybrids for
energy applications.
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with Carbon Nanotubes

Carbon nanotubes (CNTSs) are nanometric scale sp2 carbon bonded materials with a
tube-like structure formed by rolling-up graphene sheet(s) in a seamless way into a
cylinder with open or closed ends [1-3]. This graphene allotrope can be classified into
single-walled (SWCNT) and multi-walled (MWCNT) carbon nanotubes depending
on the number of rolled-up graphene layers. The former was discovered in 1993
[4] and consists of single graphene sheet rolled into a cylinder, whereas the latter
was discovered in 1991 [5] and is formed by multiple stacked graphene layers in
the form of cylinders with an interlayer spacing of 0.34 nm [6-8], as illustrated
in Fig. 5.1. The diameters of SWCNTs and MWCNTs are typically in the range
of 0.2-2.0 and 2-100 nm, respectively [9], while the length varies from less than
100 nm to several centimetres [1]. These differences translate into materials with
different physical and chemical properties. The most remarkable features of CNTs
comprise their high surface area, aspect ratio, thermal conductivity, electron mobility
and mechanical strength [2]. In fact, CNTs are stronger than steel with a tensile
strength of 150-180 GPa and tensile modulus between 640 GPa and 1 TPa, as well
as better conductors than copper with electrical conductivity values ranging from
107-108 S m~! [3, 6, 8]. In terms of thermal conductivity, CNTs surpass diamond
with SWCNTs attaining a value of 3500 W m~' K~! at room temperature [1, 10].
Nevertheless, the main downside of this carbonaceous nanomaterial is associated
with its hydrophobicity, and, consequently, poor processability and compatibility
with other materials, which can be circumvented by functionalization with different
functional groups (e.g., hydroxyl, carboxyl and amine moieties) [6].

CNTs are mainly produced using graphite as carbon source via various methods
such as arc-discharge, laser ablation and chemical vapour deposition [7, 11]. Addi-
tionally, CNTs can be fabricated from renewable feedstocks, including vegetable
oils, plant derivatives, and other types of biomasses [12], by using conventional syn-
thesis methodologies [11]. Worth noting is the fact that the CNTs market size was
$3.43 billion in 2016 and is projected to worth $8.7 billion by 2022, according to the
report published by Research and Markets [13]. These carbon-based nanomaterials
have been widely studied in almost all domains of modern science and technology,
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(b)

0.2-2nm

Fig. 5.1 a Single-walled carbon nanotubes (SWCNTSs) and b multi-walled carbon nanotubes
(MWCNTs). Reprinted with permission from Ref. [9]

including in biosensing [6], heavy metal adsorption [14], energy conversion and stor-
age [2], filtration membranes [15], cancer targeting and drug delivery [9, 16], just
to mention a few applications. Furthermore, CNTs are also attractive materials as
nanofillers for composites [17], particularly for metal-matrix [8], polymer-matrix [7,
18] and cement-matrix [19] nanocomposites, due to their intrinsically high mechan-
ical performance. Despite the abundant literature on the topic as evidenced by the
countless review papers enumerated in the previous paragraphs, none is devoted
solely to polysaccharides/CNTs hybrid materials. Thus, the emphasis of the pub-
lications surveyed in this chapter will be on hybrid materials based on CNTs and
polysaccharides, namely cellulose, chitin, chitosan (CH) and starch, that privileged
novelty and potential applications.

5.1 Cellulose/CNTs Hybrid Materials

Cellulose has been broadly investigated in combination with CNTs, as corroborated
by the extensive list of publications on the topic with a considerable number of stud-
ies dealing with cellulose [20-22] and its derivatives, such as cellulose acetate [23,
24], carboxymethyl cellulose (CMC) [25], and regenerated cellulose [26, 27], as
well as with the nanoscale forms of cellulose, namely cellulose nanofibrils (CNFs)
[28, 29], cellulose nanocrystals (CNCs) [30, 31] and bacterial cellulose (BC) [32,
33], to fabricate hybrid materials in the form of films [30, 34], membranes [31, 35],
aerogels [20, 36], hydrogels [25] and fibres [37], as summarized in Table 5.1. These
cellulose/CNTs-based hybrid materials have showed tremendous potential for appli-
cation in multiple domains, for example, as electrically conductive aerogels [20],
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aerogels for vapour sensing [36], water sensors [21], multifunctional sensing appli-
cations [34, 38], amperometric sensing probes [24], electrodes for supercapacitors
[39], water filtration [35], mixed matrix membranes for CO,/N, separation [23],
transdermal device for drug delivery [25], scaffold for bone regeneration [33], and
gauzes for haemostatic applications [27].

