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1.1
Introduction: The Assembly of Biological Species to Inorganic Solids

The assembly of molecular or polymeric species of biological origin and inorganic
substrates through interactions on the nanometric scale constitutes the basis for
the preparation of bio-nanohybrid materials (Figure 1.1). The development of these
materials represents an emerging and interdisciplinary topic at the border of Life
Sciences, Material Sciences and Nanotechnology. They are of great interest due to
their versatile applications in important areas as diverse as regenerative medicine and
new materials with improved functional and structural properties [1-5]. It must be
remarked that the development of bio-nanocomposites also represents an ecological
alternative to conventional polymer nanocomposites, as the properties of the
biodegradable polymers used ensure that the materials produced are environmen-
tally friendly and renewable. Typical examples of this type of bio-nanocomposites
result from the combination of polysaccharides such as starch, cellulose or polylactic
acid (PLA) with microparticulated solids, which are usually called green nanocom-
posites or bioplastics [6,7].

Recently, special attention has been paid to strategies for synthetic approaches to
bio-nanohybrids. One of these approaches is related to the preparation of bioinspired
or biomimetic materials following the examples found in Nature, as for instance,
bone [8], ivory [9] and nacre [10-13]. These materials show excellent structural
properties due to the special arrangement at the nanometric level of their assembled
components, that is biopolymers and inorganic counterparts. For instance, nacre
represents a good example of a natural bio-nanocomposite, also known as native bio-
mineral, formed by the stacking of highly oriented calcium carbonate (aragonite)
platelets cemented by a fibrous protein (lustrin A). The resulting supra-architectures
show exceptional mechanical properties compared to monolithic calcium carbonate
[11,12].

Nowadays, bio-nanocomposites mimicking these natural materials have been
prepared with the aim being to develop new biohybrids with improved mechanical
properties together with biocompatibility and, in some cases, other interesting
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Fig. 1.1 Number of publications per year related to bio-
nanohybrid materials. Data collected from the ISI Web of
Knowledge [v3.0]-Web of Science. Keywords for search:
(biopolymer* AND nanocomposite*) OR (natural polymer* AND
nanocomposite*) OR (bio-nanohybrid*) OR (biohybrid* AND
nanox).

features such as functional behavior [14-18]. In this context, the development of
biohybrid systems based on biomimetic building [18,19], that is following biomin-
eralization processes similar to those that take place in the cell wall of diatoms, where
nanostructured silica nanospheres are assembled by the participation of cationic
polypeptides called silaffins (SILica AFFINity) [20,21] appears to be of great signifi-
cance. In relation to these natural systems, the mechanisms of interaction between
colloidal silica and peptides have been particularly studied with the aim being to
understand the biomineralization processes and consequently to develop, in a
controlled manner, new improved synthetic bio-nanocomposites [22-24].

Inorganic solids assembled with biological species are of diverse nature with
different chemical compositions, structures and textures, which determine the
properties of the resulting bio-nanohybrids. In this way, single elements such as
transition metals and carbon particles, metal oxides and hydroxides, silica, silicates,
carbonates and phosphates, are typical inorganic components of bio-nanohybrids
(Table 1.1). The affinity between the inorganic and the bio-organic counterparts,
which determines the stability of the resulting bio-composites, depends on the
interaction mechanisms governing the assembly processes.

As indicated above, the development of bio-nanohybrids by mimicking biomin-
eralization represents an extraordinarily useful approach. This is, for instance, the
case for those bio-nanocomposites based on bone biomimetic approaches, which
show excellent structural properties and biocompatibility. They are prepared by
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Tab. 1.1 Selected Examples of Bio-Nanohybrid Materials
Involving Different Types of Inorganic Solids.

Inorganic moiety Biological species  Bio-nanohybrid features Authors[References

silica nanoparticles  poly-L-lysine (PLL) biomimetic nanocomposites — Patwardhan
with controlled morphology et al. [39]

siloxane networks living bacteria encapsulation by sol-gel Fennouh
et al. [62]
calcium carbonate  chitosan and biomimetic preparation Sugawara
poly(aspartate) towards artificial nacre and Kato [88]
hydroxyapatite (HAP) collagen biomimetic porous scaffolds ~ Yokoyama
for bone regeneration et al. [94]
layered clay minerals chitosan functional bio-nanocomposite Darder et al.
(montmorillonite) for ion-sensing applications ~ [129]
fibrous clay minerals caramel bio-nanocomposite as Gomez-Avilés
(sepiolite) precursor of multifunctional et al. [153]
carbon—clay nanostructured
materials
organoclays PLA green nanocomposites as Paul et al. [144]
biodegradable bioplastics
layered double deoxyribonucleic  bio-nanocomposite as Choy et al. [159]
hydroxides (LDHs)  acid (DNA) non-viral vector for gene
transfection
gold nanoparticles  chitosan bio-nanohybrid processable  dos Santos
as self-supporting films et al. [164]
for biosensor applications
magnetite phosphatidylcholine magnetocerasomes Burgos-Asperilla
nanoparticles for targeted et al. [73]
drug delivery
carbon nanotubes galactose modified CNTs able to capture Gu et al. [194]
(CNTs) pathogens by protein binding
layered perovskites  gelatin bio-nanocomposite thin films Ruiz et al. [220]
(CsCa,Nb30149) with dielectric properties

assembling hydroxyapatite (HAP), which is the main mineral constituent of bones
and teeth, with biopolymers, for example collagen [25-27]. The coating of the micro-
or nano-particulated solids with biopolymers often occurs through hydrogen-
bonding or metal-complexing mechanisms. In this way, the assembly of magnetic
iron oxide nanoparticles (e.g., magnetite) with biopolymers (e.g., dextran) allows the
preparation of magnetic bio-nanocomposites applied in NMR imaging, hyperther-
mia treatments or bio-carriers as drug delivery systems (DDS) [28,29].

The assembly of biopolymers with inorganic layered solids can lead to bio-
nanocomposites in which the biopolymer becomes intercalated between the layers
of the inorganic hosts [3]. The intercalation is a complex process that may simulta-
neously involve several mechanisms. Thus, in addition to hydrogen bonding, it has
been invoked that certain biopolymers interact with the inorganic layers through
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ionic bonds. This is the case for polysaccharides, proteins and nucleic acids that can
act as polyelectrolytes intercalating, via ion-exchange reaction, solids provided with
positively or negatively charged layers, such as layered double hydroxides (LDHs) or
smectite clay minerals (see below).

Microfibrous crystalline silicates such as sepiolite, similarly to amorphous silica,
contain silanol groups (Si—OH) covering the external mineral surface. These groups
can be effectively involved in hydrogen bonding by their association to OH, NH
and other polar groups belonging to the biopolymers used. Silica generated by the
sol-gel method from tetraethyl orthosilicate (TEOS) in the presence of chitosan,
gives biopolymer-silica nanocomposites whose morphology can be determined
by the experimental conditions adopted for the preparation [30]. Chitosan and
collagen can also be assembled with sepiolite to give the corresponding biopolymer-
sepiolite nanocomposites, which exhibit good mechanical properties resulting
from the combination of the fibrous inorganic substrate with the biopolymer
[31-34]. The interaction mechanisms governing the formation of sepiolite-based
bio-nanocomposites are mainly ascribed to hydrogen bonding, but it must be taken
into account that sepiolite exhibits cationic exchange capacity (CEC ~15meq/100 g).
Thus this silicate could also interact with positively charged polymers, such as
chitosan, through electrostatic bonds.

Although to only a minor extent, other mechanisms can be invoked, as for instance
covalent bonding (grafting) between hydroxy groups on the surface of the inorganic
substrates and functional groups of the biopolymers [35].

The aim of this chapter is to provide a general overview of the preparation and main
characteristics of bio-nanohybrids, with emphasis on the different types of inorganic
solids that can be involved in the formation of this class of materials. Special attention
will be devoted to the diverse mechanisms that govern the interaction between the
components of biohybrids, illustrating them with selected examples. Relevant fea-
tures and potential or actual applications of recently developed bio-nanocomposites
will be discussed on the basis of their structure—property relationships.

