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1 Introduction 
 
Polymeric materials are nowadays essential to several technologic 
applications and play a ubiquitous role in improving people’s everyday life. 
From packaging, textiles and microelectronics to building materials, 
coatings, adhesives and cosmetic products, the use of polymers in 
different forms (i.e., pods, films, fibers, foams, polymeric solutions and 
suspensions, solid plastics, gels, etc.) is globally widespread, with a total 
production exceeding 300 million metric tons worldwide1. Such an 
extensive use of polymers necessarily poses some serious environmental 
issues. The production of polymers and plastics, still to this day, mainly 
comes from petrochemical sources, raising global concerns about the 
depletion of fossil reserves, supply security, greenhouse gas emissions, and 
feedstock costs1. Furthermore, since at least 40% of the total production is 
used in short-term applications (i.e., packaging), the tremendous 
accumulation of petrochemical plastic wastes represents another harm for 
the environment, with a direct impact on marine and terrestrial life2.  
To this regard, biodegradability (i.e., degradation caused by enzymatic 
process resulting from the action of cells3) definitely stands out as an 
added value to polymeric materials, and both fundamental and applied 
research in the field have remarkably grown in the recent years. However, 
what is generally considered as a limitation to the large-scale usage of 
biodegradable polymers is the lack of processability, thermal stability and 
barrier properties, as compared with traditional plastic materials. In this 
respect, a promising solution may be represented by biodegradable 
polymer nanocomposites4. A nanocomposite is as a multiphase solid 
material where one of the phases has one, two or three dimensions of less 
than 100 nm, or structures having nano-scale repeat distances between the 
different phases that make up the material. At the nano-scale, materials 
display peculiar and size-dependent properties that can be attributed, for 
instance, to a large fraction of surface atoms, large surface energy, spatial 
confinement and reduced imperfections5. Incorporation of nano-fillers 
into polymer matrices can lead to enhanced mechanical, thermal, and 
optical properties that can be fine-tuned by varying shape, dimensions and 
surface chemistry of the filler. Regardless the application, the control of 
the spatial and orientational order (in the case of non-spherical objects) of 
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the nanostructures in the bulk matrix, and the transfer of this order up to 
the macroscale is crucial in determining the final performance of the 
composite6. The literature in the field of polymer nanocomposites is huge 
and covers a broad range of materials, processing methods, 
characterization set-ups, and applications7–12.  
Biodegradable polymers not only represent a credible solution to the issue 
of plastic waste accumulation, but they are also ideal candidates for the 
design of bio-nanocomposites, biomaterials a  and bio-devices. 
Biodegradable polymers can either be produced from conversion of 
biological sources or from synthetic routes, since their biodegradability (in 
water, air or soil) is not strictly dependent on the origin of the material but 
rather on its composition, structure (e.g., the higher the degree of 
crystallization, the higher the stability to water and enzymatic degradation) 
and on the concomitance of favorable external factors such as T, pH, 
presence of microorganisms and exposure to radiations1. Biodegradable 
polymers are generally biocompatible (i.e. able to come in contact with a 
biological system without producing an adverse effect) and particularly 
indicated for all those applications where a permanent support (e.g., bone 
implants, vascular prosthesis) is not requested, so the biomaterial has to be 
safely cleared from the organism after having accomplished its mission13. 
Drug-delivery systems, scaffolds for tissue engineering, capsules and 
coatings used in pharmaceutical and food products, for instance, should all 
meet this requirement.  
The design of efficacious devices for biomedical applications is a complex 
and multidisciplinary task. The role of chemists is central in the selection 
and proper modification of the constituent materials, in the 
formulation/realization of the product at the lab-scale and in the physico-
chemical characterization during the pre-clinical stages, but a synergy 
between different figures (physicists, biochemists, materials scientists and 
doctors) is indeed essential. The best strategy is to learn from Nature14 that 
is, completely understanding how natural biosystems work (at the 
molecular, nano-, micro- and macro-scale) and then trying to mimic 
them15. Biological systems are extremely complex and possess unique 
features such as self-assembly properties (i.e., the structures are 
                                                
a A biomaterial is defined by IUPAC as a material exploited in contact with living tissues, 
organisms, or microorganisms3  
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constructed from the bottom up), hierarchical scale-dependent structures 
operating in a synergistic fashion, multi-functionality, high specificity, and 
an intimate connection between materials and design. Therefore, 
depending on the medical target, several factors must be taken into 
account in the design of a biomaterial, such as: 

• bioactivityb; 
• composition, size and surface chemistry (i.e., molecular 

recognition), which are key features for a site-specific application; 
• well-suited mechanical and interfacial properties, as well as a 

precise resistance to physiological media; 
• responsiveness to external stimuli such as pH, T, ionic strength 

gradients and exposure to radiations;  
• internal structure and surface texture of the right scale in order to 

promote, or avoid, cell adhesion, tissue integration and 
vascularization. 

 
Since no single material can meet all the requirements for any particular 
biomedical applications, a great attention is devoted to the development of 
multifunctional composites. In particular, thanks to the structural and 
chemical versatility offered by nanomaterials, together with the possibility 
of tailoring the properties with ad hoc synthetic/formulative strategies, 
bionanocomposites have recently gather a lot of consideration16.  
Biological materials display a range of remarkable physico-chemical 
properties that have evolved for a specific application, such as defense, 
lightweight, adhesion, impact resistance, and so forth. As a matter of fact, 
to obtain such properties Nature often utilizes nanocomposites. Fox et al.17 
got inspired from the water-enhanced mechanical gradient character of the 
squid beak, for instance, to prepare a nanocomposite able to mimic the 
architecture and properties of the natural material. By using functionalized 
cellulose nanocrystals, a poly(vinyl acetate) matrix and a photo-induced 
cross-linking strategy, they were able to synthesize a mechanically dynamic 
nanocomposite, in which the degree of mechanical softening, upon 
exposure to water, can be controlled by altering the degree of cross-linking, 

                                                
b Defined by IUPAC as the capability of a substance, such as a drug or a vaccine, to 
provoke a response from a living matter3  
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or the exposure time of different parts of the material. The use of 
nanostructured engineered biomaterials is also particularly indicated for 
theranostic devices, i.e. multifunctional nanomedical platforms for 
simultaneous diagnosis and therapy. For example, silica-based 
nanostructured materials can be easily modified, allowing for the 
immobilization of fluorescent dyes and paramagnetic metal complexes to 
be used as imaging probes. At the same time, the large surface area and 
pore volume of mesoporous silica ensure facile adsorption and high 
loading of various therapeutic materials. Moreover, the pore surface and 
opening of mesoporous silica nanoparticles can be functionalized with 
stimuli-responsive groups, inorganic nanoparticles, supramolecules, and 
proteins that can work as caps and gatekeepers, so that the controlled 
release of encapsulated drugs can be triggered in response to internal or 
external stimuli18.  
Another field that has been remarkably influenced by the recent 
progresses in the research on bionanocomposites is bone tissue 
engineering. Bone is an extraordinary example of naturally occurring 
bionanocomposites, in which the components are organized hierarchically, 
from the macro to the nanometer scale (see Figure 1.1). It is a complex 
and a highly specialized form of connective tissue that provides 
mechanical support and serves as a reservoir for minerals, particularly 
calcium and phosphate19. The bone matrix is composed of two major 
phases at the nanoscale, namely: organic (protein) and inorganic (mineral). 
These phases have multiple components, which consist of, in decreasing 
amounts, minerals, collagen, water, non-collagenous proteins, lipids, 
vascular elements, and cells. The bone mineral is mainly composed of 
hydroxyapatite and the bone protein is mainly composed of collagen. Here, 
collagen acts as a structural framework in which plate-like tiny 
hydroxyapatite crystals are embedded: the prime role of minerals is to 
provide toughness and rigidity to the bone, whereas collagen provides 
tensile strength and flexibility. The bone collagen has a typical fibrous 
structure, whose diameter varies from 100 to 2000 nm. Similarly, 
hydroxyapatite in the bone mineral is in the form of nanocrystals, with 
dimensions ranging from 4 to 50 nm20. Bone is a highly vascularized 
dynamic tissue, since it undergoes a constant re-modeling and chemical 
exchange with the rest of the body, and has a unique ability for self-repair 
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as a result of cellular activity and external mechanical demands 21. Bone 
formation occurs biologically by intramembranous ossification (as in the 
case of flat bones, like skull) and endochondral ossification (as in the case 
of long bones and fracture healing). In the first case, there is a direct 
differentiation of mesenchymal progenitor cells into bone-forming 
osteoblasts, while in the other case the progenitor cells form an 
intermediate cartilaginous template that is later mineralized22,23.  
 

 
Figure 1.1 Hierarchical structure of bone (reprinted from ref.23) 
 
The final structure is an ordered mineral–collagen composite, with several 
levels of hierarchy, and unique mechanical properties. However, bone 
defects and bone loss can originate from the imbalance between bone 
formation and resorption (i.e., osteoporosis), congenital malformations, 
fractures and other injuries. The need for synthetic bone grafts and/or 
medical treatment depends on the complication of bone defects. In the 
case of severe defects and loss of volume, bone would not heal by itself 
and grafting/medication is required to restore natural functions. There is, 
therefore, a great need for engineering multi-phase materials with structure, 
composition and mechanical properties similar to natural bone24, in order 
to reverse bone defects and/or regenerate bone tissue. Grafting is a widely 
applied, conventional surgical procedure for bone repairing, but it is 
limited to complications such as donor-site morbidity, rejection, infections 
and disease transmission. On the other hand, bone tissue engineering and 
bioinspired fabrication of bone analogues represent viable alternatives. A 
general goal of bioinspired bone tissue engineering is to generate bone 
grafts that: (i) mimic the chemical composition and nanostructure of bone, 
(ii) provide sufficient initial mechanical strength and stiffness to substitute 
for lost bone, (iii) support proliferation and differentiation of osteoblasts 
and the expression of bone extracellular matrix, (iiii) possess a three-
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dimensional porous interconnected network with adequate mechanical 
strength for vascular tissue ingrowth22. Due to the inherent complexity of 
bone tissue, a perfect scaffold able to precisely mimic the hierarchical 
structure, morphology and functions of bone has not yet been developed. 
Significant advances in terms of adopted materials and processing 
techniques, as well as in the understanding of biochemical factors 
regulating the mineralization process have been done in the recent 
years25,26, but still a lot of research needs to be carried out in order to 
ultimately bring technology into clinical application.
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1.1 Aim of the thesis and outline 

The research described in this thesis is aimed at the preparation and 
physico-chemical characterization of nanostructured polymer-based 
systems for biomedical application, especially in the bone medication field. 
The focus of this work is the use of biodegradable polymers in 
combination with inorganic nanostructures, namely 1D nano-clays, but 
rather than focusing on a specific system, different materials and 
processing techniques have been investigated, each of them connected to a 
particular physico-chemical aspect of a determined biomedical need. 
In Chapter 2, a general description of the materials used in this work is 
given. In particular, greater attention will be devoted to the structural and 
physico-chemical properties of the adopted 1D nanoclays (halloysite and 
imogolite), and on their role in nanocomposites for industrial and 
biomedical applications. A brief overview of the biodegradable polymer 
matrices adopted in the work is also given in Chapter 1. 
In the subsequent sections, four case studies on the use of nanocomposite 
systems in different biomedical areas will be described. In Chapter 3, the 
preparation and characterization of a bioactive hybrid film made of Sr-
loaded halloysite embedded within a biopolymer matrix is reported. The 
adopted polymer (3-polyhydroxybutyrate-co-3-hydroxyvalerate, PHBV) is 
a biocompatible and biodegradable material already used in several 
environmental and biomedical applications, while the inorganic 
component is a clay nanotube with peculiar mechanical and cation-
exchange properties. In particular, we chose to adsorb strontium(II) ions 
on the surface of the clay nanotube in order to enhance its bioactivity. In 
fact, strontium-based drugs have been widely prescribed over the years to 
treat osteoporosis, but when Sr(II) is orally administered at high doses it 
could increase the risk of heart attack and other side effects. Rather than 
through its systemic administration, it is therefore crucial to deliver 
strontium(II) at the treatment site, so that its bioactivity could be locally 
exploited, avoiding the associated collateral effects. A possible carrier for 
Sr(II) is thus represented by the synthetic graft matrix constituted by the 
clay nanotube and PHBV. The composite material has been thoroughly 
characterized by means of physico-chemical methods (SEM, AFM, FT-IR, 
ICP-AES, N2 porosimetry, calorimetry) and the in vitro biocompatibility 
was demonstrated through cytotoxicity tests on fibroblast cells. Results 
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have shown that the interaction of the hybrid system with the 
physiological environment is mediated by the biopolymer coating, which 
acts as a binder, as well as a diffusional barrier to the Sr(II) release. 
Furthermore, the material can be applied as a filmable coating to enhance 
the bone regeneration capacity of synthetic bone grafts, but it can also be 
fabricated as a self-standing biomaterial.  
Chapter 4 reports on the study of the upload/release capacity of 
engineered nanoclays.  In a first example, halloysite nanotubes (HNT) 
were integrated with chitosan and hyaluronic acid to obtain hybrid 
nanocomposites with opposing charges, and their potential in the 
controlled release of drug model probes was investigated. The high surface 
area and the hollow nanometric sized lumen of HNT allowed for the 
efficient loading of rhodamine 110 and carboxyfluorescein, used as models 
for oppositely charged drugs. In the case of chitosan, the preparation of 
the nanocomposite was carried out exploiting the electrostatic interaction 
between the polymer and HNT in water, while with hyaluronic acid a 
covalent functionalization strategy was employed to couple the polymer 
and the clay. For the release experiments, a fixed amount of 
nanocomposite material loaded with the fluorescent dyes was placed in 
water and kept under agitation. At specific intervals of time (up to a period 
of 48 hours) an aliquot of the dispersion was centrifuged, and the 
concentration of the released probes was evaluated from the fluorescence 
intensity of the supernatant solution. Results showed that the polymeric 
coatings were successful in modulating the charge of the halloysite surface 
and altering the release kinetics of the probes. In particular, the model 
adopted to fit the release kinetics described very well the experimental data, 
indicating that both charge and coating composition play a key role in the 
desorption process from halloysite-based composites.  
In a second example, the adsorption of different amino acids onto 
imogolite nanotubes was investigated by means of turbidimetry, ζ-
potential measurements, and FT-IR spectroscopy. A high affinity of 
glutamic acid (Glu) for imogolite surface was observed, and this finding 
was exploited to prepare a composite material made of lauroyl glutamate 
(C12Glu) adsorbed onto imogolite nanotubes. The obtained hybrid was 
then used in a proof of concept experiment for the upload of a model 
drug. The amount of uploaded drug drastically increases when C12Glu is 
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present, highlighting the crucial role of the surfactant’s alkyl chains as 
hydrophobic pockets. The obtained results strongly point out towards the 
possibility of using glutamate-based surfactants and imogolite nanotubes 
for the design of hybrid systems for biomedical applications, and that the 
approach used can be generalized towards any aluminum oxide surface. 
Furthermore, the interaction of glutamate with imogolite surface could be 
exploited for modulating the chemical affinity between polymers bearing 
glutamate-based functionalities and the nanotube wall, paving the way to a 
more extended use of imogolite in the fabrication of nanocomposites. 
Chapter 5 deals with the structural and rheological characterization of an 
injectable composite hydrogel, made of carboxymethyl cellulose (CMC) 
and halloysite nanotubes (HNT), conceived for minimally invasive surgery. 
Chemical modification of the clay surface followed by an hydrazide-
aldehyde coupling protocol with partially oxidized cellulose successfully 
produced a CMC-HNT hybrid, able to form a hydrogel when dispersed in 
water. Structural and rheological properties of the composite are driven by 
chemical and structural design, with nanotubular fillers playing a crucial 
role as rheo-modifiers. Results highlight that halloysite nanotubes are 
homogeneously distributed in the composite material and that the 
hydrogel-forming properties of CMC are retained. The introduction of 
HNTs in the CMC matrix, due to their chemical functionalities favoring 
inter-chain interactions, substantially modifies the rheological behavior of 
the system, making it significantly more viscous (at least twice as much) in 
the entire range of explored shear rates. A key aspect of the work was the 
careful evaluation of the material’s injectability, which represents a critical 
factor for the use of new materials in the biomedical field. In spite of the 
presence of inorganic nanostructures that could in principle aggregate and 
obstruct the orifice, the injectability was mostly dictated by the cellulose 
matrix, as no major difference was observed between the composite and 
the reference hydrogels. This was attributed to the 1D structure of the clay 
nanotubes, which tend to align with the direction of the flow. Injection, i.e. 
high stress, produced a strong change in the structure of the polymer 
matrix at the microscale and this was reflected in the rheological properties 
of the material.  
Chapter 6 reports on the preparation and on the mineralization properties 
of macroporous composite hydrogel made of chemically cross-linked 
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gelatin and imogolite nanotubes. Imogolite nanotubes have been 
synthesized and successfully integrated in a cross-linked gelatin matrix, 
then an extensive characterization has been conducted highlighting the 
role of the cross-linking agent and the inorganic filler in determining the 
stability in physiological conditions and the mineralization properties. The 
composite hydrogel was properly designed so to address multiple 
requisites in the bone tissue engineering field: the polymer matrix, as well 
as the adopted chemical cross-linking agent (glycerol diglycidyl ether), is 
fully biocompatible and biodegradable; the inorganic matrix has high 
surface area, low toxicity, a remarkable mechanical strength and stability; 
the composite material has a multi-scale macro-sized porosity that should 
favor osteoconductivity and cell permeation in vivo. The key finding of the 
work is that the presence of imogolite nanotubes in the hydrogel enhances 
the formation of hydroxyapatite crystals, as observed by means of 
thermogravimetry and XRD after simulation of a mineralization process 
with a standard protocol, presumably acting as crystallization seeds. 
Further studies need to be performed before any in-vitro or in-vivo 
application, but still there are strong evidences that imogolite nanotubes 
could represent promising scaffolds in the field of bone tissue engineering. 
 
All the papers (published and submitted) related to the presented work, 
including all experimental details about the preparation and 
characterization of the materials described in this thesis, are finally given in 
the appendix. A paper pertaining to a work not related to the PhD project, 
but published during the same period, is also given in the appendix. 
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2 Materials  
 
2.1 Polysaccharides 
Polysaccharides are a class of macromolecules ubiquitous in Nature that 
primarily serve as energy source for many organisms and as structural 
building blocks for animal tissues, plant walls and bacteria membranes. 
Polysaccharide constituting units, i.e. carbohydrates, are also involved in 
several biochemical processes such as healing, blood clotting, molecular 
recognition, signal transduction and so on. Polysaccharides generally 
possess a strong affinity for water, since each hydroxyl group along the 
glycosyl units can establish intramolecular hydrogen bonding interactions 
with water molecules. However, solubility and rheological properties of 
their solutions are strongly dependent on concentration, composition, 
structural configuration (i.e., branched vs linear), molecular weight, 
molecular weight distribution, temperature, pH, and presence of salts. 
Depending on the system, at sufficiently high concentration 
polysaccharides in water can also form gels. The state of water in such 
complex systems drives their physico-chemical properties, and thus their 
applicative potential. Polysaccharide solutions and gels are commonly used 
as binders, swelling agents, plasticizers, thickening agents, moisture 
retaining and film forming materials. Among all polysaccharides, chitosan 
and hyaluronic acid have been extensively studied and used to make 
hydrogels, nanocomposites and drug carriers27–30, thanks to their chemical 
versatility, biocompatibility and biodegradability.  
 
Hyaluronic acid is a natural polysaccharide in which the repeating unit is 
constituted by glucuronic acid and N-acetylglucosamine linked via 
alternating �-1,4 and �-1,3 glycosidic bonds. Hyaluronic acid is a natural, 
water-soluble polysaccharide (in its sodium salt form) omnipresent in the 
tissues of humans and other mammalians (e.g., sinovial fluid, cartilage, skin, 
etc.). It is an essential component of the extra cellular matrix in which its 
structural and biological properties mediate cellular signaling, wound repair, 
morphogenesis, and tissue hydrodynamics31. Hyaluronic acid and its 
derivatives find application as dermal fillers32, therapeutic agents33, and as 
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building blocks in biomaterials for tissue engineering and regenerative 
medicine34. 
 
Chitosan is a linear polysaccharide constituted by D-glucosamine and N-
acetyl-D-glucosamine linked via �-1,4 glycosidic bonds, that is obtained 
from deacetylation of chitin, the major constituent of the arthropods 
exoskeleton and the second most abundant biopolymer on earth. Due to 
the presence of basic amino groups in the polysaccharide backbone, 
chitosan is soluble in acidic solvent mixtures, e.g. dilute acetic acid solution 
(pH~5). The main parameters influencing its characteristics are molecular 
weight and degree of de-acetylation. Chitosan is biocompatible, 
biodegradable, it promotes wound-healing and has bacteriostatic effects, 
allowing its use in several biomedical applications in various forms, like 
physically and chemically cross-linked hydrogels, sponges, fibers, films and 
membranes35,36. The use of chitosan in the fabrication of nanocomposite 
materials for biomedical applications is extensively reported as well37–40.  
 
Cellulose is another important natural polysaccharide made by 
glucopyranose monomers linked via β-1,4 glycosidic bonds. The polymer 
configuration and the presence of a great number of hydroxyl groups able 
to form intermolecular hydrogen bonds, allows for the alignment of 
different polymer chains and the formation of crystalline domains (i.e., 
micro fibrils) with high tensile strength. The same effect is at the basis of 
the insolubility of cellulose in water and other common polar solvents. 
The discovery of cellulose dates back to 19th century, and since then it has 
been used for the fabrication of several materials such as paper and 
paperboard, celluloid, textile fibers (e.g., rayon), films, and so on. Recently, 
nanocrystalline cellulose has been also widely used as filler in 
nanocomposite materials to increase mechanical and thermal properties of 
various polymer matrices41,42. The hydroxyl groups of cellulose can be 
partially or fully reacted with several reagents, giving rise to a huge number 
of cellulose derivatives with different properties and applications.  
Carboxymethyl cellulose (CMC) is a cellulose derivative in which some of 
the hydroxyl groups are substituted with carboxymethyl residues via 
esterification. CMC is highly soluble in water, in which it forms a hydrogel, 
and it is commonly adopted as a rheological modifier or additive in several 
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water-based industrial formulations (e.g., it is used in food industry under 
the E number E466). CMC and its derivatives found also wide use in 
biomaterials and bio-based applications43–45 thanks to its good adhesive 
and film forming properties, together with biocompatibility and 
biodegradability. For instance, some CMC-based calcium phosphate 
cements already exist as marketed products (CALSTRUX®, MBCP® gel).   
 

 
Figure 2.1 Molecular structure of polysaccharides adopted in this work: 
hyaluronic acid, chitosan (see Chapter 4) and carboxymethyl cellulose (see 
Chapter 5). 
 
 
2.2 Aliphatic polyesters 
Polyesters are a class of polymers containing the ester functional group in 
their main chain, largely employed to make fibers, textiles, and many other 
consumer goods, such as plastic bottles, films, liquid-crystal displays, etc. 
Aliphatic polyesters can be obtained from synthetic monomers of both 
petrochemical and natural origin, as well as from microbic fermentation of 
biotechnologically engineered bacteria.  
Poly(vinylalcohol) (PVA) represent on of the most important and 
common polyester. PVA is a water-soluble synthetic polymer produced by 
hydrolysis of poly(vinylacetate). The degree of hydrolysis, together with 
molecular weight, is a critical parameter in determining the crystallinity, 
swelling behavior, solubility and mechanical properties of the final material. 
Thanks to its good processability, thermal and chemical resistance, PVA is 
widely used to make adhesives, coatings, water-soluble packaging and gels. 
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PVA is also non-toxic and biocompatible, and for these reasons it finds 
wide use in personal care and biomedical applications including 
cosmetics46,47, drug-delivery48, cartilage replacement49 and many others.  
Among the great variety of bio-plastics and bio-polymers available today, 
polyhydroxyalkanoates (PHAs) represent one of the most promising 
classes because of their tunable properties50 and especially because of their 
100%-natural origin. PHAs are thermoplastic polyesters completely 
synthesized by microorganisms, such as Pseudomonas putida, Ralstonia 
eutropha and Aeromonas hydrophila, and are biodegraded by several bacteria 
commonly found in soils, activated sludge and seawater51. Depending on 
the bacterial species and growth conditions, a great variety of molecular 
building blocks can be obtained. Thermal, chemical and physical 
properties are strongly affected by polymer composition and degree of 
crystallinity, so the choice of the appropriate PHA depends strictly on the 
designated use. PHA-based products are currently used as degradable 
shopping bags, molding containers, disposable razors, surgical pins, and as 
additives in food products and surfactants1. 
The biopolymer adopted in this work is poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), a copolymer of 3-hydroxybutanoic acid and 3-
hydroxypentanoic acid. The physico-chemical properties of PHBV are 
affected by the ratio of the two monomers: in particular, a 5-20 %mol in 
3-hydroxypentanoic acid content provides a useful range of properties 
broadly similar to those of polyethylene and polypropylene, and markedly 
improves the melt-processability. Several in-vitro and in-vivo studies have 
demonstrated that PHBV can be safely employed to make biodegradable, 
implantable devices for the local delivery of therapeutics and to make 
scaffolds for tissue engineering, since it generally does not cause any 
inflammatory response in the organism52. In the field of bone medication, 
for instance, PHBV finds use as the polymer matrix of hydroxyapatite-
based composites53,54. The suitable mechanical and biological properties of 
the prepared scaffolds, together with the great processability and chemical 
versatility of the polymer, are claimed as major advantages of the use of 
PHBV compared to other biodegradable polymers. 
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Figure 2.2 Molecular structure of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(see Chapter 3) and poly(vinyl alcohol). 
 
 
2.3 Gelatin 
Gelatin is a biopolymer obtained by denaturation of collagen, which is the 
major constituent of tissues such as skin, tendons and bones. A collagen 
molecule is formed by right-handed triple helices with a length of about 
300 nm and a pitch of 8.6 nm, formed by three left-handed helices each 
having a pitch of 0.9 nm and a molecular weight of approximately 100 
kDa. Acid or alkaline hydrolysis of collagen leads to the breakage of bonds 
between the triple helix strands, resulting in the denaturation of the tertiary 
structure of the protein and to the formation of lower molecular weight 
fragments. According to the production process, gelatin can present a 
varying distribution of molecular weights, with a corresponding variability 
in the rheological properties55. 
Gelatin is completely soluble in water at T > 50 °C, while it undergoes a 
sol-gel transition around 30 °C. Below this temperature, gelatin chains, that 
were in a random-coil conformation, start to associate in left-handed 
helices thanks to hydrogen bonding interactions between the amino acid 
residues and, at sufficiently high concentration, form a hydrogel56. Thanks 
to its biodegradability, biocompatibility, thermo-responsive character and 
rheological properties, gelatin hydrogels are widely employed in the food, 
pharmaceutical and cosmetic industry. However, for certain applications 
(e.g., scaffolds for tissue engineering) the poor mechanical integrity of 
gelatin hydrogels (especially at human body temperature) is a serious 
problem. To overcome this, several reinforcing strategies have been 
implemented based on physical and chemical cross-linking57,58. Because of 
its identical composition, gelatin represent an ideal substitute for the extra-
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cellular matrix in connective tissues and it is thus considered a valuable 
material in the field of tissue engineering59–61. 
 

 
Figure 2.3 Schematic representation of the process to obtain gelatin from 
collagen, and of the temperature-induced sol-gel transition of gelatin.  
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2.4 Clay mineral nanotubes 

The phyllosilicates, or sheet silicates, are an important class of minerals 
that includes the micas, chlorite, serpentine, talc and the clay minerals 
groups. The basic structure of phyllosilicates involves a stacked sequence 
of an interconnected six-member rings layer of SiO4 tetrahedra, and an 
octahedral gibbsite-like (AlOH3) or brucite-like (MgOH3) layer (Figure 2.4). 
Depending on the ratio of tetrahedral to octahedral sheets in the 
crystalline unit cell (1:1 or 2:1), the layer-stacking sequences and the 
presence of interlayer materials, different phyllosilicates species can be 
classified. The two sheets are connected via the apical oxygen atoms of 
tetrahedra and the (OH) ions located at the center of the six-member rings 
formed by the SiO4 layer. In the case of kaolinite (Al2Si2O5(OH)4), for 
instance, the SiO4 tetrahedral sheet has unit cell parameters of a=5.02 Å 
and b=9.164 Å, while the values for gibbsite are a=5.066 Å and b=8.655 
Å62. This lateral misfit induces a strain in the crystalline structure that can 
be compensated for either by rotation of adjacent tetrahedra in opposite 
directions around the silicate ring, or by the bending of the aluminosilicate 
layer to form spheroidal or tubular structures. Resulting tubular 
alluminosilicates are characterized by: a high aspect ratio (they can reach 
several micrometers in length and have a nano-sized diameter) and large 
surface area; the presence of a hollow lumen; the presence of two surfaces 
with different properties originating from the diverse composition and 
curvature of the inner and outer surfaces. All these peculiarities, together 
with their economic viability and environmental benefits compared to 
synthetic tubular materials, have boosted the scientific research on and the 
application of clay nanotubes in the field of nanotechnology, polymer 
nanocomposites and biomedicine. 

 
Figure 2.4 Schematic representation of a SiO4 tetrahedra layer (A), side view of a 
gibbsite-like layer of AlO6 octahedra (B), and layer stacking sequence of a 2:1 
aluminosilicate (C). 
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2.4.1 Halloysite 
Halloysite is a naturally occurring kaolin mineral with the same chemical 
composition of kaolinite, except for higher water content. Halloysite can 
be described on the basis of hydration state of the interlayer and resulting 
c-cell axial length: halloysite (10 Å) is the more hydrated form with unit cell 
parameters of a~5.1, b~8.9, c~10.25 Å and chemical formula 
Al2Si2O5(OH)4· 2H2O, while halloysite (7 Å) has unit cell parameters of 
a~5.1, b~8.9, c~7.3 Å and chemical formula Al2Si2O5(OH)4. Halloysite 
may occur in a number of morphologies (platy, spheroidal, prismatic), but 
the tubular structure is the most common and results from the wrapping 
of the clay layers, driven by the presence of interlayer water and by the 
mismatch in the periodicity between the tetrahedral SiO4 sheets and 
adjacent octahedral AlO6 sheets in the 1:1 layer63.  
 

 
Figure 2.5 Halloysite mine in Matauri Bay, New Zealand (A), SEM micrograph 
of the halloysite batch described in the following chapters (B), schematic 
structure of a halloysite nanotube (C), crystalline structure of halloysite (D). 
 
In other clays, the mismatch is corrected by rotation of alternate 
tetrahedral in opposite directions, while in halloysite the rotation is 
blocked due to the presence of interlayer water molecules. Halloysite 
morphology is related to crystallization conditions, i.e. geological 



 28 

occurrence, and chemical composition. For instance, the amount of Fe3+ 
found in the mineral is inversely correlated to layer curvature. As the ionic 
radius of Fe3+ is larger than that of Al3+, the size of the halloysite 
octahedra increases by ~6% when Fe3+ replaces Al3+ and the resultant 
increase in overall size of the octahedral sheet lessens the dimensional 
misfit between the sheets, allowing the layers to adopt a planar, short-
tubular, or spheroidal shape64. As for most natural materials, the size of 
halloysite particles depend on their origin, with typical lengths ranging 
from ~800 nm to more than 10 µm, typical diameters ranging from 10 to 
150 nm, and specific surface area of ~50 m2/g. Due to their dimensions 
and characteristics, the term “halloysite nanotubes” (HNT, to cut short) is 
commonly accepted and will be used throughout the text. 
 

2.4.1.1 Halloysite physico-chemical properties and reactivity 
Since almost all halloysite tubules possess a hollow structure with an 
internal nano-sized lumen, the presence of two surfaces with different 
composition and surface charge allows, in principle, for selective 
adsorption and chemical functionalization strategies. Halloysite forms 
relatively stable colloids in water thanks to its negative � -potential, 
reaching -50 mV at pH>6. The external surface is negatively charged 
above pH ~2.5, dictating the electrostatic colloidal stabilization of the clay, 
and the internal lumen is positively charged over a wide pH range (from 
~2.5 to ~8.5)65. This property of halloysite can thus be exploited to load 
negatively charged molecules into the lumen and, correspondingly, to 
adsorb positively charged species onto the external surface. An example of 
a biochemically relevant cation (Sr2+) adsorbed on HNT surface will be 
discussed in detail in Chapter 2. Cation exchange capacity is a well-known 
property of halloysite and clay minerals in general. Cation exchange can 
occur at the broken bonds around the crystal edges, as substitution within 
the lattice and by replacing the hydrogen of exposed surface hydroxyls66; 
depending on the cation nature and concentration of the exchanging 
solution, intercalation complexes may also occur, leading to an increase of 
the basal spacing of the mineral67. Halloysite is more reactive than its flat 
analogue, kaolinite, towards several polar compounds (e.g., hydrazine, 
potassium acetate, formamide, ethylene glycol), forming intercalation 
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complexes that can be reversed by the addition of water. Molecular species 
able to establish van der Waals, hydrogen bonding, electron-transfer and 
electrostatic interactions can also be adsorbed onto HNT outer surface. 
Unsaturated acids68,69 (e.g., sorbic and methacrylic acid), conjugated organic 
compounds70 (e.g., 2,5-bis(2-benzoxazolyl)thiophene), and quaternary 
ammonium salts71 (e.g., cetyl trimethyl ammonium chloride) are reported to 
adsorb onto HNT outer surface and to enhance the compatibility with 
different polymer matrices. Metal and metal oxide nanoparticles (Au, Ag, 
TiO2, Fe3O4, etc.) have also been adsorbed onto HNT surface by in-situ 
reduction of inorganic precursors or by hydrothermal methods. Cao et al. 
72, for instance, decorated HNT surface, previously functionalized with 
APTES, with Au nanoparticles synthesized by the Turkevich method (i.e., 
citrate reduction of HAuCl4) for electrochemical sensing applications. 
Immobilization of the nanoparticles was attributed to electrostatic 
interactions between positively charged amino groups of the APTES-
grafted halloysite surface, and negatively charged Au nanoparticles. 
The relatively low amount of reactive hydroxyl groups (i.e., syloxane 
groups) on the halloysite outer surface allows for an efficient dispersibility 
(generally up to 3-5 %wt) and separation form aggregates, as a result of 
low interfacial interactions. On the other hand, the low reactivity of HNT 
outer surface due to the modest amount of SiOH groups may decrease 
their interaction with grafting agents and polymer matrices, generally 
resulting in a low functionalization degree. Nevertheless, in order to insert 
specific functionalities onto halloysite surface, several strategies have been 
successfully carried out, most of them involving, at least as a first step, 
hydrolysis-condensation reactions of silanes with proper composition. 
Yuan et al. 73, in one of the first report on this topic, followed a procedure 
generally applied for the grafting of silica-based materials to functionalize 
halloysite surface with (3-aminopropyl)triethoxysilane (APTES), by simply 
adding the silane to a suspension of halloysite in toluene, and refluxing the 
reaction mixture at 120 °C for 20 hours. Grafting of APTES occurred 
between hydrolyzed APTES molecules and surface hydroxyl groups, 
including the aluminol groups at the lumen surface and the 
aluminol/silanol groups at the edges or external surface defects. The 
quantity of available hydroxyl groups, which determines the content of 
grafted APTES results to be strongly dependent on the clay’s 



 30 

morphological parameters (length, external and internal diameter, wall 
thickness, number of defects) and on the chemical (e.g., NaOH) or 
thermal pretreatment steps.  
 

 
Figure 2.6 Scheme showing the grafting of 3-(2-
aminoethyl)aminopropyltrimethoxysilane onto halloysite nanotubes74 (A), the 
modification of pristine HNT to carboxylic acid functionalized HNT-COOH75 
(B), the mechanism for the formation of cross-linked APTES network on HNT 
surface (left) and for the grafting between bidentate bonded Si and AlOH groups 
(right)73 (C).  
 
An analogous synthetic route has been adopted by Barrientos-Ramirez et al. 
to graft diamino- and triamino-silanes onto halloysite external surface in 
order to produce a novel catalyst support for atom-transfer-radical-
polymerization (ATRP) reactions74. Massaro et al.76 reported on the 
modification of halloysite with (3-mercatopropyl)trimethoxysilane by the 
classical wet procedure and by solvent-free microwave irradiation. 
Microwave-assisted synthesis and solvent-free conditions, not only 
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represent eco-friendly synthetic strategies, but also improved significantly 
the grafting of the organosilane, with respect to the traditional method. 
Joo et al. 75 started from APTES-functionalized halloysite, obtained by 
adding APTES and triethylamine to a suspension of HNT in toluene and 
mixing for 1 day at 80 °C, to insert carboxylic groups on the outer surface 
of the clay, by reaction of succinic anhydride in dimethylformamide. The 
obtained COOH-HNT exhibited pH-dependent aggregation/dispersion 
properties, as a result of electrostatic stabilization driven by surface 
charges (especially at basic pH), and hydrogen bonding interactions 
between pendant chains and the halloysite surface. 
 