Within the combined contexts of novelty and application, electrically conductive
aerogels based on cellulose cotton linters and MWCNTs (3, 5 and 10 wt%) were
prepared for application in vapour sensing of volatile organic compounds (VOCs)
[36]. These aerogels with highly porous networks exhibit rapid response, high sensi-
tivity and good reproducibility to both polar and nonpolar VOCs such as methanol,
ethanol, acetone, chloroform, tetrahydrofuran, toluene and hexane; hence, can be
used as reproducible sensors for VOCs as well as for other gases analysis at room
temperature [36].

In a different study, Zeng et al. [28] described the fabrication of flexible dielec-
tric papers based on CNFs and CNTs (0.5-4.5 wt%) via a facile vacuum-assisted
self-assembly technique for dielectric energy storage. These homogeneous, highly
ordered and degradable papers are mechanically flexible and present good mechan-
ical strength (Young’s modulus > 5 GPa) and dielectric energy storage capability
(0.81 £ 0.1 Jcm™3) [28]. Despite the fairly good results attained in this study, papers
with better mechanical performances were expectable given the inclusion of CNTs
as a carbonaceous filler.

In the environmental domain, Ahmad et al. [23] reported the development of mixed
matrix membranes from cellulose acetate (CA) and MWCNTs functionalized with
B-cyclodextrins for carbon dioxide (CO;)/nitrogen (N;) separation. The enhanced
permeance and selectivity of these membranes towards the separation of both CO,
and N, with a threshold amount of 0.1 wt% of functionalized MWCNTs make them
a promising means for CO, capture, a strategy that in being tackled to reduce the
Earth’s greenhouse effect [23].

In the health domain, an important publication includes the work of Gutiérrez-
Hernandez et al. [33] about the design of scaffolds for bone regeneration based on
BC and MWCNTs—COOH. The inclusion of MWNTs—COOH (2.5 and 5.0 wt%)
onto the BC matrix enhanced the mechanical performance of the scaffolds (the stor-
age modulus was threefold as compared to pristine BC), and favoured osteoblastic
cell spreading, adhesion, and proliferation owing to the interfacial compatibility of
the cells with the scaffolds. Therefore, these three-dimensional hybrid scaffolds are
suitable for osteoblastic cell culture and, concomitantly, for bone regeneration [33].

Recently, Cheng et al. [27] developed MWCNTs/cellulose gauzes for haemo-
static applications. According to this study, unmodified (i.e. MWCNTs) and func-
tionalized MWCNTs (i.e. MWCNTs-NH,; and MWCNTs—COOH) were grafted to
oxidized-regenerated-cellulose gauze, originating hybrid materials with augmented
haemostatic performance. In fact, the oxidized regenerated cellulose gauze contain-
ing MWCNTs—COOH showed the lowest haemostatic efficiency with about 207 and
296 s, which translates into a significant reduction of the bleeding time on rabbit ear
artery and liver haemorrhage model, respectively [27].
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Table 5.1 Examples of polysaccharides-based hybrids with CNTs, the preparation methodologies
and potential applications

Polysaccharide | Type of CNTs Methodology Application References
Cellulose MWCNTSs CNTs were mixed Electrically [20]
with cotton linters, conductive aerogels
followed by
freeze-drying
MWCNTs CNTs were mixed Electrically [21]
with cotton linters conductive films for
prior to casting and | use as water sensors
coagulation
MWCNTSs CNTs were mixed Electrically [36]
with cotton linters, conductive aerogels
followed by for vapour sensing
freeze-drying
MWCNTs CNTs were mixed Electrically [37]
with cotton linters conductive fibres
prior to wet spinning | with potential to be
process used as wearable
electronics
MWCNTs CNTs were mixed Electrically [22]
with cellulose pulp, | conductive papers
followed by suction | with potential for
filtration method for | batteries and
paper fabrication supercapacitors
MWCNTs CNTs were mixed Smart papers for [38]
MWCNTs-OH with cellulose multifunctional
microfibres pulp, sensing
before paper
handsheets
fabrication
CA MWCNTs CNTs functionalized | Mixed matrix [23]
with 8-cyclodextrins | membrane for
were mixed with CA, | CO,2/N, separation
prior to membrane
formation by wet
phase inversion
MWCNTs—-COOH | CNTs were mixed Macroporous [35]
with CA followed by | membranes for water
phase inversion filtration
MWCNTs CNTs were dispersed | Amperometric [24]
into CA polymer catecholamines