1.2
Bio-nanohybrids Based on Silica Particles and Siloxane Networks

Biominerals are produced by living organisms following a set of processes known as
biomineralization, which results in a wide variety of biological materials including
shells, bones, teeth, ivory and magnetic nanoparticles in magnetotactic bacteria.
Biomolecules secreted by living organisms control the nucleation and growth of
inorganic minerals (carbonates, phosphates, silica and iron oxide) leading to such a
diversity of biological-inorganic hybrid materials, which usually exhibit a hierarchical
arrangement of their components from the nanoscale to the macroscopic scale. The
skeletons of diatoms and radiolarians are astonishing examples of biosilicification
giving rise to amorphous hydrated SiO, (biosilica), also formed in sponges and many
higher plants [24]. As mentioned in Section 1, polycationic peptides, called silaffins,
are involved in this process, controlling the assembly of silica nanoparticles to form
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Fig. 1.2 Scanning electron micrographs of (A) different experimental conditions:

the silica wall of the diatom Stephanopyxis turris (B) unperturbed solution, (C) flowed through
(reproduced from [21] by permission of Wiley- a 1/8” I.D. tube and (D) stirred for 25 min.
VCH) and (B-D) singular morphologies of silica Reproduced from [39] by permission of The
synthesized using poly-L-lysine and pre-hydro-  Royal Society of Chemistry.

lyzed tetramethyl orthosilicate (TMOS) under

these siliceous structures [20,21,36]. Similarly, silica needles in the skeleton of
marine sponges involve a central filament containing silicatein, an enzyme that
catalyses the synthesis of biosilica [37]. Materials scientists try to understand and
reproduce these biosilicification processes taking place in nature, with the aim being
to develop bioinspired or biomimetic hybrid nanostructured materials with con-
trolled morphologies and structural properties similar to those of biosilica [24,38-42],
as shown in Figure 1.2. As recently reviewed by Coradin et al. [43], proteins (collagen,
gelatin, and silk) and polysaccharides (alginate, carrageenans, chitosan, as well as
cellulose and its derivatives) are the main biomacromolecules involved in the
synthesis of biopolymer/silica nanocomposites, while silicic acid, sodium silicate
and different silicon alkoxides are employed as precursors of the silica or the
polysiloxane networks assembled with the biopolymer chains. Following biomimetic
processes, lysozyme and bovine serum albumin (BSA) promote the precipitation
of silica particles from sodium silicate solutions, leading to entrapment of the pro-
tein [44]. Similarly, polysaccharides such as cationic and hydrophobic derivatives
of cellulose also promote silica precipitation, acting as efficient templates to

5



6

1 An Introduction to Bio-nanohybrid Materials

develop organic—inorganic hybrid nanocomposites in combination with tetrakis(2-
hydroxyethyl)orthosilicate (THEOS) [45]. Chitosan is another natural polysaccharide
involved in this type of silica-based hybrid material prepared by the sol-gel method.
For instance, it has been assembled with siloxane networks derived from amino-
propylsiloxane (APS) [46] or TEOS [30]. A similar chitosan—polysiloxane biohybrid
material has been recently prepared from chitosan and 3-isocyanatopropyltriethox-
ysilane, where chitosan is bound to the polysiloxane network by covalent bridges.
This new functional material offers photoluminiscent features and bioactive behavior,
since it promotes apatite formation in simulated body fluid [47]. Chitosan-—silica hybrids
present as microparticulate materials showing different shapes have been prepared
by the sol-gel method using TEOS or polyethoxysiloxane oligomers in the presence
of the biopolymer. These materials can be used as a stationary phase in HPLC [48].

In these examples as well as in analogous materials, the interaction of the biological
and the inorganic components has synergetic effects leading to hybrid materials with
improved mechanical resistance, higher thermal and chemical stability and biocom-
patibility, and, in some cases, with functional properties. Biopolymer/silica nanocom-
posites are suitable for the design of membranes and coatings, drug delivery systems
and also for the encapsulation of bioactive molecules such as enzymes, antibodies,
yeast and plant cells or even bacteria, resulting in functional biomaterials for different
biotechnological applications, including biosensors and bioreactors [43,49].

Silica-based bio-nanocomposites for drug delivery purposes have been processed
as nanospheres by means of spray-drying or CO, supercritical drying techniques.
Hybrid nanoparticles based on algal polysaccharides such as alginate and carrageen-
an are potential carriers for the targeted delivery of drugs due to their ability to go into
the intracellular space of cells and to their lack of cytotoxicity [50,51]. In other cases,
silica nanoparticles serve as a support of biocide molecules and their dispersion in
hydroxypropylcellulose allows the preparation of coatings and films with fungicide
and pesticide activity [52]. Following a similar approach, Zhang and Dong [53] have
developed functional materials based on the dispersion of Ru(bpy)s>*-doped silica
nanoparticles in the biopolymer chitosan. The resulting hybrid material can be easily
spread onto the surface of electrodes as a stable electroactive coating, allowing the
development of chemiluminiscence sensors.

Similarly to the above-mentioned entrapment of proteins by biomimetic routes,
the sol-gel procedure is a useful method for the encapsulation of enzymes and other
biological material due to the mild conditions required for the preparation of the
silica networks [54,55]. The confinement of the enzyme in the pores of the silica
matrix preserves its catalytic activity, since it prevents irreversible structural defor-
mations in the biomolecule. The silica matrix may exert a protective effect against
enzyme denaturation even under harsh conditions, as recently reported by Frenkel-
Mullerad and Avnir [56] for physically trapped phosphatase enzymes within silica
matrices (Figure 1.3). A wide number of organoalkoxy- and alkoxy-silanes have been
employed for this purpose, as extensively reviewed by Gill and Ballesteros [57],
and the resulting materials have been applied in the construction of optical and
electrochemical biosensor devices. Optimization of the sol-gel process is required
to prevent denaturation of encapsulated enzymes. Alcohol released during the
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Fig. 1.3 Schematic representation of the entrapped enzyme in
a silica matrix (left side). Enzymatic activity, under extreme
alkaline conditions, of acid phosphatase (A) immobilized in silica
sol-gel matrices with or without CTAB, or (B) in solution.
Reprinted with permission from [56]. Copyright 2005, American
Chemical Society.

hydrolysis process can be harmful for the entrapped biologicals and, thus, several
methods propose its removal by evaporation under vacuum [58] or the use of polyol-
based silanes that generate biocompatible alcohols [59]. Catalytic activity is also
preserved when silica-polysaccharide bio-nanocomposites are used as immobiliza-
tion hosts. This is the case for three-dimensional hybrid matrices resulting from the
combination of THEOS with xanthan, locust bean gum or a cationic derivative of
hydroxyethylcellulose, which have been reported as excellent networks for the long-
term immobilization of 1 — 3-B-p-glucanase and a-p-galactosidase [60].

In addition to enzymes and antibodies, silica-based hybrid nanocomposites with a
suitable porosity can successfully entrap more complex systems including yeasts,
algae, lichens, plant cells and bacteria [49]. The huge volume of biological tissues, in
comparison to enzymes, may hinder the polymerization processes resulting in
fractures in the silica matrices. To overcome this drawback, lichen particles were
embedded in a flexible network, derived from 3-(trimethoxysilyl)propyl methacrylate
(MAPTS) and tetramethoxysilane (TMOS), that offers improved mechanical features
(Figure 1.4A). This lichen-modified material was used to develop electrochemical
sensors for the determination of heavy metal ions by anodic stripping voltammetry
[61]. Similarly, algal tissue can be immobilized in sol-gel derived matrices based on
TMOS and methyltrimethoxysilane (MTMOS) (Figure 1.4B).
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Fig. 1.4 Scanning electron micrographs of (A) (C) Transmission electron micrograph of the
the lichen Pseudocyphellaria hirsuta, (B) the alga same bacteria, E. coli, embedded in a silica
Anabaena, and (D) the bacteria E. coli entrapped matrix containing 10 % glycerol (reproduced

in sol-gel generated organopolysiloxane matri- from [63] by permission of The Royal Society of
ces (reprinted with permission from [65]. Chemistry).

Copyright 2006, American Chemical Society).

One of the first works reporting the entrapment of E. coli proposed its incorpo-
ration in a TMOS-derived silica network in which the water content was kept at about
70 wt% in order to guarantee the cells’ viability, but when silica gel was dried the
bacterial activity decreased [62]. In order to overcome this drawback, the authors
explored other possibilities such as the incorporation of glycerol in the silica matrix to
increase bacteria viability (Figure 1.4C), leading to almost 50 % of viable bacteria after
one month of ageing [63], or the addition of “quorum sensing” molecules involved in
intercellular communication, which increase the cells’ viability to 100 % after one
month [64]. Similar results have been achieved recently by Ferrer et al. [65], who
showed that gluconolactone-bearing organopolysiloxane matrices are more efficient
than pure silica in extending E. coli the cells’ viability due to their increased
biocompatibility (Figure 1.4D).

New materials that mimic liposomes have been recently reported as a new family
of organic-inorganic hybrid compounds generated by a coupled process of sol-gel
and self-assembly of long-chain containing organoalkoxysilanes [18,66-71]. These
nanohybrids essentially refer to biomimetic materials derived from the assembly of a
surfactant covalently bonded to a silica-based network. The name “cerasomes” was
introduced by Ariga and coworkers [66] combining the terms “liposome” and
“ceramic,” this last making reference to the silica network. As “ceramic” is derived
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from the Greek word kepapikdl (keramikos) making reference to “inorganic non-
metallic materials whose formation is due to the action of heat” [72], the term
cerasome can be confusing as they are usually formed in soft conditions. Ruiz-Hitzky
suggests the use of HOILs (Hybrid Organic-Inorganic Liposomes) for this class of
compounds [18]. Anyway, “cerasome” is actually the most popular term for these
hybrid materials. Interestingly, the bilayers formed by the surfactant tails are able to
incorporate different organophyllic species [71] making these materials potentially
applicable as Drug Delivery Systems (DDS). More recently, these types of bilayers
have been grafted onto magnetic nanoparticles giving rise to the so-called
“magnetocerasomes” [73], which are nanohybrids simultaneously having lipophilic
character and magnetic properties (see below, Section 5).