2.4.1.2 Halloysite-based nanocomposites 
Halloysite nanotubes have been extensively studied in the field of 
nanocomposites, primarily because of their favorable mechanical 
properties. HNT mechanical properties of halloysite have been 
theoretically and experimentally studied: the Young’s moduli for zigzag 
and armchair single-walled nanotubes have been calculated in the range of 
230–340 GPa, while the averaged experimental value measured in a three-
point bending mode is 140 GPa, being larger for tubules of smaller 
diameter66. In HNT-polymer composites, mechanical modulus, impact 
strength, ductility, tensile and flexural properties result improved thanks to 
an effective load transference from the polymer matrix to HNT via strong 
interfacial interactions, or thanks to the effect of the filler on the 
crystallization behavior of the polymer matrix. Embedding halloysite 
nanotubes in polymer matrices, such as polypropylene, can also increase 
thermal stability and induce flame retardancy. For instance, Du et al. 77 
reported on a 30 °C increase in the temperature of 5% weight loss, with 
respect to pristine polypropylene, in nanocomposites with a moderate 
HNT loading and on a marked flame retardancy due to HNT barrier 
effect on heat and mass transfer. Halloysite nanotubes can also have an 
influence on the wettability properties of polymers, as they can tailor the 
surface microstructure of the nanocomposite as a consequence. For 
example, superhydrophobicity with a maximum water contact angle of 
nearly 170 degrees and sliding angle of about 2 degrees, was seen in 
halloysite-polypropylene nanocomposites, due to the rough surfaces 
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arising from the halloysite-induced heterogeneous nucleation of 
polypropylene78. 
Melt blending of clay particles with thermoplastic polymers or solution 
mixing in polar solvents often produces good nanocomposites, even 
though at high loading of HNT agglomerates are likely to form. A huge 
amount of literature is present, covering most of the commercially relevant 
polymers, such as polypropylene, polyethylene, polyvinylchloride, 
polystyrene, starch, styrene-butadiene rubber, and many more79–83. The 
influence of HNT on the mechanical and physico-chemical properties of 
the composite has been thoroughly investigated as a function of halloysite 
loading, processing method, presence of compatibilizers and surfactants, 
chemical functionalization of the clay surface. A fine tuning of the 
interfacial interactions is crucial to obtain a homogenous dispersion of the 
inorganic filler inside the polymer matrix, and thus a better performance 
of the final material84. For instance, Du et al. exploited the formation of 
amide bonds between APTES-functionalized halloysite (exposing amino 
groups) and maleic anhydride grafted polypropylene to increase the 
interfacial adhesion between the clay and the polymer, thus obtaining a 
composite with higher mechanical properties compared to the pristine 
polypropylene and to the simply mixed system85. In-situ controlled 
polymerization starting from functionalized HNT surface could represent 
an elegant, and often effective, way to obtain nanocomposite materials. In 
fact, with a properly designed “bottom-up” synthesis, specific 
functionalities (e.g., responsive character) can be inserted in a controlled 
way, allowing for the obtainment of smart hybrid materials. Hou et al.86 
covalently attached amphiphilic brushes of polystyrene and poly(4-
vinylpyridine) onto HNT surface via a reversible addition−fragmentation 
chain transfer (RAFT) polymerization. In the preliminary step, a chain 
transfer agent is grafted to the hallosyite surface via a silanization reaction, 
and then polymerization is started with the addition of an initiator, by 
increasing temperature. The obtained system was used as a Pickering 
emulsification agent, showing that the emulsification performance is 
dependent on the microstructure of amphiphilic brushes, as well as on the 
hydrophilic/hydrophobic segment size and sequence. 
.  
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Figure 2.7 Schematic picture showing examples of the use of HNT in 
nanocomposites: silanized HNT integrated with maleic anhydride grafted 
polypropylene85(A), in situ polymerization of styrene in the presence of HNT81 
(B), the process of grafting amphiphilic brushes onto HNT via RAFT 
polymerization and their use as Pickering emulsification agents86 (C). 
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Li et al. 87 reported on the synthesis of a halloysite-polystyrene 
nanocomposite via a surface-initiated ATRP onto halloysite nanotubes. 
Halloysite was first functionalized with APTES, and then the silanized 
halloysite was further reacted with 2-bromoisobutyryl bromide to 
immobilize the initiator. Afterwards, grafting polystyrene produced the 
core–shell nanocomposite.  
Specific physico-chemical interactions (e.g., hydrogen bonding, electrostatic 
and van der Waals interactions) between the outer HNT surface and 
polymer functional groups can also be exploited to build-up 
nanocomposites. Chao et al.88, for instance, reported on the modification 
of halloysite surface with dopamine, and used a model enzyme to elucidate 
the enzyme-immobilizing ability of dopamine-modified halloysite 
nanotubes. HNT were immersed in an alkaline aqueous solution of 
dopamine, and after several hours an adhesive polydopamine film is 
formed on the clay surface thanks to physisorption and subsequent self-
polymerization of dopamine. Another example of non-covalent 
modification of halloysite outer surface is represented by the 
chitosan/halloysite nanocomposite, formed by taking advantage of 
electrostatic interactions between protonated chitosan and negatively 
charged HNT outer surface. A particular application of halloysite-chitosan 
nanocomposites in the field of controlled release will be discussed in detail 
in Chapter 3 
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2.4.1.3 Modification of Hallosyite internal lumen for advanced 
applications  

Selective modification between silica-based and alumina-based surfaces in 
halloysite is a challenging task, and using organosilanes often results in 
silane bonding at both inner and outer surfaces. Organophosphorous 
compounds, that are known to possess a high affinity towards metal oxide 
surfaces, represent a possible solution. Yah et al.89 used 
octadecylphosphonic acid to selectively modify the internal surface of 
halloysite and build a system with enhanced loading capacity for 
hydrophobic molecules. The clay and the alkylphosphonic acid were added 
to 4:1 vol ethanol-water mixture (adjusted to pH=4) and mixed at room 
temperature for one week. Vacuum was applied to the reaction mixture in 
order to remove all the air entrapped in the halloysite lumen and to ensure 
that the reactant solution effectively come in contact with the alumina 
surface. A detailed NMR and XPS analysis revealed the absence of any 
ocatedcylphosphonic acid bonding with the outer siloxane surface, and the 
presence of strong bidentate and tridentate Al-O-P bonds on the internal 
surface. The same authors also reported on the selective modification of 
HNT internal surface with 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl]-
isobutyryl amide (Dopa), used as an initiator for the surface initiated-
ATRP to graft a layer of PMMA brush in the lumen. The selectivity of 
Dopa coating for halloysite lumen was ascribed to the high affinity of the 
catechol group of Dopa for metal oxides located at the tube inner surface 
and to weaker catechol−silica bonding interactions90.  
The structural characteristics of the halloysite internal lumen make it a 
very promising platform for controlled release applications. Moreover, 
halloysite natural abundance, its low extraction cost and the ease of the 
loading process represent further advantages over other nanotubular 
systems. In most cases, where hydrophilic compounds are used, halloysite 
is simply mixed as a dry powder with a concentrated solution of the 
desired active in water, ethanol, acetone or other polar solvents, and 
exposed to vacuum to release the air entrapped in the HNT lumen. HNT 
have been used for the uploading and subsequent release of different 
drugs, such as dexamethasone, furosemide, nifedipine91, tetracycline, 
khellin, nicotinamide adenine dinucleotide92,93. Larger macromolecules can 
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also be loaded on halloysite, as long as they are able to fit the cross-
sectional area of the internal lumen: globular proteins of different size and 
surface charge have been tested, showing a slower, and charge-dependent, 
release compared to lower molecular weight drugs94. 
Apart form drugs and pharmaceuticals, HNT can also act as a nano-scale 
container for different kind of actives, such as corrosion inhibitors for the 
production of self-healing coatings95. The loading of water-soluble 
benzotriazole inside the HNT lumen, and the incorporation of the 
modified clay into a ZrO2-SiO2 sol-gel coating deposited onto an Al alloy, 
demonstrated that the sustained release of the benzotriazole is effective in 
protecting the metal against corrosion. The coating without HNT showed 
the development of a corrosion defect during immersion in NaCl solution, 
while the sample coated with the film doped by benzotriazole-loaded 
halloysite exhibited no evidence of corrosion current and corrosion 
propagation. The function of benzotriazole-doped HNT is to provide 
slow release of the inhibitor agent, blocking the initial corrosion processes 
and healing micro-scale defects in the coating. The HNT container 
protects benzotriazole from leaching, thereby preventing the interaction 
with the matrix and deactivation of the inhibitor. The presence of a hollow 
lumen with nanometric size also suggests the use of HNT as, nanoreactors, 
nanotemplates and sorbents for contaminants96. For example, halloysite 
tubules were employed as hollow enzymatic nanoreactors for the urease-
catalyzed mineralization of CaCO3 from an aqueous solution of CaCl2. The 
negative charge of urease enhanced its adsorption inside the positively 
charged halloysite lumen, and as a consequence, CaCO3 was synthesized 
exclusively inside the hollow tubular lumen97.  

 
Figure 2.8 Schematic illustration of the urease-catalyzed synthesis of CaCO3 
inside halloysite nanotubes97.  
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2.4.1.4 Biocompatibility and biomedical applications of Halloysite 
Composition and structural characteristics of halloysite nanotubes has 
driven an increasing number of researchers to investigate their applicative 
potential in the biomedical field. Even though fibrous materials with 
micrometer length are often dangerous for human health (e.g., asbestos 
fibers are well known to induce lung, pleural and peritoneal cancer and 
fibrosis), several studies have demonstrated that halloysite is well tolerated 
by cells, at low concentrations, and do not cause significant health issues. 
Tests have been carried out with HT-29 colon epithelial cells98, MCF-7 
and HeLa cancer cells65, human dermal fibroblasts99, providing strong 
evidences that HNT are biocompatible. In the case of lung epithelial cells, 
studies demonstrated the ability of nano-sized clays to pass the cell 
membrane and to accumulate in the intracellular space near the nucleus. A 
dose- dependent decrease in cell viability is observed for halloysite, with a 
strong correlation with specific surface area. However, HNT showed 
better compatibility with respect to platelet particles100. 
Of course, due to the large variability and complexity of the biochemical 
processes in a living organism, a universally accepted declaration of safety 
for HNT does not exist, and toxicity effects need to be evaluated on a 
case-by-case basis. However, halloysite is not biodegradable (at least in 
physiological conditions) and is suitable only for particular applications. 
For instance, intravenous injection of HNT, as well as other clay minerals, 
should be avoided as they can induce blood coagulation in a dose-
dependent manner101. The cylindrical structure of the nanotube seems to 
cause more blood clotting with respect to nanospheres, suggesting a 
shape-specific effect on the activation and aggregation of blood platelets102. 
Application fields such as wound healing, medication of skin diseases, 
bone implants, dental fillers and tissue engineering, are indeed particularly 
indicated for halloysite nanotubes. Halloysite has been recently employed, 
for instance, in combination with polycaprolactone103, poly(lactic-co-
glycolic acid)104, poly(vinyl alcohol)105, poly(methyl methacrylate)106, and 
chitosan107 to fabricate composites with enhanced mechanical and 
bioactive properties. In this context, the possibility to include actives of 
different nature within the inorganic material and to control their release, 
together with the great mechanical performances induced by the presence 
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of HNT in polymer-based nanocomposites, is recognized as a great 
benefit for the production of novel and efficient biomedical devices108.  
 

2.4.2 Imogolite 
Imogolite (IMO) is a poorly crystalline, tubular aluminosilicate composed 
of gibbsite-like sheets (Al(OH)3), where the inner hydroxyl surface of the 
gibbsite is substituted by (SiO3)OH tetrahedra. The chemical formula is 
(OH)3Al2O3SiOH, which corresponds to the sequence of atoms 
encountered on passing from the outer to the inner surface. Imoglite thus 
possess an opposite arrangement of tetrahedral and octahedral sheets with 
respect to hallosyite, and expose an alumina-based surface (Figure 2.9).  
Imogolite is a naturally occurring mineral, first discovered in volcanic soils 
deposits (Kyushu Island, Japan) by Yoshinaga and Aomine in 1962109, but 
can also be synthesized from inorganic precursors. Farmer et al. 110 firstly 
reported on the synthesis of imogolite nanotubes starting from aluminum 
salt and Si(OH)4 after heat treatment in acidic conditions. Several 
alternative synthetic path- ways have been proposed ever since, and much 
progress has been made to optimize the yield and purity of the obtained 
imogolite. The main chemical recipes for the synthesis of imogolite 
involve 1) the neutralization, by slow addition of hydroxyls, of an acidic 
aluminum salt solution in the presence of a Si source; 2) the neutralization 
of an acidic aluminum salt by a sodium silicate solution, that acts as a 
source of both Si and OH; 3) the use of organic precursors for both Si and 
Al in acidic conditions. For instance, Koenderink et al. 111 reported on the 
synthesis of imogolite starting from tetraethyl orthosilicate and aluminum-
tri-sec-butoxide, mixed in a dilute HClO4 solution. The solution was kept at 
70 °C during 5 hours under continuous stirring, and then refluxed at 
100 °C for 3 days. Several experimental parameters need to be carefully 
controlled to achieve an effective and reproducible synthesis of imogolite 
nanotubes. For example, the Si:Al ratio should be kept slightly higher than 
the stoichiometric 0.5 value (typical Si/Al ratios are between 0.5 and 0.66) 
to prevent the formation of aluminum hydroxide and other side minerals; 
total concentration of reagents is another critical parameter strongly 
connected to the imogolite growth kinetics112; the pH must be carefully 
controlled in order to have a well defined Al:OH ratio in the solution and 
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to avoid polymerization of Si in amorphous silica; temperature strongly 
affects both growth kinetics and stability of the aluminosilicate phases 
formed at early stages (generally T is kept below 100°C); agitation and 
ageing time are also critical parameters in determining imogolite final size. 
The general mechanism for the formation of imogolite nanotube has been 
the subject of numerous studies, and is now well accepted66 (Figure 2.9-b). 
In the early stages of the reaction, the self-assembly of polynuclear species 
formed by hydrolyzed Al3+ and SiO4

2- ions gives an amorphous precipitate 
of hydroxyaluminosilicate ions having an ideal Si/Al ratio of 0.5 and a 
structure predominantly constituted by Si–O–Al linkages. Internal 
restructuring during ageing, or at the beginning of the heating stage, leads 
to the formation of proto-imogolites. These are non-amorphous small 
fragments (~5 nm) of imogolite nanotubes and, as early reported by 
Farmer “can be presumed to incorporate orthosilicate groups attached to 
fragments of gibbsite-like sheets of aluminum hydroxide”. Their average 
size, the presence of complexing anions and their mutual interactions are 
very important in determining the final IMO nanostructure. Finally, in 
proper conditions (low concentration, low pH, low salinity, and an Si/Al 
ratio between 0.5 and 0.6), nanotubes are obtained at the expense of 
proto-imogolites, upon heating. The dimensions of the natural nanotubes 
are ~1 nm for the inner diameter, 2.3-2.7 nm for the outer diameter, and 
length of more than 100 nm. Internal and external diameters of synthetic 
samples are typically 10-15 % greater, and imogolite length can be 
markedly increased (up to few microns) by increasing the reaction time. 
Synthetic imogolite nanotubes display a high specific surface area, typically 
ranging from 300 to 400 m2g-1, and multi-scale porosity resulting from 
internal pores (diameter of ~1 nm, corresponding to tube’s lumen), 
intertubular pores (0.3-0.4 nm, corresponding to cavities formed by 
alignment of three nanotubes, and not accessible to water), and 
interbundle pores (disordered meso-pores resulting from bundle 
agglomeration). The porous inorganic structure and the high surface area 
imply that imogolite could adsorb a significant amount of gases and 
hydrogen bonded liquid, even though at high temperature (T>400°C) 
structural dehydroxylation results in a partial pore collapse. IMO presents 
indeed a significant water and moisture uptake (~30 g of water per 100g of 
IMO at 85 % relative humidity), mostly located in the hydrophilic nano-
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sized lumen (confined water) and in the intertubular voids as bulk water. 
Adsorption of water on the external surface is poor, as the outer 
aluminum hydroxide layer is quite “hydrophobic”. Such “hydrophobic” 
character of external IMO surface could also be invoked to explain its 
strong ability to form bundles and its strong interaction with natural 
organic matter in soils. 
 

 
Figure 2.9 Schematic representation of imogolite structure (A), schematic 
reaction pathway to obtain imogolite66 (B), TEM image of synthesized imogolite 
(see Chapter 4 and Chapter 6) showing bundles of nanotubes (C). 
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2.4.2.1 Imogolite physico-chemical properties  
The stability of imogolite nanotubes and the properties arising from their 
unique structure have been the subject of experimental and theoretical 
research. As already discussed, the mismatch of the bond lengths between 
tetrahedral and octahedral sheets, in certain conditions, lead to the 
curvature of the gibbsite layer and to the formation of the tubular 
structure. Unlike other nanotubes for which the strain energy necessary to 
roll a monolayer into a tube monotonically decreases with increasing tube 
radius, there is an optimal curvature, which leads to the minimum strain in 
the structure for imogolite. Imogolite is composed of nonsymmetrical 
aluminosilicate layer and a difference in the surface tension of outer and 
inner tube surfaces must be additionally taken into account to successfully 
model the trend of strain energy versus tubule radius. The surface energy 
can support a negative curvature, decreasing the strain energy and 
introducing a minimum into the Estr(R) curve (see Figure 2.10). This 
explains, for instance, why imogolite is monodisperse (in diameter) with 
very well-defined geometrical parameters and symmetry113. Partial or total 
substitution of Si with Ge in the tetrahedral sheet can be achieved by using 
germanium precursors during the synthesis. The outside diameter of the 
nanotube increases to more than 3 nm with complete Ge substitution, in 
accord with its greater size compared to Si and to the better fit between 
the O3GeOH tetrahedra and the gibbsite layer113. Interestingly, Ge-rich 
imogolite can adopt a double-walled structure114.  

 
Figure 2.10 Optimized structures of zigzag (12,0) (A) and armchair (8,8) (B) 
imogolite nanotubes, and calculated strain energies as a function of the radius R 
for zigzag (filled dots) and armchair (empty dots) imogolite nanotubes (C)115. 
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The presence of amphoteric aluminol and silanol groups located on the 
outer and inner surfaces of imogolite, respectively, is responsible for the 
build-up, in water, of permanent surface charges via pH-dependent 
equilibria: 
 
Al-(OH)-Al + H+  Al-(OH2)

+-Al    (i) 
 
SiO-H  Si-O- + H+      (ii) 
 
Permanent charges in clay minerals can also be originated from Si/Al 
isomorphic substitution with ions of different charges. In spite of the lack 
of isomorphic substitutions in natural imogolite, Gustafsson116 proposed 
that a weak positive surface charge is present in the outer IMO surface, 
based on the observation that IMO has the to ability to strongly adsorb 
anions. The lack of a precise structural characterization of imogolite at that 
time prevented from further testing the hypothesis, and the adsorption 
properties of IMO were justified by taking in to account the presence of 
defects and ill-coordinated atoms at the tube ends. Guimaraes et al.115 
confirmed the hypothesis of Gustaffson using DFT calculations. The 
imogolite charge is originated from steric effects related to the curved 
structure that induce a non-symmetric distribution of the electronic 
density around Si4+ and Al3+ cations, with longer Al–O bond lengths at the 
external surface of the gibbsite-like layer. Another structural feature that 
could lead to a net permanent charge is the presence of point defects, i.e. 
vacancies in the crystalline lattice. Surface charge of imogolite nanotubes is 
at the basis of their electrophoretic mobility and of the colloidal stability of 
IMO dispersions in water. IMO point of zero charge is around pH 10÷11, 
depending on the origin, and its evolution with time can also be used to 
assess the quality of synthesized imogolite from inorganic precursors117. At 
pH values lower than the point of zero charge of IMO, equilibrium (i) is 
shifted to the right, leading to an increased positive charge of the outer 
surface. On the other hand, at pH values higher than the point of zero 
charge, equilibrium (i) is shifted to the left and the external surface of 
IMO progressively becomes neutral. Equilibrium (ii) accounts for the 
internal charge of IMO, having a negligible effect on the overall surface 
charge and on colloidal stability of IMO dispersions. 
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Thanks to the high aspect ratio and rigid structure, imogolite nanotubes 
possess unique features when dispersed in water. A recent study on single 
walled and double-walled imogolite dispersions reported on the 
characterization of liquid crystalline phases in the low-concentration 
regime (volume fraction < 0.7 %), by means of polarized optical 
microscopy, small-angle and wide-angle X-ray scattering118. Imogolite 
suspensions exhibited a phase separation at very low volume fractions, 
with the appearance of an isotropic phase and a denser, birefringent 
nematic phase. At slightly larger volume fractions, another columnar 
hexagonal liquid-crystalline phase is formed, in which the rods organize on 
a hexagonal lattice perpendicular to the IMOs average direction. The 
remarkable positional ordering of the charged IMO is a strong evidence of 
the large intensity of the electrostatic repulsions between charged linear 
objects, which stabilize the columnar phase down to very low volume 
fractions. 

 
Figure 2.11 Experimental (black dots) and calculated (dotted line) wide-angle X-
ray scattering curves for single-walled and double-walled imogolite nanotubes (A), 
and schematic representation of liquid crystal phases in imogolite suspensions 
(from left to right: isotropic, nematic, columnar, smectic liquid phases) (B)118. 
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2.4.2.2 Chemical modifications of Imogolite 
Similar to halloysite, the tubular structure, the nano-sized dimensions and 
the different surface chemistry of the inner and outer sheets of imogolite 
make it a captivating platform for fundamental physico-chemical studies 
and advanced applications in the materials science. Modification of 
imogolite surface can be achieved either by direct synthesis methods, 
which is based on the replacement of the silicon precursors in the reaction 
mixture, or by post-synthetic functionalization. Typical examples of the 
first method involve the use of Ge precursors119, or the substitution of 
hydroxyl groups of Si-precursors with hydrophobic moieties. One of the 
first successful examples of direct synthesis of organic-substituted 
imogolite nanotubes involved the use of methyltriethoxysilane (MTES) for 
producing a hydrophobic, methyl-functionalized surface120. The 
incorporation of methyl groups in the aluminosilicate structure has effects 
on dimensions, aggregation behavior, porosity and specific surface area. 
Differences have been ascribed to the electronic and steric effect of 
methyl groups that could lead to a shift in the energy minimum towards 
larger tube radii, or to a change in the external charges that could lead to 
an increased distance between tubes and to larger cell parameters. The 
change in the external charges due to the presence of methyl groups has 
been also related to the observed wider domains of aligned fibers, 
compared to bare imogolite. In fact, the absence of silanols could hinder 
electrostatic interactions between imogolite nanotubes, leading to fibers 
more loosely bound and freer to assume a close packed configuration. The 
behavior of modified imogolite nanotubes towards methane adsorption 
was studied, showing a 2.5-fold increase in capacity thanks to both 
hydrophobization of the lumen surface, and to a larger pore volume. Kang 
et al. 121 described the synthesis of a single-walled imogolite, in which 
~15% of the interior Si-OH groups are substituted by Si-CH2NH2 groups, 
via the use of aminomethyltriethoxysilane (AMTES) as a Si-precursor. 
Morphology and crystallinity of the functionalized nanotube result slightly 
altered with respect to the bare imogolite, displaying smaller average 
lengths, a lower pore volume and broader diffraction peaks of specific 
basal reflections. The amine-functionalized nanotubes show a dramatic 
improvement in CO2/CH4 and CO2/N2 adsorptive selectivity compared to 
the bare nanotubes, and the selectivity increases with increasing 
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temperature and pressure. The presence of isolated amine sites as well as 
amine groups in close proximity to each other is considered the key factor 
for the observed reduction in affinity and the increased selectivity for CO2. 
Amara et al. 122 explored the possibility to synthesize methyl modified 
imogolite nanotubes and to tune the Si/Ge ratio by using a mixture of 
methyltriethoxysilane (MTES) and methyltriethoxygermanate (MTEG). 
Similar to bare imogolite, a dependence of the inner cavity diameter on the 
substitution of Si by Ge is demonstrated, by means of SAXS, FT-IR and 
TEM analysis, also for methyl-modified clay nanotubes. The fine control 
of the size and hydrophobicity of the imogolite nano-channels allows for 
capturing organic molecules (e.g., 3-bromo-1-propanol) from water 
solutions, conferring to the material a wide range of potential applications.  
Post-synthetic functionalization methods can be applied both to the 
external and internal surface of imogolite, exploiting the chemical 
reactivity of AlOH and SiOH layers, respectively. In the case of internal 
modification, a dehydration step is always needed in order to remove 
physisorbed water (of course preserving the nanotube structure), ensuring 
an effective contact between lumen surface and reactants. Kang et al. 123, 
for instance, applied a heat treatment under vacuum (250-300 °C, 15 
mTorr) before modifying the interior of imogolite nanotubes with three 
model compounds, namely acetyl chloride, methyltrimethoxysilane, 
trichlorosilane. As a reaction mixture the authors used a dispersion of 
imogolite in hexane, allowed to stir under nitrogen for 24 h after the 
addition of the organic reactant. Nitrogen physisorption measurements 
provided evidences that the surface modification mainly takes place in the 
interior of the imogolite nanotube (modified nanotubes possess 
significantly lower pore volumes and total surface areas, whereas no 
statistically significant variation in the external surface areas is observed). 
XRD measurements further revealed that nanotubular structure and 
bundling characteristics remain unchanged after the surface modification, 
while thermogravimetry was used to estimate the organic content in the 
modified imogolite, going from ~8 % using trichlorosilane, to ~9 % using 
methyltrimethoxysilane, to ~13 % using acetyl chloride. Finally, a 
significant decrease  (up to 70 %) in water adsorption capacity of 
functionalized imogolite nanotubes demonstrate that all the surface 
modifications yield a lower hydrophilicity in the nanotube lumen. 
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Figure 2.12 Reactions of trichlorosilane (A), methyltrimethoxysilane (B), and 
acetyl chloride (C) at the IMO internal surface123. 
 
 
Zanzottera et al.124 described the preparation and characterization of a 
hybrid nanotube material, obtained by post-synthesis grafting with (3-
aminopropyl)triethoxysilane (APTES) of a methyl-functionalized imogolite, 
previously synthesized using methyltriethoxysilane as a Si precursor. 
Under the adopted conditions, the functionalization reaction is complete 
and a variety of mono-, bi-, and tri-dentate species is obtained, with an 
average of two anchoring points per each unit.  
NMR and FT-IR analysis further revealed that the reaction mainly takes 
place at the outer Al surface and, to a limited extent, on the nanotube’s 
edges. Silane grafting in organic medium represent quite a significant 
improvement of the classical synthetic procedure, firstly reported by 
Pinnavia and coworkers, in which an aqueous APTES solution (i.e., 
hydrolyzed APTES) was added to an imogolite water dispersion125,126. By 
using acidic conditions, a well-dispersed imogolite phase was obtained in 
water and the silane complete polymerization was hindered, thus ensuring 
the presence of mainly APTES monomers and dimers in the reaction 
mixture. However, there was a poor control of the grafting reaction, and 
the resulting APTES-modified imogolite nanotubes were not stable against 
hydrolysis. Another successful strategy to modify imogolite external 
surface is to exploit the higher reactivity of outer Al–OH–Al groups 



 47 

towards phosphonic acids. For instance, Park et al.127 used octadecyl 
phosphonic acid and tetradecyl phosphonic acid to functionalize bare 
imogolite, by simply mixing the reactants in water, at room temperature 
for 2 days. The hydrophobic nature of the modified IMO surface allowed 
the dispersion in organic solvents (e.g., toluene, chloroform, hexane), with 
imogolite nanotubes aligning themselves at the air/water interface. 
Transferring the monolayer onto conductive surfaces and subsequent 
annealing, allowed for the first time to visualize by STM the structure of 
single, unbundled imogolite fibers.  

 
Figure 2.13 Chemical structure of octadecyl phosphonic acid modified imogolite 
adsorbed on a solid surface (top), and STM image of modified imogolite 
transferred onto graphite by the Langmuir-Blodgett method (bottom)127.  
 

2.4.2.3 Imogolite-based nanocomposites 
As a general remark it is worth noting that, compared to the more famous 
carbon nanotubes, IMO-derived nanotubes can be functionalized under 
mild conditions. Physico-chemical properties of both the inner and the 
outer surface can be varied, as well as hydrophilicity, porosity, and thermal 
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stability. Moreover, surface functionalization often represents a 
determining step in the fabrication of imogolite-based nanocomposites 
thanks to the improved colloidal stability that ensures a homogenous 
distribution of nanotubes inside polymer matrices, and to the possibility of 
increasing the affinity towards hydrophobic polymer matrices. 
The group of Takahara128 was the first to report on the preparation of a 
nanocomposite made of hydrophobic polymer and surface-functionalized 
imogolite. The polymer/imogolite hybrid was obtained by free radical 
polymerization of methyl methacrylate in the presence of imogolite, 
modified with a phosphonic acid bearing a polymerizable methacrylate 
group. Poly(methyl methacrylate) (PMMA) grafting from imogolite surface 
results in a nanocomposite with a homogenous distribution of nanotubes, 
with peculiar optical and mechanical properties. The transparency of the 
material is similar to PMMA and significantly higher than the 
corresponding IMO/PMMA blended system. The dynamic storage 
modulus, tensile modulus and ultimate strength of the composite resulted 
to be approximately 1.5 times as high as that of pristine PMMA and 
blended PMMA/IMO system. However, the lack of interfacial defects 
between PMMA-grafted imogolite and PMMA matrix resulted in a 
decreased elongation at break, with respect to pristine PMMA and blended 
PMMA/IMO system. As expected, PMMA-grafted imogolite nanotubes 
also display very different interfacial properties with respect to bare 
imogolite.  
Authors from the same group129 also prepared a ternary imogolite-based 
nanocomposite, in which two different polymers are used: one is grafted 
on the imogolite surface (PMMA) via a surface-initiated ATRP, and the 
other is employed as the bulk polymer matrix (PVC). Interestingly, the 
interfacial adhesion between the PMMA-grafted-imogolite and the PVC 
matrix may be weak or strong with respect to the cohesive energy of the 
matrix, depending on temperature. In accordance with the interfacial 
performance, the nanohybrid shows inferior tensile performance at room 
temperature, but shows superior tensile performance at 90 °C, compared 
to pristine PVC in the same conditions. Kang et al. 130 used a hydrophilic 
poly(vinyl alcohol) (PVA) matrix to prepare a nanocomposite membrane 
without modifying the imogolite surface, and used the obtained membrane 
for evaporation of an ethanol/water mixture. The hydrophilic nature of 
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the polymer and the favorable interactions between hydroxyl groups of 
PVA and bridging hydroxyl groups on the outer surface of the imogolite 
nanotubes, result in good adhesion properties between the two materials 
and near-ideal dispersion of the nanotubes even at high loading (> 
20 %wt). The authors compared two processing methods for the 
production of the nanocomposite. In one case IMO powder was simply 
added to a PVA solution under agitation; in the other case a IMO gel was 
firstly prepared by adding ammonia solution to a IMO aqueous 
suspension, dried and grinded to get a solid material, and finally added to a 
PVA solution. The membranes were obtained by casting the PVA/IMO 
mixture at 60 °C, and subsequent cross-linking with glutaraldehyde. SEM, 
EDX and XRD analysis provided evidences that in the case of membranes 
prepared starting from the IMO-gel the nanotubes are dispersed in the 
PVA matrix as isolated objects. The PVA chains may effectively penetrate 
the loosely coordinated network of IMO-water bonds existing in the gel, 
but are not likely able to penetrate the interstices between imogolite 
nanotubes in the powder. Permeation results indicated that the properties 
of membranes made from aggregated IMO powders are strongly affected 
by the occurrence of defects such as interfacial voids, while in the case of 
membranes made from IMO-gel enhanced water permeability was 
observed. However, the microstructural change of the PVA matrix upon 
incorporation of IMO nanotubes (i.e., the reduction of PVA crystallinity 
and the higher mobility of polymer chains) led to a moderate reduction of 
the water/ethanol selectivity. 
Imogolite-PVA nanocomposites have been also prepared by in situ 
synthesis of imogolite nanotubes inside a PVA solution, following the 
procedure reported by Farmer 131. The average length of the synthesized 
imogolite fibers in the composite prepared by the in situ method is smaller 
than that of typical natural and synthesized imogolite nanofibers, while no 
fiber formation is observed below an IMO:PVA weight ratio of 1:50. The 
reason for this effect was ascribed to the adsorption of PVA molecules on 
the proto-imogolite structures and to the subsequent inhibition of their 
growth. The strong intermolecular interaction between IMO and PVA, 
also leading to a decrease in the crystallinity and crystallite size of PVA, as 
well as the good dispersibility of IMO in the polymer matrix are reflected 
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in the optical, mechanical and thermal properties of the final 
nanocomposite.  
 

 
Figure 2.14 Some examples of imogolite-based composites produced by surface 
modification and in-situ synthesis66. 
 

2.4.2.4 Biocompatibility and biomedical applications of Imogolite 
Imogolite unique structural and physico-chemical properties, together with 
the recent advances in their surface functionalization, make them a very 
promising material for the design of biomedical scaffolds and devices. In 
this respect, toxicity concerns on the use of imogolite nanotubes are 
essentially identical to those of halloysite and other high aspect ratio 
materials of similar composition. However, in a recent work it has been 
pointed out that imogolite nanotubes present mild, if any, toxic responses 
in a variety of cell models and tests, supporting the feasibility of their 
possible applications in nanomedicine132.  
Aluminum oxide/hydroxide surfaces find use in a wide range of 
biotechnological applications. Porous aluminum oxide and alumina 
membranes are used for size selective cell separation, cell growth and in 
the fabrication of scaffolds for tissue engineering. Alumina particles have 
also found use as carriers for enzyme immobilization, while adjuvants 
based on aluminum compounds are commonly used in vaccines to boost 
the immune response against infectious agents133,134. The use of imogolite 
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nanotubes, therefore, can combine the potential of alumina-based surface 
with the properties of 1D nanostructured materials. As a nanoscale 
support, 1D nanostructures could represent interesting materials for 
enzyme immobilization. Enzymes have been successfully immobilized 
onto carbon nanotubes via covalent and non-covalent interactions. 
However, water-insolubility of carbon nanotubes poses severe limitations 
for biotechnological applications, since almost all enzymatic reactions in 
cells occur in water or hydrophilic fluids. In this respect, imogolite 
nanotubes represent a viable alternative, since they possess high surface 
area, chemical stability, water solubility, and better biocompatibility. 
Furthermore, the three-dimensional hydrogel network of imogolite 
formed in aqueous solution could act as an efficient scaffold with high 
loading capacity, and much more controlled enzymatic activity. Inoue et al. 
135 reported on the immobilization of pepsin onto imogolite, by exploiting 
the strong interaction between phosphoric acid groups of the enzyme with 
the Al-OH groups of the clay outer surface. Non-covalent interactions 
between pepsin and imogolite are strongly preferred with respect to 
covalent linkage, as in the latter case the possible alterations of the 
chemical and conformational structure could drastically reduce the 
enzymatic activity. Most likely, the strong electrostatic interaction between 
positively charged IMO and negatively charged pepsin is the driving force 
for the immobilization of the enzyme. The maximum amount of 
immobilized pepsin was found to be 1.8 mg per 1 mg of imogolite, higher 
than that of mesoporous silica, corresponding to an estimated surface 
coverage of ~70 %. The catalytic activity of the imogolite/pepsin resulted 
25% lower than that of free pepsin, as evaluated by testing peptic 
hydrolysis of a hemoglobin solution. The pore created by the 
imogolite/pepsin hydrogel may not be large enough to allow rapid 
diffusion of hemoglobin to the active site of pepsin, so that only enzyme 
molecules located at the external surface of the IMO-gel network and 
those leached from the network could interact with hemoglobin. However, 
the imogolite/pepsin hybrid hydrogel displayed satisfactory characteristics, 
since it retained most of its enzymatic activity up to three-four catalytic 
cycles.  
The high affinity of aluminols on the outer IMO surface towards 
phosphonic acid groups has been also exploited for the adsorption and 
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binding of nucleic acid. DNA-clay mineral adducts have attracted great 
interest because they can provide an effective protection against 
degradation, maintaining at the same time their biological activity, e.g. gene 
delivery. Furthermore, this hybridization can be performed with a very 
simple procedure and no need for surface functionalization. The group of 
Takahara136 described the synthesis of hybrid gels of imogolite and DNA, 
prepared by simply mixing the two components in water at acidic pH 
(pH=4). When the DNA feed content was lower than 50 %wt, all DNA 
molecules were immobilized on imogolite to form the hybrid gels, while at 
higher feed content the amount of unbound DNA started to increase 
sharply. The incomplete loading of DNA was ascribed to electrostatic 
repulsion generated by the excessive negative charges of the nucleic acid 
that hindered the formation of the hybrid gel. The different amount of 
DNA in the hybrid gels strongly influenced their viscosity and physico 
chemical properties (e.g., swelling degree, resistance to pH, resistance to 
salinity). For example, at higher imogolite content, the entanglement of 
clay nanotubes and DNA molecules led to highly viscous gels, while at 
higher DNA content, coverage of imogolite−DNA network surface by 
DNA molecules induced repulsion between small aggregations and led to 
low viscous liquid-like gels. The stability of the hybrid gels was tested at 
different pH, and in the presence of salt. Interestingly, the release of DNA 
was only 12% even at pH 11, suggesting a very strong interaction between 
DNA and imogolite surface. Opposite to the typical salt-induced 
desorption of DNA complexes with polycations, the amount of DNA 
released from the hybrid IMO-gel decreased with salt concentration. Most 
likely, the added salt dissociate surface charge around the hybrid gel 
instead of attacking the gel, indicating that the presence of imogolite 
protected DNA from attack of salt ions.  
The incorporation of inorganic fillers, together with the use of cross-
linking agents, is an effective strategy to reinforce gelatin hydrogels, as 
already reported in the literature. Yadav et al.137, for instance, described the 
preparation of hybrid gelatin-hydroxyapatite hydrogels reinforced by 
multi-walled carbon nanotubes, for artificial bone grafting applications. 
Inspired by this approach, Teramoto et al. 138 reported on the preparation 
and characterization of a photocrosslinkable imogolite-gelatin 
nanocomposite. Gelatin was firstly modified with a methacrylate group, 
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then mixed with imogolite (previously dispersed in water at acidic pH), 
and then subjected to UV irradiation in the presence of a radical 
photoinitiator.  After irradiation with UV, a semi-transparent self-standing 
hydrogel was obtained and then subjected to morphological and 
mechanical characterization. SEM/TEM analysis revealed a highly porous 
structure, with a partial aggregation of imogolite fibers at 2 %wt loading. 
In spite of the non-ideal distribution of clay nanotubes within the gelatin 
matrix, the compression strength of the nanocomposite hydrogel was 
remarkably improved, suggesting its use as a load-bearing biomaterial.  
An example of the use of imogolite and gelatin to build a scaffold for 
bone tissue engineering is reported in Chapter 5.
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3 Case study #1: design of a bioactive 
nanocomposite coating for bone tissue 
regeneration 

 
Materials for bone tissue engineering should guide and promote the 
regeneration of bone tissue, acting as temporary substitutes for the 
extracellular matrix. Some of the prerequisites for an efficient bone tissue-
engineering scaffold include: biocompatibility, well-suited mechanical 
properties, a percolative structure with properly sized interconnected 
pores to promote tissue integration and vascularization, and time- and 
space-controlled biodegradability and bioactivity 139. Several materials have 
already been proposed as promising candidates, including bioceramics, 
bioglasses, and hydroxyapatite particles embedded in polymeric scaffolds 
140–145. Nevertheless, synthetic scaffolds still display limitations, boosting 
the search for materials integrating both osteoconductive and 
osteoinductive properties, i.e. able to support the growth of new bone 
tissue, and to stimulate osteogenesis.  
Osteoporosis, literally “porous bone”, is a condition in which the bone 
mineral density is reduced, the microarchitecture deteriorates, and the 
amount and variety of proteins in bone tissue are altered, leading to an 
increased risk of fracture. For instance, in Europe in the year 2010, 22 
millions women and 5.5 millions men were estimated to be affected by 
osteoporosis, and the total projected health care cost is expected to exceed 
46 billions € in 2025146. Therefore, the research in the bone medication 
field and in the development of new and efficient strategies for the cure of 
bone diseases is crucial. Thanks to its bioactivity, strontium(II) is effective 
in the treatment of osteoporosis. Strontium promotes the deposition of 
new bone thanks to the stimulation of calcium(II) receptors and 
differentiation of pre-osteoblasts to osteoblasts; at the same time, it 
hampers bone resorption through the stimulation of the osteoprotegerin 
secretion, so inhibiting the formation of osteoclasts from pre-osteoclasts147 
Strontium-based drugs have been widely prescribed over the last decades 
(e.g., strontium ranelate marketed as Protelos or Osseor), but when Sr(II) is 
orally administered at high doses (i.e., > 4 g/L), it could also produce 
detrimental effects on the bone metabolism 148and increase the risk of 
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heart attack. For these reasons, the European Medicines Agency has 
severely restricted its use149. However, several studies demonstrated that 
synthetic grafts doped with strontium(II) display an enhanced osteoblast 
proliferation, resulting in higher bone mineral density. It is therefore 
crucial to deliver strontium(II) at the treatment site, so that its bioactivity 
could be locally exploited, without the collateral effects associated to its 
systemic administration. Based on these considerations, we designed a 
hybrid material made of Sr(II)-loaded halloysite nanotubes included within 
a biopolymer (3-polyhydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
matrix, aiming at addressing multiple tasks in the field of bone 
regeneration. In particular, the inorganic scaffold is intended to provide 
mechanical resistance, multi-scale porosity, and to favor the in-situ 
regeneration of bone tissue thanks to its biocompatibility and bioactivity; 
the interaction with the physiological environment is mediated by the 
biopolymer coating, which acts as a binder and as a diffusional barrier to 
the Sr(II) release; the degradation of the polymer progressively leads to the 
exposure of the inorganic scaffold, tuning its interaction with osteogenic 
cells.  
 

 
Figure 3.1 Schematic representation of the designed nanocomposite and its field 
of application. 
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3.1 Halloysite characterization 

The halloysite (HNT) batch used in this work (actually it is the batch used 
in all the works reported in this thesis) was extracted from a natural 
deposit in the Kerikeri-Matauri Bay area of Northland, New Zealand and 
was kindly provided by Imerys Ltd. Figure 3.2-A shows a representative 
SEM image taken on a halloysite sample deposited onto an aluminum stub 
from an aqueous suspension at 2 %wt, and subsequently vacuum-dried at 
room temperature. The sample appears homogenous, with a clear 
predominance of cylindrical structures composed of thick wrapped tubules 
with lengths ranging from ∼200 nm to ∼1 µm. Longer structures are quite 
rare and this is a favorable characteristic in terms of safety, since 2 µm is 
generally taken as the upper size limit for silica fibers to be considered safe 
for human health65,150.  
 

 
Figure 3.2 SEM micrograph of halloysite (A), schematic representation of 
halloysite structure (B), SEM micrograph of halloysite at higher magnification 
(C), SEM micrograph of halloysite deposited via spin coating (D). 
 
Figure 3.2 also shows a sketch of the hallosyite structure, which has been 
already discussed in Chapter 1. The multilamellar, wrapped structure of 
the halloysite nanotubes is evident by looking at the higher magnified 
image in Figure 3.2-C: the tubular cross section is in the order of 50 nm, 
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while bigger irregular structures seems to be due to aggregates of smaller 
structures. In the case of samples prepared via drop casting, a big amount 
of material is deposited and aggregation of halloysite nanotubes is not 
prevented. A quite different situation occurs when halloysite is deposited 
via spin-coating: in fact, most of the material is removed during the 
spinning process and a thin layer is obtained, showing a less aggregated 
structure, with nanotubes partially oriented along the centrifugal force 
lines (Figure 3.2-D ).  
One of the distinctive structural features of halloysite is the spacing 
between aluminosilicate layers that can be assessed by X-ray diffraction 
(XRD) analysis. The basal reflection peak occurs at an angle 
corresponding to 7 Å (or 10 Å in the case of hydrated halloysite), but the 
precise position and width of the peak depends on several factors such as 
geological source, crystal size, interstratification of layers with different 
hydration states, temperature, presence of intercalated salts and so on. The 
observed XRD peak at 2θ =12.1° (Figure 3.3) corresponds to a 7.4 Å basal 
spacing, in good agreement with literature data for similar samples (7.2 Å - 
7.6 Å). A Rietveld analysis of the XRD pattern of the halloysite batch, 
revealed that the sample also contains kaolin and, in a minor amount, 
quartz, both of which are already employed in composites for biomedical 
applications151,152. Furthermore, kaolin has the same chemical composition 
of halloysite, while quartz displays the same composition of its outer 
surface. We decided therefore not to purify the commercial batch, 
especially to demonstrate that no time and money consuming procedures 
are required to achieve the desired characteristics in the final material. 
 