matrix, followed by
casting onto a glassy
carbon electrode

sensing probe

(continued)
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Table 5.1 (continued)
Polysaccharide | Type of CNTs Methodology Application References
CMC MWCNTs—COOH | CNTs were mixed Hybrid hydrogel for | [25]
with CMC via transdermal drug
ultrasonication delivery
followed by vacuum
drying
Regenerated SWCNTs CNTs were mixed Electrically [26]
cellulose with cellulose in the | conductive films
presence of an ionic
liquid prior to casting
and regeneration in
water
MWCNTSs CNTs-coated Gauzes for [27]
MWCNTs-NH, oxidized gauzes were | hemostatic
MWCNTs-COOH | prepared by applications
freeze-drying
CNFs CNTs CNTS were mixed Flexible papers for [28]
with CNFs via dielectric energy
sonication, followed | storage
by vacuum-assisted
self-assembly
technique
CNCs MWCNTSs CNTs were mixed Electrically [34]
with CNCs followed | conductive hybrid
by vacuum filtration | films with potential
and vacuum drying | for sensing
applications
MWCNTs-OH CNTs were mixed Nanocomposites [31]
with a CNCs slurry | with potential as
prior to membrane water filtration
fabrication by phase | membranes
inversion
BC MWCNTs-COOH | CNTs were mixed Scaffolds for bone [33]
with BC pulp and regeneration
alginate/D-mannitol
solution, followed by
cross-linking and
freeze-drying
MWCNTSs CNTs were mixed Composite as anode | [32]

with BC containing
Pt precursors,
followed by
reduction with Hj
and membrane
drying

catalyst for proton
exchange membrane
fuel cells

(continued)
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Table 5.1 (continued)

Polysaccharide | Type of CNTs Methodology Application References
Chitin MWCNTs CNTs were mixed Magnetic hybrid for | [44]
with chitin flakes and | the removal of
magnetite organic dyes (Rose
nanoparticles using | Bengal) from
agate mortar solutions
MWCNTs CNTs suspension Gel-film for foldable |[41]
was mixed with conductive paper
chitin under
ultrasonication,
followed by filtration
and drying
MWCNTs CNTs grafted with Mesoporous aerogel | [40]
poly(4- with potential
vinylpyridine) were | application as
mixed with chitin thermal insulators,
nano-whiskers by catalyst supports, and

sonication-assisted biomedical materials
assembly, followed
by freeze-drying
MWNTs (coated CNTs were mixed Scaffolds for tissue [45]
with CMC) with chitin, followed | engineering of
by coagulation and | neurons and,
casting methods, and | potentially, as an
O, plasma treatment | implantable
electrode for
stimulation and
repair of neurons

MWCNTs-COOH | CNTs were blended | Hydrogels as [42]
with chitin, prior to | neuronal growth
regeneration and substrates

freeze-drying

MWCNTs—COOH | CNTs were blended | Blood compatible [43]
with chitin, followed | bilirubin
by freezing/thawing | microspheres

method and lysine adsorbents
immobilization
CH MWCNTs—COOH | CNTs were Nanoparticle hybrids | [50]
functionalized with a | as gene delivery
CH-folic acid materials
conjugate by

liquid-gel transition
MWCNTs—COOH | CNTs were mixed Sorbent for removal | [52]
with CH followed by | of heavy metal ions

bead formation from aqueous
solutions

(continued)
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Table 5.1 (continued)
Polysaccharide | Type of CNTs Methodology Application References

MWCNTs-COOH

CNTs were mixed
with CH prior to
electrophoretic
deposition on a
titanium substrate

Cell stimulation and
therapeutics delivery
for bone regenerating
implants

[51]

MWCNTs-COOH | CNTs were mixed Membranes with [57]
with CH and silica, | potential for guided
followed by sol-gel | bone regeneration
process,
freeze-drying and hot
pressing

MWCNTs CNTs were blended | Transparent [58]
with CH (or CNCs), | conductive thin films
followed by with potential to
layer-by-layer fabricate
assembly of thin biocompatible
films transparent

electrodes

CNTs—COOH CNTs were mixed Spherical beads for | [49]
with CH before bilirubin adsorption
dripping onto liquid
nitrogen, followed by
freeze-drying

MWCNTs—COOH | CNTs were blended | Superhydrophobic [59]
with cationic CH and antibacterial
derivative prior to hybrid membrane for
cross-linking, application in food,
followed by casting | bioengineering and
method medical fields

MWCNTs CNTs were mixed Microelectrode array | [46]
with CH before for selective
electrochemical recognition of
deposition onto a 5-hydroxytryptamine
microelectrode array | and dopamine

molecules

MWCNTs—COOH | CNTs were coated Polymer electrolyte | [53]
with silica through a | membranes for fuel
sol-gel process, cells
followed by blending
with CH and casting