13
Calcium Phosphates and Carbonates in Bioinspired and Biomimetic Materials

As pointed outin Section 2, a wide number of biominerals are synthesized in nature by
living organisms using organic templates. Some well-known examples include bone
and ivory, where the collagen matrix controls the growth of hydroxyapatite (HAP)
mineral [8,9,74], or nacre in pearls and shells, showing a bricklike structure
of aragonite layers cemented by proteins [11,12]. This assortment of biological-
inorganic hybrid materials, showing a hierarchical arrangement from the nano- to
the macroscale, serves as a model for the development of new biomimetic and
bioinspired materials. In vitro studies have demonstrated the controlled nucleation
and growth of carbonates and phosphates by soluble proteins and peptides combined
with insoluble polysaccharide matrices (cellulose, chitin, collagen), leading to biomi-
metic materials that reproduce the exceptional features of native biominerals [1,75].
Besides nacre in pearls and shells, calcium carbonate is also present in sea urchin
spines, coral skeleton, eggshell, and the exoskeleton of arthropods, forming organic—
inorganic hybrid structures by assembly with biomacromolecules (soluble proteins
and insoluble matrices) [76-78)]. Calcite and aragonite are the calcium carbonate
polymorphs that constitute the biominerals found in nature, since they show a higher
stability than vaterite. However, in vitro studies have confirmed that the presence of
functionalised macromolecules as soluble proteins and insoluble matrices have a
considerable effect on calcium carbonate crystallization, allowing the formation of
the less stable polymorphs and even of amorphous CaCOs3 [79,80]. Regarding soluble
matrices, living organisms secrete biomacromolecules with a high content of
glutamic and aspartic acids, bearing carboxyl groups that can interact with calcium
ions. A similar effect has been found using polymers provided with sulfonic, hydroxy
and even ether groups. Many of these studies have been carried out using the same
biopolymers that act as insoluble matrices for CaCOj; crystallization in nature, such
as collagen and chitin [79,81]. Calcium carbonate polymorphs are also formed on
other natural and synthetic polymers including elastin that controls the formation of
calcite [82], poly(ethylene glycol) that forces the selective formation of aragonite [83],
poly(a-L-aspartate) that promotes vaterite formation with a helical morphology [84], or

9
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Fig. 1.5 SEM micrographs of (A) donut-shaped poly(aspartate) and MgCl, by alternate spin
CaCO; crystals grown on polyacrylic acid grafted coating and crystallization. (A) and (B) adapted
chitosan, (B) CaCOj; hollow helix, fractured by from [84] and [85] with permission from Elsevier,
micro-manipulation, formed on poly(o-t-aspar- and (C) from [88] (reproduced by permission of
tate), and (C) double layered aragonite thin films The Royal Society of Chemistry).

grown on a chitosan matrix in the presence of

poly(acrylate)-grafted chitosan giving rise to CaCOs crystals of unusual morphology
[85] similar to those created using poly(N-isopropylacrylamide-co-(4-vinylpyridine))
as the platform for mineralization [86]. As confirmed by these reports, materials
scientists are able to produce calcium carbonate organic hybrid materials with
defined morphologies (Figure 1.5) by tuning the polymers and biomacromolecules
that control the nucleation and growth of calcium carbonate crystals. Many studies
are currently centered on the crystallization of CaCOj as thin films, as illustrated in
Figure 1.5C, trying to mimic the nacre of shells [87-89]. The reason is that mollusk
shells, where the organic matrix constitutes only 1% of the total weight, present a
fracture toughness about 3000 times higher than that of pristine calcium carbonate
and offer a good example of ultra-lightweight hybrid materials with exceptional
mechanical strength and interesting optical properties.

Calcium phosphate minerals are present in living organisms as the most im-
portant constituents of biological hard tissues (bones, teeth, tendons, and cartilage)
to provide them with stability, hardness and function [74,90]. Among the dif-
ferent calcium phosphates, hydroxyapatite (HAP), with a chemical composition
Ca;9(PO4)6(OH), and Ca/P ratio of 1.67, is the most widely studied due to its huge
incidence in the field of regenerative medicine. Bone can be regarded as a natural
nanocomposite containing HAP nanocrystallites in a collagen-rich matrix also
enclosing non-collagenous proteins. Besides providing structural support, bone
serves as a reservoir of calcium and phosphate ions involved in numerous metabolic
functions. Due to the significant role of bone in humans, most of the synthetic hybrid
materials that mimic its structure and composition are currently devoted to biomed-
ical applications for regeneration of injured bone and this fact has led to a wide
number of scientific publications on this topic in the recent years.

Among synthetic materials for bone grafting, nanocomposites are replacing
metals, alloys, ceramics, polymers, and composites, due to their advantageous
properties: large surface area, high surface reactivity, relatively strong interfacial
bonding, flexibility, and enhanced mechanical consistency. It has been proved
that nanocrystalline HAP offers better results than microcrystalline HAP with
respect to osteoblast cells adhesion, differentiation and proliferation, as well as
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biomineralization [74,91]. In addition to suitable mechanical properties, the
requirements for these implants employed as a bioresorbable scaffold for bone
regeneration are biocompatibility, suitable porosity with interconnected pores, as
those observed in natural bone, to allow for the transport of nutrients and metabolic
wastes, and controlled biodegradability, serving as a temporary scaffold for genera-
tion of new tissue [92,93].

Most of the bio-nanocomposites tested as implants for bone regeneration are based
on the assembly of HAP nanoparticles with collagen, trying to reproduce the
composition, biocompatibility and suitable mechanical properties of natural bone.
The aim is to develop implants that mimic the nanostructuration, porosity and
surface roughness of bone in order to facilitate the spreading of osteoblasts required
for bone regeneration (Figure 1.6). Nanocrystalline HAP—collagen nanocomposites
synthesized by biomimetic routes show a structure and composition very close to

those of natural bone, providing better results in bone regeneration than nanocom-
posites prepared by conventional methods such as blending or mixing [94,95].
Murugan and Ramakrishna [74] have also reviewed the use of tissue-engineered
nanocomposites, consisting in the isolation of specific cells by biopsy and their
growth on a suitable nanocomposite scaffold, which is subsequently transplanted
into the damaged bone site to promote its regeneration.

Fig. 1.6 (A and B) Scanning electron micro- implantation in the bone marrow showing for-
graphs of the porous hydroxyapatite—collagen = mation of new bone (white asterisk) attached
nanocomposite scaffolds at different magnifi-  directly to the nanocomposite (asterisk). Arrows
cations. Arrowheads in B indicate the hydroxy- indicate cuboidal osteoblasts on the surface of
apatite nanocrystals on the collagen fibrils. new bone. Adapted from [94], reproduced by
Histology at (C) 1 week and (D) 4 weeks after permission of Wiley-VCH.
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Besides the previously mentioned collagen, a wide variety of natural polymers have
been involved in the synthesis of bio-nanohybrid materials with potential application
in bone repair and dental prostheses. For instance, some recent examples refer to bio-
nanocomposites based on the combination of HAP with alginate [96,97], chitosan
[98,99], bovine serum albumin (BSA) [100], sodium caseinate [101], hyaluronic acid
[102], silk fibroin [103,104], silk sericin [105], or polylactic acid (PLA) [106,107]. These
examples illustrate the increasing interest in the subject of HAP-based biohybrid
materials, which has led to almost 400 articles appeared in scientific journals in 2006
alone.

Given that macroporosity is an important requirement for materials used as implants
in regenerative medicine, many of the developed HAP-based materials try to mimic not
only the composition but also the porous structure of true bone. For this reason,
different techniques such as fiber bonding, phase separation, solvent casting/particle
leaching, gas foaming, and emulsification/freeze-drying, are being tested to create
superporous matrices with interconnected pores [92,108]. A bioinspired procedure has
been followed by Deville et al. [109] consisting in the directional freezing of an HAP
suspension. This technique produces an arrangement of HAP in well defined layers
due to the growth of ice, resulting in a multilayered structure that resembles nacre.

Bio-nanocomposites based on calcium phosphates can perform other innovative
functions such as acting as a reservoir for the controlled release of bioactive com-
pounds once the material is implanted in the bone defect. For instance, the
incorporation of a morphogenetic protein that promotes bone regeneration in an
HAP-alginate—collagen system [110] or a vitamin in a Ca-deficient HAP—chitosan
nanocomposite [111] are recent examples of this kind of application.