 
Figure 3.3 Rietveld analysis of the XRD spectrum of HNT, together with the 
relative abundances of halloysite, kaolinite and quartz. 
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Nitrogen adsorption isotherms, coupled with BETc and BJHd calculations, 
were used to characterize the surface area and porosity of the halloysite 
sample. Total BET surface area is around 20 m2/g, a value that is 
consistent with the co-presence of non porous material. Several values of 
HNT surface area are reported in the literature, roughly ranging from 20 
to 100 m2/g, this variability being due to the origin of the deposit and 
especially to solvent treatments of the initial powder155. The nitrogen 
adsorption isotherm (Figure 3.4) shows a hysteresis loop associated with a 
capillary condensation in mesoporous cavities154. Total pore volume results 
to be ∼0.18 ml/g, with a pore size distribution ranging from few to few 
tens of nm. Most of the pores are in the 20-80 nm range, consistent with 
the presence of inter-tubular and intra-particle pores. Halloysite does not 
show significant microporosity, indicating that the 0.7 nm spacing between 
layers in the nanotube walls is not accessible for nitrogen molecules. 

 
Figure 3.4 Adsorption isotherm and pore size distribution obtained with BJH 
calculation of a HNT sample. 

                                                
c Brunauer-Emmet-Teller153 
d Barrett-Joyner-Halenda154 
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3.1.1 Halloysite modification: APTES functionalization and 
Sr(II) uploading 

HNT surface was functionalized with (3-aminopropyl)triethoxysilane 
(APTES) by mixing the powder (2.5 %wt) and the silane in ethanol, at 
room temperature for 24h. Few drops of NH4OH were added to the 
reaction mixture to favor the silanization reaction. The amount of silane 
was chosen to cover about 20% of the HNT external surface, taking into 
account a silane cross section156 of 50 Å2  and half of the HNT surface area 
obtained from BET. The functionalization with APTES was conceived to 
increase the dispersibility of halloysite, i.e. by lowering interfacial 
interactions between nanotubes, and to enhance its chemical affinity with 
the PHBV biocompatible scaffold through hydrogen bonding between the 
exposed amine groups and the polymer carboxylic moieties. The 
successful modification of HNT surface with APTES was confirmed by 
ATR-FTIR analysis (Figure 3.5-A). Distinctive features of pristine 
halloysite spectra are the Al2OH-stretching at 3693 and 3620 cm-1, 
corresponding to OH being linked to two Al atoms, the Si-O-Si stretching 
at 1000 cm-1 and the weak absorption peak at 1646 cm-1 that can be 
attributed to the “scissor” bending mode of physisorbed water 
molecules63,157,158. Functionalized halloysite displays an additional band in 
the 3300-3500 cm-1 region, that can be attributed to the N-H stretching of 
APTES molecules. Furthermore, APTES-functionalized HNT 
suspensions in water display a marked increase in their stability with 
respect to pristine clay nanotubes, as shown in Figure 3.5-B. 
To upload Sr(II), 100 mg of HNTs were mixed with 10 ml of a 100 
mg/ml SrCl2·6H2O solution. The dispersion was vigorously mixed for 24 
hours and then centrifuged. The solid was recollected, dried, and then 
used for the subsequent preparation of the nanocomposites. The use of 
Sr-loaded halloysite as the inorganic component of a nanocomposite 
scaffold could represent a significant advantage over the materials 
currently in use, since the modified nanotubes can improve the mechanical 
properties of the polymer matrix and, at the same time, deliver Sr(II) at the 
treatment site. The amount of uploaded strontium was determined by 
means of Inductively Coupled Plasma Atomic Emission Spectrometry 
(ICP-AES). Samples were dissolved by acidic attack in a small volume of 
boiling HNO3. Each sample was then diluted to 5 mL with 0.1% 



 60 

suprapure nitric acid, obtained by sub-boiling distillation, spiked with 0.32 
ppm of Ge used as an internal standard, and analyzed. ICP-AES analysis 
indicated an average strontium content in the samples of 7.2 %wt. 
Functionalization of HNT with APTES and the loading with Sr(II) do not 
result in any significant variation in terms of surface area and porosity 
(data not shown). 
 

 
Figure 3.5 (A) ATR-FTIR spectra of Halloysite and APTES-functionalized 
Halloysite; (B) Halloysite (left) and APTES-functionalized Halloysite (right) 
water dispersions. 
 
 
3.2 Preparation and characterization of HNT-Sr-PHBV 

nanocomposite  

In order to simulate the application of the material as a coating onto 
synthetic bone grafts, we prepared the composites by spin-coating onto 
glass surfaces, whose chemical reactivity is similar to that of the ceramic 
materials commonly used in synthetic bone grafts. Clean glass slides were 
functionalized through incubation in a silane (TEOS or APTES) saturated 
atmosphere at 60 °C during 24 hours, and then used as substrates for the 
subsequent deposition steps. HNT dispersions (2 %wt) were spin coated 
onto the glass substrate, and then a PHBV chloroform solution (2 %wt) 
was spin coated on top of it. The coating process was carried out at room 
temperature in two stages at constant rotating speed (1500 and 2500 rpm), 
separated by an acceleration step. 
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SEM images of HNT-Sr-PHBV nanocomposite (Figure 3.6-A) revealed 
that PHBV almost completely embed the inorganic nanotubes in a quite 
homogenous and smooth film, with only few clay structures emerging 
from the polymer surface. In order to simulate the behavior and fate of an 
implant based on this composite, HNT-Sr-PHBV coupled on glass surface 
was exposed to para-physiological conditions (PBS buffer, 37 ºC) and 
analyzed by means of electron and atomic force microscopy to monitor 
the morphological evolution with time.  
 

 
Figure 3.6 (A) SEM image of the freshly prepared nanocomposite; (B) Non 
Contact AFM image (Z-range: 800 nm) of a degraded (4 days) HNT-Sr-PHBV 
nanocomposite. The inset displays a zoom of a selected region (Z-range: 400 nm). 
(C) SEM image of the nanocomposite degraded during 28 days. 
 
 
Figure 3.6-B reports the AFM topography of HNT-Sr-PHBV 
nanocomposite after 4 days of degradation. The surface displays a large 
number of voids resulting from the PHBV degradation. Insights on the 
mechanism can be inferred from the analysis of the inset in Figure 3.6-B, 
and from the evolution of the polymer surface roughness with time 
(Figure 3.7) that shows a random trend. The presence of irregularly shaped 
voids and semi-detached polymer fragments in their proximity indicates 
that the polymer degrades through a random bulk hydrolysis159. After 28 
days of degradation the inorganic scaffold is exposed to the environment, 
as evident from the significant number of HNT tubules visible in the SEM 
image (Figure 3.6-C). 
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Figure 3.7 (A) AFM topography and (B) phase analysis images of HNT-Sr-
PHBV nanocomposite after 24 hours of degradation in PBS at 37 °C (Z-
range=500 nm, scan size=20 µm2); (C) root mean square roughness (RMS) 
evolution with time for PHBV film spin coated onto APTES-functionalized glass 
substrate (evaluated by AFM).  
 
 
ICP-AES results indicate that halloysite nanotubes are able to retain a 
consistent amount of Sr(II), over 28 days of degradation (see the 
appendix). In particular, about 70% of the strontium uploaded is still 
available after one week, suggesting that once applied the bioactivity of the 
composite lasts long enough to allow the local regeneration of bone tissue. 
Furthermore, the presence of PHBV does not affect the release of 
strontium, simply modulating the exposure of HNT to the surrounding 
medium. This is consistent with a strong interaction between Sr(II) and 
HNT, much stronger than that between Sr(II) and PHBV. As a result, the 
release of Sr(II) to the environment is regulated by its affinity towards 
HNT.  
The HNT-Sr-PHBV nanocomposite thickness and mechanical properties 
were evaluated through AFM nanoindentation experiments, i.e. by the 
analysis of AFM force-curve distances. Figure 3.8 shows a representative 
force vs displacement curve obtained during the nanoindentation test of a 
nanocomposite sample and the AFM image of the indented surface. The 
width of the plateau region indicates an average thickness of about 300 nm, 
while the maximum compression that the nanocomposite withstands is 
about 20 µN. Taking into account the area of contact resulting from the 
AFM probe curvature, a compressive strength of about 50 GPa can be 
estimated, mainly ascribable to the presence of the HNT160.  
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Figure 3.8 Representative Force vs Displacement curve obtained during the 
nanoindentation test of a HNT-Sr-PHBV nanocomposite (left), and 
corresponding AFM topography image of the indented sample.  
 
 
To give a comparison, multi-walled carbon nanotubes that are frequently 
proposed as potential reinforcing agents in biomedical composites161,162, 
display similar compressive strengths (around 100 GPa163) but present 
severe concerns from the toxicological point of view. On the other hand, 
the biocompatibility of halloysite nanotubes and their structural properties 
make HNT a very suitable platform for biomedical applications in the 
bone regeneration field, where mechanical resistance is a crucial 
prerequisite. 
The in vitro biocompatibility of the nanocomposite was assessed by a direct 
contact method using mouse fibroblasts cell line L929, already employed 
in the past to evaluate carbon nanotube cytotoxicity164,165. The cell viability 
after incubation in the presence of HNT, HNT-PHBV, HNT-Sr and 
HNT-Sr-PHBV was measured by evaluation of functional state of 
mitochondria (MTT assay) and cellular membrane integrity (Trypan Blue 
assay). Moreover the proliferative capacity of the cells exposed to HNT 
was evaluated by incorporation of BrdU during cell replication. All these 
cell culture methods are highly reproducible, quantitative, and they have 
been already employed to assess the biocompatibility of diverse 
nanostructures and polymeric materials166–169. Figure 3.9 and Figure 3.10 
summarize cytotoxicity data obtained with MTT and Trypan Blue assays, 
respectively.  
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Figure 3.9 Comparative cytotoxicity of HNT, HNT-Sr, HNT-PHBV and HNT-
Sr-PHBV obtained with MTT assay, after exposure of L929 cells for 72 hours. 
The percentage of cell viability was calculated versus control medium without 
composites (taken as 100%). Results are given as a function of (A) composite 
concentration and (B) Sr concentration. 
 
 

 
Figure 3.10 Comparative cytotoxicity of HNT, HNT-Sr, HNT-PHBV and 
HNT-Sr-PHBV obtained with Trypan Blue assay, after exposure of L929 cells 
for 72 hours. The number of viable cells was calculated as percentage of total 
cells for each sample. Results are given as a function of (A) composite 
concentration and (B) Sr concentration. 
 
 
All samples exhibited cell growth inhibition in a concentration dependent 
manner. The cell viability was preserved (ca. 70% of cells survived) up to 
composite concentration of 100 µg/mL for HNT and for the composites 
HNT-PHBV and HNT-Sr-PHBV. For the HNT-Sr sample there is a clear 
decrease in cell viability (only 30% of cells survived at 100 µg/mL). The 
toxicity data obtained by Trypan blue tests confirmed the MTT results, 
showing that cell viability after 72 hours of exposure is maintained at 
>80% for HNT, HNT-PHBV and for HNT-Sr-PHBV at all Sr(II) 
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concentrations studied, indicating high biocompatibility of Halloysite 
nanotubes and PHBV, up to 100 µg/mL. However, the "naked" HNT-Sr 
induces a significant vitality reduction already at 25 µg/mL, suggesting the 
need for a barrier to modulate its interaction with cells.  
 

 
Figure 3.11 Comparative DNA synthesis measured as BrdU incorporation in 
L929 cells incubated with HNT, HNT-Sr, HNT-PHBV and HNT-Sr-PHBV for 
48 hours. The percentage of cell proliferation was calculated versus control 
medium without composites (taken as 100%). Results are given as a function of 
(A) composite concentration and (B) Sr concentration. 
 
The effectiveness of a biocompatible scaffold is also related to its ability to 
not affect the normal cellular proliferative capacity. The cell proliferation 
of L929 fibroblasts after 48 hours of incubation with different suspensions 
is reported in Figure 3.11 as the percentage with respect to the culture 
medium. Data show that cell proliferation in the presence of HNT, HNT-
PHBV and HNT-Sr-PHBV is similar to control samples, while HNT-Sr 
induces a significant reduction at all analyzed concentrations. These data 
suggest that HNT and PHBV are well tolerated by L929 mouse fibroblasts, 
while the Sr contained in HNT showed a toxic effect on cells viability and 
growth due to their direct exposition to the cation. The coating of PHBV 
produces a biocompatible environment for the cells, even when high 
concentrations of Sr(II) are present within the composite. The 
biocompatible surface of PHBV thus acts as a tunable barrier for the 
interaction between fibroblasts and Sr-loaded HNT. 
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3.3 Concluding remarks 

This case-study reports on the design and preparation of a biocompatible 
hybrid nanocomposite consisting of Sr(II)-loaded Halloysite nanotubes 
embedded within a biopolymer (PHBV) matrix. The nanotubular 
morphology of HNTs provides an inorganic scaffold with well-suited 
mechanical properties for bone replacement, especially in terms of 
lightness (hollow fiber) and high compressive strength. In particular, the 
chemical composition of HNT is identical to the widely adopted and 
biologically well-tolerated kaolin, introducing a significant advantage over 
other fibrous nanostructures in terms of safety and biocompatibility. 
Furthermore, thanks to the ability of halloysite to upload and dynamically 
exchange cations, we uploaded Sr(II) ions onto HNT in order to exploit 
the cation bioactivity at the local level, thus reducing the collateral effects 
associated to a systemic administration. The PHBV biopolymer embeds 
the inorganic scaffold, allowing for the progressive exposure of the 
nanotubes to the physiological environment, and the modulation of Sr(II) 
bioavailability.  
The fabrication method described here to obtain the nanocomposite is 
highly versatile, and it could address different biomedical and physico-
chemical needs. For example, the thermal characteristics of the composite 
(data reported in the appendix) make it easily processable and envisage its 
use as a filmable coating to enhance the bone regeneration capacity of 
synthetic bone grafts, or as a self-standing biomaterial. The reported 
experimental conditions (silanizing agents, concentration of solutions and 
dispersions, spin-coating parameters) were optimized in order to have i) an 
adequate coverage of the substrate surface, ii) adhesion between the HNT 
layer and the underlying glass substrate, iii) degradation of the biopolymer 
coating in a convenient time frame, but still they can be easily adjusted to 
meet specific needs. In particular, the amount of uploaded Sr(II) could be 
varied with proper HNT surface functionalization; the time before the 
bioactive inorganic scaffold is exposed to the physiological environment 
could be finely tuned by the thickness of the PHBV coating; the 
biopolymer matrix could also be used as a carrier for biochemical signals 
and drugs, opening the possibility to the design of multi-functional 
nanocomposite biomaterials. 
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4 Case study #2: engineered Halloysite and 
Imogolite nanotubes for the uploading/release 
of drug models  

 

Tubular alluminosilicates, such as imogolite and halloysite, are 
characterized by a high aspect ratio, large surface area, a hollow nano-sized 
lumen and two surfaces with different reactivity. All these features are of 
great interest in various fields of nanotechnology and materials science. 
Furthermore, thanks to their economic viability, the environmental 
benefits associated to their use and composition similar to biologically 
relevant materials (i.e., silica and alumina), halloysite and imogolite 
represent valuable platforms for biomedical applications. 1D tubular clays 
have already been proposed as nanoscale supports for enzymes and DNA, 
biomimetic nanoreactors, and drug-delivery vehicles97,135,136,170: 
biocompatibility and the ease of the functionalization/loading process 
represent decisive advantages over other nanotubular systems. In this 
chapter, two examples of the use of engineered nanotubular clays for the 
uploading and the controlled release of model drugs will be described.  
In the first example, halloysite nanotubes were loaded with rhodamine 110 
and carboxyfluorescein, used as models for opposite charged drugs, and 
their release capacity was assessed in the presence of a biocompatible 
polymer coating. In the second example, imogolite nanotubes were 
modified with a biodegradable surfactant bearing an amino acidic head 
group and an alkyl tail, and used in a proof-of-concept experiment for the 
uploading of a dye molecule. Both examples aim at demonstrating how 
novel drug-delivery systems based on clay nanotubes can be prepared by a 
smart design, and simple chemical functionalization routes.  
 
 
4.1 Uploading of fluorescent compounds in the 

Halloysite lumen 
The loading of the fluorescent compounds was achieved by suspending 
halloysite (HNT) powder (1 %wt) in 10 mg/l solutions of rhodamine110 
(Rho10) or carboxyfluorescein (CF). These suspensions were placed under 
mild vacuum and under agitation, in order to force the solution to come in 
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contact with the nanometric cavity. The release of bubbles into the 
solution due to the leakage of air contained in the nanotube’s lumen was 
taken as an evidence of the insertion of the solution inside the tubules. 
After 30 minutes, the solid material was recovered by centrifugation (10 
min at 12500 g) and dried. The amount of dye retained by HNT was 
determined by the difference in the sample fluorescence before and after 
the loading procedure. In particular, HNT initially retained approximately 
0.7 µg of CF and approximately 0.6 µg of Rho110 per mg of HNT. 
Loaded halloysite nanotubes were then used as the starting material for the 
preparation of the nanocomposites to be used in the release tests. In the 
case of the hyaluronan-based composites, the fluorescent dyes were loaded 
onto HNT silanized with (3-aminopropyl)trimethoxysilane (APTMS), 
following the same procedure (see below). 
 
 
4.2 Halloysite/Chitosan and Halloysite/Hyaluronic Acid 

composites 
HNT-chitosan nanocomposites (HNT-C) were prepared by taking 
advantage of the electrostatic attraction force between the negatively 
charged HNT external surface, and the positively charged polymer. 1 %wt 
of HNT and 1 %wt of chitosan were dispersed in water under vigorous 
agitation, then after the addition of acetic acid (to pH 5), a viscous, 
homogenous suspension was obtained. The suspension was centrifuged at 
12500 g for 10 minutes to precipitate the composites and remove excess 
chitosan not physisorbed on the HNT surface. The amount of 
physisorbed polysaccharide did not change significantly by varying mixing 
time and decreasing the pH of the suspension. HNT-hyaluronan 
nanocomposites (HNT-H) were prepared by a covalent coupling between 
the inorganic and organic component. HNT surface were first 
functionalized with (3-aminopropyl)trimethoxysilane (APTMES) by 
mixing the silane with a 2 %wt HNT dispersion in ethanol, and adding 
few drops of NH4OH to favor the silanization reaction. The amount of 
APTMS was chosen to obtain a 50 % coverage of the external surface, 
taking into account a silane cross section of 0.5 nm2 156. The HNT 
silanization was confirmed by means of elemental analysis and 
spectroscopic measurements (Figure 4.1).  
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Figure 4.1 (A) Expanded view of the FTIR spectrum of silanized HNT. Due to 
the low amount of N and O in the samples, the characteristic adsorption peak of 
the APTMS amine group was not recognized clearly. However, in the 2870-2980 
cm-1 region the silanized sample shows typical adsorption peaks attributable to 
alkyl C-H stretching. These signals are much weaker in the HNT sample, and in 
this case are due to some organic impurities; (B) CHN elemental analysis results 
confirm the presence of silane molecules bound to HNT, with both carbon and 
nitrogen weight percentage increasing with the amount of APTMS used during 
the silanization process. Estimated surface coverage corresponds to indicated 
percentages of total BET surface area (25 ± 4 m2g-1); (C) Scheme of the reaction 
route for the preparation of HNT-H nanocomposite.  
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Meanwhile, hyaluronic acid (1 %wt) was dissolved in 2-(N-
morpholino)ethanesulfonic acid monohydrate (MES) buffer (pH 6) with 
stoichiometric amounts of N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 
sodium salt (sulfo-NHS), and kept under agitation for 30 minutes. The pH 
was adjusted by adding a phosphate buffer saline (PBS) solution (pH 7.4), 
then 250 mg of silanized halloysite was added and the mixture was kept 
under agitation for 4 hours. The solid was finally recovered by 
centrifugation at 12500 g for 10 minutes, washed with water, and freeze-
dried. A scheme of the reaction is reported in Figure 4.1-C 
The obtained composites were characterized by means of FT-IR 
spectroscopy, TGA, TEM and ξ-potential measurements. Figure 4.2 
shows the FT-IR spectrum of HNT-C and HNT-H, compared to the 
spectra of HNT, chitosan and hyaluronic acid in the 1300-1800 cm-1 
spectral window. The FT-IR spectra of both nanocomposites show peaks 
arising from both the inorganic and organic constituents, confirming their 
presence in the composite material. The spectrum of HNT-C shows a 
band centered at 1650 cm-1 whose shape is due to the overlapping of the -
OH bending of water physisorbed onto the HNT with the broad band of 
N-acetyl groups of chitosan at 1652 cm-1 171. The band at 1560 cm-1 in the 
nanocomposite is a further confirmation of the presence of N-acetyl 
groups owing to chitosan172. In the FT-IR spectra of HNT-H composite, 
the peak at 1560 cm-1 was attributed to bending vibrations of amide N-H 
groups173, while the C=O stretching of deprotonated carboxylic groups 
appears as a weak peak at 1603 cm-1.  
The thermogravimetric profile of HNT-C (Figure 4.2) shows an initial 
weight loss due to water physisorbed onto HNT and weakly bound to 
chitosan, in the temperature range 25-150 ºC, and a signal due to the 
degradation of the organic component in the 150 – 350 °C range. The 
corresponding weight loss indicates that the polymer is about 6 % with 
respect to the total weight of dry sample. The thermogravimetric profile of 
HNT-H (Figure 4.2) shows a similar trend to that of HNT-C, with a few 
percentages of physisorbed water lost around 50 ºC, and the organic 
component, i.e. hyaluronic acid, degrading in two stages in the 150 – 350 
ºC range. In this case, the amount of organic component is about 3% with 
respect to the total weight of dry sample. 
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Figure 4.2 FT-IR spectra of HNT-chitosan composite (A) and HNT-hyaluronan 
composite (B) (each plot shows also the FTI-R spectrum of the correspondent 
polymer and of pure HNT; the curves are vertically shifted for the sake of clarity). 
Thermogravimetry and differential thermogravimetry profiles of HNT-chitosan 
(C) and HNT-hyaluronan nanocomposites (D). 
 
 
TEM images (Figure 4.3) give a clear indication of the presence of an 
organic, homogenous layer (indicated by arrows in the figures) covering 
halloysite nanotubes and clogging their extremities. The contrast in the 
TEM image is due to the difference in atomic numbers of the elements 
that constitutes the composite (mainly Al and Si for HNT, C and N for 
chitosan and hyaluronic acid), so the polymer film can be distinguished as 
a lighter coating covering the tubules. Additional evidence of the 
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interaction between the HNT and polysaccharides comes from ζ-potential 
measurements. As expected from electrostatic considerations, the HNT-C 
nanocomposites exhibit a positive charge (+33 ± 2 mV) in contrast to the 
ζ-potential of the native halloysite (-22 ± 1 mV). In the case of HNT-H 
nanocomposites, the ζ-potential decreased to -31 ± 2 mV, confirming that 
hyaluronan residues bearing negative charges are effectively linked to the 
inorganic surface. Chitosan and hyaluronan acid successfully imparted 
different charges to the surface of halloysite nanotubes, thus modulating 
their electrostatic interactions in solution.  
 

 
Figure 4.3 TEM images of (A) HNT-Chitosan and (B) HNT-Hyaluronan 
nanocomposites; ζ-potential measurements of halloysite (HNT), halloysite-
chitosan (HNT-C) and halloysite-hyaluronan nanocomposites (HNT-H) (C). 
 
 
4.3 Release experiments and modeling of the release 

kinetics 
A fixed amount (10 mg) of nanocomposite material loaded with the 
fluorescent dyes was placed in 5 ml of Milli-Q water and kept under 
agitation. At specific intervals of time and up to a period of 48 hours, 50 µl 
of the solution was collected and diluted 1:4. After any withdrawal the 
same amount of water was added to the sample to keep the volume 
constant throughout the experiment. To evaluate the concentration of the 
released probes, the maximum of the fluorescence intensity (at 514 nm for 
CF, at 519 nm for Rho110) of the sample solutions is evaluated at 
progressive intervals of time.  
The release kinetics of chemicals loaded into HNT has been often 
modeled using the Ritger-Peppas174,175 or related equations91,93. However, 
strong electrostatic interactions in the system, especially between the 
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polymer coating and the halloysite load, are expected to influence the 
release kinetics and cause deviations from a pure Fickian diffusion. 
Deviations from a diffusion-controlled release may also occur due to a 
broad particle size distribution, as in the case of commercial grade 
products. Recently, a new mechanistic model was proposed for the 
description of 5-amino salicylic acid released from halloysite176. The model 
is based on the adsorption-desorption equilibrium between the drug and 
HNT, and is comprised of two interface processes: a) desorption of the 
drug adsorbed on the external halloysite surface and/or inter-particle 
spaces (i.e., fast release), and b) desorption of the drug molecules adsorbed 
into the tubular cavities of HNT (i.e., slow release). The release profiles 
obtained in this work were fitted with an equation derived from this model. 
In particular, the adopted fitting equation is: 
 

! = ! + 100 ∙ !!
!!!"# ! 1− exp −!!! !!     (1) 

where y represents the percentage of released dye over time (indicated with 
t in the model equation), A is the mass of dye released at t=0, Ce 
represents the equilibrium dye concentration released from the internal 
HNT surface, Ce

max is the maximum concentration of the released dye, and 
kD represents the specific desorption rate of the dye. The parameter A is 
generally indicated as the “burst release” from a drug delivery system177,178. 
Figure 4.4 and Figure 4.5 show the release profiles for CF and Rho110 
from chitosan-based and hyaluronan-based nanocomposites, together with 
the parameters extracted from the fitting. The release profile of “naked” 
halloysite is also reported for comparison (a detailed discussion of the 
fitting results is reported in the appendix).  
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Figure 4.4 Release profiles of Rho110 and CF from HNT-Chitosan (HNT-C) 
composite and from pristine HNT (top), and parameters obtained from the 
fitting (bottom). 
 
Results show that both the polymeric coatings altered the release process 
of the probes. In particular, the chitosan coating was able to completely 
hinder the release kinetic of the negative model drug (CF). On the other 
hand, the release of the positive dye (Rho110) from the inner part of the 
inorganic tubules was slowed down due to the electrostatic repulsive effect 
of the polymer coating. Due to the different strategy of preparation, it was 
observed that the negatively charged HNT-H composite did not inhibit 
the release of the positive dye. The reason is two-fold: (i) the amount of 
polymer on HNT is lower and (ii) some of the carboxylic moieties of the 
polymers were engaged in the bonding to the surface, reasonably leading 
to a weaker interaction with the positive probe. For the same reason, the 
hyaluronic acid coating decreased the release of the negative dye from the 
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inner lumen of the tubules, both in terms of total released amount and 
desorption rate, but it did not cause a remarkable burst release. The results 
show that the polymeric coatings were successful in modulating the charge 
of the halloysite surface and altering the release kinetics of the probes. In 
particular, the mathematical model adopted to fit the release kinetics well 
described the experimental data and indicated that both charge and 
coating composition play a key role in the desorption process. The model 
also provides a simple yet complete interpretation of desorption of 
charged model dyes from halloysite and halloysite-based composites. 
 

 
Figure 4.5 Release profiles of Rho110 and CF from HNT-Hyaluronan (HNT-H) 
composite and from pristine HNT (top), and parameters obtained from the 
fitting (bottom). 
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4.4 Synthesis and characterization of imogolite 
nanotubes 

Imogolite (IMO) nanotubes were synthesized following the procedure 
reported by Koenderink et al. 111. 840 µl of tetraethyl orthosilicate and 1.90 
g of Al-sec-butoxide were added to a 150 ml HClO4 solution (0.025 M), 
pre-heated at 70 °C. The final Si:Al:HClO4 molar ratios were 1:2:1. The 
dispersion was kept at 70 °C during 5 hours under continuous stirring, and 
then refluxed at 100 °C during 10 days. The reaction mixture was then 
cooled down, dialyzed against deionized water to remove unreacted 
reagents, and freeze-dried (-50 °C, 3·10-2 mmHg).  
A representative TEM micrograph of the synthesized imogolite nanotubes 
is reported in Figure 4.6.  
 

 
Figure 4.6 TEM micrographs (top) and XRD pattern (bottom) of synthesized 
imogolite nanotubes. All images are reproduced from the submitted paper 
Adsorption of amino acids and glutamic acid-based surfactants on imogolite nanotubes (see the 
appendix) 
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Consistently with the literature179–181, imogolite shows a strong tendency to 
form bundles. The observed bundles of nanotubes have external diameters 
ranging from 5 to 15 nm, internal diameters ranging from 1 to 3 nm, and 
lengths of about 250-300 nm. The XRD pattern reported in Figure 4.6 
confirms the successful preparation, showing a very good agreement with 
previous results111,117 and with the pattern reported in the International 
Centre for Diffraction Data database (ICDD, PDF 38-0447). In particular, 
the first two peaks at 2θ = 5.8° and 2θ = 8.1° correspond to characteristic 
dimensions of ~15 Å and ~11 Å, respectively, which can be assigned to 
the regular distances resulting from hexagonal packing of nanotubes, while 
the peaks at higher angles can be assigned to bond distances between 
atoms composing the sample. For instance, the diagnostic peak at 2θ = 
26.3° corresponds to 3.4 Å and can be attributed to the Al-O-Si bond 
distance, i.e. the thickness of a tube wall (the sum of Al-O and Si-O bond 
distances gives 3.5 Å). 
Nitrogen adsorption isotherm of imogolite sample (Figure 4.7) displays a 
Type I isotherm with a small hysteresis loops that is associated to slit-
shaped mesopores, most likely deriving from aggregation of nanotubes 
into bundles181,182. The specific surface area of the synthesized imogolite 
sample is 317 ± 7 m2/g, in good agreement with the typical values 
reported in the literature, ranging from 300 to 400 m2/g. 
Thermogravimetric analysis (Figure 4.7) shows that IMO has a moisture 
content of ~23 %wt (calculated from the weight loss in the 25-150 °C 
range). The structural dehydroxylation of imogolite, i.e. loss of 
chemisorbed water, takes place in the 150-800 °C range producing a 
weight loss of ~20 %wt, consistent with the theoretical values obtained 
from the molecular formula Al2SiO3(OH)4. Synthesized imogolite 
nanotubes were also characterized by ATR-FTIR spectroscopy. The 
spectrum (Figure 4.7) shows the characteristic peaks of aluminosilicate 
materials: the signals at 930 and 590 cm-1 are assigned to Si-O-Si stretching 
and O-Si-O bending, respectively111; the shoulder at 685 cm-1 corresponds 
to Al-O-Si stretching; the peak at ~1640 cm-1 is assigned to OH bending 
of physisorbed water183, while the broad band around 3350 cm-1 is assigned 
to OH stretching of surface hydroxyl groups and physisorbed water. DLS 
analysis was also performed on imogolite aqueous dispersions, revealing 
the presence of two populations of scatterers. The most abundant 
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population consists of objects with hydrodynamic diameter of ~750 nm, 
while the second consists of large agglomerates. DLS results confirmed 
TEM observations, in which bundles of IMO nanotubes are always 
detected.  

 
Figure 4.7 Nitrogen adsorption isotherm of imogolite sample, showing Type I 
isotherm with a small hysteresis loops that is associated to slit-shaped mesopores, 
most likely deriving from aggregation of nanotubes into bundles (A). Example of 
BET surface area calculation on imogolite sample (B). Thermogravimetry curve 
of imogolite sample in the 25-900 °C temperature range. Indicated weight losses 
correspond to the loss of physisorbed water (25-150 °C) and to structural 
dehydroxylation (150-800 °C) (C). ATR FT-IR spectrum of synthesized 
imogolite in the 500-4000 cm-1 range (D). All images are reproduced from the 
submitted paper Adsorption of amino acids and glutamic acid-based surfactants on imogolite 
nanotubes (see the appendix). 
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4.5 Amino acids as biocompatible building blocks  
In the framework of bio-nanotechnology and bone tissue engineering, 
amino acids are of particular interest as they possess a broad spectrum of 
chemical reactivity and they are involved in many biochemical processes. 
For instance, negatively charged amino acids (e.g., glutamic acid and 
phosphoserine) are highly expressed in non-collagenous proteins involved 
in the mineralization of bones184 and they can either promote or inhibit 
hydroxyapatite formation, as well as alter its morphology and crystalline 
structure185–187. Furthermore, thanks to their chemical versatility and to the 
possibility of modulating their interactions with solid surfaces (e.g., by 
varying pH, ionic strength, etc.) amino acids could likely be used as 
biocompatible building blocks in the fabrication of hybrid nanostructures 
with tailored functionalities. For instance, amino acids have been 
employed as the polar head-group in the synthesis of amphiphilic 
compounds188. One of the most important properties of these surfactants 
is their easy biodegradability, which is a general prerequisite for most 
consumer and biomedical products in order to reduce the impact on the 
environment and the residence time in living organisms. All α-amino acids 
have a carboxyl group and a primary amino group, and a surfactant can be 
obtained by attaching a hydrophobic moiety (i.e., an alkyl chain) at either 
of these sites, resulting in the formation of cationic, anionic or zwitterionic 
surfactants, depending on the synthetic procedure. If the starting amino 
acid contains an extra carboxyl group, as in the case of aspartic acid and 
glutamic acid, attaching a hydrophobic residue via the α-amino group 
results in the formation of dicarboxylic amino acid-based surfactants with 
chelating properties189. Besides their use as “green” solubilization or 
emulsification agents, the presence of a bioactive polar head-group allows 
for selective targeting of biological surfaces, and for the use of these 
biomimetic surfactants as carriers for actives and drugs. 
 
 
4.6 Amino acid adsorption on imogolite nanotubes 
Amino acids with different side chain functional groups were investigated: 
Arg and Lys, Glu, Gly, Ser were chosen as representative examples for 
basic, acidic, non-polar and polar amino acids, respectively. To adsorb 
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amino acids onto imogolite, 1 ml of an aqueous IMO dispersion (4 g/L) 
was mixed with a fixed amount of the selected compounds. The amount 
of amino acid was chosen to theoretically cover twice the surface area of 
the IMO in the sample: this value was calculated by taking into account 
the specific surface area of IMO resulting from porosimetry and 
considering a value of 0.2 nm2 for the area occupied by the polar head of 
the amino acid190. Water was then added to reach a total volume of 5 mL. 
The final concentration of amino acid was 4 mM, while the final 
concentration of IMO was 0.8 g/L. A dispersion of IMO at the same 
concentration, without the amino acid, was prepared and used as a 
reference for the adsorption experiments. Experiments at different pHs 
were carried out by adding HCl 1M and NaOH 1M drop wise, and 
checking the final pH with a pH-meter. The adsorption experiments in 
saline physiological conditions were performed by making up the samples 
to the final volume with NaCl 0.9 %w/v. To evaluate the adsorption of 
amino acids onto IMO surface and to elucidate their effect on the colloidal 
stability of IMO dispersions in water, we extracted the coagulation rate 
from a linear regression of the turbidity curve in the early stage of the 
aggregation process (see the appendix for details). All results are 
summarized in Figure 4.8. 
The kinetics of aggregation is differently affected by the presence of amino 
acids: basic amino acids, such as Arg and Lys, display a destabilizing effect 
on the IMO dispersions, while Glu, Ser and Gly slightly increase the 
stability. Two hypotheses can be drawn about the effect of amino acids on 
the surface charge of IMO. In the first, the physisorption of amino acids 
on the external surface of IMO takes place thanks to the affinity of the α-
amino acid for the alumina surface. This will normally lead to a decrease of 
the IMO net charge, but if the amino acid contains an extra carboxyl 
group or an extra amino group, this functional group will be oriented 
towards water and may lead to an increase in the net charge. In the second 
hypothesis, amino acids with a pronounced acidic or basic character are 
able to change the pH of the system, thereby inducing changes in the 
surface charge of IMO by protonating or deprotonating aluminol and 
silanol groups (see Chapter 1). 
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Figure 4.8 Transmittance @650 nm of the various IMO-amino acid dispersions 
as a function of time (an amino acid-free IMO dispersion is also shown for 
comparison) (left), and corresponding coagulation rates of IMO-amino acid 
dispersions (right). All images are reproduced from the submitted paper 
Adsorption of amino acids and glutamic acid-based surfactants on imogolite nanotubes (see the 
appendix). 
 
By looking at the relative coagulation rates and the pH of IMO-AA 
dispersions (reported in Table 1, together with ξ-potential measurements), 
two general behaviors could be identified: (i) Arg and Lys produces pH 
values approaching the PZC of IMO, resulting in relative coagulation rates 
of the same order of magnitude as for IMO at pH = 10, (ii) the relative 
coagulation rates obtained with all the other tested amino acids are 
generally one order of magnitude smaller. 
To further investigate the effect of pH and amino acids, Glu and Lys were 
selected as examples of the two general behaviors. Addition of Lys brings 
the pH to 9, which is one unit lower than the PZC of IMO, and results in 
a high coagulation rate, just below the one observed at pH = 10. On the 
other hand, the effect of Glu cannot be simply justified by the pH: in fact, 
the surface charge of IMO in the presence of Glu is very similar to that of 
IMO at the corresponding pH, but the coagulation rate in the presence of 
Glu is almost doubled. This peculiar behavior of Glu can be explained by 
taking into account its molecular structure, especially focusing on the 
presence of the two carboxyl groups. Two modes of chelation are 
suggested in the literature based on FT-IR data on glutamate adsorbed on 
γ-Al2O3 surface191: either both the carboxylate groups of Glu are involved 
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in bonding to surface Al atoms through covalent or hydrogen bonds, or 
only one of the two carboxylates (i.e., the side chain COOH group) is 
bound to surface Al atoms. Since the external surface of IMO consists of 
alumina, it is reasonable to assume that glutamate physisorbs onto IMO 
similar to what happens in γ-Al2O3 crystals. As a result, the surface of the 
IMO particles will then expose the Glu amino group (which is protonated 
at pH = 4) and also one of the carboxylate groups in the case of a 
bidentate binuclear complex191. The increased aggregation rate of IMO-
Glu compared to IMO without Glu at the same pH could thus be 
explained by invoking electrostatic attraction between protonated amino 
groups and carboxylate groups belonging to different particles. 
 
Table 1 � -potential, pH values, and relative coagulation rate of IMO 
dispersions with and without addition of the amino acid (pH values of pure 
amino acid solutions are given within parentheses). The table is reproduced from 
the submitted paper Adsorption of amino acids and glutamic acid-based surfactants on 
imogolite nanotubes (see the appendix). 

 

                                                
** Results not reliable, the error being larger than the experimental value. 

Sample ξ -potential 

[mV] 

pH Rel. coagulation rate 

[1/min] 

IMO pH 4.2 +46.7 ± 0.8 4.2 3.33.10-3 

IMO +34.1 ± 1.7 6.0 6.35.10-3 

IMO-Glu +48.5 ± 2.3 4.2 (3.5) 5.80.10-3 

IMO-Gly +32.8 ± 1.9 7.0 (6.3) 5.20.10-3 

IMO-Ser +33.7 ± 1.7 6.5 (6.2) 5.60.10-3 

IMO-Arg +11.7 ± 1.0 9.3 (10.1) 3.92.10-2 

IMO-Lys +12.1 ± 0.3 9.0 (9.8) 3.67.10-2 

IMO pH 10 n.a.** 10.0 5.91.10-2 
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The kinetics of aggregation of IMO dispersions was also evaluated under 
physiological conditions (data not shown, see the appendix). The results 
demonstrate that the increased ionic strength destabilizes all the samples 
with a leveling in the coagulation rates, as it is expected in dispersions 
where electrostatic stabilization plays a major role192. In the specific case of 
IMO-Glu, a ten-fold increase is observed (data not shown, see the 
appendix). To verify and quantify the adsorption of the amino acids on 
IMO nanotubes, IMO-amino acid dispersions were centrifuged; the 
resulting solid was collected and investigated by FT-IR spectroscopy and 
elemental analysis. FT-IR results (Figure 4.9) provide evidence that amino 
acids are adsorbed onto imogolite nanotubes, and that Glu is adsorbed in 
higher amount. The symmetric and asymmetric stretching of deprotonated 
carboxyl groups is observed at 1405 cm-1 and 1590 cm-1, respectively. The 
absence of a peak above 1700 cm-1 supports the lack of protonated 
carboxyl groups and it is consistent with previous studies on the 
adsorption of amino acids on TiO2 and γ-Al2O3 surfaces193–195. The signals 
at ~1460 and ~1350 cm-1 are attributed to CH2 bending. The intense band 
centered at 1635 cm-1 (also present in the spectrum of pure imogolite, see 
Figure 4.7-D) is attributed to OH bending of physisorbed water. 