MWCNTs—COOH | CNTs mixed with Antibacterial hybrids | [60]

CH were deposited
onto titanium disks
by electrophoretic
deposition, followed
by atom layer
deposition of ZnO

nanostructures used
as titanium implants

(continued)
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Table 5.1 (continued)

Polysaccharide | Type of CNTs Methodology Application References
SWCNTs—COOH | CNTs were Electrochemical [47]
covalently bonded to | biosensor for serum
CH followed by leptin detection

casting on the
surface of a glass
carbon electrode

MWCNTs CNTs were mixed Electrochemical [48]
with CH followed by | biosensor for the
electrodeposition in vivo monitoring of
onto a polished Au | dopamine
electrode

MWCNTs CNTs were mixed Flexible paper-based | [56]
with CH for ink electrodes for point
preparation, followed | of care and point of
by layer-by-layer need testing

deposition onto
paper-based

electrodes

MWCNTs CNTs were coated Polymer electrolyte | [54]
with CH by membranes for fuel
surface-deposition, | cells
followed by blending
and casting with CH
matrix

MWCNTs—COOH | CNTs grafted with | Polymer electrolyte | [55]
organic molecules membranes for fuel
(CNTs fluids) were | cells
mixed with CH

matrix, followed by
solution casting and
cross-linking with
sulfuric acid

Starch MWCNTSs CNTs were mixed Electrical conductive | [67]
with plasticized films
starch followed by
casting method

MWCNTs CNTs were mixed Gas barrier and [68]
with plasticized electrical conductive
starch prior to films

casting method
MWCNT-FeAl,04| CNTs were mixed Films with potential

—_

61]

with plasticized in the packaging
starch before thermal | industry
gelatinization
MWCNTs-OH CNTs were mixed Films with potential | [63]
with plasticized for secondary
starch, followed by | packaging in the
film casting food sectors

(continued)
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Table 5.1 (continued)
Polysaccharide | Type of CNTs Methodology Application References
CNTs-OH CNTs were mixed Films with potential | [62]
with plasticized for packaging and
hydroxypropyl starch | coating application
before thermal
gelatinization
MWCNTs—COOH | CNTs functionalized | Films for removal of | [64]
with vitamin C were | organic dyes
mixed with pollutants
plasticized starch via
ultrasonication and
casting method
MWCNTs-COOH | CNTs functionalized | Films with potential | [65]
with fructose were for the removal of
mixed with dyes pollutants from
plasticized starch wastewater
prior to casting
method
MWCNTs—COOH | CNTs functionalized | Nanocarrier for the [66]
with glucose were delivery of
mixed with hydrophobic drugs
plasticized starch
followed by casting
method
ALG SWCNTs-COOH | Freeze Porous hybrid paper | [69]
drying-mechanically | as flexible
pressing technique conductors and phase
change materials
MWCNTs-COOH | CNTs were Hydrogel substrates | [70]
incorporated in ALG | for cell culture
by homogenization | applications, cell
prior to gelation therapy and tissue
engineering
MWCNTs CNTs Hybrid electrode for | [71]
homogenization with | probing microbial
ALG via surfactant | electroactivity
assisted dispersion
before inducing the
gelation with BaCl,
ALGand CH |SWCNTs Layer-by-layer Photothermal [73]
assembly of ALG therapy
and CH on CNTs,
followed by seed
growth of gold
nanoparticles

(continued)
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Table 5.1 (continued)

Polysaccharide | Type of CNTs Methodology Application References
ALG and MWCNTs CNTs were blended | pH and electric field | [72]
cellulose with ALG, cellulose | dual-stimulus

and ibuprofen, responsive hybrid

followed by ionic hydrogel for drug

cross-linking delivery

Carrageenan | MWCNTs—COOH | CNTs were blended | Carriers for remotely | [74]
with carrageenan and | activated drug

model molecule, delivery
followed by
carrageenan gelation
with KCI

MWCNTs-COOH | CNTs were Magnetic adsorbent | [75]
functionalized with | to remove cationic
carrageenan, dyes from

followed by in situ wastewaters
synthesis of FezO4

nanoparticles

Hyaluronan MWCNTs—COOH | CNTs were mixed Porous scaffolds to [76]
with hyaluronan induce neural
prior to the addition | regeneration in
of cross-linker, tissues of the central
followed by or peripheral nervous
freeze-drying system

MWCNTs-NH, CNTs were mixed Electrochemical [77]

with hyaluronan and | immunosensor for
applied on the hepatitis B

electrode surface,
followed by antigen
immobilization

5.2 Chitin/CNTs Hybrid Materials

The combination between the marine polysaccharide chitin and CNTs has also
received some attention to produce hybrid materials (Table 5.1) in the form of aerogels
[40], hydrogels [41, 42], and microspheres [43], for diverse applications including
absorbents for removal of dyes pollutants [44], conductive paper [41], blood purified
therapy [43] and neuronal growth substrates [42, 45].