In addition to hydroxyapatite, other calcium phosphate minerals such as tricalcium
phosphate (TCP), substituted apatites, as well as cements and biphase mixtures with
calcium phosphate content have also been studied for clinical applications, as exten-
sively reviewed by Vallet-Regi and Gonzilez-Calbet [112]. Although to a lesser extent
than hydroxyapatite-based analogues, several biohybrid materials based on tricalcium
phosphate (TCP, Ca3(PO,), with Ca/P = 1.50) have been reported in the last few years.
Some representative examples refer to microcomposites involving 3-TCP in combina-
tion with structural proteins, polysaccharides or biodegradable polyesters such as
collagen [113], chitosan [114] and PLA [115]. Calcium phosphate cements are also used
as scaffolds for bone regeneration due to their biocompatibility, being gradually
replaced by new bone after implantation. Their assembly with biopolymers results in
highly stable biocomposites in which adhesion, proliferation and viability of osteoblasts
are enhanced. This is the case of biocomposites based on chitosan combined with
tetracalcium phosphate (TTCP, Cas(PO4),0) and dicalcium phosphate anhydrous
(DCPA, CaHPOy,) applied in periodontal and bone repair [116,117]. Among substituted
apatites, fluorapatite is being studied as a component of hierarchically grown
gelatin-based bio-nanocomposites showing a fractal character (Figure 1.7). The
material synthesized by biomimetic routes has a composition very close to that of
mature tooth enamel, with the formula Cas_,/5(PO4)3_(HPO4),(F1_,(OH),)-2.3 Wt%
gelatin (x=0.82; 0 < y <0.1), showing potential application in dentino- and osteo-
genesis [118,119].
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Fig. 1.7 Scanning electron micrographs showing fractal pattern
formation by hierarchical growth of fluorapatite-gelatin nano-
composites: (A) half of a dumbbell aggregate viewed along the
central seed axis, (B) dumbbell aggregate at an intermediate
growth state, and (C) central seed exhibiting tendencies of
splitting at both ends (“small” dumbbell). Adapted from [119],
reproduced by permission of Wiley-VCH.

1.4
Clay Minerals and Organoclay Bio-nanocomposites

In Earth, besides phosphates and carbonates, one of the most abundant groups of
inorganic solids in interaction with the Biosphere is represented by the family of the
so-called clay minerals [120]. They are silicates of aluminum and/or magnesium
structured in tetrahedral and octahedral environments arranged as sheets that share
oxygen atoms. Clay minerals showing two types of morphology have been used for
the preparation of bio-nanocomposites: layered and microfibrous silicates. The first
group includes montmorillonite, which is an aluminosilicate belonging to the
smectite minerals group that show cation-exchange and expandability properties.
The second group is represented by sepiolite, a microfibrous hydrated magnesium
silicate whose main characteristics are determined by its textural behavior and
surface reactivity.

Smectites are 2:1 charged layered silicates from natural (montmorillonite,
hectorite, beidellite, saponite etc.) or synthetic (synthetic fluorohectorites, such as
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Laponite) origin, built up by two tetrahedral silica sheets sandwiching one Al/Mg
octahedral central sheet. In montmorillonite, the octahedral sheet is built up from
A’ ions partially replaced by other cations such as Fe*" and Mg”". The presence of
divalent cations in that sheet and, to a lesser extent, AI*" in the tetrahedral sheets,
generates a negative charge compensated by extra-framework cations that are usually
located as hydrated species in the interlayer region of the silicate [120]. Natural
smectites are hydrophilic materials in which the accessibility of water to the interlayer
region determines their colloidal properties, leading to gelatinous and viscous fluids
and favoring its combination with water-soluble biomolecules. This is particularly
significant for smectites containing alkaline ions in the interlayer region that may
induce the swelling of the clay in water, promoting delaminated systems that
allow their combination with molecular and macromolecular species, resulting in
nanostructured system formation, including biopolymer-clay nanocomposites
(bio-nanocomposites) [121-123].

Saccharides such as sucrose easily intercalate montmorillonite from aqueous
solutions [124] giving basal spacing values of 1.64 and 1.83 nm [125], respectively,
ascribed to mono- or bi-layer molecular arrangements in the interlayer space of the
clay mineral. Recently, the intercalation of sucrose and its further in situ polymeri-
zation activated by microwave irradiation appears as a new procedure for the
preparation of the bio-nanocomposites called caramel-clay nanostructured materials
[126]. In this case, the bio-nanocomposite shows a value of about 1.9 nm correspond-
ing to the intercalated caramel, which is characterized by chemical analyses, FTIR
and 3C-NMR spectroscopies [126]. These bio-nanocomposites act as precursors for
the carbon-clay nanocomposite formation giving rise to electrical conductor solids.
The starting caramel-montmorillonite is an insulating material that increases in
conductivity (5) from ¢ <10~ '*S/cm to 6~ 0.1 S/cm after the carbonization pro-
cess. The most salient feature reported for these carbonaceous nanostructured
materials is the combination of their electrical and textural behaviors suitable for
potential applications as electrodes for electroanalysis, electrocatalysis, and in energy
storage (supercapacitors) devices [127]. In this context, it must be taken into account
that these materials are prepared from natural resources, therefore being considered
as low cost environmentally friendly functional materials. This type of carbonaceous
material is also formed by the direct pyrolysis of the carbohydrate—clay system
containing small amounts of sulfuric acid [128].

Positively charged polysaccharides act as polyelectrolytes, being able to intercalate
montmorillonite and other smectites by ion-exchange reactions from solutions [3]. By
controlling the equilibrium concentration of chitosan in diluted acetic acid, it is
possible to control the access of the biopolymer to the interlayer space of montmo-
rillonite, leading to bio-nanocomposites with one, two or even more layers of
intercalated polymer [129,130]. The incorporation of chitosan as a monolayer is
governed by the cation-exchange capacity (CEC) of montmorillonite (about 90 mEq/
100 g), whereas larger amounts of the polysaccharide, exceeding the CEC, lead to
multilayer configurations. This last arrangement takes place by ion-exchange incor-
poration of chitosan aggregates formed in the concentrated solutions, which are self-
assembled through hydrogen bonding, the charge excess being compensated with
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acetate anions. In this manner, these counter-ions are entrapped in the interlayer
space and, therefore, the resulting bio-nanocomposites show anionic exchange
properties, as confirmed by various techniques including '*C NMR solid-state
studies [130]. Intercalation of chitosan in Na-montmorillonite using solutions
containing a high biopolymer/clay ratio may produce exfoliation of the layer silicate,
in agreement with XRD and TEM results [131]. By solvent casting, these exfoliated
materials have good film-forming ability, showing enhancement of the tensile
strength and a decrease in the elongation-at-break compared to chitosan without
montmorillonite. This behavior opens the way to new applications towards develop-
ment of the so-called green nanocomposites (bioplastics) with potential applications in
tissue engineering and food packaging.

Chitosan—clay bio-nanocomposites are very stable materials without significant
desorption of the biopolymer when they are treated with aqueous salt solutions for
long periods of time. In this way, they act as active phases of electrochemical sensors
for detection of ions (Figure 1.8). The particular nanostructuration of the biopolymer
in the interlayer region drives the selective uptake of monovalent versus polyvalent
anions, which has been applied in electrode arrays of electronic tongues [132].

Chitosan—clay bio-nanocomposites showing the ability to incorporate anionic
species can be used to prepare functionalized biohybrids. An example is the uptake
of anionic dyes such as fast green and naphthol yellow S which are low-toxicity

slope
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Fig. 1.8 (A) Design of a chitosan-montmorillonite sensor.
Arrangement of chitosan chains in the clay interlayer space

as a monolayer (B) or a bilayer (C) resulting in opposite behavior
when measuring NaCl solutions of increasing concentration by
direct potentiometry.
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compounds even used as additives in food and cosmetics [133]. Interestingly, these
dye/chitosan—clay hybrids are being used in applications as non-cytotoxic photo-
protector systems providing considerable photostabilization of entomopathogenic
fungus such as the conidia of Aschersoni. spp., which is used as a model biocontrol
agent. In this context, assuming that the chitosan—clay bio-nanocomposites are
biocompatible materials and also show capacity to absorb ionic species, they could,
potentially, be used as vectors for controlled drug delivery of anionic drugs.

As chitosan is an excellent adsorbent for organic compounds its assembly with clay
minerals could be interesting with regard to enhancing its mechanical properties for
practical uses. Chang and Juang [134] have prepared composite beads by combination
of activated clay and chitosan, developing adsorbents for dyes and organic acids
(tannic and humic acids). Chitosan—clay biohybrids can be useful as intermediates
for nanocomposites as they incorporate chemical functionality into the inorganic
substrates. Qiu et al. [135] reported that monomers, such as acrylic acid, can react with
these biohybrids producing their immobilization. Further polymerization gives rise
to improved photostable polyacrylic acid/chitosan—clay nanocomposites, which
exhibit water-superabsorbent properties.