 
Figure 4.9 ATR FT-IR spectra of IMO-amino acid samples in the 1250-1800 
cm-1 range. The image is reproduced from the submitted paper Adsorption of amino 
acids and glutamic acid-based surfactants on imogolite nanotubes (see the appendix). 
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Elemental analysis results indicate that a significant amount of carbon is 
detected in the case of IMO-Glu, corresponding to 11.6 %wt of Glu 
adsorbed onto IMO. Taking into account the specific surface area of the 
nanotubular clays and by assuming that the entire surface is available for 
the physisorption, we could then estimate an effective head group area of 
0.33 nm2 (see the appendix for details), a value which is ~1.5 times larger 
to what is found in tightly packed self-assembled monolayers formed by 
surfactants based on a carboxyl head group190. Even more interesting is the 
comparison with the head group area at the air-water interface found in 
Glu-derived surfactants (0.88 nm2)196. These findings suggest a quite dense 
packing of Glu molecules onto the IMO surface, and inspired us to use 
glutamic acid as a building block in the design and fabrication of a hybrid 
material based on imogolites. 
 
 
4.7 Imogolite-lauroyl glutamate nanocomposites  
The marked affinity of glutamic acid for the IMO surface was exploited to 
prepare a composite material consisting of imogolite nanotubes coated 
with a Glu-based surfactant, able to upload a drug model. The surfactant 
chosen for this experiment was lauroyl glutamate (C12Glu) in the disodium 
form197, kindly provided by Prof. Krister Holmberg (Chalmers University, 
Göteborg, Sweden). This surfactant has already been shown to favorably 
adsorb on the surface of Al2O3, while no adsorption was detected on SiO2. 
A value of about 285 ng/cm2 was determined by means of a quartz crystal 
microbalance with monitoring of the dissipation (QCM-D) at the critical 
micelle concentration (cmc), in salt-free conditions. The adsorption of 
lauroyl glutamate onto IMO nanotubes was achieved by adding 3.7 mg of 
C12Glu to 5 mL of a 0.8 g/L IMO dispersion, and allowing the system to 
equilibrate under constant stirring at room temperature. The mechanism 
of formation of the hybrid is sketched in Figure 4.10. The concentration 
of C12Glu in the experiment was 2 mM; i.e., well below the cmc (50 mM in 
salt-free conditions and 22 mM in NaCl 0.9%w/v) and also below the 
critical surface association concentration (csac), which is typically around 
1/10 of the CMC198. At this level of concentration, one would expect that 
the adsorption of C12Glu on IMO results in patches of micelle-covered 
surface separated by areas of naked surface. The micelle-covered surface 
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would be strongly anionic and the naked surface in-between would be 
cationic. Thus, with such an incomplete adsorption one would expect to 
have attraction between the particles, i.e., fast aggregation (sometimes 
referred to as patchwise flocculation). This is actually the case in our 
experiment, where a precipitate is formed after just a few minutes (Figure 
4.10).  

 
Figure 4.10 Schematic representation of the adsorption-uploading experiment 
performed with IMO-C12Glu. The image is reproduced from the submitted paper 
Adsorption of amino acids and glutamic acid-based surfactants on imogolite nanotubes (see the 
appendix). 
 
 
As a proof of concept, we performed an uploading experiment on the 
hybrid, using rhodamine B isothiocyanate (RHO) as a model for a drug. 
An aqueous solution of RHO (1 mL, 8 mg/L) was added to the dispersion 
of IMO-C12Glu, left to equilibrate under constant stirring for 3 hours at 
room temperature, and then centrifuged for 40 min at 12500 g. To 
evaluate the effect of physiological saline conditions on the uploading 
process, IMO-C12Glu was dispersed in a 0.9 %w/v NaCl solution and 
then the same procedure was followed. The supernatant solutions were 
collected, and UV-Vis spectra were acquired in order to quantify the 
residual amount of dye in solution. As a reference, a sample containing 
RHO and IMO, without disodium lauroyl glutamate, was used.  
As shown in Figure 4.11, pristine IMO is able to adsorb a certain amount 
of dye, most reasonably through electrostatic and van der Waals 
interactions with the external surface: in fact, due to its molecular size, the 
access of the dye inside the lumen of IMO is limited by geometrical 
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constraints199. When the same experiment is performed in saline buffer 
solution (NaCl 0.9 %w/v), the uploaded amount is nearly unchanged. On 
the other hand, the amount of adsorbed dye drastically increases (nearly 
threefold) when C12Glu is present, suggesting the direct role of the 
surfactant on the uploading process. 

 
Figure 4.11 Adsorption spectra of Rhodamine B-ITC (RHO) and of 
IMO+RHO and IMO-C12Glu+Rho supernatant solutions in Milli-Q water (A) 
and in physiological saline solution (B). The image is reproduced from the 
submitted paper Adsorption of amino acids and glutamic acid-based surfactants on imogolite 
nanotubes (see the appendix). 
 
When the adsorption of C12Glu and RHO is carried out in physiological 
saline conditions (Figure 4.11-B), the amount of uploaded RHO is nearly 
the same as for pristine IMOs. This can be explained by taking into 
account the shielding effect of sodium chloride on the IMO surface 
charges, resulting in a decreased interaction between the C12Glu polar head 
groups and the surface. This is also consistent with the relative coagulation 
rates in Table 1 showing that IMO nanotubes undergo a fast aggregation 
in the presence of NaCl, also in the presence of glutamate. All these results 
demonstrate that imogolite nanotubes represent flexible multifunctional 
platforms, thanks both to their nanotubular structure and to the exposed 
alumina surface, which dictates the interaction with amino acids bearing 
different side chain functional groups. Novel hybrid materials could be 
obtained by employing amino acids as molecular building blocks, fostering 
the use of imogolite clays in biotechnological applications.  
Furthermore, the reported results are of particular interest since they could 
be generalized toward the adsorption of any Glu-containing surfactant on 
any aluminum oxide surface.
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5 Case study #3: injectable nanocomposite 
hydrogel for the local treatment of bone defects 

 
The scientific research in bone medication and in the development of new 
and efficient methodologies for the treatment of bone diseases is 
becoming more and more relevant, mainly because of the progressive 
ageing of the world population200. For instance, the total health care cost 
associated to traumatic and pathologic fractures, in Europe, is expected to 
exceed 46 billions € in 2025146. Any effective strategy to reduce those costs 
requires both a preventive action (typically achieved through a healthy life 
style) and the minimization of the post-surgery hospital stay. To this aim, 
minimal invasive surgery definitely represents a suitable strategy for the 
effective treatment of bone fractures and diseases201. In this perspective, 
the in-situ injection of properly designed biomaterials able to combine 
adequate mechanical properties with osteo-conductivity and osteo-
inductivity can be of particular relevance. Materials integrating the 
rheological properties of biocompatible polymers with the mechanical 
properties of 1D inorganic nanostructures could represent, for instance, a 
valuable option.  
Here it is described the preparation and characterization of an injectable 
nanocomposite made of Halloysite nanotubes (HNT) and carboxymethyl 
cellulose (CMC), conceived for the local treatment of bone defects. The 
choice of the polysaccharide matrix responds to the need of a 
biocompatible polymer with well-known rheological properties. In fact, 
CMC spontaneously forms a hydrogel and it is commonly adopted as a 
rheological modifier in several water-based formulations and as the 
polymer component of biomaterials202. The potential of Halloysite 
nanotubes in the biomedical field has been already described in Chapters 
1 and 2. In addition to the described structural and physico-chemical 
properties, it is worth stressing that Halloysite nanotubes can be 
successfully employed to modify the rheology of polymer matrices203, 
providing a stronger thickening power compared to spheroidal and platelet 
particles, thanks to their 1D shape204.  
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5.1 Preparation of nanocomposite hydrogels 
The Halloysite batch (see Chapter 2) was purified with a procedure 
derived from the work by Shchukin et al.97. In details, 5 g of HNT were 
suspended in 500 mL of water and mixed with a blender for 20 minutes. 
The suspension was then transferred to a beaker and left to sediment. 
After a fixed amount of time, the supernatant solution was discarded and 
the sediment was re-suspended in 500 mL of water. The suspension was 
mixed with the blender for another 20 minutes and left to sediment again. 
The procedure was repeated three times. At the end, the HNT suspension 
was centrifuged for 10 minutes at 7500 rpm and, finally, the precipitate 
was collected and dried at 60°C. 
A crucial prerequisite to the reliable injection of the composite hydrogel is 
the homogeneous dispersion of Halloysite nanotubes (HNT) in the CMC 
matrix. To this aim, we followed the hydrazide-aldehyde protocol 
successfully introduced by Hoare for the coupling of polymers with 
inorganic nanostructures205,206. HNT surface was firstly modified by the 
reaction of the external silanol groups with maleic anhydride (MA): 10 g of 
clay and 10 g of anhydride were added to 100 ml of chloroform, 
previously bubbled with N2, and kept at 37 °C under stirring, overnight. 
The solid product was recovered by centrifugation, washed with 
chloroform and dried. The functionalization of HNT with MA was 
confirmed by means of FT-IR spectroscopy (Figure 5.1) and ζ-potential 
measurements (Table 2) Comparing HNT to HNT-MA, both the 
appearance in the FT-IR spectrum of the C-H, C=O and C=C stretching 
and the change of the ζ-potential from -43 to -28 mV were taken as 
evidences for the occurred functionalization. 
HNT-MA was further reacted with adipic acid dihydrazide (AAD) in order 
to introduce a hydrazine moiety on the clay surface. 1.5 g of AAD was 
added to a 0.5 %w/v water dispersion of HNT-MA, at room temperature. 
Then, 780 µl of (N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) were added and the reaction was allowed to run 
during 5 hours, checking and eventually adjusting the pH with HCl 0.1 M 
to remain constant (pH~4). After 5 hours the pH was adjusted to pH = 7 
with NaOH, and the dispersion was dialyzed against milliQ water. The 
solid product was then recovered by centrifugation. The reaction between 
AAD and the carboxylic functions resulting from the functionalization of 
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HNT is confirmed by the change in the ξ-potential from -28 to -12 mV 
(Table 2), and takes to the exposition of hydrazine groups on the surface 
of functionalized HNT. 
 

 
Figure 5.1 ATR FT-IR spectra of HNT-MA in the 650 - 4000 cm-1 range (the 
spectrum of pure HNT is also shown for comparison). In the HNT-MA 
spectrum signals attributable to saturated and unsaturated C-H stretching are 
detected at 2931 cm-1, corresponding to maleic residues. Carbonyl C=O 
stretching is observed around 1700 cm-1 and the signal corresponding to C=C 
stretching at ~1600 cm-1 is clearly observed. 
 
 

Table 2 �-potential values of the products obtained from the functionalization 
of Halloysite nanotubes surface. 

Sample ξ-potential (mV) 
HNT -42.9 ± 1.1 

HNT-MA -27.6 ± 0.6 

HNT-MA-AAD -12.2 ± 0.3 
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Meanwhile, carboxymethyl cellulose was partially oxidized by adding 5.3 g 
of NaIO4 to a 1% w/v CMC solution. After 2h of mixing at room 
temperature, ethylene glycol (2.7 ml) was added to quench the oxidation 
reaction. The short reaction time and the low concentration of oxidizing 
agent prevent a marked degradation of the polymer, as reported in the 
literature207. The polymer solution was dialyzed (membrane cut-off = 12.4 
kDa) and the solvent was partially removed by rotavapor. The obtained 
oxidized CMC (oxCMC) was finally freeze-dried.  
 

 
Figure 5.2 ATR FT-IR spectrum of oxidized CMC in the 650 – 4000 cm-1 range 
(the spectrum of pristine CMC is also shown for comparison) (A); SEM images 
of freeze-dried samples of oxidized CMC in water at two different magnifications 
(B, C).  
 
 

Figure 5.2-A shows the FT-IR spectrum of oxidized CMC in the 650-
4000 cm-1 range, together with that of pristine CMC. The appearance of a 
peak at ~1630 cm-1, in addition to the carboxylate peak at ~1590 cm-1, is 
taken as the evidence of CMC oxidation208. As can be deduced from the 
SEM image in Figure 5.2-B and Figure 5.2-C, oxCMC maintains the 
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ability to form the typical porous structure of pristine cellulose hydrogels, 
consistently with a modest level of CMC degradation. 
In the last step, oxCMC was mixed with modified HNT in water, under 
mechanical stirring. The reaction between the aldehyde functions present 
in oxCMC and the hydrazine groups exposed by HNT-MA spontaneously 
takes to the formation of hydrazone bonds, resulting in a 
organic/inorganic composition of about 50 %w/w (see the appendix for 
details). The final concentration of both oxCMC and HNT-MA was 
10 %wt. The nanocomposite hydrogel (NC-MA) was finally obtained by 
adding pristine CMC to a final concentration of 2 %wt, so to reach a 
viscosity suitable for injection purposes. A blank sample composed of 
2 %wt CMC and 5 %wt oxCMC water solution was also prepared as a 
reference for the rheological and injectability tests. The amount of oxCMC 
was chosen to replicate the composition of NC-MA sample without the 
inorganic phase. The synthetic route followed for the preparation of the 
nanocomposite hydrogel is summarized in  
Figure 5.3. 

 
 
Figure 5.3 Synthetic route for the fabrication of NC-MA composite hydrogel. 
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5.2 Structural and rheological characterization 
Representative SEM images of freeze-dried nanocomposites are shown in 
Figure 5.4, together with the CMC/oxCMC sample at the same 
magnifications. Composite hydrogel samples show a porous structure 
similar to that of CMC/oxCMC hydrogel. SEM results highlight that HNT 
are homogeneously distributed in the composite material and that the 
hydrogel-forming properties of CMC are retained. 
 

 
Figure 5.4 SEM images of freeze-dried CMC/oxCMC (A, B) and NC-MA (C, 
D) samples at different magnifications. 
 
Figure 5.5-A shows the dynamic viscosity of the nanocomposite 
hydrogels (NC-MA) and of CMC/oxCMC reference sample, as a function 
of the shear rate. The CMC/oxCMC sample shows a very short 
Newtonian region (up to about 0.1 s-1) at very low shear rates, followed by 
an extended shear-thinning region. This behavior can be ascribed to the 
disentanglement of the polymeric network, held together by hydrogen 
bonds, upon application of a certain stress. After the samples are stressed 
to high shear rates (about 50 s-1), a hysteresis effect is observed upon the 
application of a decreasing shear rate ramp. This feature is typical of CMC 
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concentrated solutions209 that are characterized by a rheopectic behavior, 
whose magnitude increases upon lowering the applied shear stress. 

 
Figure 5.5 (A) Flow curves of CMC/oxCMC and NC-MA hydrogels (arrows 
indicate the shear rate ramp) and (B) continuous relaxation spectra H[t] of the 
CMC/oxCMC water based system before (black) and after (red) the loading of 
NC-MA composite. The spectra H[t] have been obtained from the frequency 
sweep curves of the two systems collected in the linear viscoelastic regime210, 
since the dynamic of the two systems cannot be described by a single-element 
Maxwell model. 
 
The introduction of HNT substantially modifies the rheological behavior 
of the system, making it significantly more viscous (at least twice as much) 
in the entire range of shear rates explored. Below 0.05 s-1 the sample 
displays a steep shear-thickening effect followed by a pseudo-Newtonian 
behavior up to about 0.1 s-1, and then by a shear-thinning region as in the 
case of CMC/oxCMC. Similar to what has been observed in polymeric 
composites filled with fumed silica nanoparticles211, the trend in the 
viscosity reflects the flow-induced aggregation of particles (shear-
thickening regime), followed by the movement of aggregates along the 
flow direction (shear-thinning regime). The transition occurs at the so-
called elasto-hydrodynamic lubrication limit of shear thickening, 
corresponding to a shear rate of about 0.2 s-1. The nanocomposite also 
displays thixotropy at shear rates higher than 0.1 s-1, while at lower shear 
rates the effect of the polymer matrix prevails and an anti-thixotropic 
behavior is observed. The presence of HNT is also reflected in the 
relaxation spectrum of the nanocomposite, which shows a shift toward 
higher t values of the main relaxation time (Figure 5.5-B).  
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5.3 Injectability of nanocomposite hydrogels 
Injectable composites are typically complex and non-Newtonian fluids, 
such as hydrogels, gels, pastes, concentrated suspensions and so on. 
Among them, shear thinning and thixotropic materials are especially 
appealing to minimal invasive surgery, since their viscosity decreases 
during the injection, while they eventually recover their initial rheological 
state at the injection site, when the stress is relieved. As a result, the 
material is able to conform and eventually adhere to the site thanks to 
chemical affinity and microscopic interlocking212. A number of studies 
have already suggested the use of injectable composites in supporting the 
growth of damaged tissues, such as in bone tissue engineering, treatment 
of hemorrhage, and wound healing213–215. Such a broad range of 
applications highlights the need for new materials with tunable rheological 
properties that could be injected with needles of different gauges. The 
injectability of a material through a needle is typically assessed by 
evaluating the minimum pressure required for its injection, the evenness of 
its flow and the absence of clogging216. However, a detailed investigation 
of the material’s properties during injection and a correlation between 
structure and rheology are often neglected.  
The nanocomposite hydrogel NC-MA was investigated by means of 
injectability tests through two different needle gauges (G21: D = 12 mm; d 
= 0.51 mm; l = 40 mm and G29: D = 4.7 mm; d = 0.18 mm; l = 20 mm), 
which are commonly employed for intramuscular and subcutaneous 
injections, respectively. The tests were performed by applying controlled 
loads on the plunger of a syringe loaded with the composite, and by 
measuring the corresponding flow. Taking into account the geometrical 
parameters of the syringe and the needle, an apparent viscosity can be 
estimated from the Poiseuille law: 
 

 ! = 32!2!"#
!4

        (2) 

 
where F is the force applied to the syringe plunger, D is the syringe 
plunger diameter, d and l are the inner diameter and the length of the 
needle, respectively, and Q is the flow rate.  
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Figure 5.6 Injectability tests of NC-MA and CMC/oxCMC hydrogels, expressed 
as apparent viscosity vs applied load, performed on G21 and G29 needle gauges 
(in the middle); SEM images of NC-MA lyophilized hydrogel before the injection 
through a G21 needle (left) and 24 hours after the injection (right).  
 
Injectability results are reported in Figure 5.6, together with representative 
SEM images of the nanocomposite before and after injection. Results 
show that the apparent viscosity exponentially increases when the load is 
reduced, and that our composite material can be easily injected through 
G21 and G29 needles under loads well below 1 kg. To make the 
(qualitative) comparison with the rotational rheology experiments one 
could calculate the wall shear rate in the injectability experiments 
considering a Newtonian fluid flowing within a pipe. The resulting flow 
curves in terms of apparent viscosity vs wall shear rate clearly indicate that 
the injection process takes place within the shear-thinning region (see the 
appendix for details). The lowest load producing a homogeneous flow 
with G21 was as small as about 0.4 kg (about 0.55 kg with G29). In spite 
of the presence of inorganic nanostructures that could in principle 
aggregate and obstruct the orifice, the injectability is mostly dictated by the 
CMC/oxCMC matrix, as no major difference was observed between the 
composite and the reference hydrogel. This was attributed to the peculiar 
1D structure of Halloysite nanotubes, which tend to align with the 
direction of the flow, and was confirmed by the SEM images in Figure 
5.6, showing that the injection produces a strong change in the structure 
of the polymer matrix at the microscale: in fact, once injected under lower 
loads, the material was not any longer injectable, unless the load was 
increased.  
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5.4 Concluding remarks 
Combining the mechanical properties of Halloysite nanotubes with the 
rheology and biocompatibility of carboxymethyl cellulose results in the 
formation of a nanocomposite hydrogel that could represent a suitable 
platform for the supported growth of bone tissue. Moreover, the ability of 
both components to upload and release actives (such as drugs, proteins, 
genes, and living cells) and the biodegradable hydrazone coupling between 
the polymer and the clay, represent useful characteristics in the design of 
multi-functional biomaterials. Injectability tests provided a quantitative 
evaluation of the performances in practical conditions. The composite was 
successfully injected through needles with inner diameters spanning from 
510 to 180 µm, without any clogging also at very low applied loads (i.e., 
less than 1 kg). The injection takes to the structuring of the material, 
resulting in an increase of its viscosity at low shear rates. This is especially 
interesting in the framework of using the composite in minimal invasive 
surgery, since such structural effect would reduce the spreading of the 
material around the injection site. Together with the very small size of the 
needles and the low flow achievable, this could result in the possibility to 
robotically apply the described composite at the damaged site with a high 
spatial resolution. Further studies are needed to validate the in-vivo 
application of our materials, but still these results could represent a 
significant contribution to extend the use of composite hydrogels to 
minimal invasive surgery.  
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6 Case study #4: mineralization properties of 
macroporous Gelatin/Imogolite hydrogels 

 
Hydroxyapatite (Ca10(PO4)6(OH)2) composes the main mineral fraction of 
human bones and teeth. In bones, it is found as non-stoichiometric, 
calcium-deficient apatite, containing carbonate and impurities such as 
sodium and magnesium ions217,218. The presence of these inclusions, 
especially carbonate, contributes to the unique features of bone in terms 
of mechanical and biological properties20. A great effort has been recently 
devoted to rationalize hydroxyapatite formation and crystallization in 
organic matrices219, in the attempt of unraveling the process of bone tissue 
formation and remodeling. This is of particular interest in the fields of 
bone and dental tissue engineering, where synthetic scaffolds are designed 
to support and promote the growth of new tissue, including 
hydroxyapatite crystals with tunable composition and structural 
properties220,221. Among the various matrices investigated to this purpose, 
hydrogels represent a valuable example since they possess several 
favorable characteristics. Hydrogels can upload a high amount of water 
thus producing an environment suitable for cellular growth, and many 
biocompatible polymers are able to form 3-dimensional networks in water. 
Furthermore, hydrogels are easily endowed with the right features required 
in the design of a scaffold for bone tissue engineering: for instance, 
interconnected macro-porous structures (pores with diameter of at least 
100 µm are needed to allow penetration by cells and adequate diffusion of 
nutrients) can be generated by freezing the water inside the hydrogel 
matrix and let it sublimate, i.e., cryogenic pore formation. 
Gelatin (Gel) is one of the hydrogel-forming materials mostly investigated 
in bone tissue engineering applications222. Unfortunately, its application is 
limited because of its fast dissolution rate in physiological conditions, 
making it necessary to increase stability of gelatin-based material223,224. 
Possible strategies include the introduction of covalent cross-linking sites 
that can be obtained by using ionizing radiation such as electrons or 
gamma rays225, by fabricating composite materials226, or by employing 
chemical cross-linking agents that react with the functional groups of 
gelatin. Bis-epoxy molecules, such as glycerol diglycidyl ether (GDE) and 
ethylene glycol diglycidyl ether (EGDE), have been reported to enhance 
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the stability of gelatin hydrogels58, as the epoxide ring could be opened by 
the gelatin nucleophilic functional groups (i.e., amine, hydroxyl and 
carboxyl groups) forming a cross-linked network. In the perspective of a 
biomedical application, the cross-linker toxicity is a parameter to take into 
account, since unreacted molecules can affect the final biocompatibility. 
Bis-epoxy cross-linking agents display a lower toxicity compared to 
glutaraldehyde and EDC, and represent thus an improved alternative to 
typical gelatin cross-linkers227. Another successful strategy to enhance the 
mechanical properties and the stability of polymer hydrogels is the 
integration with inorganic nano-sized fillers, to produce nanocomposite 
materials. Among the various fillers reported in the literature, Imogolite 
nanotubes (IMO) are an extraordinary example, as they possess unique 
structural and physico-chemical properties228–230 (see Chapter 2 for a 
general description of Imogolite properties and applications). Imogolite 
(IMO nanotubes are also very promising as components of biomaterials, 
since they display a reduced cyto- and geno-toxicity with respect to other 
synthetic nanotubes, e.g. carbon nanotubes132. Furthermore, the presence 
of Imo has been also demonstrated to enhance osteoblastic proliferation 
and differentiation231.  
In order to fully exploit the characteristics of gelatin and Imogolite 
nanotubes in the field of bone tissue engineering, in the following pages is 
described the preparation of a gelatin scaffold whose dissolution rate at 
physiological temperature is slowed down by means of the synergistic 
effect of an organic cross-linker (GDE) and Imo nanotubes. By means of 
cryogenic formation, macropores were generated in the hydrogel network, 
matching the proper dimensions for the permeation of cells. 
Mineralization experiments were performed following a well-accepted 
protocol, and a detailed characterization of the mineralized phases was 
conducted by means of X-ray crystallography, electron and optical 
microscopy, thermogravimetry and dissolution tests, demonstrating that 
the Gel/IMO system is able to support and enhance the formation of 
apatites. 
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6.1 Mineralization protocol 
Hydroxyapatite (HA) has been synthetized according to a method 
reported in the literature232 and schematized in Figure 6.1. The reaction 
was performed at 37 ºC to simulate the physiological temperature. 
Imogolite nanotubes were added to calcium hydroxide suspension (5 mL, 
0.5 M) before adding H3PO4. The concentration of Imo samples was 
chosen so to be 5 %wt and 10 %wt with respect to the calculated weight 
of precipitated HA. According to the literature, the slow addition of 
H3PO4 enables to obtain crystalline HA with nanometric size (~50 nm): 
for this reason H3PO4 solution (5 mL, 0.3 M) was added in aliquots of 200 
µl every 5 minutes, during 2 hours. The suspensions were maintained 
under stirring at 37 ºC for 15 hours, and then at room temperature for 
three days. During this time a gelatinous product gradually precipitated 
from the initially white suspension. The obtained products were collected 
by centrifugation and dried in oven at 120 ºC during three days. 
In the case of the hydrogel samples the same synthetic procedure for HA 
formation was followed: a portion of the freeze-dried GelGDE and GelGDE-
IMO (see below) was cut and each portion was soaked in Ca(OH)2 

suspension (2.5 mL, 0.5 M) at 37 °C. A solution of H3PO4 (2.5 mL, 0.3 M) 
was added in aliquots of 105 µl every 5 minutes. At the end of the 
experiment, gels were recovered and dried in air. 

 

 
Figure 6.1 Precipitation reaction of hydroxyapatite and scheme of the 
experimental conditions. The image is reproduced from the submitted paper 
Enhanced formation of hydroxyapatite in imogolite-reinforced macroporous hydrogels (see the 
appendix). 
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6.2 Hydroxyapatite formation in the presence of 
Imogolite 

The characterization of the products of the precipitation reactions 
highlights that the presence of IMO does not inhibit the formation of HA: 
Figure 6.2 shows that the morphology of the HA obtained in water 
without and in the presence of 10 %wt of IMO does not significantly 
change. It is worth noting that TEM images of HA-IMO sample do not 
reveal the characteristic nanotubular morphology of Imo, suggesting that 
HA nucleates on the surface of these structures, and that the nanotubes 
are included in the final HA crystals. Their XRD patterns (Figure 6.2-C) 
are nearly unaffected by the presence of Imo, apart from a hump at low 
angles in the diffractogram of HA-Imo sample, due to the presence of 
Imo. The XRD peaks were compared to the patterns in the ICDD 
database and clearly indicate the formation of hydroxyapatite [PDF 03-
0747]. The Field Emission Scanning Electron Microscopy (FE-SEM) 
investigation of HA and HA-IMO samples shows the same homogeneous 
morphology (see the appendix for details). The homogeneous distribution 
of aluminum and silicon obtained from Energy Dispersive X-ray (EDX) 
analysis of HA-IMO (data not shown, see the appendix for details) further 
confirms that IMO is well distributed all over the sample.  
 

 
Figure 6.2 TEM image of HA obtained without IMO (A) and in the presence of 
IMO (B); XRD patterns of HA and HA-IMO samples (C). The image is 
reproduced from the submitted paper Enhanced formation of hydroxyapatite in 
imogolite-reinforced macroporous hydrogels (see the appendix). 
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6.3 Preparation and characterization of 
Gelatin/Imogolite hydrogels 

To prepare the hydrogels, the amount of gelatin necessary to reach the 
concentration of 5 %wt was dissolved in milliQ water (0.5 g of gelatin in 
9.5 g of water) and heated at 50 °C under magnetic stirring. After 
complete dissolution, the appropriate amount of imogolite nanotubes 
and/or GDE cross-linker was added to the gelatin solution, which was 
stirred for about 10 minutes. The amounts of reactant used and the 
respective %wt are summarized in Table 3. After homogenization, the hot 
dispersions were poured in polyethylene cylindrical molds (diameter 1 cm, 
height 1 cm) and were allowed to gel at room temperature. The formation 
of macropores was obtained by means of a cryogenic formation 
procedure: the hydrogels were cooled overnight in a freezer to -18 °C 
(cooling rate 1 °C/min) and then freeze-dried at -50 °C and 30 mTorr for 
two days. 
 
Table 3 Composition and dissolution behavior of hydrogels. 
Sample Gelatin 

[g] 
Water 

[g] 
GDE 
[g] 

IMO 
[g] 

GDE 
%wtf 

IMO 
%wtg 

Dissolution 
Timeh 

Gel 0.5 9.5 / / / / ∼ 2 hours 

GelGDE 0.5 9.5 0.025 / 5 / ∼ 2 days 
GelGDE-
IMO 0.5 9.5 0.025 0.0525 5 10 ∼ 3 days 
Gel-
IMO5 0.5 9.5 / 0.0250 / 5 ∼ 6 hours 
Gel-
IMO10 0.5 9.5 / 0.0500 / 10 ∼ 6 hours 
GelGDE5-
IMO5 0.5 9.5 0.025 0.0262 5 5 ∼ 3 days 
GelGDE10-
IMO5 0.5 9.5 0.050 0.0275 10 5 > 5 days 

GelGDE10-
IMO10 0.5 9.5 0.050 0.0550 10 10 > 5 days 

 
 

                                                
f %wt with respect to gelatin 
g %wt with respect to organic content (gelatin+GDE) 
h time required to observe full dissolution in water at 37 ºC 
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The effects of GDE and IMO on the stability toward dissolution of the 
scaffolds (obtained by freeze-drying the hydrogels) was evaluated by 
placing them in an excess of water and checking the time needed before 
their full dissolution at 37 ˚C. The results are summarized in the last 
column of Table 3, showing that the concentration of GDE strongly 
affects the behavior of the hydrogel. Imo nanotubes are also effective in 
enhancing the stability against dissolution, but to a much smaller extent. 
These results highlight the possibility to control the dissolution rate by 
introducing different amounts of GDE and IMO, allowing the 
mineralization process to take place before the dissolution of the scaffold. 
Based on their intermediate dissolution behavior, we selected as a case of 
study the samples identified as GelGDE, and GelGDE-Imo (see Table 3).  
Figure 6.3-B, Figure 6.3-C and Figure 6.3-D show FE-SEM micrographs 
and optical microscopy images of Gel, GelGDE and GelGDE-IMO, 
respectively. All the samples display a macroporous structure, with 
interconnected pores whose dimensions range from tens to hundreds of 
microns. The cryo-formation procedure adopted in the preparation of the 
porous hydrogels leads to a macroscopic deformation of the gel structure, 
clearly visible in the photos of Figure 6.3. Nevertheless, the formation of 
macropores, which is one of the key parameters to take into account when 
designing a scaffold for tissue engineering233, is successfully obtained.  
The presence of the cross-linker, as well as imogolite integration in the 
polymeric matrix, does not significantly alter gelatin microstructure. The 
inorganic fillers appear homogeneously dispersed in gelatin matrix, since 
no imogolite bundle can be observed in GelGDE-IMO FE-SEM 
micrograph (Figure 6.3-D). 
The nanostructure of the hydrogels was investigated by means of small 
angle X-rays scattering (SAXS), in order to evaluate the influence of both 
cross-linker and imogolites on the nanostructure of the gels. SAXS curves 
were fitted using the Ornstein-Zernike function, an equation commonly 
adopted to describe polymers in a semi-dilute regime234: 
 

! ! = !!
!!!!!!        (3) 

 

in which I0 is the scattered intensity at q=0, and ξ is the correlation length 
of the polymer. Additional fittings were performed with power law 
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functions to obtain information about the fractal nature of the scattering 
objects: 
 
! ! ∝ !!!        (4) 
 
with p being the fractal dimension, that is 1 for 1D objects and 3 for full 
solid materials235.  

 
Figure 6.3 Block diagram summarizing hydrogels preparation (A); photograph, 
optical microscopy image and SEM micrograph of Gel (B), GelGDE (C) and 
GelGDE-IMO (D). The image is reproduced from the submitted paper Enhanced 
formation of hydroxyapatite in imogolite-reinforced macroporous hydrogels (see the appendix). 
 

 
Figure 6.4 SAXS curves of Gel, GelGDE and GelGDE-IMO fitted with Equation 3 
(solid line) and 4 (dotted line). The curves are offset for display purposes. The 
image is reproduced from the submitted paper Enhanced formation of hydroxyapatite 
in imogolite-reinforced macroporous hydrogels (see the appendix). 
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The SAXS curves shown in Figure 6.4 are almost superimposable in the 
mid-to-high q range (0.03 ≤ q ≤ 0.5 Å-1) and the correlation lengths 
obtained from the fittings of the curves according to the Ornstein-Zernike 
equation are 27 ± 1 Å, 28 ±1 Å, and 32 ± 2 Å for Gel, GelGDE, and 
GelGDE-IMO, respectively. This is a strong indication that the main 
contribution to the scattering profiles in this region is due to the polymer 
matrix and that the modifications of GDE and/or IMO to the gel 
network are negligible. The increase in the scattered intensity in the low q 
region (0.009 ≤ q < 0.3 Å-1) in GelGDE-IMO SAXS curve is a consequence 
of the presence of Imo in the gel, as it is not present in the other two 
profiles. Power-law fitting results in a mass fractal dimension of 1.7 that is 
typical of aggregated rod-like structures236.  
 
 
6.4 Hydroxyapatite formation onto Gelatin/Imogolite 

scaffold 
Figure 6.5-A reports a FE-SEM image of the xerogel obtained after the 
HA synthesis (GelGDE-CaP), clearly showing that the gel phase is 
homogeneously filled with sub-micrometric particles with the typical 
platelet shape, having lateral size in the order of 100-200 nm and thickness 
of few tens of nm. The EDX spectrum (Figure 6.5-C) confirms the 
presence of Ca and P, together with the signals corresponding to the 
elements present in gelatin. XRD analysis (Figure 6.5-E) further 
demonstrates that the mineral phase effectively consists of HA. We can 
therefore conclude that the hydrogel scaffold does not hinder the 
formation of hydroxyapatite, as the crystal size, shape composition and 
phase obtained in the hydrogel is nearly identical to that obtained in the 
HA reference synthesis (see Figure 6.5 and the appendix for more details). 
The effect of Imo, embedded in the hydrogel, on the HA formation was 
also evaluated (sample GelGDE-IMO-CaP). The FE-SEM micrographs 
evidence that the morphology of the mineralized sample containing Imo 
(see Figure 6.5-B) does not show the well-defined platelets typical of HA 
that are visible in GelGDE-CaP (Figure 6.5-A). This suggests that Imo is 
able to template the growth of HA particles also in the hydrogel system. 
The EDX spectrum (reported in Figure 6.5-D) confirms the presence of 
all the expected elements, while the XRD pattern (Figure 6.5-C) confirms 
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the occurred formation of HA. To understand if the presence of Imo is 
not only able to support the nucleation of HA, but also enhances its 
formation, we evaluated by means of Thermogravimetric Analysis (TGA) 
the amount of mineral phase formed (Figure 6.5-F). The results are 
normalized by equilibrating the samples at 130 ºC (i.e., to remove water) 
and then corrected to take into account the loss of weight in the 
investigated range of temperature associated to pure HA and IMO. Very 
interestingly, we found that the inorganic fraction (after mineralization) is 
10.4 %wt in the GelGDE sample, while it increases up to 21.3 %wt in 
GelGDE-IMO.  
 

 
Figure 6.5 SEM images of GelGDE-CaP (A) and GelGDE-IMO-CaP (B); EDX spectra of 
GelGDE-CaP (C) and GelGDE-IMO-CaP (D); XRD patterns of GelGDE-CaP and GelGDE-
IMO-CaP, together with the peak assignments according to HA, carbonated HA and 
calcite data (E); TGA profiles of GelGDE-CaP and GelGDE-IMO-CaP, together with pure 
HA and IMO (F). The image is reproduced from the submitted paper Enhanced 
formation of hydroxyapatite in imogolite-reinforced macroporous hydrogels (see the appendix). 
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The presence of IMO not only affects the amount of mineral, but also 
which crystal phase is formed. The XRD spectra were analyzed according 
to the Rietveld method and we compared the results obtained both as a 
function of the presence of IMO and of the hydrogel scaffold. We found 
that Imo promotes the carbonation of hydroxyapatite both in solution and 
in the scaffold: in HA and HA-IMO samples, carbonated hydroxyapatite 
(CHA) is present in the amounts of 18 % and 39 %, respectively (see the 
appendix for details), together with HA. On the other hand, in the 
hydrogel matrix the percentage of carbonation is even higher (CHA= 
34 % in GelGDE-CaP vs 65 % in GelGDE-IMO-CaP), and a small amount of 
calcite (4 %) is also observed. These results are especially important 
recalling the beneficial effect of carbonate on both the mechanical and 
osteoconductive/osteoinductive properties in bones232.  
 
6.5 Concluding remarks 
The reported results demonstrate that imogolite nanotubes could be 
effectively employed as fillers in macroporous gelatin-based hydrogels to 
be potentially used in bone tissue engineering applications. In particular, 
the presence of Imo produces two beneficial effects. First, the inclusion of 
nanotubes synergistically enhances the effect of a chemical cross-linker 
(GDE) in improving the hydrogel stabilization against dissolution. Most 
importantly, imogolite nanotubes are also shown to promote the 
formation of hydroxyapatite and carbonated hydroxyapatite, both when 
dispersed in water and when included in the macroporous scaffold. 
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7 Conclusions 
 
This work of thesis describes the preparation and the physico-chemical 
characterization of nanostructured polymer-based systems. Clay nanotubes, 
namely imogolite and Halloysite, have been extensively investigated 
throughout this work and proposed as inorganic fillers for biodegradable 
polymer matrices with potential biomedical applications, especially in the 
bone medication field. Bone medication is not only a major issue from a 
clinical, economic and social perspective, but it represents an exemplary 
field for the study and development of new materials. The complexity of 
bone tissue and the large number of physical and chemical requisites that 
an efficient biomaterial should satisfy pose intriguing synthetic and 
formulative challenges, and require a detailed investigation of several 
physico-chemical properties. In fact, the design of efficacious devices for 
biomedical applications is an elaborated and multidisciplinary task, in 
which the role of chemists is central in the selection and proper 
modification of the constituent materials, in the formulation/realization of 
the product at the lab-scale, and in the physico-chemical characterization 
during the pre-clinical stages. 
Material’s design and properties are intimately connected, and ultimately 
drive the applicative potential of the final system. Starting from the careful 
selection of materials and their chemical modification, I prepared and 
characterized different nanocomposite systems, focusing each time on 
specific physico chemical aspects, such as stability and degradation in 
physiological conditions, mechanical properties, rheology, nano and 
microstructure, release/uploading properties. 
In the first case of study reported, a bioactive hybrid film made of 
Halloysite nanotubes embedded within a biopolymer matrix was 
successfully prepared and characterized. Halloysite nanotubes introduce 
mechanical resistance (i.e., resistance to compression evaluated by means 
of AFM nanoindentation experiments) in the composite, as well as 
providing Sr(II) uploading properties. The biodegradability of the polymer 
matrix is a key parameter, as the composite is able to progressively expose 
the Sr(II)-loaded inorganic scaffold, exploiting its bioactivity towards 
osteogenic cells at the local level and potentially limiting the collateral 
effects associated to a systemic Sr(II) administration. The in vitro 
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biocompatibility of the composite was finally demonstrated through 
cytotoxicity tests on fibroblast cells, highlighting the crucial role of the 
biopolymer film in acting both as a binder and a diffusional barrier to the 
Sr(II) release. Furthermore, the fabrication method used to obtain the 
nanocomposite is highly versatile, and it could address different 
biomedical and physico-chemical needs. In particular, the amount of 
uploaded Sr(II) could be easily adjusted by varying the surface 
functionalization of HNT, and the time before the bioactive inorganic 
scaffold is exposed to the physiological environment could be tuned by 
the thickness of the biopolymer coating. 
In another case study, a nanocomposite material made of Halloysite 
nanotubes and carboxymethyl cellulose was prepared and characterized 
from a structural and rheological perspective. Chemical modification of 
the clay surface, followed by an hydrazide-aldehyde coupling protocol with 
partially oxidized cellulose, successfully produced a nanocomposite in 
which the inorganic nanotubes are homogeneously distributed, that is able 
to form a hydrogel when dispersed in water. Rheological properties of the 
composite are driven by chemical and structural design, with nanotubular 
fillers playing a crucial role as rheo-modifiers. In view of the application of 
the hybrid in minimally invasive surgery, its injectability through needles of 
different gauges was carefully evaluated. In spite of the presence of 
inorganic nanostructures that could in principle aggregate and obstruct the 
orifice, the injectability was mostly dictated by the cellulose matrix, with 
1D clays tending to align with the direction of the flow. Injection (i.e. high 
stress) finally produces a strong change in the structure of the polymer 
matrix at the microscale and this was reflected in the rheological properties 
of the material. 
Nanotubular clays have been already proposed as drug-delivery vehicles, 
with biocompatibility and ease of the functionalization/loading process 
being recognized as decisive advantages over other nanotubular systems. 
In this context, during my doctorate work, engineered Halloysite and 
imogolite nanotubes have been investigated for the uploading and release 
of drug models. 
In a first example, Halloysite nanotubes were loaded with charged model 
drugs (namely rhodamine 110 and carboxyfluorescein) and coated with 
chitosan and hyaluronic acid to obtain hybrid nanocomposites with 



 109 

opposing charges. In the case of chitosan, the preparation of the 
nanocomposite was carried out exploiting the electrostatic interaction 
between the polymer and Halloysite in water, while a covalent 
functionalization strategy was employed to couple the polymer and the 
clay in the case of hyaluronic acid. Results showed that the polymeric 
coatings were successful in modulating the charge of the halloysite surface 
and altering the release kinetics of the probes from the clay lumen. In 
particular, the model adopted to fit the release kinetics described very well 
the experimental data, indicating that both charge and coating 
composition play a key role in the desorption process from halloysite-
based composites. 
In a second example, imogolite nanotubes were modified by the 
adsorption of a surfactant bearing an alkyl chain and a glutamate head 
group (lauroyl glutamate), obtaining a hybrid material that was used in a 
proof of concept experiment for the upload of a model drug (namely 
rhodamine B isothiocyanate). The amount of uploaded drug drastically 
increases when lauroyl gluatamate is present, highlighting the crucial role 
of the surfactant’s alkyl chains as hydrophobic pockets. The obtained 
results strongly point out towards the possibility of using glutamate-based 
surfactants and imogolite nanotubes for the design of hybrid systems for 
biomedical applications. Furthermore, the interaction of glutamate with 
imogolite surface could be exploited for modulating the chemical affinity 
between polymers bearing glutamate-based functionalities and the 
nanotube wall, paving the way to a more extended use of imogolite in the 
fabrication of nanocomposites. 
In the last example, I reported on the preparation and characterization of a 
macroporous gelatin-based hydrogels of interest in the field of bone tissue 
engineering. The obtained results demonstrated that imogolite nanotubes 
could be effectively employed as fillers, since their presence produced two 
main beneficial effects: first, the inclusion of nanotubes synergistically 
enhances the effect of a chemical cross-linker (namely, GDE) in 
improving the hydrogel stabilization against dissolution; second, imogolite 
nanotubes are shown to promote and enhance the formation of 
hydroxyapatite and carbonated hydroxyapatite, both when dispersed in 
water and when included in the macroporous scaffold. These findings 
clearly highlight the potentials of imogolite when introduced in the design 
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of hydrogel-based scaffolds, especially thanks to the combination of their 
nanotubular shape and their affinity towards apatite mineral phases. 
 