A representative example of the ongoing research in this topic deals with the use of
chitin/CNTs-based scaffolds for neuron repair/regeneration [42, 45] since CNT's can
promote cell adhesion, proliferation and differentiation of neuronal cells. Singh et al.
demonstrated that the inclusion of MWCNTs (coated with carboxymethyl cellulose)
into chitin, dissolved in ionic liquids, improved the electrical conductivity of the O,
plasma-treated chitin/CNTs composite films [45]. In addition, these biocompatible
and electrically-conductive hybrid materials showed increased neuron attachment
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and supported neural synapses, while maintaining their functional integrity, which
indicates that the neurons remained functionally-active on the scaffolds even after
21 days of testing [45].

Wau et al. [42] created hybrid hydrogels based on chitin and oxidized MWCNTs
also with potential as neuronal growth substrates for the peripheral nerve regener-
ation. These hydrogels with a compact and neat nanofibrillar network morphology
displayed hemocompatibility and biocompatibility, as well as enhanced cellular pro-
liferation and adhesion of nerve cells such as PC12 and RSC96 cells. Besides, these
biocompatible chitin/CNTs hybrids are quite versatile materials in terms of forms and
shapes since they can be fabricated as films, aerogels, fibres, macroporous hydrogels
and nanofibrous microspheres for extended application in nerve tissue engineering
[42].

In a different context, the same research group developed blood compatible biliru-
bin adsorbents based on chitin and CNTs [43]. The authors describe the fabrication
of microspheres via dispersion of carboxylated MWCNTs in NaOH/urea aqueous
solution in the presence of chitin, followed by thermal induction that yielded nanofi-
brous hybrid microspheres. The immobilization of lysine through cross-linking on
the interconnected porous structure of the chitin/CNTs hybrids contributed to a higher
efficiency of bilirubin adsorption from plasma because of the specific interactions
between the amino moieties of lysine residues and the carboxyl groups of bilirubin.
This combination of properties underlines the potential of these hybrid microspheres
as a bilirubin adsorbent in hemoperfusion applications for treatment of liver diseases
[43].

5.3 Chitosan/CNTs Hybrid Materials

Contrary to chitin, CH is being extensively studied for the development of
polysaccharide-based hybrid materials (Table 5.1). In fact, one of the strongest poten-
tial of hybrid materials based on CH and CNTs lies in their myriad applications as, for
example, microelectrode array for selective recognition of organic molecules [46],
biosensors for serum leptin detection [47], in vivo monitoring of dopamine [48],
bilirubin adsorption [49], gene delivery materials [50], cell stimulation and thera-
peutics delivery [51], sorbent for removal of heavy metal ions from aqueous solutions
[52], polymer electrolyte membranes for fuel cells [53-55], flexible electrodes [56],
among other applications [57-60].

A recent publication includes the work of Shukla et al. [48] concerning CH films
loaded with MWCNTs that were electrodeposited onto a polished Au electrode.
The authors reported that the inclusion of MWCNTSs onto CH films affected the
sensing performance of dopamine in the presence of biological interference (e.g.
uric acid) by increasing the diffusion and electron transfer rate coefficients of the
sensor. Moreover, the sensor with higher MWCNTSs content offers better sensitivity
(3.00 LA L wmol~! for 1.75% MWCNTs loading, versus 0.01 WA L wmol~! for 1%
loading) but an inferior limit-of-detection (2.00 wmol L~" versus 1.00 pmol L',
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Fig. 5.2 a Synthesis process of chitosan-coated CNTs and the corresponding composite mem-
branes, b TEM micrograph of chitosan-coated CNTs, and ¢ polarization and power density curves
of direct methanol fuel cell single cells tested of pure chitosan and composite membranes at 5 M
methanol concentration at 70 °C. Reprinted with permission from Ref. [54]. Copyright 2017 John
Wiley & Sons

respectively). Consequently, these films can be used as electrochemical biosensors
for the in vivo monitoring of dopamine and of other redox-active molecules [48].