The ion-exchanging ability of smectite clay minerals allows the development of
intercalation compounds by treatment with salt solutions of organic cations, such as
long-chain alkylammonium ions giving the so-called organoclay materials
[121,122,136]. Organoclays show a better affinity towards non-polar species, which
in this way may be assembled to the internal and the external surfaces of the modified
clay mineral. Various authors have reported the preparation of bio-nanohybrid
materials based on organoclays [137-144]. As this topic is specifically treated in
Chapter 8, we will refer to it briefly here with some examples. Probably the most
popular biohybrids are the poly 1-lactic acid (PLA)-organoclay composites, usually
prepared by a melt intercalation process [137,142,143,145]. These bio-nanocompo-
sites (Figure 1.9A) show improved characteristics with respect to neat PLA, such as
thermomechanical and gas barrier properties. This improvement, together with the
PLA biodegradability behavior, makes these reinforced PLA bioplastics excellent

- PLA/CL.Na+ PLA/CI. 25A PLA/CI.30B

PLA PLA/ClL.Na+ PLA/CI.25A PLA/CI.30B
N Ry, mE o

Fig. 1.9 (A) Exfoliation of clay platelets (white Cloisite25A and Cloisite30B after (B) two and a
arrows) in a commercial polylactide matrix using half months hydrolysis and (C) after five and a
a “masterbatch” process. (B, C) Visual aspect half months hydrolysis. (A) adapted from [144]
of unfilled PLA, microcomposite based on reproduced by permission of Wiley-VCH, and

CloisiteNa™, and nanocomposites based on (B, C) from [147] with permission from Elsevier.
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candidates for applications in the food industry and for biomedical purposes. It is
important to signal that the biodegradability of these bio-nanocomposites strongly
depends on the nature of the organoclay used as nanofiller [4,146,147]. In fact, the use
of natural unmodified montmorillonite results in the formation of microcomposites
that undergo fast degradation in comparison to nanocomposites formed from
organomontmorillonites (Figure 1.9B, C). However, the incorporation of organoclays
in bio-nanocomposites by assembly with biopolymers is not always advantageous for
improving the final properties of the resulting biohybrids. This is, for instance, the
case with chitosan-Cloisite 30B nanocomposites in which mechanical and thermal
properties get worse in comparison with analogous bio-nanocomposites prepared
from Na'-exchanged montmorillonite [131]. This apparently contradictory behavior
points out the importance of both the relative hydrophilicity of the clay layers and the
nature of the biopolymer in the characteristics of the resulting nanocomposite and its
final properties.

On the other hand, we have signaled (see above) the role of microfibrous clay
minerals (sepiolite and palygorskite) in developing new nanocomposites. Sepiolite is
structurally arranged by blocks formed by an octahedral sheet of magnesium oxide/
hydroxide packed between two tetrahedral silica layers [148,149]. The periodic
inversion of the SiO, tetrahedra determines a regular discontinuity of the sheets,
being the origin of the structural cavities (tunnels) extended along the ¢ axis, that is the
axis of the microfibers [148] and the presence of silanol groups (Si—OH) [150,151].
Sepiolite shows a lower CEC than smectites (~15 compared to ~100 mEq/100 g) but,
in addition to acting as an ion-exchanger able to uptake charged biopolymers, the
presence of silanol groups on its external surface favors its association through
hydrogen bonds. This last mechanism of interaction has been invoked to explain the
formation of bio-composites with structural proteins (e.g., collagen) and polysac-
charides (e.g., chitosan) via the amino and hydroxy groups of the respective
biopolymers [152]. In the case of the fibrous proteins such as collagen, the interaction
results in an exceptional arrangement of the biopolymer oriented in the same
direction as the sepiolite fibers [34]. Further incorporation of low amounts (<1 %)
of glutaraldehyde confers to the collagen—sepiolite biohybrids a strong improvement
in mechanical properties, with excellent persistence after several months of implan-
tation for bone repair applied to in vivo assays [33].

Chitosan shows high affinity for sepiolite assembly as, in addition to the hydrogen
bonding between Si—OH surface groups and the biopolymer hydroxy groups, the
negatively charged surface of the silicate could be balanced by the protonated amino
groups of the biopolymer [3,31]. Multilayer coverage of chitosan can take place athigh
equilibrium concentrations of chitosan, which is adsorbed as polymer aggregates,
similarly to chitosan-smectite interactions (see above). Sepiolite becomes strongly
integrated within the biopolymer structure (Figure 1.10A), in a similar way to the
chitosan—montmorillonite material (Figure 1.10B), providing nanohybrids that
show good mechanical properties. In this way, the elasticity modulus of these
bio-nanocomposites is superior to those of the components measured separately,
which is the typical synergetic effect reported for structural polymer—clay nanocom-
posites [31]. Alternatively, sepiolite bio-nanocomposites have been used as precursors
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Fig. 1.10 SEM micrographs of chitosan-based bio-nanocom-
posites involving (A) sepiolite and (B) montmorillonite as the
inorganic moiety.

of multifunctional materials, as reported by Gomez-Avilés et al. [153]. In this case, a
precursor caramel-sepiolite bio-nanocomposite, prepared by application of MW
irradiation to sucrose—sepiolite mixtures, can be turned into the corresponding
carbonaceous derivative after pyrolysis at 800 °C in a N, atmosphere. These materials
show significant electronic conductivity and, interestingly, they can be further
functionalized by reaction with organosilanes. Grafting of aminopropyltrimethox-
ysilane and subsequent protonation of the amino groups, results in a material that
can act simultaneously as an electronic collector and a sensing phase when used as an
electrochemical sensor for anion detection. It is able to discriminate anions by their
size and charge due to its textural behavior [153].

The structure and morphology of palygorskite are strongly related to those of
sepiolite, although it shows higher Al content and narrower tunnels [120]. This micro-
fibrous silicate acts similarly to sepiolite, assembling biopolymers via hydrogen
bonding. In this way, hydroxyethyl and hydroxypropyl cellulose associate to palygorskite
modifiying the rheological behavior of the clay dispersions [154]. Palygorskite can also
be combined with modified polysaccharides, such as polyacrylamide (PAA) grafted-
starch, giving rise to bio-nanohybrids with extraordinary superabsorbent properties
as they may absorb up to 500 g of water per g of bio-nanocomposite [155].

Layered Double Hydroxides (LDHs), also called hydrotalcite-like materials or even
anionic clays, are mixed hydroxides that can be described by the general formula
[M*";_M>* (OH),] [A",/,-zH,0] in which M** and M*" are metal ions and A"~
is the anion that compensates the deficit of negative charge in the layers. In
contrast to the above-mentioned smectite clay minerals, the main characteristics of
LDHs are the high charge density in the layers and the anion exchange ability. In
this way, LDHs can be assembled with negatively charged biopolymers leading to
biohybrids equivalent to those prepared from smectites, often showing intercalated
or partially delaminated phases. An example of this type of bio-nanocomposite is
the Zn-Al LDH assembly with negatively charged polysaccharides (alginate, pectin,
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K-carrageenan and t-carrageenan) [156,157]. These biohybrids are prepared by the
so-called template synthesis of the LDH inorganic host in the presence of the
biopolymer. The self-assembly of the polysaccharide in the medium in which the
LDH is synthesized determines the incorporation of biopolymer aggregates, in
which a part of the electrical charge is compensated by the LDH host and the other
moiety by extra-framework cations. This situation is the inverse to that reported for
chitosan-smectite bio-nanocomposites and is the basis for their application as active
phases of potentiometric sensors. In this way, potentiometric sensors for calcium
ions have been developed, profiting from the ability of the biopolymers alginate,
-carrageenan, pectin and k-carrageenan to complex calcium ions [157]. The com-
parative study demonstrates that sensors based on the two last bio-nanocomposites
show a lower sensitivity in the determination of Ca®" ions, probably due to the
complex structure of pectin and to the low content of negatively charged groups in
the k-carrageenan chains with respect to the other polysaccharides.