In conclusion, all the work done during my PhD course clearly 
demonstrate that clay minerals and biodegradable polymers could be 
effectively combined to give novel materials, representing valuable 
platforms for biomedical and fundamental studies. In particular, Halloysite 
and imogolite proved to be very interesting materials, thanks to their 
unique structural and physico-chemical characteristics, as well as their 
peculiar chemical reactivity. 
The work described in this thesis has no claim to be exhaustive, as a lot of 
research still needs to be done for a comprehensive understanding and 
prediction of biomaterials properties and performances. However, this 
work could still represent a significant step forward in bringing the 
technology applied to bio-inspired nanocomposites closer to a widespread 
and reliable application.  
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a b s t r a c t

This paper reports on the preparation, characterization, and cytotoxicity of a hybrid nanocomposite mate-
rial made of Sr(II)-loaded Halloysite nanotubes included within a biopolymer (3-polyhydroxybutyrate-co-
3-hydroxyvalerate) matrix. The Sr(II)-loaded inorganic scaffold is intended to provide mechanical
resistance, multi-scale porosity, and to favor the in-situ regeneration of bone tissue thanks to its biocom-
patibility and bioactivity. The interaction of the hybrid system with the physiological environment is
mediated by the biopolymer coating, which acts as a binder, as well as a diffusional barrier to the Sr(II)
release. The degradation of the polymer progressively leads to the exposure of the Sr(II)-loaded
Halloysite scaffold, tuning its interaction with osteogenic cells. The in vitro biocompatibility of the
composite was demonstrated by cytotoxicity tests on L929 fibroblast cells. The results indicate that this
composite material could be of interest for multiple strategies in the field of bone tissue engineering.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

Materials for bone tissue engineering should guide and promote
the regeneration of bone tissue. Various biocompatible and
biodegradable porous scaffolds have been recently designed, aim-
ing at providing a temporary substitute for the extracellular matrix
of bone [1], which mimic the structural materials present in nature
[2]. Prerequisites for an efficient biomaterial are its biocompatibil-
ity, well-suited mechanical properties (both in terms of resistance
and lightness), a percolative structure with properly sized inter-
connected pores to promote tissue integration and vascularization,
and finally time and space controlled biodegradability and bioac-
tivity [3]. Several materials have been recently suggested in the

http://dx.doi.org/10.1016/j.jcis.2015.02.043
0021-9797/! 2015 Elsevier Inc. All rights reserved.

Abbreviations: HNT, Halloysite nanotubes; PHBV, 3-polyhydroxybutyrate-co-3-
hydroxyvalerate; HNT-Sr, Halloysite nanotubes loaded with Sr2+; HNT–PHBV,
nanocomposite material made of Halloysite nanotubes and 3-polyhydrox-
ybutyrate-co-3-hydroxyvalerate; HNT-Sr-PHBV, nanocomposite material made of
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literature as promising candidates [4], including bioceramics [5],
bioglasses [6], and hydroxyapatite particles embedded in poly-
meric scaffolds [7–9]. Nevertheless, synthetic grafts still display
many limitations, boosting the search for materials integrating
both osteoconductive and osteoinductive properties [10,11].

Several studies demonstrated that doping with strontium(II)
enhances the osteoblast proliferation onto the graft and finally
results in higher bone mineral density. Thanks of its bioactivity,
Sr(II) is also effective in the treatment of osteoporosis [12–14]. In
osteopenic bones, as the mineral density is reduced, the microar-
chitecture deteriorates and the amount and variety of embedded
proteins are altered, leading to an increased risk of fracture.
Strontium-based drugs have been widely prescribed over the last
decades [15], aiming at restoring the optimal equilibrium between
bone resorption and formation through a dual mechanism [16].
Strontium(II) promotes the deposition of new bone thanks to
the stimulation of calcium(II) receptors and differentiation of
pre-osteoblasts to osteoblasts. At the same time, it hampers bone
resorption through the stimulation of the osteoprotegerin secre-
tion, so inhibiting the formation of osteoclasts from pre-osteoclasts
[17]. Strontium is naturally present in the human body (about
4.6 mg/kg), the vast majority of which is localized within bone
tissues. Unfortunately, when orally administered at high doses
(i.e., >4 g/L), it could also produce detrimental effects [18] on the
bone metabolism and increase the risk of heart attack. For these
reasons the European Medicines Agency has severely restricted
the use of Protelos/Osseor" [19]. Rather than through its systemic
administration, it is therefore crucial to deliver strontium(II) at the
treatment site, so that its bioactivity could be locally exploited
without the collateral effects that have restricted its use. In this
framework, a possible carrier for Sr(II) is represented by the syn-
thetic graft matrix. In particular, filling the matrix with particles
able to improve the mechanical properties and to upload and
deliver Sr(II) at the treatment site could represent a significant
advantage over the materials currently in use.

Halloysites are a class of natural clays with the same chemical
composition as kaolinite (Al2(OH)4Si2O5!nH2O) and a tubular mor-
phology, resulting from the wrapping of the clay layers [20]. Their
lengths range from "100 nm to several lm, while the inner diame-
ter is within 15 and 100 nm, depending on their provenance. The
potentials of HNT as carriers for drugs [21,22] and substrates for
proliferation of cells [23,24] have been recently highlighted. Their
hollow fiber-like shape suggests also their use as an inorganic scaf-
fold with the required mechanical properties (especially lightness
and compressive strength) for bone replacement: in fact, HNT
structure closely resembles that of multi-walled carbon nanotubes,
whose use as reinforcing agents in biomaterials is limited because
of toxicity concerns [25]. Furthermore, due to their hydroxylated
outer surface and the high surface area, HNT are well known to
upload and dynamically exchange a variety of cations, including
Sr(II) [26]. In a recent work, the potential use of HNTs in composite
biomaterials for the regeneration of bone tissues was demon-
strated through their co-formulation with polyvinylalcohol,
showing to favor the in vitro adhesion and growth of fibroblast
and osteoblast cell lines [27].

In this study we formulated a new biomaterial for tissue engi-
neering that integrates the structural properties of HNT and the
bioactivity of Sr(II) into a biocompatible and biodegradable matrix
made of a biopolymer. In particular, we chose 3-polyhydrox-
ybutyrate-co-3-hydroxyvalerate (PHBV), a polyhydroxyalcanoate
produced through microbial synthesis. PHBV is biodegradable, bio-
compatible and easy to process, being the main reasons for its use
in a variety of biomedical applications [28–30]. In our design, the
biopolymer is intended both as a biocompatible binder and a
diffusional barrier to contain the effect of Sr(II) within the
treatment region. The progressive degradation in physiological

conditions leads to the progressive exposure of HNT to the
environment, as well as that of Sr(II), so promoting the growth of
new bone tissue. Most of the strontium cations are expected not
to be released from the treatment site, but to promote the adhesion
and growth of cells, eventually being integrated in the final bone
tissue.

2. Materials and methods

2.1. Materials

Halloysite nanotube (HNT) powder was provided by Imerys
Minerals Ltd (Auckland, New Zealand) and it was used as-received,
without further purification. PHBV was purchased from Good
Fellow (England, UK). The biopolymer has a composition of 88%
polyhydroxybutyrate and 12% polyhydroxyvalerate. Tetraethyl-
orthosilicate (TEOS, 97%) and 3-aminopropyl-triethoxysylane
(APTES, 97%) were obtained from Fluka (Milan, Italy). Strontium
chloride hexahydrate were purchased from Riedel-de Haen
(Milan, Italy). Phosphate buffer solution (PBS) was prepared in
accordance to Dulbecco’s formulation [31], NaCl was purchased
from Sigma Aldrich (Milan, Italy), Na2HPO4!2H2O and KH2PO4 from
Merck (Milan, Italy) and KCl from Fluka (Milan, Italy). HNO3 (65%,
RPE-ISO) was purchased from Carlo Erba (Milan, Italy). NH4OH
(30% v/v) was purchased from Sigma Aldrich (Milan, Italy).
Ethanol (99.8% v/v) was purchased from Fluka (Milan, Italy).

2.2. Preparation of nanocomposites

In order to simulate the application of the material as a coating
onto synthetic bone grafts, we prepared the composites by spin-
coating onto glass surfaces, whose chemical reactivity is similar
to that of the ceramic materials commonly used in synthetic bone
grafts. In order to remove organic residues and to activate the sila-
nol groups, glass slides were sequentially cleaned by sonicating
them in a detergent solution, in ethanol, and finally treated with
ozone (PSD-UV, Novascan Technologies, Ames, USA). Glass sub-
strates were then functionalized through incubation in a silane
(TEOS or APTES) saturated atmosphere at 60 #C during 24 h. HNT
surface was functionalized with a solution of APTES in ethanol
(2.5 %wt). The amount of silane was chosen to cover about 20%
of the HNT external surface, taking into account a silane cross sec-
tion [32] of 50 Å2 and the HNT surface area obtained from BET. To
upload Sr(II), 100 mg of HNTs were mixed with 10 ml of a 100 mg/
ml SrCl2!6H2O solution. The dispersion was vigorously mixed for
24 h and then centrifuged. The solid was recollected, dried, and
then used for the subsequent preparation of the nanocomposites.
HNT dispersions were spin coated by means of a P6700 spin coater
of Specialty Coating Systems Inc. (Indianapolis, IN, USA) onto the
glass substrate, and then a PHBV chloroform solution (2 %wt)
was spin coated on top of it. The coating process was carried out
at room temperature in two stages at constant rotating speed
(1500 and 2500 rpm), separated by an acceleration step.

2.3. Nanocomposite degradation

Nanocomposites were exposed to PBS solution at 37 #C and
observed during 28 days to address morphological and structural
changes.

2.4. Microscopy

Scanning Electron Microscopy was performed on non-
metallized samples using a RIGMA Field Emission SEM (Carl
Zeiss Microscopy GmbH, Germany). Atomic Force Microscopy
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(in non-contact mode) and nanoindentation experiments were
performed by means of a XE-100 microscope (Park Instruments,
Korea) equipped with NCHR probes.

2.5. ICP-AES

The concentration of strontium and silicon in the samples was
determined in triplicate by means of a Varian 720-ES Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-AES). The
samples were diluted to 5 mL with 0.1% suprapure nitric acid
obtained by sub-boiling distillation, spiked with 0.32 ppm of Ge
used as an internal standard, and analyzed. Calibration standards
were prepared by gravimetric serial dilution from commercial
stock standard solutions of Sr and Si at 1000 mg L#1.
Wavelengths used for Sr determination were 421.552 and
407.771 nm, those used for Si analysis were 185.005, 251.432,
250.690, 288.158 and 251.611 nm whereas for Ge was used the
line at 209.426 nm. The operating conditions were optimized to
obtain maximum signal intensity, and between each sample, a
rinse solution constituted by 2% v/v HNO3 was used.

2.6. Infrared spectroscopy

ATR–FTIR measurements were performed on a Nexus 870
spectrometer (Nicolet, Madison, WI, USA), equipped with a liquid
N2-cooled mercury cadmium telluride (MCT) detector in the
400–4000 cm#1 range with a resolution of 2 cm#1.

2.7. Thermal analysis

Thermogravimetric analysis (TGA) was carried out on a SDT Q600
(TA Instruments, Philadelphia, PA, USA) from RT to 1000 #C at
10 #C/min. Differential Scanning Calorimetry (DSC) was performed
by means of a DSC-Q2000 by TA Instruments (Philadelphia, PA,
USA), in the #20/200 #C range at 10 #C/min. Measurements were
conducted in N2 atmosphere, flow rate 50 ml/min.

2.8. Surface area and pore analysis

Surface area and porosity of the samples were determined with
a Beckmann-Coulter SA 3100 analyzer, utilizing BET [33] and BJH
[34] calculations, respectively.

2.9. Cytotoxicity testing

The cytotoxicity of HNT samples was determined using a stan-
dard method for measurement of mitochondrial succinate dehy-
drogenase activity (MTT assay) and the Trypan blue exclusion
assay for integrity cell membrane evaluation. All the samples were
prepared in the form of films by solvent casting and then grinded
and suspended in distilled water with the help of a Ultra-Turrax"

T25 Basic mechanical homogenizer (IKA-Werke GmbH & Co,
Staufen, Germany) working at 24,000 rpm. Suspension concentra-
tions were adjusted to 1 mg/ml, thereafter were placed in glass
ampoules and autoclaved for 20 min at 121 #C (ASAL 760, Milan,
Italy). The initial concentrations were kept by addition of sterile
H2O. Samples were then stored at 4 #C until use.

2.10. MTT assay

Mouse fibroblasts L929 (see Supplementary Information) were
seeded into 96-well plates at a density of 4 $ 103 cells per well.
After 24 h, the medium was replaced with 200 ll per well of
HNT suspension samples or complete culture medium. The
Halloysite suspensions at different concentration (25, 50 and
100 lg/mL) were diluted with complete culture medium. After

72 h of incubation, MTT solution (0.5 mg/mL final concentration)
was added to each well and incubated for 3 h at 37 #C. The result-
ing formazan crystals were solubilized with 100 lL/well of
dimethylsulfoxide (DMSO, Sigma Aldrich). The optical densities
(ODs) were measured in a microplate reader (Spectrafluor Plus;
TECAN, Austria GmbH) at 550 nm. The results were expressed as
the percentage of OD compared to medium without HNT.

2.11. Trypan blue assay

L929 were seeded and treated as described for the MTT assay.
After 72 h of exposure, cell monolayers were rinsed twice with
PBS and re-suspended with trypsin–EDTA. An aliquot of the cells
was stained with 0.4% Trypan blue, and the number of viable cells
was determined using a hemocytometer and light microscopy. The
number of viable cells was calculated as percentage of total cells.

2.12. Proliferation assay

The pyrimidine analogue 5-bromo-20-deoxyuridine (BrdU)
incorporation assay is a suitable method for the quantitative mea-
surement of cell proliferation based on BrdU incorporation instead
of thymidine into newly synthesized DNA. In the present study a
commercially available BrdU-based enzyme-linked immunoassay
was used (Roche Molecular Biochemicals, Mannheim, Germany).
L929 fibroblasts (4 $ 103 cells per well) were plated into 96-well
plates and incubated for 24 h. After that, the medium was replaced
by HNT suspension at the same concentration of cytotoxicity tests
or complete medium. After 48 h of exposure, BrdU reagent was
added and incubated for 4 h. The assay was performed following
the procedure prescription. The ODs were measured at 450 nm
by the microplate reader. The proliferation activity in presence of
HNT was reported in percentages respect to cell growth in medium
without HNT.

2.13. Statistical analysis

The viability and proliferation tests were performed in three
independent experiments. The results are expressed as mean
value ± standard deviation (SD) of four replicates wells for each
HNT concentration and control medium. Data were evaluated sta-
tistically by StatView™ 5.0 software (SAS Institute, Cary, NC, USA).
The various means were compared by the independent Student’s
t-test. A value of p < 0.05 was considered statistically significant.

3. Results and discussion

HNT are versatile mesoporous materials with a tubular struc-
ture. The different chemical composition of the inner (aluminol)
and outer (siloxane) surfaces allows for the selective functionaliza-
tion of the lumen/exterior, making this material very well suited
for the design of composites for biomedical applications.
Furthermore the peculiar hollow fiber shape of HNT is ideal for
the inclusion of small molecules and for the assembly of a light
and resistant composite, providing at the same time preferential
diffusion pathways.

A representative SEM micrograph of the HNT commercial batch
used throughout this work is given in Fig. 1, together with the
schematic structure of a single tube. Different morphologies are
visible, the nanotubular (length ranging from 100 nm to few lm)
being the most represented. As suggested by XRD Rietveld analysis,
the batch contains also kaolin and, in a minor amount, quartz
(See Supplementary Information, Fig. SI-1), both of which are
already employed in composites for biomedical applications
[33,34]. Furthermore, kaolin has the same chemical composition
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of Halloysite, while quartz (present in minor amounts) displays the
same composition of its exterior. We decided therefore not to
purify the commercial material, especially to demonstrate that
no time and money consuming procedures are required to achieve
optimal characteristics in the final material.

The BET analysis reveals that the pore size distribution ranges
from few to few tens of nm, consistent with the presence of inter-
tubular and intra-particle pores. In particular, nitrogen adsorption
isotherm on HNT samples (see Fig. SI-2A in Supplementary
Information) shows a hysteresis loop associated with a capillary
condensation in mesoporous cavities [35]. The analysis of the
hysteresis curve reveals that most of the pores are in the
20–80 nm range. Total BET surface area is 18 ± 1 m2/g, while total
pore volume is found to be 0.17 ± 0.01 ml/g. Several values of
HNT surface area are reported in the literature, roughly ranging
from 20 to 100 m2/g, this variability being due to the origin of the
deposit and especially to solvent treatments of the initial powder
[36]. The relatively low value found for our powder further confirms
the co-presence of non porous material. Functionalization of HNT
with APTES and the loading with Sr2+ do not result in any significant
variation in terms of surface area and porosity.

The cation-exchange capacity of the HNT batch versus Sr(II) was
evaluated after mixing the powder material during 24 h in a
saturated SrCl2 solution. ICP-AES analysis indicated a strontium
content of about 7 %wt.

Previous studies reported that the functionalization with APTES
enhances the biocompatibility of several nanomaterials [37–39]. In
our study, HNT surface was functionalized with APTES to enhance
the chemical affinity of HNT with the PHBV biocompatible scaffold
through hydrogen bonding between the amine groups and the
polymer carboxylic moieties. The successful modification of HNT

surface with APTES was confirmed by the presence of the N–H
stretching band in the 3300–3500 cm#1 region of the ATR–FTIR
spectrum shown in Fig. SI-3. Furthermore, APTES-functionalized
HNT suspensions display a marked increase in their stability with
respect to pristine clay nanotubes (Fig. SI-4).

SEM image of nanocomposites (HNT-Sr-PHBV) in Fig. 2A shows
that the PHBV matrix almost completely embed the inorganic nan-
otubes in a quite homogenous and smooth film, with only few clay
structures emerging from the polymer surface.

The HNT-Sr-PHBV nanocomposite thickness and mechanical
properties were evaluated through AFM nanoindentation experi-
ments [40,41] (see Fig. SI-5), resulting in an average thickness of
the film of about 300 nm. The maximum compression that the
nanocomposite withstands is about 20 lN. Taking into account
the area of contact resulting from the AFM probe curvature, a com-
pressive strength of about 50 GPa can be estimated, mainly ascrib-
able to the presence of the Halloysite nanotubes [42]. Multi-walled
carbon nanotubes that are frequently reported as potential
reinforcing agents in biomedical composites [43,44] display com-
pressive strengths of "100 GPa [45] but present severe concerns
from the toxicological point of view. The structural properties of
Halloysite nanotubes make them very suitable for biomedical
applications in the bone regeneration field, where mechanical
resistance is a crucial prerequisite.

The thermal behavior of the composite was studied by means of
thermogravimetry and differential scanning calorimetry in order to
assess both its stability and processability features. Fig. 3A shows
the weight losses of HNT, PHBV and HNT–PHBV composite. The
thermogravimetry profile of the composite results from the
combination of those of PHBV and HNT. The PHBV polymer is
thermally stable up to 220 #C, while the weight of HNT is constant

Fig. 1. Scanning electron microscopy image of a HNT sample (left), schematic representation of HNT structure (middle), and HNT crystallographic structure (right).

Fig. 2. (A) SEM image of the freshly prepared nanocomposite. (B) Non contact AFM image of a degraded (4 days) HNT–PHBV nanocomposite (Z-range: 800 nm). The inset
displays a zoom of a selected region (Z-range: 400 nm). (C) SEM image of the nanocomposite degraded during 28 days.
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up to "400 #C (aside from an initial weight loss due to physisorbed
water). From the weight loss profile, the composition of the
nanocomposite was found to be 28 %wt HNT and 72 %wt PHBV.
The DSC analysis (Fig. 3B) shows that the polymer undergoes a
glass transition at about 55 #C (see the inset) and has a relatively
low melting temperature ("150 #C). These thermal properties open
the way to the direct compounding [46] of inorganic fillers in a
PHBV matrix, and confer also a high processability to the resulting
composite. For instance, properly functionalized Halloysite can be
mixed directly with molten PHBV and extruded to form a self-
standing scaffold.

In order to simulate the behavior and fate of an implant based
on this composite, HNT-Sr-PHBV coupled on glass surface were
exposed to para-physiological conditions (PBS buffer, 37 #C) and
analyzed by means of electron and atomic force microscopy to
monitor the morphological and mechanical evolution, as well as
their adhesion properties. Fig. 2B reports the AFM topography of
HNT-Sr-PHBV nanocomposite after 4 days of degradation. The sur-
face displays a large number of voids resulting from the PHBV
degradation. Insights on the mechanism can be inferred from the
analysis of the inset in Fig. 2B (as well as from Figs. SI-6) and from
the evolution of the polymer surface roughness with time (Fig. SI-
7) that shows a random trend. The presence of irregularly shaped
voids and semi-detached polymer fragments in their proximity
indicates that the polymer degrades through a random bulk
hydrolysis [47]. After 28 days of degradation the inorganic scaffold
is exposed to the environment, as evident from the significant
number of HNT tubules visible in the SEM image (Fig. 2C).

The amount of Sr(II) dispersed in the medium was evaluated by
means of ICP-AES. Fig. 4 shows that more that 60% of the initially
loaded Sr(II) is retained after 28 days of degradation: results
demonstrate that the HNTs are able to retain a consistent amount
of Sr(II) over time. In details, about 70% of the strontium uploaded
is still available after one week, suggesting that its bioactivity lasts
long enough to allow the local regeneration of bone tissue.
Furthermore, the presence of PHBV does not affect the release of
strontium, simply modulating the exposure of HNTs to the sur-
rounding medium. This is consistent with a strong interaction
between Sr(II) and HNT, much stronger than that between Sr(II)
and PHBV. As a result, the release of Sr(II) to the environment is
regulated by its affinity towards HNTs. Finally, the small amount
of strontium released also minimizes the toxicity concerns.

The in vitro HNT biocompatibility was assessed by a direct con-
tact method using mouse fibroblasts cell line (L929), previously
employed to evaluate carbon nanotube cytotoxicity [48,49]. The
cell viability after incubation in the presence of HNT, HNT–PHBV,
HNT-Sr and HNT-Sr-PHBV was measured by evaluation of func-
tional state of mitochondria (MTT assay) and cellular membrane
integrity (Trypan Blue assay). Moreover the proliferative capacity

of the cells exposed to HNT was evaluated by incorporation of
BrdU during cell replication. All these cell culture methods are
highly reproducible, quantitative, and they have been already
employed to assess the biocompatibility of diverse nanostructures
[50–52] and polymeric materials [53].

Fig. 5 summarizes cytotoxicity data. MTT test was performed
after 72 h of exposure at different composite concentrations (25,
50 and 100 lg/mL, Fig. 5a). To highlight the specific effect of
Sr(II) concentration on cytotoxicity, results are also given as a
function of the cation concentration in each sample (Fig. 5b). All
samples exhibited cell growth inhibition in a concentration
dependent manner. The cell viability was preserved (ca. 70% of
cells survived) up to composite concentration of 100 lg/mL for
HNT and for the composites HNT–PHBV and HNT-Sr-PHBV. For
the HNT-Sr sample there is a clear decrease in cell viability (only
30% of cells survived at 100 lg/mL).

The toxicity data obtained by Trypan blue tests (Fig. 6) con-
firmed the MTT results. These data show that cell viability after
72 h of exposure is maintained at >80% for HNT, HNT–PHBV and
for HNT-Sr-PHBV at all Sr(II) concentrations studied, indicating
high biocompatibility of Halloysite nanotubes and PHBV, up to
100 lg/mL. However, the ‘‘naked’’ HNT-Sr induces a significant
vitality reduction already at 25 lg/mL, suggesting the need for a
barrier to modulate its interaction with cells.

The effectiveness of a biocompatible scaffold is also related to
its ability to not lessen the normal cellular proliferative capacity.
The cell proliferation of L929 fibroblasts after 48 h of incubation
with different suspensions is reported in Fig. 7 as the percentage
with respect to the culture medium. The data show that cell

Fig. 3. (A) Thermogravimetry of HNT, PHBV and HNT–PHBV composite; (B) DSC thermogram of a PHBV sample. In the inset the temperature range 20–80 #C is enlarged,
showing the glass transition of the polymer.

Fig. 4. Retained amount of strontium over time in para-physiological conditions in
the case of HNTs and HNT–PHBV composite.
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proliferation in the presence of HNT, HNT–PHBV and HNT-Sr-PHBV
is similar to control samples, while HNT-Sr induces a significant
reduction at all analyzed concentrations. These data suggest that
HNT and PHBV are well tolerated by L929 mouse fibroblasts, while
the Sr contained in HNT showed a toxic effect on cells viability and
growth due to their direct exposition to the cation. The coating of
PHBV produces a biocompatible environment for the cells, even
when high concentrations of strontium are present within the
composite. The biocompatible surface of PHBV thus acts as a tun-
able barrier for the interaction between fibroblasts and Sr-loaded
HNT.

4. Conclusions

This paper reports on a biocompatible hybrid nanocomposite
consisting of Sr(II)-loaded Halloysite nanotubes embedded within
a biopolymer (PHBV) matrix. The nanotubular morphology of
HNTs provides an inorganic scaffold with well-suited mechanical

properties for bone replacement, especially in terms of lightness
(hollow fiber) and high compressive strength. Thanks to the ability
of Halloysites to upload and dynamically exchange cations [26], we
prepared for the first time a HNT–PHBV composite capable of effec-
tively uploading and carrying high doses of Sr(II). The biopolymer
embeds the inorganic scaffold, allowing for the progressive expo-
sure of the nanotubes to the physiological environment, and the
modulation of Sr(II) bioavailability. In our design, the bioactive role
of Sr(II) [12,14] could be fully exploited at the local level, as it is
significantly retained on the scaffold during the first month of
exposure to phosphate buffer, thus avoiding the collateral effects
associated with Sr(II) systemic administration [19]. The thermal
characteristics of our composite make it easily processable and
envisage its use in several treatments of bone defects or diseases.
For example, it could be applied as a filmable coating to enhance
the bone regeneration capacity of synthetic bone grafts or it could
be fabricated as a self-standing biomaterial. The chemical com-
position of HNT is identical to the widely adopted and biologically

Fig. 5. Comparative cytotoxicity of HNT, HNT-Sr, HNT–PHBV and HNT-Sr-PHBV obtained with MTT assay, after exposure of L929 cells for 72 h. The percentage of cell viability
was calculated versus control medium without composites (taken as 100%). Results are given as a function of (A) composite concentration; (B) Sr concentration.

Fig. 6. Comparative cytotoxicity of HNT, HNT-Sr, HNT–PHBV and HNT-Sr-PHBV obtained with Trypan blue assay, after exposure of L929 cells for 72 h. The number of viable
cells was calculated as percentage of total cells for each sample. Results are given as a function of (A) composite concentration; (B) Sr concentration.

Fig. 7. Comparative DNA synthesis measured as BrdU incorporation in L929 cells incubated with HNT, HNT-Sr, HNT–PHBV and HNT-Sr-PHBV for 48 h. The percentage of cell
proliferation was calculated versus control medium without composites (taken as 100%). Results are given as a function of (A) composite concentration; (B) Sr concentration.
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well-tolerated kaolin, introducing a significant advantage over
other fibrous nanostructures. For instance, carbon nanotubes dis-
play comparable mechanical properties, but their use is not recom-
mended due to toxicity issues [50]. The fabrication method
described here to obtain the nanocomposite is highly versatile,
and it could address different biomedical and physico-chemical
needs. In particular, the amount of uploaded Sr(II) could be easily
adjusted by varying the surface functionalization of HNT; the time
before the bioactive inorganic scaffold is exposed to the physiologi-
cal environment could be finely tuned by the thickness of the PHBV
coating; the biopolymer matrix could also be used as a carrier for
biochemical signals and drugs, opening the possibility to the
design of multi-functional nanocomposite biomaterials.
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Rietveld analysis of XRD spectrum of HNT 
 

 

Figure SI-1. Rietveld analysis of the XRD spectrum of HNT, together with the relative 
abundances of Halloysite, Kaolinite and Quartz. 
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Surface area and pore volume analysis of HNT 
 

 

 

 
 

 
Figure SI2. Adsorption isotherm and pore size distribution obtained with BJH 
calculation of a HNT sample. 
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FT-IR and stability of functionalized HNT 
 

 

 
Figure SI-3. ATR-FTIR spectra of halloysite (top) and APTES-functionalized 
HNT (bottom). The successful functionalization is demonstrated by the broad 
absorption band around 3300 cm-1 corresponding to N-H stretching. 
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Figure SI-4. Halloysite water dispersion (left) and APTES-functionalized HNT 
water dispersion (right), clearly showing the improved dispersibility of the 
latter. 
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Nanoindentation tests 
 

 

Figure SI-5. Left: Representative force versus displacement curve obtained during the 
nanoindentation test of a nanocomposite sample Right: AFM image of the indented 
sample. 

Morphology  

  
 

Figure SI-6. AFM topography (left) and phase analysis image (right) of HNT-
PHBV nanocomposite after 24 hours of degradation in PBS at 37 °C. (Z-
range=500 nm, scan size=20 µm2) 
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Surface roughness evolution during degradation 
Surface roughness is a measure of the texture of a surface and it is quantified by the 
root mean square (RMS) vertical deviations of a real surface from its ideal form (i.e. 
average value). Apart from the nonlinear RMS trend that is consistent with a random 
bulk hydrolysis mechanism of the polymer, the decrease in RMS roughness within the 
first 24 hours of degradation, can be taken as a qualitative assessment of the swelling 
capacity of PHBV. 

 

 

 

Figure SI-7. RMS roughness evolution with time for PHBV film spin coated onto 
APTES-functionalized glass substrate. 
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Details about cell cultures.  
Mouse fibroblasts (L929) from Interlab Cell Line Collection (ICLC ATL 95001) were 
cultured in RPMI supplemented with 10% FBS, 2 mM L-Glutamine, 100 μg/mL 
streptomycin and 100 U/mL penicillin. Cells were subcultured when at confluence (split 
ratio 1:3) by trypsinization (0.5% trypsin/0.02% EDTA). The cell cultures were kept at 
37°C in a humidified atmosphere of 5% CO2 in air. The medium was changed every 
three days and cell viability was routinely checked by vital staining with Trypan blue. 
Each experiment was performed on cells that demonstrated viability rates >95%. 
Culture media were supplied by BioWhittaker Europe, sera and all culture reagents were 
from Sigma Aldrich. Cell line was obtained from National Institute for Cancer Research 
of Genoa, Italy. 
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Abstract The objective of this study was to integrate

inorganic halloysite nanotubes (HNT) with chitosan
and hyaluronic acid to obtain hybrid nanocomposites

with opposing charges and to investigate their potential

in the controlled release of drug model probes. Two
oppositely charged polysaccharides, chitosan and

hyaluronic acid, were selected for their biocompatibility
and their importance in biomedical applications. The

high surface area and the hollow nanometric-sized

lumen of HNT allowed for the efficient loading of
rhodamine 110 and carboxyfluorescein, used as models

for oppositely charged drugs. In the case of chitosan, the

preparation of the nanocomposite was carried out
exploiting the electrostatic interaction between the

polymer and HNT in water, while with hyaluronic acid,

a covalent functionalization strategy was employed to

couple the polymer with the clay. Nanocomposites were
characterized with thermal, microscopic, and spectro-

scopic techniques, and the release kinetics of the model

compounds was assessed by fluorescence measure-
ments. The release curves were fitted with a model able

to account for the desorption process from the external
and the internal halloysite surfaces. The results show

that both polymeric coatings alter the release of the

probes, indicating a key role of both charge and coating
composition on the initial and final amount of released

dye, as well as on the rate of the desorption process.

Keywords Release kinetics ! Nanocomposites !
Halloysite ! Chitosan ! Hyaluronic acid

Introduction

Polysaccharide-based composites have been the

subject of numerous studies and have been proposed
as favorable materials in a wide range of technological

and bio-based applications (Ghorai et al. 2013; Travan

et al. 2011; Pandey et al. 2013; Kulterer et al. 2012;
Shingel and Marchessault 2006; Murugan and Ra-

makrishna 2004; Buchtová et al. 2013; Stodolak et al.

2009; Habibi and Dufresne 2008). Biocompatibility
and biodegradability of starting materials, together

with their large availability in nature, are added values

for composites intended to perform medical and bio-
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based functions. By virtue of straightforward chemical
modifications (Ortona et al. 2008), introduction of

properly designed inorganic nanostructures (Duarte

et al. 2012; Ruiz-Hitzky et al. 2013), or adopting
different fabrication procedures (Suh et al. 2000;

Calvert 2001; Liu Tsang and Bhatia 2004; Ryan et al.

2006), material properties can be tailored to meet
specific needs (Fox et al. 2013; Connell et al. 2014).

Among polysaccharides, chitosan and hyaluronic acid

have been extensively studied and adopted in the
formulation of nano-hybrid hydrogels, composites,

and drug carriers (Vallés-Lluch et al. 2013; Ha et al.

2006; Berthold et al. 1996; Agnihotri et al. 2004).
Hyaluronic acid is a natural polysaccharide ubiquitous

in the tissues of humans and other mammalians. It is an

essential component of the extracellular matrix in
which its structural and biological properties mediate

cellular signaling, wound repair, morphogenesis, and

matrix organization (Burdick and Prestwich 2011).
Hyaluronic acid and its derivatives have been used as

dermal fillers (Falcone and Berg 2008), therapeutic

agents (Lee et al. 2008; Roig-Roig et al. 2013), as well
as potential building blocks for the creation of new

biomaterials for tissue engineering and regenerative

medicine (Collins and Birkinshaw 2013). Subsequent-
ly, chitosan is prepared by the N-deacetylation of

chitin, the major constituent in the exoskeleton of

arthropods, and it has been demonstrated an invaluable
material in the fields of biomedical engineering (Roldo

and Fatouros 2011; Jayakumar et al. 2010a, b),

biotechnology (Issa et al. 2005; Kaur and Dhillon
2014), cosmetics, and medical materials (Jayakumar

et al. 2010b; Baldrick 2010; Gu et al. 2013), thanks to

its wound healing effect in addition to good biocom-
patibility and biodegradability (Mi et al. 2002; Hejazi

and Amiji 2003; Kean and Thanou 2010).

Recently, chitosan was used in combination with
halloysite nanotubes (HNT) (Liu et al. 2012; Khoo

et al. 2012; Abdullayev and Lvov 2013; Liu et al.

2013; Bai et al. 2014; Liu et al. 2014) while, to date,
few studies have been concerned with halloysite–

hyaluronic acid nanocomposites (Deen and Zhito-
mirsky 2014). HNTs are natural aluminosilicates with

tubular morphology that show intriguing properties,

thanks to their unique structure and composition
(Joussein et al. 2005). HNT are generally well

tolerated by cells (Vergaro et al. 2010; Verma et al.

2012; Zhao et al. 2013) and have the quality to expose
two differently reactive surfaces (inner Al–OH and

outer Si–OH, Fig. 1) to the environment, thus paving
the way to a whole range of asymmetric functional-

ization strategies (Yuan et al. 2008; Chao et al. 2013;

Marney et al. 2012; Massaro et al. 2014; Arcudi et al.
2014). The presence of a hollow lumen with nano-

metric size suggests the use of HNT as nanoreactors,

nanotemplates, or sorbents for contaminants (Du et al.
2010), and HNT may also be exploited for the loading

and release of chemicals and drugs (Price et al. 2001;

Ward et al. 2010; Shchukin and Möhwald 2011). The
use of organic hybrid composites is continuously

increasing in the field of nanomedicine, and combin-

ing HNT with biocompatible polymers may result in
the fabrication of novel and promising biomaterials.

The objective of this study was to integrate HNT with

chitosan and hyaluronic acid to obtain hybrid
nanocomposites with opposing charges and to explore

their potential in controlled drug release applications.

HNT were loaded with two fluorescent probes com-
monly used as model for drugs (Chen et al. 2011;

Forster et al. 2012) having similar molecular structure

but opposite charges—rhodamine 110 (positively
charged) and carboxyfluorescein (negatively charged)

(see Fig. 1). By fitting the experimental release data

with a recently developed mechanistic model, the
effect of the probe–composite electrostatic interaction

on the release process was elucidated, and general

conclusions on the release of charged probes from
halloysite-based polymeric nanocomposites were

determined.

Materials and methods

Materials

Chitosan powder (deacetylation C 75 %; viscosity at
1 wt% in 1 % acetic acid at 25 "C = 800–2000 cps),

(3-aminopropyl)trimethoxysilane (APTMS, purity

C 97 %), rhodamine 110 chloride (Rho110, purity
C 99 %), 5(6)-carboxyfluorescein (CF, purity

C 95 %), N-(3-dimethylaminopropyl)-N0-ethylcar-
bodiimide hydrochloride (EDC, commercial grade),

2-(N-morpholino) ethanesulfonic acid monohydrate

(MES, purity C 99.5 %), N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS, purity C 98 %), ethanol

(puriss. p.a. grade), ammonium hydroxide (28.0–

30.0 NH3 basis), acetic acid (purity C 99.7 %), and
toluene (anhydrous, purity = 99.8 %) were purchased
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from Sigma Aldrich (Milan, Italy) and used as

received. Sodium hyaluronan (average MW = 80–

100 kDa, intrinsic viscosity at 25 "C = 0.18–
0.28 m3 kg-1) was purchased from Altergon Italia srl

(Avellino, Italy) and used without further purification.

Halloysite powder was provided by Imerys Minerals
Ltd (Auckland, New Zealand) and purified prior to use

according to a procedure reported in the literature

(Shchukin et al. 2005). (3-glycidoxypropyl)trimetho-
xysilane (GPTMS) was purchased by abcr GmbH &

Co. KG (Karlsruhe, Germany) and used as received.

Phosphate-buffered saline (PBS) solution was pre-
pared in accordance to Dulbecco’s formulation (Dul-

becco and Vogt 1954). NaCl and KCl were purchased

from Sigma Aldrich (Milan, Italy), and Na2HPO4!2H2-

O and KH2PO4 were purchased from Merck (Darm-

stadt, Germany). The characterization of the halloysite

sample (surface area, porosity, infrared spectrum, and
thermogravimetry) was performed, and the data are

supplied as supplementary material.

Methods

ATR-FTIR measurements were performed on a Nexus
870 spectrometer (Nicolet, Madison, WI, USA),

equipped with a liquid N2-cooled mercury cadmium

telluride (MCT) detector (650–4000 cm-1 range, resolu-
tion 2 cm-1). Thermogravimetric analysis (TGA) was

conducted on a SDT Q600 (TA Instruments, Philadel-

phia, PA, USA) from *25 to 1000 "C at 10 "C/min.