In a different approach, Figueredo et al. [56] describes the layer-by-layer construc-
tion of CH/MWCNTs flexible paper-based electrodes. These low-cost and dispos-
able electrodes with good electron transfer and mechanical deformation endurance
demonstrated great potential in the detection of Pb at trace levels in water sam-
ples in the presence of Bi (10-200 ppb) with a limit detection of 6.74 ppb, as well
as dopamine in presence of uric and ascorbic acids with the limit of detection of
6.32 WM. Thus, these electrodes can be a versatile electrochemical platform for
point-of-care and point-of-need testing, with potential for utilization in developing
countries with limited resources and disperse population that are quite far from clin-
ical and other analytical facilities [56].

Another relevant addition to the field of CH/CNT's hybrids includes the work of Ou
et al. [54] about polymer electrolyte membranes prepared by blending and casting of
CH matrix and MWCNTs functionalized with CH via a facile noncovalent surface-
deposition and cross-linking method (Fig. 5.2a). These membranes present a proton
conductivity of 34.6 mS cm~! at 80 °C, which is about 1.5-fold of the conductivity of
pure CH membrane. Furthermore, the direct methanol fuel cell performance of the
membranes was evaluated by single cell, tested at 70 °C, and the membrane exhibits
a peak power density of 47.5 mW cm™2 (Fig. 5.2c), which is higher than that of
pristine CH [54].



5.3 Chitosan/CNTs Hybrid Materials 107

As a last and noteworthy publication, Wang et al. [55] also developed pro-
ton exchange hybrid membranes for fuel cells applications via incorporation of
solvent-free MWCNTs fluids with liquid-like behaviour at room temperature (pre-
pared through an ion exchange method) onto the CH matrix by a solution cast-
ing method. It was observed that these organic-grafted MWCNTs with liquid-like
behaviour improved simultaneously the interface compatibility and the mechanical
performance of the membranes. Moreover, the proton transfer pathway provided by
the interactions between the —SO;~ and -NH3" groups of MWCNT fluids and CH,
respectively, contributed to the maximum proton conductivity of 44 mS cm™! at
80 °C and power density of 48.46 mW cm™~2 [55], which are higher than the values
reported by Ou et al. [54] in the example described above.

5.4 Starch/CNTs Hybrid Materials

Starch is another polysaccharide that has been combined with CNTs to generate
organic-inorganic hybrid materials with improved functional properties for diverse
applications (Table 5.1), including food packaging [61-63], removal of pollutant
dyes from wastewater [64, 65] and drug delivery [66]. As an illustrative example,
Cheng et al. [67] fabricated nanocomposite films based on plasticized-starch and
modified-MWCNTs by casting method. The modified-MWCNTs were first oxidized
by Hummer’s method and then reduced by glucose, which originated CNTs with 15
and 8 wt% oxygen-containing groups, respectively. The incorporation of modified-
MWCNTs nanofillers on the plasticized-starch matrix promoted a reinforcing effect
and render the materials with conductive properties [67]. Along the same idea, Swain
et al. [68] prepared nanocomposite films by solution casting method from plasticized
starch and functionalized-MWCNTs. These films exhibited good conductive and gas
barrier properties that increased with the increasing content of MWCNTSs from 0.5
to 3.0 wt% [68].

In a different study, hercynite (FeAl,O4) nanoparticles anchored to the surface
of MWCNTs were used as a nanohybrid filler to reinforce plasticized starch films
via gelatinization with potential application in the packaging industry [61]. The
inclusion of small amounts of functionalized-MWCNTs (0.04 wt%) triggered an
augment of 370% in the Young’s modulus, 138% in tensile strength and 350% in
tensile toughness, as well as a 70% reduction in water vapor permeability relative
to the plasticized starch matrix. These increments are probably a direct result of the
modified MWCNTs homogeneous dispersion and affinity with the plasticizers [61].

More recently, Liu et al. [62] investigated the physicochemical properties changes
from multi-scale structures of films based on modified-starch (hydroxypropyl deriva-
tive) and CNTs—OH (0.05-2.0%). According to this study, factors such as molecular
interaction, short range molecular conformation, crystalline structure and aggregated
structure affect the properties of the ensuing films, and therefore should be consid-
ered when designing starch-based nanocomposite films for packaging and coating
applications. In fact, the increase of CNTs content led to the breakage of origi-
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Fig. 5.3 Structure of the fructose functionalized-MWCNTsS as a filler for starch films (left) and
TEM micrograph of starch/MWCNT—fructose (2 wt%) nanocomposite film (right). Reprinted with
permission from Ref. [65]. Copyright 2017 Elsevier

nal modified-starch hydrogen bonding, loss of short range molecular conformation,
sharp increase of the overall crystallinity and larger size of micro-ordered regions of
the films [62].