The ability of LDHs to interact with negatively charged biopolymers has been
applied to the preparation of biohybrid materials incorporating negatively charged
DNA in Mg-Al LDH, as firstly reported by Choy and coworkers [158-160]. These
bio-nanohybrids exhibit the unique property of acting as non-viral vectors in gene
therapy to transfer nucleic acids to the cell interior via an endocytosis mechanism
(Figure 1.11A). LDH-based biohybrids can also be used as carriers for controlled drug
delivery, as diverse bioactive compounds are negatively charged [3]. LDHs can also be
assembled with enzymes producing their effective immobilization between the
inorganic layers, whilst at the same time allowing the diffusion of substrates and
products (Figure 1.11B). An illustrative example is the entrapping of urease within
Zn-Al LDH giving rise to bio-nanohybrids able to act as active phases in capacitance
biosensors [161]. This topic will be more deeply considered in Chapter 15.
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Fig. 1.11 Applications of LDHs as (A) non-viral vector in gene
therapy for transfection of DNA to the cell nucleus, and (B) as
matrix for enzymes immobilization in the development of
biosensors.
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1.5
Bio-Nanohybrids Based on Metal and Metal Oxide Nanoparticles

The dispersion of metallic, semiconductor or magnetic nanoparticles in polymeric
matrices results in easy-handling nanocomposite materials that can be used in a wide
number of applications. Nowadays, the use of biopolymers for this purpose is
increasing since they are an eco-friendly alternative to the usually employed poly-
mers, mainly for applications in the health area. For instance, bio-nanocomposites
based on silver oxide nanoparticles have been prepared by embedding them in a
gelatin matrix. This new bio-nanohybrid material shows luminescent intensity
higher than non-modified nanoparticles after activation with a femtosecond-laser.
This feature, together with the appropriate mechanical properties of the gelatin—
Ag,0 nanoparticles nanocomposite, makes possible its application in light-emitting
materials for all-optical logic devices or data-storage media [162].

The branched polysaccharide dextran is assembled with alkanethiol-modified gold
nanoparticles and the resulting nanocomposite is then functionalized to facilitate the
specific binding of target biomolecules. This biorecognition process can be easily
detected by particle plasmon resonance (PPR), based on the optical properties of gold
nanoparticles [163].

Charged polysaccharides can also serve as templates for the growth of metallic,
semiconductor and magnetic nanoparticles. For instance, chitosan has been reported
as a catalyst and stabilizing agent in the production of gold nanoparticles by the
reduction of tetrachloroauric (I1I) acid by acetic acid. The biopolymer controls the size
and the distribution of the synthesized Au nanoparticles and allows the preparation
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Fig. 1.12 (A) Increase in surface plasmon ab-  and from mixtures with lower chitosan concen-
sorption as Au nanopatrticles are produced froma tration (ii) or lower HAuCl, amount (iii); six
reaction mixture containing 1% chitosan, 1%  different self-sustained nanocomposite films
acetic acid and 0.01% tetrachloroauric (Ill) acid showing the control over the optical properties.
(HAuCly); (B) shift of surface plasmon absorption Reprinted with permission from [164], 2004,
for films prepared from the previous mixture (i), American Chemical Society.
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of self-supported gold—chitosan bio-nanocomposite films (Figure 1.12). This bio-
nanohybrid material shows potential application in the development of biosensors
and in trace chemical analysis [164]. The same polysaccharide, chitosan, is involved in
a new CdS quantum dots—chitosan bio-nanocomposite. In this case, the ability of
chitosan to complex transition metal ions is used to entrap Cd**, followed by
immersion of the resulting Cd?**—chitosan films in Na,$ solution to yield the CdS
semiconductor nanoparticles. The size of the formed quantum dots is limited by the
polysaccharide, which also avoids agglomeration of the nanoparticles. The resulting
bio-nanocomposites exhibit increased thermal stability and improved aqueous
solubility [165]. A similar procedure was followed with the anionic polysaccharide
alginate, used as template for the controlled growth of Ni, Co or NiCo magnetic
nanoparticles. In this case, the nanocomposites are processed as microcapsules
resulting from gelation of alginate in the presence of Ni**, Co*" or a mixture of both
ions, which are further reduced under H,/N, flow [166]. A recent contribution by
Srivastava et al. [167] reports the formation of magnetic bio-nanocomposites by
assembly of cationic FePt nanoparticles and DNA.

On the other hand, metal oxide nanoparticles such as Al,03—Zr,0 have been used
recently to reinforce biological matrices such as collagen, enhancing their mechani-
cal and thermal properties and leading to hybrid materials with potential use in
biomedical and bionic applications [168]. Of particular interest for such types of
applications, including NMR imaging, hyperthermia treatment, and targeted drug
delivery, is the use of nanoparticles based on metal oxides showing magnetic
properties [169,170]. Ferrites (magnetite or maghemite) prepared as nano- or
micro-particles [29,171] become biocompatible after assembly with biopolymers
(poly-pr-lactate, starch, pectin, alginate) or biocompatible polymers (poly-acrylates,
polyvinyl alcohol) [172-174]. Magnetic bio-nanocomposites from the assembly of
magnetic nanoparticles and fibers of biopolymers such as poly(hydroxyethylmetha-
crylate) (PHEMA) or PLA have been prepared recently by the electrospinning
technique [175]. This type of material was developed for accumulation of delivered
drugs in a precise target area, due to its superparamagnetic properties and its ability
to release the transported drug. Bio-nanocomposites based on dextran and magnetic
nanoparticles such as magnetite or maghemite have been described as physiologi-
cally well-tolerated materials [28], being studied for use in different biomedical
applications [29].

Alternatively, magnetic nanoparticles can be incorporated within a bilayer of
phospholipids arranged as a liposome (Figure 1.13A). These systems, called mag-
netic liposomes or magnetoliposomes, were developed with the aim of entrapping
and transport molecular species or genic matter acting in DDS under the guidance of
a magnetic field [176,177]. We have indicated above the interest in functionalizing
magnetic oxide nanoparticles in the preparation of magnetocerasomes (see above,
Section 2) by grafting long-chain cationic surfactants onto magnetite through silane
or phosphonic moities, which are further co-assembled with phosphatidylcholine
(PC) (Figure 1.13B). In this context, magnetocerasomes show the ability to incorpo-
rate lipophilic target species, transporting them through artificial membranes being
useful for the design of new carriers for DDS [73].
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magnetocerasome

magnetoliposome

Fig. 1.13 Schematic representations of (A) magnetoliposome
and (B) magnetocerasome configurations involving magnetic
nanoparticles and phosphatidylcholine.

Nanoparticles of TiO, can be combined with biomolecules of different nature
giving functional bio-nanocomposites. For instance, lysozyme has been encapsulated
within titania nanoparticles resulting in nanohybrids showing antimicrobial activity.
Here again, it is postulated that the inorganic moiety protects the enzyme against
denaturation [178]. Moreover, bacterial immobilization on a nanocrystalline TiO,
matrix allows the development of bio-nanocomposites acting as the active phase of
photoelectrodes [179]. This is an excellent example of how nanoparticles associated
with biomolecules act not only as a mechanical support but also may confer
functional properties to the bio-nanocomposite materials. In relation to this type
of material, organically modified layered titanates were assembled with PLA to
prepare green nanocomposites with improved mechanical properties. The photode-
gradation of PLA in sunshine is enhanced by the presence of the inorganic compo-
nent, as the titanate shows photocatalytic activity similar to that of TiO, [180].

Another semiconductor oxide such as ZnO is particularly promising in nanodevice
applications. A pioneering work refers to the preparation of biofunctional ZnO
nanorod arrays grown on a thermoplastic polyurethane flexible substrate and further
assembled with proteins [181]. This innovative approach aims to develop new
biological sensing systems showing flexible properties and biocompatibility, which
are useful for the detection of complementary biomolecules on the acceptor side,
such as antibody-antigen bioconjugation by photoluminescence spectroscopy [181].

1.6
Carbon-based Bio-nanohybrids

Carbon nanotubes (CNTs) were discovered in 1991 by Iijima [182] and since then
they have attracted much attention in many research fields. CNTs can be described
as tubular structures rolled up from a graphene sheet. Depending on the number
of tubular walls CNTs can be classified as single-walled carbon nanotubes (SWCNTs)
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that show diameters in the range 0.7-1.5nm, and multi-walled carbon nanotubes
(MWCNTs), which are formed by 2-30 concentric tubes with diameters in the
2-10 nm for the inner tubular layer and additional thickness of about 0.7 nm for every
additional layer [183]. Differences in the chiral vectors that describe how graphene
sheets are rolled up, as well as topological defects present on the tube surface,
determine the distinct electronic structures and therefore either the semiconducting
or metallic behavior of CNTs. Besides their electrical properties, CNTs show excep-
tional mechanical properties due to their very high aspect ratio, which has made them
very attractive for applications as nanofillers of different polymers [184-187].

Due to the poor solubility of CNTs in water, they are very frequently submitted
to treatments with mixtures of concentrated sulfuric and nitric acids, which result in
the formation of carboxyl and hydroxyl groups on their surface. Besides solubility in
polar solvents, these activated CNTs are able to react with other functional groups
favoring coupling to different compounds. In this way, chitosan~-MWCNTs bio-
nanocomposites have been prepared by a simple solution—evaporation method from
activated CNT5, in order to favor their interaction with the amino groups of chitosan.
The homogeneous distribution of MWCNTs in the biopolymer determines a
significant improvement in the mechanical properties with 93 and 98 % enhance-
mentin the tensile modulus and strength, respectively, with only a 0.8 %wt MWCNTs
content [188]. The use of CNTs previously grafted to chitosan that are further blended
to pure chitosan allows the incorporation of larger amounts of nanotubes, up to
50 %wt CNTs [189]. As compared with ungrafted CNTs, chitosan-grafted-CNTs show
improved dispersion ability in the chitosan matrix, which results in significantly
improved storage modulus and water stability. Spinks and coworkers [190] prepared
SWCNTs—chitosan fibers confirming that improved dispersion of CNTs in chitosan
results in enhanced mechanical properties without compromising swelling behavior.
These materials also show pH actuation according to the variable pH swelling
response, which makes them attractive for applications as bioactuators and artificial
muscle materials.