Morphological characterization was conducted by
means of scanning electron microscopy (RIGMA Field

Emission SEM, Carl Zeiss Microscopy GmbH, Ger-

many) and transmission electron microscopy (TEM—
CM12 Philips, Eindhoven, Netherlands). Surface area

and porosity of the samples were determined from N2

adsorption isotherms with a SA 3100 analyzer (Beck-
mann-Coulter, Milano, Italy) utilizing BET (Brunauer

et al. 1938) and BJH (Barrett et al. 1951) calculations.

Zeta potential measurements were performed on a
Z-PALS analyzer of Brookhaven Instruments (Holts-

ville, NY, USA). Elemental analysis was performed on

solid samples with a CHN-S Flash E1112 analyzer
(Thermo Finnigan, Milano, Italy). Fluorescence was

measured with a LS50B spectrofluorimeter (Perkin

Elmer, Italy) equipped with a Xe lamp and LC-240 FL
detector, using QS cells with 1 cm path length (Hellma

GmbH & Co. KG, Mulheim, Germany). Fluorescence

was evaluated at 519 nm in the case of rhodamine 110
(kexc = 480 nm) and at 514 nm in the case of car-

boxyfluorescein (kexc = 460 nm).

Loading of fluorescent compounds

The loading of the fluorescent compounds was
achieved by suspending halloysite powder (1 wt%)

Fig. 1 Scanning electron
microscopy image of a HNT
sample (upper left),
schematic representation of
HNT structure (upper right),
and molecular structure of
carboxyfluorescein and
rhodamine 110 (bottom)
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in 10 mg/l solutions of Rho110 or CF. These suspen-
sions were placed under vacuum and under agitation

so the solutions were forced to enter the nanometric

cavity. The release of bubbles into the solution due to
the leakage of air contained in the lumen of the

nanotubes was a clear evidence of the insertion of

solution inside the tubules. After 30 min, the solid
material was recovered by centrifugation (10 min at

12,500 g) and dried. The amount of dye retained by

HNT was determined by the difference in the sample
fluorescence before and after the loading procedure. In

particular, HNT initially retained approximately

0.7 lg of CF and approximately 0.6 lg of Rho110
per mg of HNT. Loaded HNTs were then used as the

starting material for the preparation of the nanocom-

posites to be used in the release tests. In the case of the
hyaluronan-based composites, the fluorescent dyes

were loaded onto HNT silanized with APTMES,

following the same procedure.

Preparation of the composites

HNT/chitosan nanocomposites (HNT–C) were prepared

by exploiting the electrostatic attraction force between

the negatively charged HNT external surface and the
positively charged polymer. 1 wt% of HNT and 1 wt%

of chitosan were dispersed in Milli-Q water under

vigorous agitation. After addition of acetic acid (to pH
5), a viscous, homogenous suspension was obtained.

The suspension was centrifuged at 12,500 g for 10 min

to precipitate the composites and remove excess
chitosan not physisorbed on the HNT surface. The

amount of physisorbed polysaccharide did not change

significantly by varying mixing time and decreasing the
pH of the suspension. HNT/hyaluronan nanocomposites

(HNT–H) were prepared by covalent interaction be-

tween the inorganic and organic components, because
the electrostatic repulsions prevent their direct interac-

tion in aqueous medium. HNT surfaces were first

functionalized with APTMS by mixing silane with
2 wt% HNT dispersion in ethanol and adding of NH4OH

to obtain a pH of 9. The amount of APTMS was chosen
to obtain a specific value for the surface area coverage of

HNT (50 % of total BET surface area, see supplemen-

tary material) by taking into account a silane cross
section of 0.5 nm2 (Abdelmouleh et al. 2002). The HNT

silanization was verified by means of elemental analysis

and spectroscopic measurements (supplementary mate-
rial). Meanwhile, hyaluronic acid was dissolved in MES

buffer (1 wt%, pH 6) with stoichiometric amounts of
EDC and sulfo-NHS, and kept under agitation for

30 min. After introduction of PBS solution (pH 7.4),

250 mg of silanized halloysite was added and kept under
agitation for 4 h. The solid was recovered by centrifu-

gation at 12,500 g for 10 min, washed with water, and

freeze-dried.

Release tests

A fixed amount (10 mg) of nanocomposite material

loaded with the fluorescent dyes was placed in 5 ml of

Milli-Q water and kept under agitation. At specific
intervals of time and up to a period of 48 h (every

30 min for the first 6 h, every hour for the following

18 h, every 4 h until 48 h), 50 ll of the solution was
collected and diluted 1:4. After any withdrawal, the

same amount of water was added to the sample to keep

the volume constant throughout the experiment. To
evaluate the concentration of the released probes, the

maximum of the fluorescence intensity (at 514 nm for

CF, at 519 nm for Rho110) of sample solutions is
evaluated at progressive intervals of time. The

concentration of each sample was extrapolated from

the corresponding calibration curve (supplementary
material). Weight percentage of released dye (calcu-

lated as amount of release dye over the initial amount

of loaded dye) was plotted against time.

Results and discussion

Characterization of the composites

Figure 2a shows the FTIR spectrum of HNT-C

compared to the spectra of pure chitosan and HNT in

the 1300–1800 cm-1 spectral window (the complete
spectra in the 650–4000 cm-1 range are reported in

the supplementary material). The spectra of both the

nanocomposites show peaks arising from both the
inorganic and organic constituents, confirming their

presence in the composite material. In particular, the
spectrum of HNT–C shows a band centered at

1650 cm-1 whose shape is due to the overlapping of

the –OH bending of water physisorbed onto the HNT
(Ruiz-Hitzky and Van Meerbeek 2006) with the broad

band of N-acetyl groups of chitosan at 1652 cm-1. The

band at 1560 cm-1 in the nanocomposite sample is a
further confirmation of the presence of N-acetyl
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groups owing to chitosan (Sudina et al. 2012). In the

FTIR spectra of HNT–H composite (reported in

Fig. 2b), a peak at 1560 cm-1, attributable to bending
vibrations of amide N–H groups (Haxaire et al. 2003),

can be observed; other characteristic peak of hyaluro-

nan, correspondent to the C=O stretching of deproto-
nated carboxylic groups at 1603 cm-1 (Haxaire et al.

2003), appears as a shoulder in the spectra of the

composite.

The thermogravimetric profile of HNT–C (Fig. 3A)

shows an initial weight loss due to water physisorbed

onto HNT and weakly bound to chitosan, in the
temperature range of 25–150 "C, well shown in the

derivative signal as a defined peak at 50 "C and a

bump at 100 "C. In the range of 150–350 "C, the
degradation of the organic component occurs in three

stages, as clearly visible in the DTG signal, and the

corresponding weight loss indicates that the polymer

Fig. 2 FTIR spectra of
(A) HNT-C composite and
(B) HNT-H composite. Each
plot shows also the FTIR
spectrum of the
correspondent polymer
(chitosan and hyaluronic
acid) and of pure HNT, for
comparison. The curves are
vertically shifted for the
sake of clarity

Fig. 3 Thermogravimetric
and differential
thermogravimetric profiles
of the nanocomposites:
(A) HNT–chitosan (HNT–
C); (B) HNT–hyaluronan
(HNT–H)
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is about 6 % with respect to the total weight of dry
sample. At higher temperatures, HNT undergoes a

structural dehydroxylation that corresponds to the loss

of chemically bound water (see supplementary mate-
rial). The thermogravimetric profile of HNT–H

(Fig. 3B) shows a similar trend to that of HNT–C,

with a few percentages of physisorbed water lost
around 50 "C (see peak in the DTG profile), and the

organic component, i.e., hyaluronic acid, degrading in

two stages in the 150–350 "C range. In this case, the
amount of organic component is about 3 % with

respect to the total weight of dry sample.

TEM images (Fig. 4) give a clear indication of the
presence of an organic, homogenous layer (indicated

by arrows in the figures) covering HNTs and clogging

their extremities. The contrast in the TEM image is due
to the difference in atomic numbers of the elements

that constitutes the composite (mainly Al and Si for

HNT and C and N for chitosan), so the polymer film
can be distinguished as a lighter coating covering the

tubules. Additional evidence of the interaction be-

tween the HNT and polysaccharides comes from f-
potential measurements reported in Fig. 5.

As expected from electrostatic considerations, the

HNT–C nanocomposites exhibit a positive charge
(?33 ± 2 mV) in contrast to the f-potential of the

native halloysite (-22 ± 1 mV). In the case of HNT–H

nanocomposites, the f-potential decreased to -
31 ± 2 mV, confirming that hyaluronan residues bear-

ing negative charges are effectively linked to the

inorganic surface. Chitosan and hyaluronan acid suc-
cessfully imparted different charges to the surface of

HNTs, thus modulating their electrostatic interactions

in solution. This property could be of great interest in
biomedical applications and in fields requiring selective

affinity between charged interfaces.

Release kinetics

The investigation in using HNTs as a drug delivery
system (Levis and Deasy 2002) and the study of the

release of chemicals, especially pharmaceuticals, from

halloysite and halloysite-based polymeric composites
has been tackled in the recent past (Levis and Deasy

2003; Lvov et al. 2008; Ghebaur et al. 2012; Wang

et al. 2014). The release kinetics of chemicals loaded
into HNT has been modeled thus far using the Ritger–

Peppas (Ritger and Peppas 1987a, b) or related

equations (Veerabadran et al. 2007; Ward et al.
2010). Previous authors succeeded in determining

kinetic descriptors of the release process and in

obtaining different release profiles by optimizing
experimental conditions (solvent, pH, presence of

polymeric coating, reticulation of the polymeric

coating). However, as pointed out in some publica-
tions, strong electrostatic interactions in the system,

Fig. 4 TEM images of (A) HNT–C and (B) HNT–H nanocomposites

Fig. 5 f-potential measurements of halloysite (HNT), hal-
loysite/chitosan nanocomposites (HNT–C), and halloysite/
hyaluronan nanocomposites (HNT–H)
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especially between the polymer coating and the
halloysite load, are expected to influence the release

kinetics and cause deviations from a pure Fickian

diffusion. Deviations from a diffusion-controlled
release may also occur due to a broad particle size

distribution, as in the case of commercial grade

products. Recently, a new mechanistic model was
proposed for the description of 5-amino salicylic acid

released from halloysite (Aguzzi et al. 2013). This

model is based on the adsorption–desorption equilib-
rium between the drug and HNT and comprised two

interface processes: (a) the desorption of the drug

adsorbed on the external halloysite surface and/or
inter-particle spaces and (b) the desorption of the drug

molecules adsorbed into the tubular cavities of HNT.

The release profiles obtained in this work were fitted
with an equation derived from this model. In par-

ticular, the release model equation is:

y ¼ Aþ 100 ! Ce

Cmax
e

ð1%expð%ðkDt=CeÞÞ;

where y represents the percentage of released dye over

time (indicated with t in the equation) and A is the
mass of dye (or drug) released at time zero and is

associated to the amount of dye quickly released from

the outer surface of halloysite. A is generally indicated
(Bariana et al. 2013; Horcajada et al. 2010) as the burst

release from a drug delivery system. Ce represents the

equilibrium dye concentration for the slow process
(desorption from the internal HNT surface) and Ce

max

is the maximum concentration of released dye. kD

represents the specific desorption rate of the dye from
the inside of HNTs.

Figures 6 and 7 report the release profiles for CF

and Rho110 from chitosan- and hyaluronan-based
nanocomposites, respectively. Dye release from pure

halloysite is also shown for comparison. Only the

first 10 h of the release profiles are shown since after
this time lapse no significant variations took place

and all the samples reached an equilibrium value,

i.e., the maximum amount of dye released in that
particular experimental condition. The kinetic pa-

rameters extracted from fitting the data to the release

model equation are reported in Table 1 (chitosan-
based composites) and Table 2 (hyaluronan-based

composites). The analysis of the release profiles

shows that the model well describes the experimen-
tal data. As seen in Fig. 6, the presence of the

chitosan coating reduced the amount of dye released

after 10 h. The most noticeable effect is seen for the

HNT–C nanocomposite loaded with CF. In this case,

the negatively charged dye is almost completely
retained in the composite, presumably because of

favorable electrostatic interactions with the positive-

ly charged chitosan layer. Comparing this result with
the release of CF from pure HNT, which shows the

fastest release (kD = 60 ± 8 h-1) and the highest

amount of dye release at 10 h (Ce
max = 90.3 wt%),

the role of chitosan as a diffusional barrier is

evident. In addition, the amount of CF quickly

released from the outer HNT surface (parameter A in
the model equation) is severely reduced in the

presence of chitosan, going from 17 to 5 %. In the

Fig. 6 Release kinetics of Rho110 and CF from HNT–C
composite and from pristine HNT

Fig. 7 Release kinetics of Rho110 and CF from HNT–H
composite and from HNT-APTMES
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case of the desorption of Rho110 from the HNT–C

hybrid, the initial burst release from the outer
surface is observed to be higher than that of the

pristine HNT sample, while the desorption rate

associated with the release process from the inner
part (kD = 10 ± 2 h-1) is reduced with respect to

the value found for the pure HNT clays (kD = 36 ±

6 h-1). However, the amount of Rho110 released
after 10 h does not seem to be significantly altered

by the presence of the chitosan coating. The

behavior of the HNT–C/Rho110 system can be
rationalized by taking into account the fact that the

polymeric coating and the model drug have the same

electrostatic charge. This implies that immediately
after the dispersion of the system in water most of

the Rho110 interacting with the external surface of

the composite is quickly desorbed, causing a large
burst release. On the other hand, the Rho110 trapped

inside the HNT lumen has to pass the positively

charged chitosan coating to exit in the solution, and
this process is slower due to the electrostatic

repulsive effect.

Figure 7 shows the kinetic profiles obtained for the
release of the two dyes from HNT functionalized with

APTMES and from the HNT–H nanocomposites. By

comparing the release profiles from pure HNT (Fig. 6)

and from HNT functionalized with APTMES (Fig. 7),

it is evident that the presence of silane results in a
smaller amount of dye being released regardless of its

charge. In the case of CF, Ce
max is 90 wt% for pristine

HNT and reduces to 63 wt% when the HNT surface is
functionalized with the silane. An even more pro-

nounced decrease is found for Rho110, with Ce
max

passing from 79 to 40 wt% in the case of silanized
HNT. As evidenced in Scheme 1, the functionaliza-

tion of HNT-APTMES tubules with hyaluronic acid to

obtain HNT–H composites produces a material where
some of the carboxylic moieties of the polymers have

reacted to form an amidic bond. However, the f-

potential measurements indicate that the net charge of
this composite is strongly negative, suggesting that

most of the carboxylates are still free. The profiles

reported in Fig. 7 show that the release of positively
charged Rho110 from negatively charged HNT–H

composites is not slowed down with respect to that of

the uncoated HNT (see the comparison of the kD

values in Table 2), and the desorption is not com-

pletely inhibited as observed in the reverse system

(HNT–C ? CF). This behavior can be due to the fact
that the electrostatic contribution in the HNT–H

system is weaker. The reason for this is twofold:

(i) the amount of polymer on HNT is small (roughly

Table 1 Parameters obtained from the fitting of the release kinetics of Rho110 and CF from HNT–C composite and from pristine
HNT to the model release equation

Ce (wt%) Ce
max (wt%) kD (1/h) A (wt%) v2

HNT ? CF 67 ± 3 90 ± 5 60 ± 8 17 ± 3 13.1

HNT–C ? CF – – – – –

HNT ? Rho110 44 ± 3 79 ± 4 36 ± 6 18 ± 3 6.2

HNT–C ? Rho110 29 ± 3 71 ± 4 10 ± 2 26 ± 3 6.1

v2 is defined as Ri(y - yi/ri)
2, where y is the fitted value for a given point, yi is the measured data value for the point, and ri is an

estimate of the SD for yi

Table 2 Parameters obtained from the fitting of the release kinetics of Rho110 and CF from HNT–H composites and from HNT-
APTMES for the model release equation

Ce (wt%) Ce
max (wt%) kD (1/h) A (wt%) v2

HNT ? CF 34 ± 2 63 ± 3 15 ± 3 15 ± 3 24.5

HNT–H ? CF 2 ± 1 18 ± 1 2 ± 1 8 ± 3 3.7

HNT ? Rho110 11 ± 1 40 ± 2 12 ± 3 15 ± 3 4.3

HNT–H ? Rho110 8 ± 1 35 ± 2 13 ± 3 13 ± 3 3.7

v2 is defined as Ri(y - yi/ri)
2, where y is the fitted value for a given point, yi is the measured data value for the point, and ri is an

estimate of the SD for yi
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halved with respect to the chitosan case, as shown by
TGA) and (ii) part of the anionic carboxylic moieties

of the polymers was engaged in the covalent bonding

to the surface. The release of CF from HNT–H is
decreased with respect to the HNT-APTMES sample.

In particular, the final amount of released dye (Ce
max

going from 63 to 18 wt%) and the rate of desorption
from the inside of HNT (kD, going from 15 to 8 h-1)

are significantly lowered. As the composite (HNT–H)

and the dye (CF) both have the same (negative)
charge, a behavior of the burst release similar to that

found for the inverse system, HNT–C ? Rho110,

with increased initial release due to the repulsion
between similar charges could have been expected. In

this case, the CF desorbed immediately after the

dispersion of the HNT–H composite in water
(time = 0 h) is slightly lower than in the uncoated

case (see A values in Table 2), and this behavior is

likely due to the weak electrostatic effect of this
composite, as discussed previously.

Conclusions

In this paper, nanocomposites based on HNTs and two
highly biocompatible polysaccharides, chitosan and

hyaluronic acid, were prepared. In the case of HNT–C

composite, the electrostatic attraction between the
negatively charged silanol surface of HNT and the

positively charged polymer was exploited. The char-
acterization of this composite showed that this simple

strategy led to the formation of a positively charged,

stable material made of inorganic tubules covered by a
polymeric coating, whose amount was approximately

6 wt%. In the case of HNT/hyaluronic acid (HNT–H)

composites, a chemical functionalization strategy was
employed due to the unfavorable electrostatic inter-

action. The HNT surface was first silanized with

APTMES, and then a covalent bond was formed
between the carboxylic moiety of the polymer and the

amine group exposed on the inorganic clays. This

strategy produced a negatively charged composite
containing approximately 3 wt% of polymer covering

the inorganic tubules.

In order to address the effect of the relative charge
of composites and drugs on the kinetics of release, two

model dyes having similar structure but opposite net

charge (rhodamine 110 and carboxyfluorescein) were
loaded into the nanocomposites and their release

kinetics in water were evaluated via fluorescence

measurements. The curves were fitted with a model
able to account for the desorption process from the

external and the internal halloysite surfaces. The

results showed that both the polymeric coatings
altered the release process of the probes. In particular,

the chitosan coating was able to completely hinder the

release kinetic of the negative model drug. On the
other hand, the release of the positive dye from the

inner part of the inorganic tubules was slowed down

due to the electrostatic repulsive effect of the polymer
coating. Due to the different strategies of preparation,

it was observed that the negatively charged HNT–H
composite did not inhibit the release of the positive

dye. The reason is twofold: (i) the amount of polymer

on HNT is lower and (ii) some of the carboxylic
moieties of the polymers were engaged in the covalent

bonding to the surface, reasonably leading to a weaker

interaction with the positive probe. For the same
reason, the hyaluronic acid coating decreased the

release of the negative dye from the inner lumen of the

Scheme 1 Scheme of the
reaction route for the
preparation of HNT–H
nanocomposites
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tubules, both in terms of total released amount and
desorption rate, but it did not cause a remarkable burst

release. The results show that the polymeric coatings

were successful in modulating the charge of the
halloysite surface and altering the release kinetics of

the probes. In particular, the mathematical model

adopted to fit the release kinetics well described the
experimental data and indicated that both charge and

coating composition play a key role in the desorption

process, and it provides a simple yet complete
interpretation of the desorption of charged model dyes

from halloysite and halloysite-based composites. Fur-

ther studies have already been planned to investigate
the release of oppositely charged model drugs in

physiological conditions, where the high ionic

strength and the presence of proteins may alter the
process of release of charged molecules. The identi-

fication of models able to describe the delivery process

also in complex matrices would constitute an impor-
tant goal to properly tailor the characteristics of

systems to be used in biomedical applications.
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Figure S1. Typical N2 adsorption-desorption isotherm of a halloysite sample showing a 
hysteresis loop associated to capillary condensation (Pierotti and Rouquerol 1985). BET 
surface area is found to be 25 ± 4 m2g-1. 



 
 

Figure S2. Typical pore size distribution of a halloysite sample as obtained by BJH 
calculations.  

 
 

 
 
 

 
 

Figure S3. ATR-FTIR spectrum of halloysite powder. Characteristic signals that 
occurred at 3695 cm-1, 3620 cm-1 and 1650 cm-1 are attributed to O-H stretching of inner 
surface hydroxyl groups, O-H stretching of inner hydroxyl groups and deformation of 
physisorbed water molecules, respectively (Zhu et al 2012). The intense band at 1000 cm-

1 is attributed to Si-O-Si stretching (Finocchio et al 2007). 
 

 
 

 



 
 
Figure S4. DTG curve of a halloysite sample. The initial weight loss (∼2.5 %wt, RT-
150°C) is due to physisorbed water molecules, while the second thermal events (large 
endothermic peak centered at 485 °C) corresponds to the structural dehydroxylation of 
halloysite, i.e. loss of chemically bound water (∼14 %wt, 150-600 °C). At higher 
temperature (~650°C) a first order transition, identified by a change in the heat flow 
profile with no corresponding weight loss, is detected. This can be associated with the 
formation of crystalline γ-Al2O3 and mullite from the high temperature decomposition of 
dehydroxylated halloysite (Roy et al 1955) 
  



 
 
Figure S5. FTIR spectra of chitosan, halloysite nanotubes (HNT) and halloysite-chitosan 
nanocomposites. Chitosan characteristic signals (Silva et al 2012) are detected in the 
3000-3570 cm-1 range (OH stretching), at 2875 cm-1 (methyl C-H stretching), at 1375 cm-1 
(bending vibrations of methyl groups), in the 1680-1480 cm-1 range (vibrations of 
carbonyl bonds of amide group), and at 1150 cm-1 (asymmetric vibrations of CO in the 
oxygen bridge resulting from deacetylation of chitosan).  

 



 
 

Figure S6. ATR-FTIR spectra of hyaluronan, halloysite nanotubes (HNT) and halloysite-
hyaluronan nanocomposites. Hyaluronan characteristic signal (Haxaire et al 2003) are a 
broad band in the 3000-3300 cm-1 range (O-H and N-H stretching), a peak at 1600 cm-1 

corresponding to C=O stretching of deprotonated carboxylic groups, a weak shoulder at 
1145 cm-1 corresponding to antisymmetric C-O-C stretching of glycoside bonds, and a 
peak around 1010 cm-1 attributable to C-OH stretching. 
  



Table S1. CHN elemental analysis performed on HNT and functionalized HNT.  
 
 
 N (%wt) C (%wt) H (%wt) Est.surface 

coverage 
HNT 0.00 0.09 1.70 - 
HNT+APTMS 1 0.06 0.27 1.38 10 % 
HNT+APTMS 2 0.09 0.39 1.71 25 % 
HNT+APTMS 3 0.14 0.59 1.73 50 % 
!
Results confirm the presence of silane molecules bound to HNT, with both carbon and 
nitrogen weight percentage increasing with the amount of APTMS used during the 
silanization process. Estimated surface coverage corresponds to indicated percentages of 
total BET surface area (25 ± 4 m2g-1).  
!
!
!
!
!

!
!
Figure S7. Expanded view of the FTIR spectrum of silanized HNT. Due to the low 
amount of N and O in the samples, the characteristic adsorption peak of the APTMS 
amine group was not recognized clearly. However, in the 2870-2980 cm-1 region the 
silanized sample shows typical adsorption peaks attributable to alkyl C-H stretching. 
These signals are much weaker in the HNT sample, and in this case are due to some 
organic impurities.!



!

!
!
Figure S8. To evaluate the concentration of the released probes, the maximum of the 
fluorescence intensity (at 514 nm for CF, at 519 nm for Rho110) of sample solutions is 
evaluated at progressive intervals of time and the concentration is extrapolated from the 
corresponding calibration curve. From the comparison of the fluorescence intensity of the 
dye solution, before and after the addition of HNT, we found that the amount of loaded 
Rho110 and CF was 0.0595 %wt and 0.0678 %wt, respectively (percentages refer to total 
weight of HNT). The difference in loaded dye could be rationalized in terms of the more 
effective electrostatic interaction between negatively charged CF (at neutral pH) and the 
positively charged lumen of HNT.  
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a  b  s  t  r  a  c  t

The  use  of  injectable  materials  in  minimally  invasive  surgical  procedures  could  help  in facing the
bone  diseases  connected  to  the ageing  of  world  population.  To  this  aim,  materials  integrating  the
rheological  properties  of  biocompatible  polymers  with  the  mechanical  properties  of  1D inorganic  nanos-
tructures  represent  promising  scaffolds.  Here  we  describe  the  preparation  of  hydrogel  composites  made
of carboxymethyl  cellulose  (CMC)  and  halloysite  nanotubes  (HNT)  as  injectable  materials  for  the  local
treatment  of bone  defects.  The  rheology  and  injectability  of the  materials  reflects  their  structural  prop-
erties,  showing  the  possibility  of  successfully  injecting  the  prepared  composites  over  a large  range  of
operative  conditions.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The scientific research in bone medication and in the develop-
ment of new and efficient methodologies for the treatment of bone
diseases is becoming more and more relevant, mainly because of
the progressive ageing of the world population [1]. For instance, in
Italy the population ageing over 50 years is estimated to grow from
24 millions in 2010 to more than 29 millions in 2025. The number
of fractures (both traumatic and pathologic) in Europe is expected
to increase by more than 28%, with a total projected health care cost
exceeding 46 billions D [2]. Any effective strategy to reduce those
costs requires both a preventive action (typically achieved through
a healthy life style) and the minimization of the post-surgery hospi-
tal stay. To this aim, minimal invasive surgery definitely represents
a suitable strategy for the effective treatment of bone fractures
and diseases [3]. In this perspective, the in-situ injection of prop-
erly designed biomaterials able to combine adequate mechanical
properties with osteo-conductivity and osteo-inductivity can be of
particular relevance.

The injectability of a material through a needle is typically
assessed by evaluating the minimum pressure required for its injec-

∗ Corresponding author.
E-mail address: piero.baglioni@unifi.it (P. Baglioni).

tion, the evenness of its flow and the absence of clogging [4].
In the case of injectable composite materials, which typically are
complex and non-Newtonian fluids (i.e., hydrogels, gels, pastes,
concentrated suspensions), the complete understanding of their
rheological properties is crucial. Among them, shear thinning mate-
rials are especially appealing to minimal invasive surgery. Their
viscosity decreases during the injection, while they eventually
recover their initial rheological state at the injection site when
the stress is relieved. As a result, the material is able to conform
and eventually adhere to the site thanks to chemical affinity and
microscopic interlocking [5].

Injectable biodegradable hydrogels provide an effective and
convenient way for the controlled administration of a wide variety
of actives (such as drugs, proteins, genes, and living cells) and they
can be cleared from the body after accomplishing their mission [6].
A number of studies have already suggested the use of injectable
composites in supporting the growth of damaged tissues, such as
in bone tissue engineering [7], treatment of hemorrhage [8], and
wound healing application [9]. Such a broad range of applications
highlights the need for new materials (with tunable rheological
properties) that could be injected with needles of different gauges.

In this work, we  report on the preparation and the charac-
terization of an injectable composite material made of halloysite
nanotubes (HNTs) and carboxymethyl cellulose (CMC) conceived
for the local treatment of bone defects. The choice of a polysac-

http://dx.doi.org/10.1016/j.colsurfb.2016.05.056
0927-7765/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic representation of the HNT surface functionalization and of the formation of the nanocomposite hydrogels. The reaction scheme, including chemical
structures, is given in the Supplementary material, Fig. S2.

charide matrix responds to the need of a biocompatible polymer
with well-known rheological properties. CMC  spontaneously forms
a hydrogel and it is commonly adopted as a rheological modifier or
additive in several water-based formulations in biomaterials and
bio-based applications [10]. On the other hand, the use of nan-
otubular fillers introduces multiple advantages. HNTs are natural
tubular aluminosilicates [11] which have been already proposed
as reinforcing agents for composite materials in the field of bone
medication thanks to their cytocompatibility [12], their mechanical
properties [13], and their potentials as rheo-modifiers [14]. Com-
pared to spheroidal and platelet particles, their 1D shape provides a
stronger thickening power [15], while their hollow structure avoids
a large increase in the density of the composite. Furthermore, their
high surface area and the composition of the external surface allow
for the adsorption of cations and positively charged species [16],
while the presence of a hollow lumen of nanometric size can be
exploited to accommodate and slowly release actives and drugs
[17].

A crucial prerequisite to the reliable injection of our composite
hydrogel through the needle gauges commonly employed in min-
imally invasive surgery is the homogeneous dispersion of HNTs in
the CMC  matrix. To this aim, we followed the hydrazide-aldehyde
protocol successfully introduced by Hoare for the coupling of
polymers and inorganic nanostructures [18,19]. HNTs were first
functionalized with maleic anhydride and then reacted with adipic
acid dihydrazide to obtain a hydrazide group. On the other hand,
CMC  was partially oxidized so to produce aldehyde groups. The two
materials were finally mixed to spontaneously form a hydrazone
bond.

2. Materials and methods

2.1. Materials

Halloysite nanotubes (HNT) were kindly provided by Imerys
Minerals Ltd (Auckland, New Zealand). Sodium carboxymethyl cel-
lulose (pre-hydrated TICALOSE® CMC  6000) was  obtained from
TIC Gums (Belcamp, MD,  USA) and used as received. Adipic acid
dihydrazide (AAD, purity ≥ 98%), (N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC, commercial grade),
ethanol (puriss grade), hydrochloric acid, sodium hydroxide,
chloroform (purity ≥ 99.5%) were purchased from Sigma Aldrich
(Sigma-Aldrich, Milan, Italy). Maleic anhydride (MA, purity
99%) and ethylene glycol (purity ≥ 99.5%) were purchased from
Fluka (Buchs, Switzerland). Sodium periodate (purity 99.8%) was
purchased from Merck (Darmstadt, Germany). MilliQ water (resis-
tivity = 18.2 M!.cm)  was used for the preparation of all the aqueous
solutions and dispersions.

2.2. Purification of halloysites

The procedure for purifying the HNT batch used in this study was
derived from the work by Shchukin et al. [20]. In details, 5 g of HNT
were suspended in 500 ml  of water and mixed with a blender for
20 min. The suspension was then transferred to a beaker and left
to sediment. After a fixed amount of time, the supernatant solu-
tion was discarded and the sediment was re-suspended in 500 ml
of water. The suspension was  mixed with the blender for another
20 min  and left to sediment again. The procedure was repeated
three times. At the end, the HNT suspension was centrifuged for
10 min  at 7500 rpm, and finally the precipitate was collected and
dried in oven at 60 ◦C.

2.3. Methods

Surface area and porosity of HNTs were determined from N2
adsorption isotherm with a SA 3100 analyzer (Beckmann-Coulter,
Milan, Italy) utilizing BET and BJH calculations. ATR-FTIR mea-
surements were performed on a Nexus 870 spectrometer (Nicolet,
Madison, WI,  USA), equipped with a liquid N2-cooled mercury
cadmium telluride (MCT) detector (650–4000 cm−1 range, reso-
lution 2 cm−1). Thermogravimetric analyses (TGA) was conducted
on a SDT Q600 (TA Instruments, Newcastle, DE, USA) from room
temperature to 1000 ◦C at 10 ◦C/min. Zeta potential (!, calculated
according to the Smoluchowski model) was obtained with a 90Plus
Particle Size Analyzer by Brookhaven Instruments Corporation.
Morphological characterization was  conducted by means of field
emission scanning electron microscopy ("IGMA FE-SEM, Carl Zeiss
Microscopy GmbH, Germany) on freeze-dried samples. Rotational
shear measurements were carried out at 25 ◦C (Peltier tempera-
ture control system) on a Paar Physica UDS200 rheometer using a
2 cone and plate geometry (25 mm diameter) and working at con-
trolled shear stress. After their loading, samples were equilibrated
for 1 h at 25 ◦C prior to carrying out the experiments. Injectability
tests were performed by means of a custom-made apparatus where
controlled loads are applied to commercial syringes and the flow
is evaluated from the amount of the composite which is injected
over a known period of time. Apparent viscosity values (#) were
calculated from the Poiseuille law (Eq. (1)) [21]:

F = 32D2lQ#
d4 (1)

where F is the force applied to the syringe plunger, D is the syringe
plunger diameter, d and l are the inner diameter and the length of
the needle, respectively, and Q is the flow rate.
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Fig. 2. SEM images of freeze-dried CMC/oxCMC (A, B) and NC-MA (C, D) samples at different magnifications, and flow curves (E) of CMC/oxCMC and NC-MA hydrogels (arrows
indicate  the shear rate ramp).

2.4. Preparation of composite hydrogels

HNT surface was firstly modified by the reaction of the external
silanol groups with maleic anhydride (MA). 10 g of clay and 10 g of
anhydride were added to 100 ml  of chloroform, previously bubbled
with N2, and kept at 37 ◦C under stirring overnight. The solid prod-
uct was recovered by centrifugation, washed with chloroform and
dried. HNT-MA was further reacted with adipic acid dihydrazide
(AAD) to introduce a hydrazine moiety on the clay surface. 1.5 g of
AAD was added to a 0.5%w/v water dispersion of HNT-MA, at room
temperature. Then, 780 "l of EDC were added (pH of the dispersion
is about 4) and the reaction was allowed to run during 5 h, checking
and eventually adjusting the pH with HCl 0.1 M to remain constant.
After 5 h the pH was adjusted to pH = 7 with NaOH and the dis-
persion was dialyzed (membrane cut-off = 12.4 kDa) against milliQ
water. The solid product was then recovered by centrifugation.

To partially oxidize carboxymethyl cellulose (CMC), 10 g of solid
was dissolved in water (at a concentration of 1% w/v), then 5.3 g of
sodium periodate were added and the solution was  kept under agi-
tation for two hours, at room temperature. Ethylene glycol (2.7 ml)
was then added to quench the oxidation reaction. The polymer solu-
tion was dialyzed (membrane cut-off = 12.4 kDa) and the solvent
was partially removed by rotavapor. The obtained oxidized CMC
(oxCMC) was finally freeze-dried. The short reaction time and the
low concentration of oxidizing agent prevent a marked degradation
of the polymer [22].

In the last step, oxCMC was mixed with modified HNT in
milliQ water under mechanical stirring. The final concentration of
both oxCMC and HNT-MA was 10%wt. The NC-MA nanocompos-
ite hydrogel was finally obtained by adding pristine CMC to a final
concentration of 2%wt. A blank sample composed of 2%wt CMC  and
5%wt oxCMC water solution was also prepared as a reference for
the rheological and injectability tests. The amount of oxCMC was
chosen to replicate the composition of NC-MA sample without the
inorganic phase (see Supplementary material Fig. S6).

3. Results and discussions

CMC  and HNT were chemically modified to be coupled via a
biodegradable hydrazone bond. Hydrazone bonds are easily formed
with no need of harsh chemical reactions and have been recently
exploited to obtain cross-linked hydrogels [19] and superpara-

magnetic hybrids [18] for drug-release and in-vivo biomedical
applications. The introduction of a biodegradable function is espe-
cially useful in view of the in-vivo application of a temporary
scaffold able to support the growth of bone tissue and to be eventu-
ally resorbed by the organism. The nanocomposite hydrogels were
prepared as sketched in Fig. 1 (details are given in the Supplemen-
tary material, Section 2, Fig. S2).

Maleic (MA) anhydride was used as grafting agent on the surface
of HNT exploiting its reactivity towards inorganic nanoparticles
[23–25]. The successful functionalization of HNT with MA  was  con-
firmed by means of FT-IR and Zeta Potential (see Supplementary
material, sections 3 and 4). Comparing HNT to HNT-MA, both the
appearance in the FT-IR spectrum of the C H, C O and C C stretch-
ing and the change of the Zeta Potential from −43 to −28 mV
confirm the successful functionalization.

Functionalized HNTs were reacted with adipic acid dihydrazide
(AAD) and then mixed with oxidized CMC  (oxCMC), which was  pre-
viously obtained through the partial oxidation of CMC  with sodium
periodate. The reaction between AAD and the carboxylic functions
resulting from the functionalization of HNTs is confirmed by the
change in the Zeta potential from −28 to −12 mV and takes to
the exposition of hydrazine groups on the surface of functionalized
HNTs. Then, the reaction between the aldehyde functions present
in oxCMC and the hydrazine groups exposed by HNT-MA sponta-
neously takes to the formation of hydrazone bonds, resulting in an
organic/inorganic composition of about 50%w/w (see Supplemen-
tary material, Fig. S6).

The resulting hydrogels were added with pristine CMC so to
reach a viscosity suitable for injection purposes (see Fig. 1 on the
right). The concentrations of oxCMC/HNT-MA and CMC in the final
NC-MA composites were 10%wt and 2%wt, respectively.

Representative SEM images of freeze-dried nanocomposites are
shown in Fig. 2, together with the CMC/oxCMC sample at the
same magnifications. Composite hydrogel sample (Fig. 2C and D)
show a porous structure similar to that of CMC/oxCMC hydrogel
(Fig. 2A and B). Furthermore, the results highlight that HNTs are
homogeneously distributed in the composite material and that the
hydrogel-forming properties of CMC  are retained.

The dynamic viscosity of the CMC/oxCMC sample is reported
in Fig. 2E as a function of the shear rate. A very short Newtonian
region (up to about 0.1 s−1) is observed at very low shear rates, fol-
lowed by an extended shear-thinning region. This can be explained
by the disentanglement of the polymeric network (held together
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Fig. 3. In the middle: Injectability tests of NC-MA and CMC/oxCMC hydrogels, expressed as apparent viscosity versus applied load, performed on different needle gauges (G21,
G29).  On the sides: SEM images of NC-MA lyophilized hydrogel before the injection through a G21 needle (left side) and 24 h after the injection (i.e., making sure the system
has  relaxed, right side) are shown.

by hydrogen bonds) upon application of a certain stress. After the
samples are stressed to high shear rates (about 50 s−1), a hysteresis
effect is observed upon the application of a decreasing shear rate
ramp. This is typical of CMC  concentrated solutions [26], that are
characterized by a rheopectic behavior whose magnitude increases
upon lowering the applied shear stress.

The introduction of HNTs, due to their chemical functionalities
favoring inter-chain interactions, substantially modifies the rheo-
logical behavior of the system, making it significantly more viscous
(at least twice as much) in the entire range of shear rates explored.
Below 0.05 s−1 the sample displays a steep shear-thickening effect,
followed by a pseudo-Newtonian behavior up to about 0.1 s−1, and
then by a shear-thinning region similarly to CMC/oxCMC. The trend
at very low shear rates strongly reminds the case of polymeric com-
posites filled with fumed silica nanoparticles [27]. In that paper the
authors ascribed the trend in the viscosity to the initial alignment of
the particles along the flow direction, followed by their aggregation
and the subsequent hindering of the flow. Once the applied stress
overcomes the so-called elasto-hydrodynamic lubrication limit of
shear thickening, the hydrodynamicity prevails and all the clusters
are pushed in the flow direction favoring the transition from a shear
thickening to a shear thinning regime.

Moreover, the composite displays thixotropy at shear rates
higher than 0.1 s−1, while at lower shear rates, the effect of the
CMC/oxCMC network prevails and an anti-thixotropic behavior is
observed. We  explain this behavior based on the profile of the relax-
ation spectra (Fig. S7) that shift toward higher $ values upon the
addition of HNTs, indicating an increase of the main relaxation time
(given by the peak position).

The composite hydrogel was also investigated by means
of injectability tests through two different needle gauges
(G21: D = 12 mm;  d = 0.51 mm;  l = 40 mm and G29: D = 4.7 mm;
d = 0.18 mm;  l = 20 mm),  which are commonly employed for intra-
muscular and subcutaneous injections, respectively. The tests were
performed by applying controlled loads on the plunger of a syringe
loaded with the composite, and by measuring the corresponding
flow.

Taking into account the geometrical parameters of the syringe
and the needle, an apparent viscosity can be estimated from the
Poiseuille law (Eq. (1)). Injectability results on the NC-MA compos-
ite are reported in Fig. 3 (in the middle), together with the results
on the CMC/oxCMC reference sample. The investigated range of

applied loads was chosen so to cover the operative conditions com-
monly adopted in minimally invasive surgery, starting from the
minimum value producing an even flow of our composites. As a
reference, the load applied by an operator on a syringe plunger
easily exceeds 1.5 kg.