Other examples of original exploitations of starch and CNTs include the works
describing the use of MWCNTs functionalized with low cost natural molecules, such
as vitamin C or fructose, to develop films for removal of dye pollutants from wastew-
ater [64, 65], or functionalized with glucose for the design of drug delivery systems
[66]. The functionalization of MWCNTs with vitamin C (ascorbic acid) yielded a
nanofiller that after incorporation into plasticized starch films, originated effective
adsorbent materials for the uptake of methyl orange dye from aqueous solution [64].
Furthermore, the intrinsic biocompatibility and biodegradability, good electrical con-
ductivity, thermal and mechanical properties, transformed these starch/MWCNTs-
vitamin C films into multifunctional hybrid materials.

MWCNTs can also be functionalized with fructose, as illustrated in Fig. 5.3, and
their inclusion into plasticized starch films resulted in hybrid materials with improved
dispersion and compatibility between the nanofiller (0.5, 1.0 and 2.0 wt%) and the
matrix [65]. Despite the absence of a proof-of-concept for the applicability of these
materials, the authors highlight their potential for removal of dyes pollutants from
wastewater.

Equally interesting is the functionalization of MWCNTs with glucose to develop
plasticized starch-based films for application in drug delivery [66]. The starch films
reinforced with MWCNTs-glucose (0.5, 1 and 2 wt%) were further reacted with
oleic acid to obtain amphiphilic starch esters, which can then be used to prepare
drug-loaded nanoparticles. Zolpidem, a hydrophobic model drug, was loaded into the
nanoparticles and the results of entrapment efficiency, loading capacity and in vitro
release tests confirmed the potential of the starch/MWCNTs-glucose hybrids for drug
delivery applications [66].
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5.5 Other Polysaccharides/CNTs Hybrid Materials

The use of CNTs as carbonaceous nanofillers with other polysaccharides such as
ALG [69-73], carrageenan [74, 75] and hyaluronan [76, 77], has also been investi-
gated, although to a limited extent (Table 5.1). For example, Zhao et al. [69] devel-
oped a hybrid paper based on oxidized SWCNTs, silver nanoparticles (AgNPs) and
ALG. These folded structured SWCNTSs hybrid papers were prepared by freeze dry-
ing followed by mechanical pressing technique and displayed excellent resistance-
strain stability under various deformations, as well as good electrical conductiv-
ity. Hence, these highly bendable, foldable and conductive alginate/SWCNTs based
hybrid papers are particularly suitable for applications in flexible conductors, phase
change materials and temperature-driven switches [69].

Hybrid materials in the form of hydrogels can also be produced by exploiting
the partnership between ALG and CNTs. As reported by Joddar et al. [70], porous
and biocompatible hybrid hydrogels were fabricated through the binding of oxidized
MWCNTs to ALG. Since the MWCNTs—COOH were used as the reinforcing phase
within ALG, hybrid materials with enhanced mechanical and viscoelastic properties
were produced. Furthermore, the cell adhesion, migration and proliferation assays
confirmed the potential of these hydrogel hybrids as substrates for cell culture appli-
cations, cell therapy and tissue engineering [70].

Along the same idea, hydrogels based on ALG and CNT's were recently fabricated
by Mottet et al. [71] with the purpose of developing a conductive hybrid material
for probing microbial electroactivity upon application to microbial fuel cells. The
hybrid hydrogels were prepared in the form of hollow spheres (beads or capsules)
by homogenously mixing CNTS and ALG via surfactant assisted dispersion fol-
lowed by a desorption step that engenders electrical conductivity. These conductive
hybrid hydrogels are compatible with the exoelectrogenic bacteria Geobacter sul-
furreducens, which is one of the best candidates for microbial fuel cells [71].

Meng et al. [73] developed golden coated SWCNTSs nanohybrids by using the
layer-by-layer self-assembly of two oppositely charged polysaccharides, namely
ALG and CH, on SWNTs as bridge, followed by seed growth of gold nanoparticles
(AuNPs), as illustrated in Fig. 5.4. These non-cytotoxic nanohybrids with enhanced
NIR (near-infrared) absorption and HeLa cell internalization can rapidly cause local-
ized hyperthermia, triggering cell death, and hence act as an effective photothermal
converter for cancer ablation [73].

Carrageenan is another interesting polysaccharide that can be combined with
CNTs for application as carriers for remotely activated drug delivery [74] and adsor-
bent for the removal of cationic dyes from wastewaters [75]. The first study reports the
preparation of MWCNTs/carrageenan nanocomposites by blending the components,
i.e. carrageenan, oxidized MWCNTs and a model drug (methylene blue), followed
by carrageenan gelation with KCl to obtain hydrogels. The MWCNTSs were used
as multifunctional fillers to enhance the mechanical properties and to confer light
responsive characteristics to the hydrogels. The use of an external stimuli (e.g., tem-
perature or NIR irradiation) induced the release of methylene blue from the hydrogels
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since the MWCNTs raised the local temperature of the gel via the photothermal con-
version of MWCNTs. According to the authors, these results translate into materials
with potential for remotely controlled light activated drug delivery systems [74].