The combination of CNTs and carbohydrates is also a research area of interest with
regard to preparing bio-nanocomposites for biological applications. Thus, the
preparation of multivalent carbohydrate-CNTs conjugates based on lactose-attached
schizophyllan [191], lipid-terminated sugar polymers [192], and covalently attached
sugar polymers [193,194] has been reported. In this way, p-N-acryloamidophenyl o.-p-
glucopyranoside has been assembled with SWCNTs (Figure 1.14A) with the aim
being to create materials able to show specific interaction with carbohydrate
recognition proteins, which can be of interest for the recognition of bacterial toxins
and viral proteins, or quantitative estimation of carbohydrate—carbohydrate interac-
tions [195]. Functionalization of SWCNTSs via atom transfer radical polymerization
(Figure 1.14B) allows the direct grafting of sugar- and phosphorylcholine-based
biopolymers, making the modified CNTs water soluble and biocompatible [35].
Interestingly, the resulting bio-nanocomposites based on the anchorage of the sugar
moiety may have interest in carbohydrate—protein recognition, whereas the phos-
phorylcholine derivative could prevent nonspecific protein adsorption and cellular
adhesion.
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Fig. 1.14 (A) Single-wall carbon nanotubes wrapped by glyco-
conjugate polymer with bioactive sugars. (B) Modification of
carboxyl-functionalized single-walled carbon nanotubes with
biocompatible, water-soluble phosphorylcholine and sugar-based
polymers. (A) adapted from [195] with permission from Elsevier,
and (B) from [35] reproduced by permission of Wiley-VCH.

An illustrative example of carbohydrate—protein recognition has been reported by
Chen and coworkers [192] using a C18-mucin mimic polymer that interacts hydro-
phobically with SWCNTs. This biohybrid is able to specifically recognize the lectin
Helix pomatia agglutinin (Figure 1.15A). Galactose-modified CNTs are able to capture
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Fig. 1.15 (A) Scheme for (I) specific binding of representation and SEM image showing the
the lectin Helix pomatia agglutinin (HPA) to C18- specific binding of galactose modified-SWNTSs to
a-MM-coated SWNTs, (I1) lack of binding of HPA  galactose-binding proteins in E. coli cells.

to C18-B-MM-SWNTs, and (II1) inhibition of HPA (A) Adapted from [192] (reproduced by permis-
binding by soluble GalNAc, as well as the cor-  sion of Wiley-VCH) and (B) from [194]
responding fluorescence spectra (510-550nm, (reproduced by permission of The Royal Society
excitation wavelength 492 nm). (B) Schematic  of Chemistry).
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pathogens, for example E. coli, following a similar type of specific binding reaction
(Figure 1.15B) [194]. Other biopolymers, such as DNA, have also been combined with
CNTs to create bio-nanocomposites that can serve for instance as biological trans-
porters and near-infrared agents for selective cancer cell destruction [196]. In relation
to this application, it is important to signal that recent studies demonstrate that CN'Ts
can cause DNA destabilization and conformational transition that are sequence-
dependent [197].

Taking into account their electrical and mechanical properties, CNTs have been
extensively investigated, not only as additives in the preparation of conventional bio-
nanocomposites, but also in the development of biohybrids for various biomedical
applications, including tissue regeneration, biosensors and other biomedical devices
such as microcatheters [198]. For these types of application, a key point is their
biocompatibility [199], as the presence of metallic compounds from the catalysts
used in their synthesis introduces significant toxicity [200]. In this way, Koyama
and coworkers have performed systematic studies on the biological response
of CNTs used as microcatheters by measuring CD4" and CD8" T-cells in in vivo
experiments, confirming their almost inert behavior in high-purity microcatheters
[198]. These authors also indicate that several obstacles besides the use of defect-free
and high-purity CN'Ts must be solved before their use in biomedicine is completely
safe. These requirements include the preparation of biohybrids with a homogeneous
dispersion of CNTs in polymers, control of the CNTs chirality, and long-term
systematic biological studies of the materials. In this line of research, bio-nanocom-
posites from MWCNTSs and poly(t-lactide), a polymer susceptible to enzymatic and
hydrolytic degradation to i-lactic acid, have been prepared with the aim being to
obtain a new generation of implant materials. Studies on related polylactic-co-glycolic
acid combined with CNTs and poly(vinyl alcohol) suggest an important influence of
the distribution of components on the surface of the material on its biocompatibility
properties [201]. Other CNT-biocompatible polymer systems that have been explored
with the aim of developing scaffolds for tissue regeneration applications are
SWCNTs—poly(propylene fumarate) biohybrids [202]. These bio-nanocomposite
systems show improved mechanical properties and good electrical properties
that could be of interest in stimulating cell growth and tissue regeneration by
facilitating the physioelectrical signal transfer. However, cell culture tests suggest
that the presence of MWCNTs in the nanocomposites inhibits the growth of
fibroblast cells [203].

The interesting electrical conductivity properties of CNTs have been used to
develop different types of biosensors. Strategies to prepare these devices include
for instance the use of layer-by-layer techniques to build the active phase on an
electrode by entrapping an enzyme, such as glucose oxidase (GOD), within the CNTs
layer [204,205]. The entrapping by electrostatic interactions seems to be preferable to
the formation of true covalent bonding of CNTS, not only to preserve the activity of the
protein but also to avoid variation in the conductive response of the active phase. In
this way, biosensors with relatively good electrochemical response have been built by
a one-step electrodeposition method that grows the active phase from a chitosan—
CNT-GOD solution [206]. In this approach the biopolymer acts as a continuous phase
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in which CNTs and the enzyme are entrapped. In other approaches the enzyme and
the CNTs are first precipitated onto the surface of the electrode, and then a polymer is
deposited to wrap the active phase, thus avoiding its dispersion in the solution. One
example of this method is the preparation of hybrid films of MWCNTs and
hemoglobin incorporating poly(sodium-p-styrene-sulfonate) and cetyltrimethylam-
monium bromide [207]. Mioglobin has also been entrapped together with MWCNTs
on a glassy carbon electrode with Nafion acting as agglutinant [208]. In both cases, the
presence of CNTs in the film promotes electron transfer properties between the
entrapped protein and the electrode, which could be of interest for the development
of biosensors, catalytic bioreactors and other biomedical devices.

Although the electrical properties of CNTs are altered by modification of their
surface, in certain cases the direct anchorage of the enzyme to the nanotubes has also
been explored. These synthetic routes imply a previous activation of CNTs with acid to
create carboxyl and hydroxy groups on their surface to which the positively charged
species can be directly attached. Thus, poly(acrylonitrile-co-acrylic acid) (PANCAA)
has been coupled to modified MWCNTs with the aim being to prepare nanofibrous
membranes in which itis possible to further immobilize enzymes [209]. For instance,
catalase has been successfully bonded to the activated membrane, resulting in higher
enzyme loading and activity, possibly due to the high specific surface area and good
electrical conductivity afforded by the CNT5 (Figure 1.16). Alternatively, enzymes can
be grafted to a biopolymer, such as chitosan, previously combined with CNTs and

2H,0,—~2H,0+0, (1)
CAT (Por-Fe") +H,0,—~Cpd | (Por*- Fe'V=0)+H,0 )
Cpd | (Por*- Fe"=0)+H,0,—~CAT (Por- Fe")+H,0+0, (3)

H.0 ) H20,+H,0, . H20+0;

Fig. 1.16 Schematic representation of the nanofibrous

poly (acrylonitrile-co-acrylic acid) membrane containing
MWCNTSs, as well as the promoted electron transfer from
hydrogen peroxide to the immobilized catalase through the
PANCAA/MWCNTSs nanofiber. Reprinted from [209] (reproduced
by permission of Wiley-VCH).
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processed as a film onto a glassy carbon electrode [210]. In this example, glucose
dehydrogenase was bonded to chitosan using glutaric dialdehyde as a bridge between
the amino groups of chitosan and the enzyme.