Results show that the apparent viscosity exponentially increases
when the load is reduced and that our composite material can
be easily injected through G21 and G29 needles under loads well
below 1 kg. To make the (qualitative) comparison with the rota-
tional rheology experiments one could calculate the wall shear
rate in the injectability experiments considering a Newtonian fluid
flowing within a pipe (see Fig. S8). The resulting flow curves in
terms of apparent viscosity versus wall shear rate clearly indicate
that the injection process takes place within the shear thinning
region (see Fig. S9).

The lowest load producing a homogeneous flow with G21 was as
small as about 0.4 kg (about 0.55 kg with G29). In spite of the pres-
ence of inorganic nanostructures that could in principle aggregate
and obstruct the orifice, the injectability is mostly dictated by the
CMC/oxCMC matrix, as no major difference was observed between
the composite and the reference hydrogels. This could be attributed
to the peculiar 1D structure of Halloysite nanotubes, which tend to
align with the direction of the flow. This is confirmed by the SEM
images in Fig. 3 (before and after the injection), showing that the
injection produces a strong change in the structure of the poly-
mer  matrix at the microscale. This change was  also reflected in the
injectability behavior: in fact, once injected under the lower loads,
the material was  not any longer injectable, unless the load was
increased. This is especially interesting in the framework of using
our material in minimal invasive surgery: in fact, once injected, the
structuring of the material takes to an increase of its viscosity, even-
tually reducing its spreading from the injection site. Together with
the very small size of the needles and the low flow achievable, this
could result in the possibility to robotically apply our composite at
the damaged site with a high spatial resolution.

4. Conclusions

In conclusion, we  explored the injectability potentials of
nanocomposite hydrogels made of 1D nanostructures embedded
within a polysaccharide matrix, properly modified by simple chem-
ical routes and coupled through a biodegradable hydrazone bond.
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Thanks to the mechanical properties of halloysite nanotubes and
carboxymethyl cellulose, their biocompatibility, and their ability
to upload and release bio-actives, our materials could represent
a versatile platform for the supported growth of bone tissue. An
already known protocol based on the hydrazide-aldehyde coupling
into a biodegradable hydrazone bond was employed to obtain a
homogeneous composite. The injectability tests provided a quan-
titative evaluation of the performances in practical conditions. The
composite was successfully injected through needles with inner
diameters spanning from 510 to 180 "m,  without any clogging
also at very low applied loads (i.e., less than 1 kg). The injection
of the material takes to its structuring, resulting in an increase
of its viscosity at low shear rates. We  believe that these results
could represent a significant contribution to extend the use of com-
posite hydrogels to minimal invasive surgery. Further studies are
needed to validate the in-vivo application of our materials and they
must concern with the evaluation of their biodegradation, their
toxicological effects, and their influence on the bio-mineralization
process.
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1. Surface Area and Pore Volume Analysis of HNT  
 

 
 
 
Figure S1. N2 adsorption isotherm and pore size distribution, as obtained with BJH calculation, 
of a HNT sample. BET surface area was found to be 25 ± 3 m2/g. 
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2. Preparation of NC-MA Composite Hydrogel 

 
Figure S2. Synthetic route for the fabrication of NC-MA composite hydrogel.  
 
(A) HNT surface was firstly modified by the reaction of the external silanol groups with maleic 
anhydride (MA). 10 g of clay and 10 g of anhydride were added to 100 ml of chloroform, 
previously bubbled with N2, and kept at 37 °C under stirring overnight. The solid product was 
recovered by centrifugation, washed with chloroform and dried. HNT-MA was further reacted 
with adipic acid dihydrazide (AAD) to introduce a hydrazine moiety on the clay surface. 1.5 g of 
AAD was added to a 0.5 %w/v water dispersion of HNT-MA, at room temperature. Then, 780 µl 
of EDC were added (pH of the dispersion is about 4) and the reaction was allowed to run during 
5 hours, checking and eventually adjusting the pH with HCl 0.1 M to remain constant. After 5 
hours the pH was adjusted to pH = 7 with NaOH and the dispersion was dialyzed (membrane cut-
off = 12.4 kDa) against milliQ water. The solid product was then recovered by centrifugation. 
(B) To partially oxidize carboxymethyl cellulose (CMC), 10 g of solid was dissolved in water (at 
a concentration of 1% w/v), then 5.3 g of sodium periodate were added and the solution was kept 
under agitation for two hours, at room temperature. Ethylene glycol (2.7 ml) was then added to 
quench the oxidation reaction. The polymer solution was dialyzed (membrane cut-off = 12.4 
kDa) and the solvent was partially removed by rotavapor. The obtained oxidized CMC (oxCMC) 
was finally freeze-dried. The short reaction time and the low concentration of oxidizing agent 
prevent a marked degradation of the polymer [Li, H.; Wu, B.; Mu, C.; Lin, W. Concomitant 
Degradation in Periodate Oxidation of Carboxymethyl Cellulose. Carbohydr. Polym. 2011, 84 
(3), 881–886.]. 
(C) In the last step, oxCMC was mixed with modified HNT in milliQ water under mechanical 
stirring. The final concentration of both oxCMC and HNT-MA was 10 %wt. The NC-MA 
nanocomposite hydrogel was finally obtained by adding pristine CMC to a final concentration of 
2 %wt. 
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3. IR Characterization of HNT-MA  
!

 
Figure S3. ATR FT-IR spectra of HNT-MA in the 650 - 4000 cm-1 range (the spectrum of pure 
HNT is also shown for comparison). In the HNT-MA spectrum signals attributable to saturated 
and unsaturated C-H stretching are detected at 2931 cm-1, corresponding to maleic residues. 
Carbonyl C=O stretching is observed around 1700 cm-1 and the signal corresponding to C=C 
stretching at ~1600 cm-1 is clearly observed.  
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4. Zeta potential values of the products obtained from the 
functionalization of Halloysite nanotubes surface 
!
Sample Zeta Potential 

HNT - 42.9 ± 1.1 mV 

HNT-MA - 27.6 ± 0.6 mV 

HNT-MA-AAD - 12.2 ± 0.3 mV 

!
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5. Characterization of Oxidized CMC (oxCMC) 
 

 
Figure S4. ATR FT-IR spectrum of oxidized CMC in the 650 – 4000 cm-1 range (the spectrum of 
pristine CMC is also shown for comparison). The appearance of a peak at ~1630 cm-1, in addition 
to the carboxylate peak at ~1590 cm-1 is the evidence that oxidation of CMC actually took place 
[Biswas, A.; Kim, S.; Selling, G. W.; Cheng, H. N. Conversion of Agricultural Residues to 
Carboxymethylcellulose and Carboxymethylcellulose Acetate. Ind. Crops Prod. 2014, 60, 259–
265.].  
 
 

  
Figure S5. SEM images of freeze-dried samples of oxidized CMC in water. As can be deduced 
from the SEM image, oxCMC maintains the ability to form the typical porous structure of 
pristine cellulose hydrogels. The result is consistent with a modest level of degradation of the 
polymer [Li, H.; Wu, B.; Mu, C.; Lin, W. Concomitant Degradation in Periodate Oxidation of 
Carboxymethyl Cellulose. Carbohydr. Polym. 2011, 84 (3), 881–886]. 
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6. Thermogravimetry of NC-MA composite 
 

 
Figure S6. TGA and DTG thermograms of the NC-MA composite showing that, once water is 
removed from the material, the organic and inorganic contents are about 50% w/w.  
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7. Dynamic rheology of CMC/oxCMC and NC-MA aqueous systems 
 

 
 
Figure S7. Continuous relaxation spectra H[τ] of the CMC/oxCMC water based system before 
(black) and after (red) the loading of NC-MA composite. The spectra H[t] have been obtained 
from the frequency sweep curves of the two systems collected in the linear viscoelastic regime 
[Honerkamp, J., Weese, J. A nonlinear regularization method for the calculation of relaxation 
spectra. Rheol. Acta. 1993, 32, 65-73], since the dynamic of the two systems cannot be described 
by a single-element Maxwell model. 
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8. Injectability tests: wall shear rates vs applied load curves 
 

 
 
Figure S8. Apparent wall shear rate as a function of the applied load during injectability tests. 
The shear rate is calculated by considering a Newtonian fluid flowing within a pipe of radius r, 
and it is approximately given by 4Q/πr3 (Q=measured flow of the material exiting the syringe 
needle).  
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9. Injectability tests: apparent viscosity vs wall shear rates 
 

 
 
Figure S9. Flow curves of NC-MA composite and CMC/oxCMC derived from the results of 
injectability tests. The apparent viscosity is estimated from the Poiseuille law by knowing the 
load applied to the syringe, the geometrical parameters of the syringe and the needle and by 
measuring the corresponding flow, while the wall shear rate is approximately given by 4Q/πr3 

(Q= measured flow, r= inner radius of the needle). 
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Abstract 

This paper reports on the inclusion of imogolite nanotubes in biocompatible hydrogels and on the use of such 

hybrid materials as a scaffold for the formation of hydroxyapatite. The results demonstrate that imogolite 

nanotubes can be successfully included within a gelatin-based macroporous hydrogel, whose dissolution is 

slowed down by the addition of a non-toxic chemical cross-linker. Imogolite nanotubes synergistically 

contribute with the cross-linker to the stabilization against dissolution of the hydrogel. Noteworthy, they are 

able to support and promote the formation in the hydrogel matrix of hydroxyapatite enriched in carbonate 

ions, mimicking the composition of bone mineral phase. This suggests the use of imogolite nanotubes as 

fillers in mineralizable hydrogel scaffolds in the field of bone tissue engineering. 

 

Keywords: clay materials, hydrogels, gelatin, nanotubes, tissue engineering 

  



1. Introduction 

Hydroxyapatite, Ca10(PO4)6(OH)2 (HA), composes the main mineral fraction of human bones and teeth. In 

bones, it is found as non-stoichiometric, calcium-deficient apatite, containing carbonate and impurities such 

as sodium and magnesium ions.[1,2] The presence of these inclusions, especially carbonate, contributes to 

the unique features of bone in terms of mechanical and biological properties.[3] The growth of HA 

nanocrystals takes place through the alignment of their c-axes to the self-assembled collagen fibrils, finally 

displaying a platelet shape with average lengths and widths of 50 x 25 nm, and thickness of 2-3 nm.[4] 

Great efforts have been recently devoted to rationalize HA formation and crystallization in organic 

matrices,[5] in the attempt to unravel the process of bone tissue formation and remodelling. This is of 

particular interest in the fields of bone and dental tissue engineering, where synthetic scaffolds are designed 

to support and promote the growth of new tissue, including HA crystals with tuneable composition and 

structural properties.[6,7] One of the most investigated class of matrices suitable to this purpose are 

hydrogels because of the high amount of water they can upload, and because of the variety of biocompatible 

polymers able to form a 3-dimensional network in water.[8] Hydrogels are often endowed with the right 

features required in the design of a scaffold for bone tissue engineering. Biocompatibility is the most 

important prerequisite.[9] Furthermore, the scaffold should also be osteoconductive, osteoinductive,[10] and 

display an interconnected and macroporous structure, with pore diameter of at least 100 µm to allow 

penetration by cells and adequate diffusion of nutrients into the material.[11] Cryogenic formation is 

typically used to generate pores in hydrogels.[12] The polymeric material is frozen and the water inside the 

matrix crystallizes producing porosities whose dimension depends on cooling rate and polymer 

concentration. After sublimation of ice, a scaffold with pores that can reach the size of tenths of millimetres 

could be typically obtained.  

Gelatin (Gel) is one of the hydrogel-forming materials mostly investigated in bone tissue engineering 

applications,[8] having the same chemical composition of bone organic matrix: in fact, it is produced by 

partial hydrolysis of collagen, which undergoes a strong alkali or acid treatment which denatures the protein 

and breaks down the characteristic triple-helix structure. Unfortunately, its application in this field is limited 

because of its fast dissolution rates at physiological conditions, making necessary the increase of the stability 

of gelatin-based material.[13,14] 



The most frequent methods to increase the stability of gelatin scaffolds are the introduction of covalent 

cross-linking sites that can be obtained by using ionizing radiation, such as electrons or gamma rays,[15] by 

fabricating composite materials,[16] or by employing chemical cross-linking agents that react with the 

functional groups of gelatin; glutaraldehyde,[17] 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

[18] and genipin [19] are among the most frequently used. Bis-epoxy molecules, such as glycerol diglycidyl 

ether (GDE) and ethylene glycol diglycidyl ether (EGDE), have also been reported to enhance the stability of 

gelatin hydrogels,[20] as the epoxide ring could be opened by the gelatin nucleophilic functional groups, 

namely amine, hydroxyl and carboxyl groups. In the perspective of a biomedical application, the cross-linker 

toxicity is a parameter that should be considered, since unreacted molecules can affect the final 

biocompatibility. Bis-epoxy cross-linking agents display a lower toxicity compared to glutaraldehyde and 

EDC, representing a better alternative to typical gelatin cross-linkers.[21] 

Another strategy that has been employed to enhance the mechanical properties and the stability of a 

polymeric hydrogel is its integration with inorganic fillers (fibres and nanotubes are the most used) to obtain 

a composite material.[22] Carbon nanotubes (CNTs) have been extensively studied for the fabrication of 

polymer composites with superior mechanical properties, but there are still concerns about their toxicity.[23] 

Imogolite (Imo) is a naturally occurring hydrous aluminosilicate with empirical formula (OH)3Al2O3SiOH, 

displaying a single wall nanotube structure. It was first discovered in volcanic soils deposits (Kyushu Island, 

Japan) by Yoshinaga and Aomine in 1962,[24] and it was first synthetized by Farmer et al. in 1977.[25] The 

structure proposed by Cradwick et al.[26] is shown in Figure 1a and it consists of single-walled nanotube 

made of gibbsite (Al(OH)3), where the inner hydroxyl groups are replaced by O3SiOH groups. Typical 

external and internal diameters are ~2.5 nm and 1 nm, respectively,[27] with lengths up to few microns.[22] 

Given their very high aspect ratio, Imo application as inorganic filler for the reinforcement of polymeric 

matrices is well reported in literature,[28–30] in addition to its use in gas storage,[31–33] and in the 

realization of hybrid hydrogels with DNA [34] or enzymes.[35] Furthermore, Imo nanotubes display a 

reduced cyto- and geno-toxicity with respect to CNTs.[36] In the field of bone tissue engineering, the 

presence of Imo has been demonstrated to enhance osteoblastic proliferation and differentiation.[37] 



 

Figure 1. (a) Schematic structure of imogolite nanotubes showing octahedral AlOH and tetrahedral SiO sheets forming 

the outer and inner surface of the tube, respectively; (b) TEM images of synthesized imogolite nanotubes taken at two 

different magnifications; (c) XRD spectrum of synthesized imogolite nanotubes. 

 

An imogolite reinforced gelatin composite was recently studied and the reported results show that these clay 

nanotubes increase the mechanical strength and the storage modulus of the hydrogel.[28] In order to fully 

exploit the characteristics of Gel/Imo system in the field of bone tissue engineering, in this paper we describe 

the preparation of a gelatin scaffold whose dissolution rate at physiological temperature is slowed down due 

to the synergistic effect of an organic cross-linker (GDE) and Imo nanotubes. Using the cryogenic method, 

we were able to generate macropores in the hydrogel network, matching the proper dimensions for the 

permeation of cells. We performed mineralization experiments and the results, obtained by means of X-ray 

crystallography, electron and optical microscopy, thermogravimetry and dissolution tests demonstrated that 

the hydrogel was able to support the formation of apatites. Moreover, for the first time, we showed that Imo 

acts as nucleation site for the calcium phosphate and for this reason enhances the formation of both HA and 

carbonated HA (CHA), thus producing a material with suitable properties for applications in bone tissue 

engineering. 

2. Experimental  

 2.1 Materials 

Tetraethyl orthosilicate (TEOS) was obtained from Fluka (Milan, Italy) and Aluminium-tri-sec-butoxide 

(ASB, 97 %) was purchased from Sigma Aldrich (Milan, Italy). Perchloric acid (70 %) was obtained from 

Merck (Milan, Italy). Calcium hydroxide was purchased from Acros (Belgium) and Phosphoric acid (85 %) 

from Carlo Erba (Milan, Italy). Gelatin from porcine skin, 250 Bloom, was obtained from Fluka and 

Glycerol diglycidyl ether (GDE) was purchased from Sigma Aldrich. 



 2.2 Imogolite synthesis 

Imo nanotubes were synthesized following a procedure reported in the literature.[38] Tetraethyl orthosilicate 

(TEOS, 840 µL) and aluminium-tri-sec-butoxide (ASB, 1.90 g) were added to a HClO4 solution (150 mL, 

0.025 M) pre-heated at 70 °C so to reach a Si:Al:HClO4 molar ratio of 1:2:1. The dispersion was kept at 70 

°C during 5 hours under continuous stirring, and then refluxed at 100 °C during 3 days. The reaction mixture 

was then cooled down, dialyzed with cellulose membranes (cut-off=14.4 kDa) against MilliQ water to 

remove unreacted reagents, and freeze-dried (-50 °C, 3·10-2 mmHg). The obtained fluffy powder displays a 

specific surface of 340 m2/g, as determined by N2 porosimetry. 

 2.3 Hydroxyapatite synthesis 

HA has been synthetized according to a method reported in the literature [39] and schematized in Figure 2a. 

The reaction was performed at 37 ºC to simulate the physiological temperature. Imogolites were added to 

calcium hydroxide suspension (5 mL, 0.5 M) before adding H3PO4. The concentration of Imo was chosen so 

to be 5 %wt and 10 %wt of the calculated weight of precipitated HA. The slow addition of H3PO4 enables 

obtaining crystalline HA with nanometric size (~ 50 nm), according to the literature:[39] for this reason, 

H3PO4 solution (5 mL, 0.3 M) was added in aliquots of 200 µl every 5 minutes, during 2 hours. The 

suspensions ware maintained under stirring at 37 °C for 15 hours, and then at room temperature for three 

days. During this time a gelatinous product gradually precipitated from initially white suspensions. The 

obtained products were collected by centrifugation and dried in oven at 120 °C during three days. 

 2.4 Hydrogels preparation 

Gelatin hydrogels were prepared using the following procedure, schematized in Figure 3a: the amount of 

gelatin necessary to reach the concentration of 5 %wt was dissolved in MilliQ water (0.5 g of gelatin in 9.5 g 

of water) and heated at 50 °C under magnetic stirring. After complete dissolution, the appropriate amount of 

imogolite and/or GDE was added to gelatin solution, which was stirred for about 10 minutes. The amounts of 

reactant used and the respective %wt are summarized in Table 1. After homogenization, the hot dispersions 

were poured in polyethylene cylindrical moulds (diameter 1 cm, height 1 cm) and were allowed to gel at 

room temperature. The formation of macropores was obtained by means of a cryogenic formation procedure: 



the hydrogels were cooled overnight in a freezer to -18 °C (cooling rate 1 °C/min) and then freeze-dried at -

50 °C and 30 mTorr for two days. 

Table 1. Composition and dissolution behaviour of hydrogels. 

Sample Gelatin [g] Water [g] GDE [g] Imo [g] GDE %wt a) Imo %wtb) Dissolution timec) 

Gel 0.5 9.5 / / / / ∼ 2 hours 

GelGDE 0.5 9.5 0.025 / 5 / ∼ 2 days 

GelGDE-Imo 0.5 9.5 0.025 0.0525 5 10 ∼ 3 days 

Gel-Imo5 0.5 9.5 / 0.0250 / 5 ∼ 6 hours 

Gel-Imo10 0.5 9.5 / 0.0500 / 10 ∼ 6 hours 

GelGDE5-Imo5 0.5 9.5 0.025 0.0262 5 5 ∼ 3 days 

GelGDE10-Imo5 0.5 9.5 0.050 0.0275 10 5 > 5 days 

GelGDE10-Imo10 0.5 9.5 0.050 0.0550 10 10 > 5 days 

a) %wt with respect to gelatin; b) %wt with respect to organic content (gelatin+GDE); c) time required to observe full 

dissolution in water at 37 ºC. 

 

 2.5 Mineralization experiment 

The synthesis of CaP inside the gels was performed using the synthetic conditions previously described for 

hydroxyapatite synthesis. A portion of the freeze-dried GelGDE and GelGDE-Imo was cut and each portion was 

soaked in Ca(OH)2 suspension (2.5 mL, 0.5 M at 37 °C. H3PO4 solution (2.5 mL 0.3 M) was added in aliquots 

of 105 µl every 5 minutes. At the end of the experiment, gels were recovered and dried in air. 

 2.6 Transmission electron microscopy 

TEM analysis of imogolite nanotubes and HA was performed with a TEM Philips CM12 (Eindhoven, The 

Netherlands), working with an electron gun operating at 80 kV. Samples were prepared by depositing a 

droplet of Imo/HA dispersion onto a carbon coated copper grid. 



 2.7 Scanning Electron Microscopy 

SEM was performed on non-metallized samples using a ∑IGMA Field Emission SEM (Carl Zeiss 

Microscopy GmbH, Germany). A cross section of the xerogel was cut and mounted on aluminium stub. 

Energy dispersive X-ray spectroscopy (EDX) was carried out using X-act Silicon Drift Detector (Oxford 

Instruments, England). 

 2.8 Optical Microscopy 

OM images were obtained using Nikon Diaphot 300 and images were collected by means of a Nikon DS5M 

CCD camera directly connected to a PC. A thin slice of the freeze-dried hydrogels was cut using a razor 

blade, put on a microscope slide and observed in transmission. 

 2.9 X-ray Diffraction 

XRD spectra were collected with a D8 Advance with DAVINCI design (Bruker, Milan, Italy), using Cu Kα 

radiation (λ=1.54Å), a range of 2θ of 5°-70° with a step size of 0.03°, and a time/step of 0.5 s. Characteristic 

dimensions were extrapolated from the position of the reflection peaks by applying Bragg’s law. Quantitative 

phase analysis was conducted by means of Rietveld method, using the software Topas (Bruker). The % error 

associated to the obtained value is ±5 %. 

 2.10 Small Angle X-Ray Scattering 

SAXS experiments were carried out with a S3-MICRO instrument (HECUS GmbH, Graz, Austria) equipped 

with a position-sensitive detector (OED 50M) containing 1024 channels of width 54 µm. Cu Kα radiation 

(λ=1.542 Å) was provided by a GeniX X-ray source (Xenocs, Grenoble, France), operating at a maximum 

power of 50 W (50 kV and 1 mA). Gel samples were placed into 1 mm demountable cells having Kapton 

films as windows. The temperature was maintained at 25 °C by means of a Peltier TCCS-3 Hecus. All 

scattering curves were corrected for the empty cell contribution considering the relative transmission factor. 

SAXS curves were fitted using the Ornstein-Zernike function describing polymers in a semi-dilute regime: 

! ! = !!
1 + !!!! (1) 

where I0 is the scattered intensity at q=0, and ξ is the correlation length of the polymer. 



Additional fittings were performed with power law functions to obtain information about the fractal nature of 

the scattering objects: 

! ! ∝ !!! (2) 

where p is the fractal dimension. When 1 ≤ p ≤ 3, p is the mass fractal dimension (Dm) that is 1 for 1D 

objects and 3 for full solid materials. [40] 

 2.11 Thermogravimetric analysis 

TGA was performed with a SDT Q600 from TA Instruments (Philadelphia, USA). Measurements were 

conducted in N2 atmosphere (flow rate 100 mL/min) from RT to 1000 °C at 10 °C/min. 

3. Results and discussion 

! 3.1 Imogolite characterization 

A representative Transmission Electron Microscopy (TEM) micrograph of the synthesized imogolite 

nanotubes (see Experimental Section) is reported in Figure 1b. In agreement with the literature,[27,38,41,42] 

Imo shows a strong tendency to form bundles. The observed bundles of nanotubes have external diameters 

ranging from 5 to 15 nm, internal diameters ranging from 1 to 3 nm, and lengths of about 250-300 nm. The 

X-ray Diffraction (XRD) pattern (Figure 1c) confirms the successful preparation, showing a very good 

agreement with previous results [38,43] and with the pattern reported in the International Centre for 

Diffraction Data database, ICDD, [PDF 38-0447]. 

 3.2 Characterization of HA prepared in the presence of Imo 

The characterization of the products of the precipitation reactions highlights that the presence of Imo does 

not inhibit the formation of HA: Figure 2b and Figure 2c show that the morphology of the HA obtained in 

water without and in the presence of 10 %wt of Imo does not significantly change. It is worth noting that 

TEM images of HA-Imo sample do not reveal the characteristic nanotubular morphology of Imo, suggesting 

that HA nucleates on the surface of these structures, and that the nanotubes are included in the final HA 

crystals. Their XRD patterns (Figure 2d) are nearly unaffected by the presence of Imo, apart from a 

hump at low angles in the diffractogram of HA-Imo sample, due to the presence of Imo. The XRD 



peaks were compared to the patterns in the ICDD database and clearly indicate the formation of 

hydroxyapatite [PDF 03-0747]. The Field Emission Scanning Electron Microscopy (FE-SEM) 

investigation of HA and HA-Imo samples shows the same homogeneous morphology (see 

Supplementary material). The homogeneous distribution of aluminium and silicon obtained from 

Energy Dispersive X-ray (EDX) analysis of HA-Imo (see Figure 2e and Figure 2f) further confirms 

that Imo is well distributed all over the sample. 

 

Figure 2. (a) Precipitation reaction of HA and scheme of the experimental conditions; (b) TEM image of HA obtained 

without Imo; (c) TEM image of HA obtained in the presence of Imo; (d) XRD patterns of HA and HA-Imo samples; (e) 

EDX spectrum of HA sample; (f) EDX spectrum of HA-Imo sample. 

 3.3 Hydrogels characterization 

The effects of GDE and Imo on the stability toward dissolution of the scaffolds (obtained by freeze-drying 

the hydrogels) was evaluated by preparing samples at different combinations containing GDE and Imo, both 

at 5 and 10 %wt (see composition and nomenclature in Table 1), placing them in an excess of water and 

checking the time needed before their full dissolution at 37 °C. The results are summarized in Table 1 (last 

column), showing that the concentration of GDE strongly affects the behaviour of the hydrogel. Imo 



nanotubes are also effective, at smaller extent, in enhancing the stability against dissolution. These results 

highlight the possibility to control the dissolution rate by introducing different amounts of GDE and Imo, and 

to tune it according to the tissue regeneration process of interest. Notably, the mineralization process will 

occur before the dissolution of the scaffold. 

Based on their intermediate dissolution behaviour, we selected as case of study the samples identified as 

GelGDE, and GelGDE-Imo (see Table 1). The morphology of the xerogels, prepared as it is summarized in 

Figure 3a, was investigated by optical and scanning electron microscopy. Figure 3b, 3c and 3d report FE-

SEM micrographs, together with the optical microscopy images, of Gel, GelGDE and GelGDE-Imo, 

respectively. All the samples display a macroporous structure, with interconnected pores whose dimensions 

range from tens to hundreds of microns. The cryo-formation procedure adopted in the preparation of porous 

hydrogels leads to a macroscopic deformation of the gel structure, clearly visible in the photos. Nevertheless, 

the formation of macropores, which is one of the key parameters to take into account in the design of a 

scaffold for tissue engineering,[11] is successfully obtained. The presence of the cross-linker, as well as 

imogolite integration in the polymeric matrix, does not significantly alter the gelatin microstructure. The 

inorganic fillers appear homogeneously dispersed in gelatin matrix, since no imogolite bundle can be 

observed in GelGDE-Imo FE-SEM micrograph (Figure 3d).  

 



Figure 3. (a) Block diagram summarizing hydrogels preparation; (b), (c), (d) Photo (top left), OM image (top right) and 

SEM micrograph (bottom) of (from the left) Gel, GelGDE and GelGDE-Imo.  

The nanostructure of the hydrogels was investigated by means of small angle X-rays scattering (SAXS). 

SAXS curves for Gel, GelGDE, and GelGDE-Imo (Figure 4) have been collected in order to evaluate the 

influence of both cross-linker and imogolites to the nanostructure of the gels. The SAXS curves are almost 

superimposable in the mid-to-high q range (0.03 ≤ q ≤ 0.5 Å-1) and the correlation lengths obtained from the 

fittings of the curves according to Eq. 1 are 27 ± 1 Å, 28 ±1 Å, and 32 ± 2 Å for Gel, GelGDE, and GelGDE-

Imo, respectively. This is a strong indication that the main contribution to the scattering profiles in this 

region is due to the polymer matrix and that the modifications of GDE and/or Imo to the gel network are 

negligible. The increase in the scattered intensity in the low q region (0.009 ≤ q < 0.3 Å-1) in GelGDE-Imo 

SAXS curve is a consequence of the presence of Imo in the gel, as it is not present in the other two profiles. 

Fitting according to Eq. 2 results in a mass fractal dimension of 1.7 that is typical of aggregated rod-like 

structures.[44] 

 

Figure 4. SAXS curves of Gel (circles), GelGDE (squares), and GelGDE-Imo (triangles). The curves are offset for display 

purposes. Full solid lined represent the curve fittings according to the Ornstein-Zernike function, while the dotted line is 

the power law fitting. 



To evaluate the ability of our samples to induce the formation of HA, we adopted the same procedure used to 

prepare HA, but in the presence of the xerogel. Figure 5a reports a FE-SEM image of the xerogel obtained 

after the HA synthesis (GelGDE-CaP), clearly showing that the gel phase is homogeneously filled with sub-

micrometric particles with the typical platelet shape (lateral size in the order of 100-200 nm, thickness of few 

tens of nm) displayed by HA in bones. The EDX spectrum (Figure 5c) confirms the presence of Ca and P, 

together with the signals corresponding to the elements present in gelatin. XRD analysis (Figure 5e) 

demonstrates that the mineral phase effectively consists of HA. We can therefore conclude that the hydrogel 

scaffold does not hinder the formation of hydroxyapatite, as the crystal size, shape composition and phase 

obtained in the hydrogel are nearly identical to that obtained in the HA reference synthesis (see 

Supplementary material). 

 
Figure 5. a,b) SEM images of GelGDE-CaP and GelGDE-Imo-CaP, respectively; c,d) EDX spectra of GelGDE-CaP and 

GelGDE-Imo-CaP, respectively; e) XRD patterns of GelGDE-CaP and GelGDE-Imo-CaP, together with the peak 

assignments according to HA, carbonated HA and calcite data; f) TGA profiles of GelGDE-CaP and GelGDE-Imo-CaP, 

together with pure HA and Imo. 



The effect of Imo on the HA formation, when already embedded in the hydrogel (sample GelGDE-Imo-CaP), 

have been also evaluated. The FE-SEM micrographs evidence that the morphology of the Imo-containing 

mineralized sample (see Figure 5b) does not show the well-defined platelets typical of HA that are instead 

visible in GelGDE-CaP (Figure 5a). This suggests that Imo is able to template the growth of HA particles also 

in the hydrogel system. The EDX spectrum (reported in Figure 5d) confirms the presence of all the expected 

elements, while the XRD pattern (Figure 5e) demonstrate the formation of HA. 

To understand if the presence of Imo is not only able to support the nucleation of HA, but also enhances its 

formation, we evaluated by means of Thermogravimetric Analysis (TGA) the amount of mineral phase 

formed (Figure 5f). The results are normalized by equilibrating the samples at 130 °C (i.e., to remove water) 

and then corrected to take into account the loss of weight in the investigated range of temperature associated 

to pure HA and Imo. Very interestingly, we found that the inorganic fraction (after mineralization) is 10.4 

%wt in the GelGDE sample, while it increases up to 21.3 %wt in GelGDE-Imo. This result is of outmost 

importance, as it shows that Imo is able to significantly promote the mineralization of the scaffold.  

The presence of Imo not only affects the amount of mineral, but also which crystal phase is formed. The 

XRD spectra were analysed according to the Rietveld method and we compared the results obtained both as 

a function of the presence of Imo and of the hydrogel scaffold. We found that the presence of Imo promotes 

the carbonation of hydroxyapatite both in solution and in the scaffold: in HA and HA-Imo samples, CHA is 

present in the amounts of 18 % and 39 %, respectively (see Figure S4 and Figure S5 in the Supplementary 

material), together with HA. On the other hand, in the hydrogel matrix the percentage of carbonation is even 

higher (CHA 34 % in GelGDE-CaP vs 65 % in GelGDE-Imo-CaP, see Figure S6 and Figure S7), and a small 

amount of calcite (4 %) is also observed. These results are especially important considering the beneficial 

effect of carbonate on both the mechanical and osteoconductive/osteoinductive properties in bones. The 

superior characteristics of CHA with respect to HA are indeed well reported in literature.[45] Being our 

material very effective in promoting the formation of CHA, we believe that this contribution represents a 

significant step forward in the field of bone tissue engineering. 

4. Conclusions 

The results reported in this paper demonstrate that imogolite nanotubes could be effectively employed as 

fillers in macroporous gelatin-based hydrogels of interest in the field of bone tissue engineering. In 



particular, the presence of Imo produced two beneficial effects: i) the inclusion of nanotubes synergistically 

enhances the effect of a chemical cross-linker (namely, GDE) in improving the hydrogel stabilization against 

dissolution and ii) most importantly, imogolites are shown to promote the formation of hydroxyapatite and 

carbonated hydroxyapatite, both when dispersed in water and when included in the macroporous scaffold. 

We believe that these results clearly highlight the potentials of Imo when introduced in the design of 

hydrogel-based scaffolds, especially thanks to the combination of their nanotubular shape and their affinity 

towards HA. 
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Aluminum oxide surfaces are of outmost interest in different biotech applications, in particular 

for their use as adjuvants (i.e., booster of the immune response against infectious agents in 

vaccines production). In this framework, imogolite nanotubes combine the chemical flexibility of 

the exposed alumina surface with the 1D nanostructure. This work reports on the interaction 

between amino acids and imogolite, using turbidimetry, ζ-potential measurements, and FT-IR 

spectroscopy as main characterization tools. Amino acids with different side chain functional 

groups were investigated, showing that glutamic acid (Glu) has the strongest affinity for 

imogolite surface. This was exploited to prepare a composite material made of a synthetic 

surfactant bearing a Glu polar head and a hydrophobic C12 alkyl tail, adsorbed onto the surface of 

imogolite. The adsorption of a model drug (rhodamine B isothiocyanate) by the hybrid was 

evaluated both in water and in physiological saline conditions. The findings of this paper suggest 

that the combination between the glutamate head-group and imogolite represents a promising 

platform for the fabrication of hybrid nanostructures with tailored functionalities. 
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INTRODUCTION 

Aluminum oxide/hydroxide surfaces find use in a wide range of biotechnological applications. 

Porous aluminum oxide and alumina membranes are currently used for size selective cell 

separation, micro colony growth and imaging, in the fabrication of scaffolds for tissue 

engineering, and as templates for the fabrication of precisely sized nanostructures (nanowires, 

nanotubes, nanoparticles).1 Porous anodic alumina membranes and patterned aluminum foils 

with hierarchical structures were shown to be suitable as non-lithographic replication masters for 

the preparation of 2D or 3D arrays of periodic nanostructures of biotechnological interest.2 

Alumina particles have also found use as carriers for enzyme immobilization,3 while adjuvants 

based on aluminum compounds are commonly used in vaccines to boost the immune response 

against infectious agents.4,5 As an example, α-Al2O3 nanoparticles have been recently proposed 

as efficient carriers for the delivery of antigens to the autophagosome-related cross-presentation 

pathway in antigen-presenting cells.6 The adjuvant effects of aluminum-based materials is known 

to depend upon several properties such as shape, specific surface area, crystallinity, and density 

of surface hydroxyl groups. Therefore, tuning the aspect ratio of aluminum-based structures 

could be effectively used to increase inflammasome activation in dendritic cells in vitro and in 

vivo.7  

In the last decade 1D-nanostructures, especially carbon nanotubes, have progressively assumed 

an increasing importance for the design of novel devices for biosensing applications,8 catalysis,9 

photoelectrochemistry,10 and tissue engineering.11 Recently, tubular clay minerals have emerged 

as promising alternatives to artificial fibers in mechanically reinforced composites12 and 

bionanocomposites.13 In this framework, imogolite (IMO) is a natural material with very 

intriguing properties.  Its structure closely resembles that of single walled carbon nanotubes14–16, 
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displaying a hollow tubular structure with diameter typically ranging from 1 to 3 nm, and length 

ranging from ~ 60 nm to ~ 2 μm (Figure 1A). In terms of composition, IMO is a hydrous 

aluminosilicate, exposing aluminum oxide/hydroxide surface. The presence of two accessible 

surfaces (the outer aluminum oxide/hydroxide layer and the inner silicon oxide sheet) with 

different reactivity and surface charge,17 and a lumen with nanometric size that can be exploited 

for the adsorption and release of actives and drugs,18 open a wide range of applications in 

material science.19–22 The low toxicity of IMOs is important for applications in the field of 

biomaterials, and some works have already been reported in the literature.23-26 Thanks to its 

structural and mechanical properties, IMO is expected to be particularly useful as a reinforcing 

material in scaffolds for bone tissue engineering: in fact, good biocompatibility between 

osteoblast-like cells and an imogolite scaffold has already been demonstrated, together with an 

enhancement in the proliferation and osteoblastic differentiation.27  

In the framework of bone tissue engineering, amino acids are of particular interest as they 

possess a broad spectrum of chemical reactivity and they are involved in many biochemical 

processes. For instance, negatively charged amino acids (e.g., glutamic acid and phosphoserine) 

are highly expressed in non-collagenous proteins involved in the mineralization of bones28 and 

they can either promote29 or inhibit30 hydroxyapatite formation, as well as alter its morphology 

and crystalline structure31. Thanks to their chemical versatility and to the possibility of 

modulating their interactions with solid surfaces (e.g., by varying pH, ionic strength, etc.) amino 

acids could likely be used as biocompatible building blocks in the fabrication of hybrid 

nanostructures with tailored functionalities. Amino acids have also been employed as the polar 

head-group in the synthesis of amphiphilic compounds.32 One of the most important properties of 

these surfactants is their easy biodegradability, which is a general prerequisite for most consumer 
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and biomedical products in order to reduce the impact on the environment and the residence time 

in living organisms. All α-amino acids have a carboxyl group and a primary amino group, and a 

surfactant can be obtained by attaching a hydrophobic moiety (i.e., an alkyl chain) at either of 

these sites, resulting in the formation of cationic, anionic or zwitterionic surfactants, depending 

on the synthetic procedure. If the starting amino acid contains an extra carboxyl group, as in the 

case of aspartic acid and glutamic acid, attaching a hydrophobic residue via the α-amino group 

results in the formation of dicarboxylic amino acid-based surfactants with chelating properties.33 

Besides their use as “green” solubilization or emulsification agents, the presence of a bioactive 

polar head-group allows for selective targeting of biological surfaces, and for the use of these 

biomimetic surfactants as carriers for actives and drugs.  

In this work we report on the adsorption of amino acids onto IMO nanotubes, investigated by 

means of turbidimetry, ζ-potential measurements, and FT-IR spectroscopy. Amino acids with 

different side chain functional groups were investigated: Arg and Lys, Glu, Gly, Ser were chosen 

as representative examples for basic, acidic, non-polar and polar amino acids, respectively. The 

high affinity of glutamic acid for alumina-based surfaces triggered an experiment to adsorb a 

synthetic surfactant, bearing a Glu polar head and a hydrophobic C12 alkyl tail, onto the outer 

surface of IMOs. This hybrid organic-inorganic material was characterized in term of its ability 

to upload a model drug both in water and in physiological saline conditions.  
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EXPERIMENTAL SECTION 

Materials. Sodium hydroxide (NaOH), hydrochloric acid (HCl, 37%), tetraethyl orthosilicate 

(TEOS, 97%), aluminum sec-butoxide (ASB), glutamic acid (Glu), serine (Ser), lysine (Lys), 

glycine (Gly) and rhodamine B isothiocyanate (RHO) were all purchased from Sigma-Aldrich. 

Arginine (Arg) was purchased from Fluka. Perchloric acid (HClO4, 70%) was purchased from 

Merck. Milli-Q water (resistivity of about 18.2 MΩ·cm) was used for the preparation of all 

aqueous solutions and dispersions.  

Synthesis of imogolite nanotubes. IMO nanotubes were synthesized following the procedure 

reported by Koenderink et al.34 TEOS (840 µL) and ASB (1.90 g) were added to a 150 ml HClO4 

solution (0.025 M), pre-heated at 70 °C. The final Si:Al:HClO4 molar ratios were 1:2:1. The 

dispersion was kept at 70 °C during 5 hours under continuous stirring, and then refluxed at 100 

°C during 10 days. The reaction mixture was then cooled down, dialyzed against deionized water 

to remove unreacted reagents, and freeze-dried (-50 °C, 3·10-2 mmHg). The obtained fluffy 

material was thoroughly characterized by means of TEM, XRD, TGA, FTIR, DLS and 

porosimetry.  