The second study describes the functionalization of oxidized MWCNTs with
carrageenan, followed by the in situ synthesis of Fe;O4 nanoparticles to obtain mag-
netic MWCNTs/carrageenan/Fe; O nanocomposite hybrid materials for the removal
of methylene blue from aqueous solution. The adsorption kinetics described by the
pseudo second-order kinetic model and the adsorption isotherm data, fitted to the
Langmuir isotherm model, pointed out the potential of these nanohybrids for appli-
cation as magnetic adsorbents to remove cationic dyes from wastewaters [75].

Hybrids materials incorporating hyaluronan and functionalized CNTs have also
been developed for application as scaffolds for tissue engineering [76] or as
immunosensors for hepatitis B [77]. According to Arnal-Pastor et al. [76], scaffolds
based on hyaluronan and CNTs functionalized with -COOH groups (mass fractions
up to 0.05) were prepared via a two-step freeze-drying procedure and showed a
highly porous network with interconnected pores of 100 to 300 pm in diameter.
The presence of CNTs governed simultaneously the water sorption, porosity and
mechanical properties of the scaffolds, which translated into hybrid scaffolds with
customizable features to be used as inducers of neural regeneration in tissues of the
central or peripheral nervous system [76].

In the other study, the fabrication of a nanohybrid electrochemical immunosen-
sor based on hyaluronan and MWCNTs functionalized with amino groups
(MWCNTs-NH,) is described [77]. The response of the immunosensor towards
the antibodies to hepatitis B core protein (anti-HBc) was linear in concentrations up
to 6 ng mL~! and with a detection limit of 0.03 ng mL~". These results are consistent
with clinical levels and thus the hyaluronan/MWCNTs nanohybrid system can be
used as a sensing platform to detect the anti-HBc [77].
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Conclusions and Future Perspectives oo

The evolution of ideas towards the development of environmentally friendly materials
derived from renewable resources has spotlighted biopolymers (and polysaccharides
in particular) as substrates to engineer multifunctional materials, as corroborated
by the extent and diversity of the publications portrayed in the present book. The
drive for this development culminates in the combination of polysaccharides, such
as cellulose, chitin, chitosan and starch, with metal nanoparticles (NPs) (Chap. 2),
metal oxide NPs (Chap. 3), graphene (Chap. 4) and carbon nanotubes (Chap. 5) for
the fabrication of hybrid materials with tailorable properties and a broad spectrum
of applications.

In the last 5 years, the interdisciplinary area of polysaccharide-based hybrid mate-
rials has been focussed mainly on the use of performance-property driven method-
ologies, as well as biomimetic or bioinspired processing approaches that favour low
energy consumption with recyclable media or solventless procedures. The type of
polysaccharide and inorganic component will impart distinct properties to the result-
ing hybrid materials, and thus will dictate the field of application. Bacterial cel-
lulose, for example, is particularly apposite for applications requiring never-dried
membranes or films with good dimensional stability and mechanical properties,
while chitosan is more appropriate for applications where its film-forming ability
and antimicrobial activity are important, and starch for applications where edibility
and thermoplastic properties are imperative.

On the other hand, palladium NPs for instance have a huge potential for appli-
cation in catalysis due to the catalytic activity of this metal, whereas the magnetic
properties of iron oxides make them suitable as magneto-responsive platforms. Fur-
thermore, graphene and graphene oxide, known for their reinforcing potential and
porous nature, are appropriate for application as adsorbent materials (e.g., for the
removal of water contaminants), while the electrical conductivity of carbon nan-
otubes enables their application as electrodes.

Scalability issues, lack of environmental and biological risk assessment, and the
absence of regulatory guidelines for nanomaterials are the main constraints hindering
the commercial translation of most of the polysaccharide-based hybrids enumerated
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in the present book. Nevertheless, the interest of chemists, physicists, biologists and
materials scientists on polysaccharide-based hybrids will continue to expand towards
the design of smart hierarchical bioinspired structures with singular and tailor-made
properties for application in almost all fields of modern science and technology. In
fact, it is reasonable to assume that the increasing attention given by the academia,
but also by the industry (although in an early stage), will drive the research on
polysaccharide-based hybrids towards viable commercial materials.
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