1.7
Bio-nanohybrids Based on Layered Transition Metal Solids

Vanadium pentoxide xerogel (V,05-1.6H,0) consists of V,0s layers arranged as
stacked ribbon-like particles about 20nm wide, 2nm thick and 1pm long [211],
containing water molecules and protons that allow the intercalation of a large variety
of ions, molecules and polymers [212]. Several dipeptides such as Ala-Gln, Val-Gln
and Ala-Gly (Figure 1.17A) can be intercalated in this host matrix by in situ
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Fig. 1.17 (A) Structure of the dipeptides Val-

Gln, Ala-Gln, Ala-Gly, Gly-GIn and Gly-Glu. (B)

X-ray diffraction patterns of the bio-nanohybrids

ogel film. SEM micrographs of the (Ala-
Gly).27V205-1.0H,0 hybrid synthesized at (C)
pH=1.5, and (D) pH=1.0. (E) SEM micro-

including V,0s xerogel and (a) Ala-Gly, (b) Gly-
Gln, (c) Ala-Gln, (d) Gly-Glu and (e) Val-Gln. (f)
X-ray diffraction pattern of a V,0s-1.8H,0 xer-

graph of V,05-1.8H,0 xerogel. Adapted from
[213] with permission from Elsevier.



1.7 Bio-nanohybrids Based on Layered Transition Metal Solids |29

synthesis of the hydrated vanadium pentoxide, as confirmed by X-ray diffraction
(Figure 1.17B), that is by mixing the dipeptides with an acidified solution of sodium
metavanadate. The resulting materials present a sponge-like morphology, as shown
in Figure 1.17C, D, in which the peptide bonds between the amino acids are
preserved despite the low pH of the system [213]. Melanin is a biomacromolecule
mainly derived from cystine and tyrosine amino acids, usually associated with
proteins in aggregates denoted as melanosomes. Two recent studies report the
intercalation of a melanin-like compound (3,4-dihydroxy-phenylalanine) between the
layers of vanadium pentoxide [214,215]. Both studies open the way to the preparation
of melanin-based nanocomposites, which could profit from the interesting optical
(UVabsorption) and solid-state electrical (photo- and semi-conductivity) properties of
this biopolymer [123]. Other biomolecules with different functionality have been
assembled with vanadium pentoxide xerogel, the aim being to develop new bio-
nanocomposites with synergic properties afforded by both types of components.
Chitosan intercalates V,0s xerogel leading to an increase in the interlayer distance of
about 0.4 nm, which indicates the arrangement of the polysaccharide in a monolayer
[216]. The potential interest of the resulting bio-nanocomposites is their use as the
active phase in electrochemical sensors, in analogy to chitosan—clay nanocomposites
[129,130]. The electrical conductivity provided by the inorganic counterpart can be
expected to facilitate the electrochemical response. However, the oxidant character of
V,0s xerogel may lead to biopolymer degradation to the detriment of the bio-
nanocomposite stability and activity. It has been found that adsorption taking place
only on the external surface of the layered solid results in microcomposite assem-
blies, increasing the stability of the systems in comparison to bio-nanocomposites
formed by intercalation. This is the case for hybrid materials based on the immobili-
zation of glucose oxidase on vanadium pentoxide [217].

Layered tetralkylammonium-modified manganese oxide shows the ability to
intercalate myoglobin and hemoglobin that can retain their peroxidase activity
[218]. Intercalation of methylcellulose into lithiated phases of manganese oxides
was carried out through a mechanism of delamination—restacking giving rise to
methyl cellulose-Li,MoO3; nanocomposites [219]. The presence of the insulating
biopolymer between the inorganic layers decreases the inner conductivity of the
pristine solid from 10~ *to 10~ S/cm, preventing their potential use as electrodes for
electrochemical devices. Further research to modulate the electrical conductivity of
these bio-nanocomposites is required in order to develop new cathode materials for
rechargeable Li-batteries.

Mixed oxides with a layered structure, such as calcium niobate perovskites
exchanged with quaternary ammonium ions, can produce stable colloidal dispersion
of the perovskite layers able to be assembled with biopolymers in aqueous solutions.
For instance, assembly with gelatin leads to restacking of the perovskite nanosheets,
which are homogeneously distributed in the biopolymer and highly oriented with the
(a, b) plane parallel to the resulting films (Figure 1.18) [220]. These biohybrid films
show an increase in dielectric permittivity that can be useful for application in the
microwave industry or in high frequency devices. Similarly, hemoglobin has been
intercalated as a mono- or bi-layer in tetrabutylammonium-modified layered niobate
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Fig. 1.18 (A) Schematic representation of gelatin-perovskite
bio-nanocomposite. (B) TEM image of TBA-modified perovskite
and (C) SEM image of this TBA-perovskite after assembly

with gelatin.

through a mechanism of delamination-restacking. The immobilization of this
protein improves its thermal stability and enhances its activity in organic media [221].

Besides smectites, LDHs or vanadium pentoxide xerogel mentioned above,
there are other layered inorganic hosts able to assemble biomolecules to give bio-
nanocomposite materials. In this way certain transition metal phosphates and
chalcogenides have been used to prepare hybrids involving structural and functional
proteins [123]. For instance, gelatin can be intercalated into layered o-zirconium
phosphate (Zr(HPO,),-nH,0) by treatment at acidic pH [222]. The process gives rise
to a bio-nanocomposite that exhibits a basal spacing of 2.7 nm, due to the separation
of the a-zirconium phosphate layers by the protein chains. The same phosphate was
used to intercalate lysozyme and protamine, which represent a class of globular
proteins of medium and low molecular weight, respectively [222]. Similarly,
Zr-phosphate nanocomposites including hemoglobin, myoglobin, lysozyme, chy-
motrypsin and glucose oxidase have been synthesized at pH 7.2, giving well defined
intercalated compounds (Figure 1.19) [223]. The basal spacing values deduced from
the XRD patterns are compatible with the molecular dimensions of the different
intercalated proteins.
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Fig. 1.19 Intercalation of enzymes at the galleries of layered
o—zirconium phosphate following a delamination-restacking
mechanism.

Transition-metal phosphorus trichalcogenides such as MnPSj; are able to intercalate
amino acids and peptides by ion exchange. In this way, increases in the basal spacing of
0.7 and 3—4nm are observed for the intercalation of poly-i-lysine and lysozyme,
respectively [224]. Interestingly, the enzymatic activity of the immobilized protein has
been detected, suggesting that the enzyme is protected against denaturation.

1.8
Trends and Perspectives

Bio-nanohybrids represent an emerging group of advanced nanostructured materials
that are receiving increasing interest in view of their versatility towards potential
applications. The synthetic approaches that can be employed in the preparation of
bio-nanocomposites may be principally based on detailed knowledge of the interfa-
cial interactions between both components, that is biopolymers and inorganic solids.
The mechanisms governing the assembly between the components, which can be the
determining factor in the structural arrangement of the resulting materials, require
further research. Within this context, understanding the biomineralization processes
that take place in nature can also assist in the development of new bio-nanohybrid
materials. In this way, bio-nanocomposites, and their resulting properties, can ideally
be tunable towards suitable characteristics that are necessary for specific applications.

Above we have shown the attractiveness of the so-called green nanocomposites,
although the research on these materials can still be considered to be in an embryonic
phase. It can be expected that diverse nano- or micro-particles of silica, silicates,
LDHs and carbonates could be used as ecological and low cost “nanofillers” that can
be assembled with polysaccharides and other biopolymers. The controlled modifica-
tion of natural polymers can alter the nature of the interactions between components,
affording new formulations that could lead to bioplastics with improved mechanical
and barrier properties.

Another important group of bio-nanohybrids are the new materials needed for
biomedical purposes, such as the development of artificial biological tissues and
particularly those related to bone implants. Future progress within this field will
require investigation of the use of nanoparticulate inorganic solids based on diverse
ceramics, and even metal-ceramic composites, as an alternative to HAP and the
related compounds currently employed. In this context, the use of multicomponent
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polymeric and inorganic nanoparticulated systems could also be envisaged, employ-
ing techniques based on cryogenic synthesis to form assemblies with macroporosity
useful for new materials for bone reparation. The use of bio-nanocomposites in DDS,
including DNA non-viral vectors in gene therapy, also represents interesting bio-
medical applications of biohybrids. Alternative charged biopolymers coupled to
diverse nanofillers (silica, phosphates, silicates, carbonates, etc.) appear attractive
for the development of new biocompatible materials with the ability to uptake, carry
and deliver molecular drugs in living organisms. By introducing magnetic proper-
ties, these bio-nanocomposites can be useful for drug transport to specific sites in the
organs through guidance with external magnetic fields.

Among the new potential applications of bio-nanocomposites, we have highlighted
that diverse inorganic components such as clay-based materials, metal nanoparticles
and conductive carbon nanotubes can act as active phases in different type of devices,
such as electrochemical sensors and biosensors. As certain inorganic solids have
been employed as a protective matrix for the entrapment of living cells and enzymes,
we can contemplate the extension of their use for the preparation of different
bioactive nanocomposites that can be integrated in biosensors and bioreactors with
a view to developing a new generation of advanced devices.

Finally, it can be envisaged that the future development of novel bio-nanohybrids
will lead to new improved properties and multifunctionality derived from the
synergistic combination of nanosized inorganic solids, with different structural and
textural features, with molecular or even highly organized species of biological origin
that are extraordinarily abundant in Nature.
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