Amino acid adsorption onto imogolite nanotubes. 1 ml of an aqueous IMO dispersion (4 

g/L) was sonicated with a Labsonic LBS2-4 (Falc Instruments, Italy) operating at 60 kHz during 

2 hours, and the selected amino acid was then added. The amount was chosen to theoretically 

cover twice the surface area of the IMO in the sample. This value was calculated by taking into 

account the specific surface area of IMO resulting from porosimetry (317 ± 7 m2/g) and 

considering a value of 0.2 nm2 for the area occupied by the polar head of the amino acid.35 Water 

was then added to reach a total volume of 5 mL; the final concentration of amino acid was 4 

mM, while the final concentration of IMO was 0.8 g/L. A 0.8 g/L dispersion of IMO without 
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amino acid was prepared and then used as a reference for the adsorption experiments. 

Experiments at different pHs were carried out by adding HCl 1M and NaOH 1M dropwise, and 

checking the final pH with a pH-meter (HI9025c, Hanna Instruments, Italy). The adsorption 

experiments in saline physiological conditions were performed by making up the samples to the 

final volume with NaCl 0.9 %w/v. At the end of the adsorption experiments, the precipitate was 

separated from the supernatant by centrifugation at 19500 g for 40 minutes, and freeze-dried (-50 

°C, 3·10-2 mmHg).  

Synthesis of disodium lauroyl glutamate (C12Glu). Disodium lauroyl glutamate was 

prepared as previously described in the literature.36  

C12Glu adsorption onto imogolite nanotubes and RHO uploading experiments. The 

adsorption of lauroyl glutamate onto IMO nanotubes was achieved by adding 3.7 mg of 

disodium lauroyl glutamate to 5 mL of a 0.8 g/L IMO dispersion, and allowing the system to 

equilibrate under constant stirring at room temperature. An aqueous solution of rhodamine B 

isothiocyanate (RHO, 1 mL, 8 mg/L) was added to the dispersion (IMO-C12Glu-RHO), left to 

equilibrate under constant stirring for 3 hours at room temperature, and then centrifuged for 40 

min at 12500 g. To evaluate the effect of physiological saline conditions on the uploading of 

RHO, IMO was dispersed in a 0.9 %w/v NaCl solution and then the same procedure was 

followed. The supernatant solutions were collected, and UV-Vis spectra were acquired in order 

to quantify the residual amount of dye in solution. As a reference, a sample containing RHO and 

IMO (but without disodium lauroyl glutamate) was used. 

Characterization techniques.  

Transmission electron microscopy. Transmission electron microscopy (TEM) analysis of 

imogolite nanotubes was performed with a TEM Philips CM12 (Eindhoven, The Netherlands), 
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working with an electron gun operating at 80 kV. Samples were prepared by depositing a droplet 

of IMO dispersion onto a carbon coated copper grid.  

X-ray diffraction. X-ray diffractograms of imogolite nanotubes were collected with a D8 

Advance with DAVINCI design (Bruker, Milano, Italy), using Cu Kα radiation (λ=1.54Å), a 

range of 2θ of 5°-70° with a step size of 0.03°, and a time/step of 0.5 s.  

Thermogravimetry. Thermogravimetric analysis (TGA) was carried out on a SDT Q600 (TA 

Instruments, Philadelphia, PA, USA) from 25 °C to 1000 °C at 10 °C/min, under N2 atmosphere 

with a flow rate of 50 ml/min.  

Infrared Spectroscopy. Fourier transform infrared spectroscopy (FTIR) experiments were 

performed in attenuated total reflectance mode (ATR-FTIR) with a Nexus Thermo-Nicolet 870 

FTIR spectrometer (Madison, WI, USA) equipped with a MCT detector and a Golden Gate 

diamond cell. The spectra were acquired in the 500-4000 cm-1 range with a nominal resolution of 

2 cm-1.  

Dynamic light scattering. Dynamic light scattering (DLS) and ζ-potential measurements were 

carried out by means of a 90Plus/BI-MAS system by Brookhaven Instruments (New York, NY, 

USA) working with a 15 mW solid state laser (λ = 635 nm) as the light source. The time 

autocorrelation functions of the scattered light were analyzed through a Laplace Inversion by 

CONTIN algorithm. ζ-potential was determined from the electrophoretic mobility using the 

Helmholtz-Smoluchowski approximation. All measurements were performed at 25 °C.  

Specific surface area. Specific surface area (SSA) of imogolite nanotubes was determined 

from N2 adsorption isotherms with a Beckman-Coulter SA 3100 (Milano, Italy), using the 

multiple-point Brunauer-Emmet-Teller (BET) method. The solid samples were outgassed for 30 

minutes at 120 °C before each measurement.  
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Turbidimetry. Turbidimetry curves were collected at 25 °C using a Cary Bio 100 UV-vis 

spectrophotometer by Varian (Milano, Italy). The samples were sonicated for 15 minutes before 

each measurement. The transmittance at λ=650 nm was recorded as a function of time. For the 

fittings, the curves were corrected for the optical path, converted into relative turbidity (τ/τ0, 

where τ0 is the initial turbidity) and simulated according to a model commonly employed in the 

study of the early stages of aggregation of colloidal particles:37  

!!! = !(! !!) !" !
!!
!!!

!! !!
= !

!!
!!!

!! !!
       (1) 

Eq.1 connects the coagulation rate constant k11 (i.e., the rate of formation of clusters made by 

two single particles) to the rate of turbidity change. Assuming the denominator in Eq. 1 to be 

constant, the coagulation rate is proportional to the quantity R =[d(τ/τ0)/dt]0, usually defined as 

the relative coagulation rate. In the early stages of the process, the coagulation takes place 

through the collision of single particles to form dimers, and the coagulation rate can be 

determined from the slope of the initial part of the relative turbidity curve.38 Details of the fitting 

procedure are given in the Supporting Information.  

Elemental analysis. Elemental analysis was performed with a CHN-S Flash E1112 

Thermofinnigan (Rodano, Italy) analyser.  

UV-Visible spectroscopy. UV-Visible spectroscopy experiments to evaluate the amount of 

uploaded Rhodamine B isothiocyanate were performed with a LAMBDA900 (Perkin Elmer, 

Milano, Italy) in the 400 – 700 nm range, at room temperature. The amount of uploaded dye was 

calculated from Equation 2: 

%!!"# = !!"#!!!"#$%&
!!"#

!100         (2) 
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where ARHO  and ASample are the absorbance at 552 nm of the starting RHO solution and of the 

supernatant solution obtained after centrifugation of the IMO-RHO and the IMO-C12Glu-RHO 

dispersions, respectively. 

Quartz Crystal Microbalance with monitoring of the dissipation (QCM-D). A QCM-D 

instrument (model D300) from Q-sense AB (Göteborg, Sweden) was used and the measurements 

were carried out under non-flowing conditions. The AT-cut crystals coated with Al2O3 (QSX309) 

were also from Q-sense AB (Göteborg, Sweden). The cleaning procedure, prior to use, was done 

as follows: sonication in ethanol for 10 minutes, rinsing with Milli-Q water, drying with N2, and 

finally 10 minutes of UV-ozone treatment.  

CMC determination of C12Glu in NaCl 0.9 %w/v by tensiometry. Surface tension measurements 

were carried out on an Attension Theta goniometer (Biolin Scientific Oy, Espoo, Finland) using 

the pendant drop method. CMC was taken at the concentration the surface tension remained 

constant.  

 

RESULTS AND DISCUSSION  

Characterization of Imogolite nanotubes. A representative TEM micrograph of the obtained 

imogolite nanotubes is reported in Figure 1B (and Figure S1), showing the presence of tubular 

structures with external diameters ranging from 5 to 15 nm, internal diameters from 1 to 3 nm, 

and lengths of about 250-300 nm. Consistent with results in the literature, IMO shows a strong 

tendency to form bundles:14,34,39,40 in fact, TEM results suggest that most of the imogolite 

nanotubes are packed to form tubular clusters. Figure 1C displays the XRD spectrum of the 

synthesized imogolite nanotubes, showing very good agreement with the data reported in 

literature.34,41 The first two peaks at 2θ = 5.8° and 2θ = 8.1° correspond to characteristic 
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dimensions of ~15 Å and ~11 Å, respectively, which can be assigned to the regular distances 

resulting from hexagonal packing of nanotubes. The peaks at higher angles can be assigned to 

bond distances between atoms composing the sample. For instance, the diagnostic peak at 2θ = 

26.3° corresponds to 3.4 Å and can be attributed to the Al-O-Si bond distance, i.e. the thickness 

of a tube wall (the sum of Al-O and Si-O bond distances gives 3.5 Å). 

 
Figure 1. Schematic representation of an imogolite nanotube showing octahedral AlOH and 

tetrahedral SiO sheets forming the outer and inner surface of the tube, respectively (A). TEM 

images (B) and XRD pattern (C) of synthesized imogolite nanotubes are also shown in the 

figure. 

 

Thermogravimetric analysis (Figure S2) shows that IMO has a moisture content of ~ 23 %wt 

(calculated from the weight loss in the 25-150 °C range). The structural dehydroxylation, i.e. loss 

of chemisorbed water, takes place in the 150-800 °C range producing a weight loss of ~20 %wt, 

consistent with the theoretical values obtained from the molecular formula Al2SiO3(OH)4. 

Imogolites were also characterized by ATR-FTIR. The spectrum (Figure 2) shows the 

characteristic peaks of aluminosilicate materials. The signals at 930 and 590 cm-1 are assigned to 
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Si-O-Si stretching and O-Si-O bending, respectively.34 The shoulder at 685 cm-1 corresponds to 

Al-O-Si stretching. The peak at ~1640 cm-1 is assigned to OH bending of physisorbed water,42 

while the broad band around 3350 cm-1 is assigned to OH stretching of surface hydroxyl groups 

and physisorbed water. 

DLS analysis was performed on imogolite aqueous dispersions, revealing the presence of two 

populations of scatterers. The most abundant population consists of objects with hydrodynamic 

diameter of ~ 750 nm, while the second consists of large agglomerates. DLS results confirmed 

TEM observations, in which bundles of IMO nanotubes are always detected.  

Specific surface area (SSA) of imogolite was determined from nitrogen adsorption isotherms. 

Type I isotherm was observed, typical of mesoporous solids, with a small hysteresis loop that is 

associated to particle aggregates giving rise to slit-shaped pores, most likely deriving from 

mesopores among imogolite bundles (Figure S3). The specific surface area of the synthesized 

imogolite sample is 317 ± 7 m2/g, in good agreement with the typical values reported in the 

literature,18,40,43 ranging from 300 to 400 m2/g.  

 

 

Figure 2. ATR FT-IR spectrum of synthesized imogolite in the 500-4000 cm-1 range. 



 13 

 

Adsorption of amino acids on imogolite. To evaluate the adsorption of the amino acids onto 

IMO surface and to elucidate their effect on the colloidal stability of IMO dispersions in water, 

we extracted the coagulation rate from a linear regression of the turbidity curve in the early stage 

of the aggregation process (see Experimental section). The results are summarized in Figure 3A. 

The kinetics of aggregation is differently affected by the presence of amino acids: basic amino 

acids, such as Arg and Lys, display a destabilizing effect on the IMO dispersions, while Glu, Ser 

and Gly slightly increase the stability (Figure 3B). 

 

Figure 3. A) Transmittance @650 nm of the various IMO-amino acid dispersions as a function 

of time (an amino acid-free IMO dispersion is also shown for comparison); B) coagulation rate 

of IMO-amino acid dispersions; C) coagulation rate of IMO dispersions as a function of pH, 

together with the coagulation rates of IMO-Glu (spontaneous pH = 4.2) and IMO-Lys 

(spontaneous pH = 9.0); D) coagulation rate of the same IMO dispersions as in C) but under 

physiological saline conditions (NaCl 0.9 %w/v). 

 

The destabilizing effect of Lys and Arg corresponds to a decrease of the particle surface 

charge, as evidenced by the drop in the ζ-potential of IMO-Lys and IMO-Arg (see Table 1). This 

suggests that the colloidal stability of the dispersions is primarily due to electrostatic forces. Two 
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hypotheses can be drawn about the effect of amino acids on the surface charge of IMOs. In the 

first, the physisorption of amino acids on the external surface of IMO takes place thanks to the 

affinity of the α-amino acid for the alumina surface. This will normally lead to a decrease of the 

IMO net charge, but if the amino acid contains an extra carboxyl group or an extra amino group, 

this functional group will be oriented towards water, which may lead to an increase in the net 

charge. In the second hypothesis, amino acids with a pronounced acidic or basic character are 

able to change the pH of the system, thereby inducing changes in the surface charge of IMO by 

protonating or deprotonating aluminol and silanol groups, according to the following equilibria: 

 

Al-(OH)-Al + H+  Al-(OH2)+-Al       (i) 

SiO-H  Si-O- + H+        (ii) 

 

At pH values lower than the point of zero charge (PZC) of IMO (pH 10÷11)41,44 equilibrium (i) 

is shifted to the right, leading to an increased positive charge of the outer surface, thus enhancing 

the colloidal stability. On the other hand, at pH values higher than the PZC, the equilibrium (i) is 

shifted to the left and the external surface of IMO progressively becomes neutral. Equilibrium 

(ii) accounts for the internal charge of IMO, having therefore a much smaller influence on the 

surface charge and consequently on the dispersion stability.17,45 

 

Table 1. ζ-potential, pH values, and relative coagulation rate of IMO dispersions with and 

without addition of the amino acid (pH values of pure amino acid solutions are given within 

parentheses). 
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* Results not reliable, the error being larger than the experimental value. 

 

Table 1 reports the pH of the IMO dispersions in the presence of amino acids (the pH of the 

corresponding amino acid solutions are given in parenthesis), as well as the ζ-potential values 

and the relative coagulation rates. Results show that the pH of the IMO dispersions differs from 

that of the corresponding amino acid solution. Furthermore, the presence of amino acids causes a 

significant change in the pH of the IMO dispersions with respect to the pristine sample. The 

trend in the ζ-potential correlates well with the pH induced by the presence of the amino acid, 

highlighting the progressive decrease in the surface charge as the pH is increased towards the 

point of zero charge of the aluminol groups. Looking at the relative coagulation rates, two 

general behaviors could be identified: (i) Arg and Lys produces pH values approaching the PZC 

of IMO, resulting in relative coagulation rates of the same order of magnitude as for IMO at pH 

= 10, (ii) the relative coagulation rates obtained with all the other tested amino acids are 

generally one order of magnitude smaller. 

Sample ζ-potential 

[mV] 

pH Rel. coagulation 
rate 

[1/min] 

IMO pH 4.2 +46.7 ± 0.8 4.2 3.33.10-3 

IMO +34.1 ± 1.7 6.0 6.35.10-3 

IMO-Glu +48.5 ± 2.3 4.2 (3.5) 5.80.10-3 

IMO-Gly +32.8 ± 1.9 7.0 (6.3) 5.20.10-3 

IMO-Ser +33.7 ± 1.7 6.5 (6.2) 5.60.10-3 

IMO-Arg +11.7 ± 1.0 9.3 (10.1) 3.92.10-2 

IMO-Lys +12.1 ± 0.3 9.0 (9.8) 3.67.10-2 

IMO pH 10 n.a.* 10.0 5.91.10-2 
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To further investigate the effect of pH and amino acids, we selected Glu and Lys as examples 

of the two general behaviors and we first evaluated the coagulation rates at different pH values, 

but in absence of amino acid (Figure 3C). The same experiments were also conducted under 

physiological saline conditions (Figure 3D). Addition of Lys brings the pH to 9, which is one 

unit lower than the PZC of IMO, and results in a high coagulation rate, just below the one 

observed at pH = 10. On the other hand, the effect of Glu cannot be simply justified by the pH: 

in fact, the surface charge of IMO in the presence of Glu is very similar to that of IMO at the 

corresponding pH, but the coagulation rate in the presence of Glu is almost doubled. We explain 

this peculiar behavior of Glu by taking into account its molecular structure, especially focusing 

on the presence of the two carboxyl groups. The interaction between Glu and the surface of γ-

Al2O3 has been shown to be strong and pH dependent, decreasing with increasing pH.46 Two 

modes of chelation are suggested in the literature based on FT-IR data. Either both the 

carboxylate groups of Glu are involved in bonding to surface Al atoms through covalent bonds 

or via hydrogen bonds, or only one of the two carboxylates(i.e., the side chain COOH group) is 

bound to surface Al atoms.46 

Since the external surface of IMO consists of alumina, it is reasonable to assume that 

glutamate physisorbs onto IMO similar to what happens in γ-Al2O3 crystals. As a result, the 

surface of the IMO particles will then expose the Glu amino group (which is protonated at pH = 

4) and also one of the carboxylate groups in the case of a bidentate binuclear complex being 

formed. The increased aggregation rate of IMO-Glu compared to IMO without Glu at the same 

pH could thus be explained by invoking electrostatic attraction between protonated amino groups 

and carboxylate groups belonging to different particles. 
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As discussed before, the kinetics of aggregation of IMO dispersions was also evaluated under 

physiological conditions (see Figure 3D). The results show that the increased ionic strength 

destabilizes all the samples with a leveling in the coagulation rates, as it is expected in 

dispersions where electrostatic stabilization plays a major role.47 In the specific case of IMO-Glu, 

a ten-fold increase is observed.  

To verify and quantify the adsorption of the amino acids on IMO nanotubes, IMO-amino acid 

dispersions were centrifuged, the resulting solid was collected and investigated by FT-IR and 

elemental analysis. The ATR-FTIR results (Figure 4) provide evidence that amino acids are 

adsorbed onto imogolite nanotubes, and that Glu is adsorbed in higher amount. The symmetric 

and asymmetric stretching of deprotonated carboxyl groups is observed at 1405 cm-1 and 1590 

cm-1, respectively. The absence of a peak above 1700 cm-1 supports the lack of protonated 

carboxyl groups and it is consistent with previous studies on the adsorption of amino acids on 

TiO2 and γ-Al2O3 surfaces.46,48,49 The signals at ~1460 and ~1350 cm-1 are attributed to CH2 

bending. The intense band centered at 1635 cm-1 (also present in the spectrum of pure imogolite, 

see Figure 2) is attributed to OH bending of physisorbed water. 
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Figure 4. ATR FT-IR spectra of IMO-amino acid samples in the 1250-1800 cm-1 range.  

 

Elemental analysis results indicate that a significant amount of carbon is detected in the case of 

IMO-Glu, corresponding to 11.6 %wt of Glu adsorbed onto IMO (Supporting Information). 

Taking into account the specific surface area of the nanotubular clays and by assuming that the 

entire surface is available for the physisorption, we could then estimate an effective head group 

area of 0.33 nm2 (details of the calculation are reported in the Supporting Information), a value 

which is ∼1.5 times larger to what is found in tightly packed self-assembled monolayers formed 

by surfactants based on a carboxyl head group.35 Even more interesting is the comparison with 

the head group area at the air-water interface found in Glu-derived surfactants (0.88 nm2).50 

These findings suggest a quite dense packing of Glu molecules onto the IMO surface, paving the 

way towards the use of glutamic acid as a building block in the design and fabrication of hybrid 

materials based on imogolites.  

C12Glu adsorption onto imogolite nanotubes and RHO uploading experiments. The 

marked affinity of glutamic acid for the IMO surface was exploited to prepare a composite 

material consisting of imogolite nanotubes coated with a Glu-based surfactant able to upload a 

drug model. The surfactant chosen for this experiment was lauroyl glutamate (C12Glu) in the 

disodium form, which in water displays a CMC of 50 mM.51 This surfactant has already been 

shown to favorably adsorb on the surface of Al2O3, while no adsorption was detected on SiO2.36 

A value of about 285 ng/cm2 was determined by QCM-D at the CMC, in salt-free conditions.  

The mechanism of formation of the hybrid is sketched in Figure 5A. IMO nanotubes and 

C12Glu are first equilibrated together in water. The concentration of C12Glu in the experiment 

was 2 mM; i.e., well below the CMC (50 mM in salt-free conditions and 22 mM, determined by 
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tensiometry, in NaCl 0.9 %w/v) and also below the Critical Surface Association Concentration 

(CSAC), which is typically around 1/10 of the CMC.52 At this level of concentration, one would 

expect that the adsorption of C12Glu on IMO results in patches of micelle-covered surface 

separated by areas of naked surface. The micelle-covered surface would be strongly anionic and 

the naked surface in-between would be cationic. Thus, with such an incomplete adsorption one 

would expect to have attraction between the particles, i.e., fast aggregation (sometimes referred 

to as patchwise flocculation). This is actually the case in our experiment, where a precipitate is 

formed after just a few minutes (Figure 5A).  Taking into account the good biocompatibility of 

imogolite,27,53 this very simple strategy could be exploited for the design of hybrid carriers 

exposing a bioactive surface. As an example, we tested the uploading properties of the composite 

towards a model drug (RHO). First, an aliquot of the dye solution was added to the IMO-C12Glu 

dispersion (see Experimental section). Then, the system was left to equilibrate under agitation 

during a few hours, the precipitate was discarded by centrifugation and the absorbance of the 

supernatant was measured to quantify the amount of dye still present in solution. 
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Figure 5. A) Schematic representation of the adsorption-uploading experiment performed with 

IMO-C12Glu; B) adsorption spectra of Rhodamine B-ITC (RHO) and of IMO+RHO and IMO-

C12Glu+Rho supernatant solutions in Milli-Q water (left) and in physiological saline solution 

(right); C) amount of uploaded dye calculated from the adsorption spectra. 

 

As shown in Figure 5B, pristine IMO is able to adsorb a certain amount of dye, most 

reasonably through electrostatic and van der Waals interactions with its external surface: in fact, 

due to its molecular size54, the access of the dye inside the lumen of IMO is limited by 

geometrical constraints. When the same experiment is performed in physiological saline solution 

(NaCl 0.9 %w/v), the uploaded amount is nearly unchanged. On the other hand, the amount of 

adsorbed dye (Figure 5C) drastically increases (nearly threefold) when C12Glu is present, 

suggesting the direct role of the surfactant on the uploading process. When the adsorption of 

C12Glu and RHO is carried out in physiological saline conditions, the amount of uploaded RHO 

is nearly the same as for pristine IMOs. We explain this finding by taking into account the 

shielding effect of sodium chloride on the IMO surface charges, resulting in a decreased 

interaction between the C12Glu polar headgroups and the surface. This is also consistent with the 

relative coagulation rates in table 1 showing that IMO nanotubes undergo a fast aggregation in 

the presence of NaCl, also in the presence of Glu. 

 

CONCLUSIONS 

In this work we report on the adsorption of amino acids onto imogolite nanotubes, exploring 

their potentials as building blocks in the preparation of functional hybrid materials. Our results 

highlight that imogolite nanotubes represent a flexible multifunctional platform, thanks both to 
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the nanotubular structure and to the exposed alumina surface, which dictates the interaction with 

amino acids bearing different side chain functional groups. We investigated representative cases 

for basic, acidic, non-polar and polar amino acids, finding that Glu displays the strongest affinity 

for the IMO surface. We exploited this finding to prepare a hybrid organic-inorganic material 

through the adsorption onto the outer surface of IMO of a synthetic surfactant bearing a Glu 

polar head and a hydrophobic C12 alkyl tail. The obtained composite was used in a proof of 

concept experiment for the upload of a model drug (rhodamine B isothiocyanate), showing that 

an increased amount of dye is adsorbed when C12Glu is present. We believe that the results 

reported in this paper could foster the use of imogolite clays in biotechnological applications. 

Furthermore, our findings could be generalized toward the adsorption of any Glu-containing 

surfactant on any aluminum oxide surface. 
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Characterization of imogolite nanotubes 
 

TEM 
 

 
 

 
 
Figure S1. TEM images of synthesized imogolite nanotubes.  
 
 
 
 
 
 
 
 
 

 

 
 



Thermogravimetry (TGA) 
 

 
 
Figure S2. Thermogravimetry curve of imogolite sample in the 25-900 °C temperature 
range. Indicated weight losses correspond to the loss of physisorbed water (25-150 °C) 
and to structural dehydroxylation (150-800 °C)1,2. 
 
 
 

Dynamic light scattering (DLS) 
!
Dynamic light scattering measurements were carried out by means of a 90Plus/BI-MAS 
system by Brookhaven Instrument (New York, USA), working with a 15 mW solid 
state laser (λ = 635 nm) as the light source. The time autocorrelation functions of the 
scattered field were analyzed through a Laplace Inversion by CONTIN algorithm. The 
imogolite sample is constituted by two populations of objects: the most abundant 
corresponds to dimensions of ~750 nm (with a polydispersity of ~50%), while the second 
population is given by large aggregates with dimensions in the 30-50 µm range.  
 
  



N2 adsorption isotherm 
!

!
 
Figure S3. Nitrogen adsorption isotherm of imogolite sample, showing Type I isotherm 
with a small hysteresis loops that is associated to slit-shaped mesopores, most likely 
deriving from aggregation of nanotubes into bundles5,6. 
!

 



 
 

 
Figure S4. Example of BET surface area calculation on imogolite sample. 
  



Turbidimetry of imogolite dispersions 
 
The absolute coagulation rate constant is an important parameter used to characterize the 
coagulation kinetics of colloidal systems, and accurate experimental data are particularly 
important for the development of relevant theories or for deriving information about 
colloidal interactions. To determine the absolute coagulation rate constant of suspensions, 
the turbidity measurement has been extensively adopted7 because of its simplicity and 
easy implementation. However, to determine the absolute coagulation rate by turbidity 
measurements, the difference between extinction (or attenuation) cross sections of one 
doublet or dimer (two adhered particles) and of two single particles has to be evaluated 
from theory. For spheres, the extinction cross section can be calculated exactly from Mie 
theory. However, the doublets are not spherical, so it cannot be calculated exactly. The 
same applies to non-spherical particles, already as singlets. 
To improve the applicability of the turbidity measurement, the T-matrix method8,9 has 
been proposed to accurately calculate extinction cross sections of non-spherical particles, 
as well as real doublets in the turbidity measurement. In particular, Mie and Rayleigh-
Gans-Debye (RGD) theories are severely inadequate when the parameter (α=2πa/λ where 
a represents the radius of the particle) increases.  
In the earliest stage of the coagulation process for a monodisperse colloidal system, only 
collisions of single particles to form doubles need to be considered. Therefore, the change 
in particle number concentration can be approximately expressed as: 
 

         (1) 

         (2) 
 
where N1 and N2 are the number concentrations of single particles and doublets, 
respectively, t is time, and k11 is the coagulation rate constant. Because the turbidity is 
expressed as τ = N1C1 + N2C2, where C1 and C2 are the extinction cross sections for the 
single particle and doublet, respectively, and τ is the turbidity, the change rate in turbidity 
due to the aggregation of single particles can be written as: 
 

        (3) 
 
Combining eqs 1, 2, and 3, the coagulation rate constant can be connected to the rate of 
turbidity change in the turbidity measurement by the following equation10:  
 

        (4) 
 



where τ0 is the turbidity at the coagulation starting time t = 0. Assuming the denominator 
in eq. 4 can be taken to be a constant, the coagulation rate will be proportional to the 
quantity R =[d(τ/τ0)/dt]0, the relative rate of turbidity change. Thus, |R| is usually used to 
represent the relative coagulation rate. The dimensionless parameter F = [(C2/2C1) - 1] is 
referred to the optical factor. R can be obtained from the turbidity measurement, but the 
optical factor has to be calculated by means of light scattering theory8,11–15. In this study, 
the data of transmission percentage (T%) versus time were recorded during the 
coagulation and sedimentation process. The wavelength was 650 nm, while temperature 
was set to RT (=25 °C). The transmission percentages were transformed into turbidity by 
the equation: 
 

         (5) 
 
where l is the path length through the dispersion. The slope of the τ/ τ0 versus time plot 
(the relative coagulation rate) was calculated by the procedure of linear regression in the 
early stages of coagulation, and was used to compare the colloidal stability of the various 
IMO dispersions. To ensure that the experiments were really done in the early stages, the 
experimental window should be much smaller than the coagulation time or half-life t1/2, 
which is the time required for the reduction of the number of particles by one-half. The 
theoretical coagulation time is given by the Smoluchowski coagulation equation16: 
 

          (6) 
 
where η and k are the viscosity and Boltzmann constant, respectively. More specifically, 
for the case of water as the medium at T = 25°C, we simply have17: 
 

        (7) 
  
For imogolite nanotubes, due to their small dimensions, the number of particles in the 
investigated sample is quite large (around 1.1015), and it corresponds to a t1/2 in the order 
of few minutes. It is not therefore safe to assume that the experiments were done in the 
early stages of coagulation, except for the very beginning (t<10min). 
  



Amino acid adsorption onto imogolite nanotubes 
!
1 ml of an aqueous IMO dispersion (4 g/L ) was sonicated during 2 hours and then added 
to a test tube. The selected amino acid was then added to each test tube. The amount was 
chosen so to theoretically cover twice the surface area of the IMO in the sample. This 
value was calculated by taking into account the specific surface area of IMO resulting 
from porosimetry (317 ± 7 m2/g) and adopting a value of 0.2 nm2 for the cross-section 
(Sa.a.) of all the tested amino acids18. The mass of amino acid (ma.a.) was calculated from: 

!!.!. = !
!!!"!"#!!!!"#!!%!"#$%&'$!!!"!.!.

!!.!.!!!!       

where mIMO and SSAIMO are the mass and the specific surface area of imogolite, 
respectively, Mwa.a. is the molecular weight of the amino acid, and NA is the Avogadro 
number. 

Calculation of the effective amino acid head surface area in the IMO-
Glu and IMO-Lys samples 
 
From elemental analysis, the amount of total carbon in the IMO-Glu sample is 4.75 %wt 
that corresponds to 11.64 %wt of glutamic acid (considering that all the detected carbon 
derives from the amino acid). 
 
%wt Glu= (%wt C/MC *5)*MGlu = (4.75/12*5)*147.13 = 11.64 %wt 
 
The moles of glutamic acid result to be 7.91x10-4 per gram of sample that correspond to 
4.76x1020 adsorbed molecules per gram of sample (molGlu*NA). Assuming that i) the 
imogolite external surface is approximately half of the total surface, ii) the external 
surface is completely available for the interaction with Glu and iii) no multiple layers are 
formed, the effective surface area of Glu, is calculated from: 
 
SGlu  = SIMO [m2/g] / adsorbed molecules per gram * 1018 = (317/2) / 4.76x1020 * 1018   = 
0.33 nm2  
 
The amount of carbon detected in the IMO-Lys sample is 2.11 %wt that corresponds to 
4.28 %wt of lysine. 
 
%wt Lys= (%wt C/MC *6)*MLys = (2.11/12*6)*146.19 = 4.28 %wt 
 
The moles of lysine result to be 2.93x10-4 per gram of sample that correspond to 
1.76x1020 adsorbed molecule per gram of sample. The effective surface area of Lys 
resulted to be 0.90 nm2. 
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ABSTRACT: Time-dependent quasi-elastic neutron scatter-
ing (QENS) and differential scanning calorimetry (DSC) were
applied to study water dynamics and hydration kinetic of the
hydration reaction of tricalcium silicate in the presence of a
methyl hydroxyethyl cellulose (MHEC) additive. The trans-
lational dynamics of the water confined in the developing
hydrated calcium silicate matrix was probed at the molecular
scale by QENS during the first 4 days, while the evolution of
the matrix porosity and the hydration kinetics were
determined up to 28 days of hydration by differential scanning
calorimetry. The application of the boundary nucleation and
growth model consistently improved the hydration kinetics
picture, usually obtained from the application of the classical Avrami-Erove’ev model, allowing the evaluation of the individual
contributions of nucleation and growth over the entire hydration process. In the presence of the cellulose ether the nature of the
nucleation process is strongly modified, approaching a “spatially random” hydration mechanism. The water contained in the
nanometric porosity of the hydrated calcium silicate matrix, which is fundamental for the efficiency of the hydration process,
results increased when MHEC is added, leading to a delay of the onset of the hydration process and the enhancement of the
efficiency of the reaction.

■ INTRODUCTION
Ordinary Portland Cement (OPC) is the most used binder for
construction purposes. Tricalcium silicate (shortened to C3S in
the cement chemistry notation) generally contributes up to
70% of the total weight of OPC and is the main ingredient
responsible for the mechanical properties of a cured paste.1 For
these reasons, C3S can be considered as a model for the study
of the setting and hardening processes of cement pastes. During
cement hydration, C3S is progressively converted to amorphous
calcium silicate hydrate (C−S−H) and crystalline calcium
hydroxide.1 From a mechanical point of view, the dry powder
mixed with water forms a paste that develops rigidity and
steadily increases in compressive strength as a consequence of
the hydration reaction. In the first stages of this complex
process, a thin layer of C−S−H covers the silicate anhydrous
grain’s surface then C−S−H globules start to flocculate
producing a tridimensional fractal network held together by
hydrogen bonds and weak intermolecular forces. As the
hydration proceeds, water is consumed and the gel phase
progressively forms a solid network with a compact yet porous
structure.2,3 The water molecules that have not reacted with
C3S are confined in micro- and nanosized porosities formed as
a consequence of the packing of hydrated globules. Depending
on the confining degree, these molecules can have different

physical and chemical properties compared to bulk water at the
same temperature.3−5 For instance, recent theoretical works
have rationalized the slow dynamics of the water confined in
the interlayer of the silicatic chains in terms of the local
chemical environment provided by the C−S−H gel phase,
attributing a crucial role to H-bond connections between water
molecules and C−S−H interfacial hydroxyl groups.6,7

Among the various organic compounds often used in the
industry to modulate water retention and rheology of the
mortar, cellulose ethers (CEs) are very popular. Several
works8−12 have been devoted to the characterization of cement
hydration in the presence of cellulose ethers, showing that CEs
play a key role in affecting the hydration kinetics, the porosity,
and the microstructure of fresh and hardened cement materials.
Despite the broad use of CEs in the cement industry, the effect
of their water retaining properties on the hydration of cement
pastes is still not understood. This paper is aimed at shedding
light on the effect of a water retainer additive, namely methyl
hydroxyethyl cellulose (MHEC), on the hydration kinetics of a
C3S paste, from the nanoscale (translational water dynamics)
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up to the macroscale (bulk hydration kinetics). The
concentration of MHEC in the investigated samples was
chosen in the range commonly used for extrusion processing of
cementitious materials.8 In particular, time-dependent quasi-
elastic neutron scattering (QENS) and differential scanning
calorimetry (DSC) techniques were applied to study the
hydration reaction of C3S in real time from both a dynamic and
a kinetic point of view. The translational dynamics of the water
confined in the developing C−S−H matrix was probed at the
molecular scale by QENS during the first 4 days, while the
evolution of the matrix porosity and the hydration kinetics were
determined during 28 days of hydration by DSC. The
description of the hydration kinetics according to the boundary
nucleation and growth model (BNGM)13 allowed for the
evaluation of the individual contributions of nucleation and of
growth to the entire hydration process thus improving the
picture previously obtained with the Avrami-Erove’ev
model.8,14 All the results taken together highlight the role of
the MHEC additive on the water dynamics and hydration
kinetics, as well as on the developing C−S−H microstructure.

■ MATERIALS AND METHODS
Materials. Tricalcium silicate was provided by CTG

Italcementi (Italy). The specimen has a specific surface area
of 0.65 m2/g and a CaO content of 71.7%. The MHEC is
Walocel MKX 40000 (Dow Chemical Company, U.S.A.) and
was used as received. To prepare the samples, a certain amount
of the C3S powder was mixed with water to reach a water to
cement ratio (w/c) of 0.4. MHEC was dissolved in water at a
concentration of 3.6 and 5% wt and then added to C3S so that
the final amount of MHEC was 0.27% (M_low) and 0.54%
(M_high) with respect to the C3S weight, respectively. The
three samples (pure C3S, C3S + M_low, and C3S + M_high)
were hydrated at a constant temperature of 30 °C. The water
was Milli-Q grade (resistivity >18 MΩcm).
Methods. Incoherent quasi-elastic neutron scattering

(QENS) experiment was performed at the intense pulsed
neutron source (IPNS) of the Argonne National Laboratory
(Argonne, IL, U.S.A.) on the inverse geometry spectrometer
QENS.15 In this spectrometer, the white pulsed neutron beam
from the solid methane moderator of the spallation source,
scattered by the sample, is deflected by 22 graphite analyzer
arms onto the corresponding detector banks. The final energy
of the detected neutrons is fixed by the analyzer to be around
3.3 meV. From the measured time-of-flight of the detected
neutrons the energy exchanged by the neutrons with the
sample can be calculated. The obtained energy transfer ranges
from −2.5 to 200 meV, and the accessible scattering vector, Q,
at the elastic channel ranges from 0.3 to 2.6 Å−1. The energy
resolution at the elastic peak was determined using a thin V foil
and resulted to be about 90 μeV (full width at half-maximum)
corresponding to an accessible time window of about 50 ps.
The samples were spread evenly into a rectangular aluminum
cell making a layer of 0.5 mm thickness. The volume fraction of
water in the sample was 0.40, making a film of H2O of an
effective thickness of 0.20 mm. The cell was reassembled and
sealed by means of an indium gasket. This ensures a negligible
loss of water as well as no contamination of the paste by carbon
dioxide during the experiment. The interior of the cell was
Teflon-coated to avoid any interaction between the cement
paste and the Al cell, which was proven to change the hydration
kinetic.16 The rectangular sample cell was placed at 45° to the
direction of the incident neutron beam. The frame of the cell

was masked using a Cd foil to avoid parasitic scattering. Some
of the detector banks were shadowed by the edge of the cell
and the corresponding data have been discarded. The data from
the six highest angle detectors have been grouped two by two in
three sets of data. The error in Q involved with this procedure
is about 3%. We obtained two sets of eight and three spectra in
transmission geometry at low scattering angles and in reflection
geometry at high scattering angles, respectively. Data were
corrected for scattering from the Al sample holder containing
dry tricalcium silicate powder, standardized dividing by the
scattering intensity from a thin vanadium plate, and finally
converted in double differential scattering cross sections using
standard routines available at IPNS. The vanadium signal has
been used both as a standard for the calibration of detectors
and for the calibration of the elastic response of the instrument.
Differential scanning calorimetry (DSC) was performed by

means of a DSC-Q2000 (TA Instruments, Philadelphia,
U.S.A.). For the determination of kinetic parameters, samples
were frozen at −60 °C and then heated to 30 °C at 5 °C/min.
Melting enthalpy of water was obtained from the integration of
the endothermic peak between −40 and 23 °C. The area of the
melting peak of ice is directly proportional to the amount of
water able to freeze inside the sample and for this reason it
decreases as the hydration goes on, because water is consumed
to form C−S−H and Ca(OH)2. By knowing the total amount
of water present in the sample, it is possible to convert the
melting enthalpy in the free water index (FWI) according to eq
117,18

=
Δ

Φ Δ
H

H
FWI exp

W 0 (1)

where ΔHexp is the experimental melting enthalpy, ΔH0 is the
standard melting enthalpy of water (333.4 J/g) and ΦW is the
weight fraction of water in the sample.
To get insights into morphology and structure, low

temperature DSC measurements were performed by cooling
the samples to −80 °C at a very slow rate (0.5 °C/min).

QENS Data Analysis. QENS is a state-of-art technique
especially suited for the in situ investigation of individual
relaxation dynamics of hydrogenated species from the pico-
second to nanosecond time-scale. A considerable amount of
literature is devoted, for instance, to the study of water-based
systems, supercooled water,19,20 water confined in Vycor
glass,21 hydration water of complex systems like proteins22,23

or nucleic acids,24 and cementitious pastes of various
composition,4,25,26 just to cite some.
Because the incoherent scattering cross section of hydrogen,

σH, is much larger than its coherent counterpart and also than
that of oxygen, calcium, and silicon, the double differential
scattering cross section in a QENS experiment on a
cementitious paste is dominated by the hydrogen self-dynamics
term, Ss(Q⃗,E):

σ
σ
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π

∂
∂ ∂ = ⃗
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where ℏω = E0 − E is the energy transfer, k0 and E0 are the
wave vector and energy of the incident neutrons, respectively,
and k and E are those of the scattered neutrons. It is important
to remember that if motions are too slow for the spectrometer
resolution they will contribute to the elastic line; on the other
hand, if motions are too fast they will appear as a flat
background. The information contained in the Ss(Q⃗,E)
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connected to a cement paste accounts for the individual
motions of all the hydrogenated species present in the
scattering volume (i.e., H2O, C−S−H, and CH) referring to
their characteristic mobility. For this reason, signals of
immobile species, like water or OH chemically bound to C−
S−H and CH will generate an elastic contribution to the QENS
spectrum (see for example Figure S1 in the Supporting
Information), while the mobile water molecules will produce
the quasi-elastic broadening.
Considering the literature, QENS data obtained from cement

pastes have been interpreted using two distinct approaches in
the description of Ss(Q⃗,E). In the first one,27,28 a delta function
takes into account the immobile water fraction coming from
C−S−H and CH and the dependence of the quasi-elastic
broadening as a function of Q is explicitly considered, either
using the relaxing cage model for translation alone (i.e., valid
for Q below 1 Å−1)27 or a combination of translational and
rotational motions in the case of a wider interval of momentum
transfer.28,29 In the second approach30 only the average QENS
spectrum at Q values around 2 Å−1 is considered, implying that
the motion in the scattering volume of about (π/2)3 Å3 (i.e. ∼3
Å3) is localized (mainly due to rotations). In this case the
spectrum is modeled as a sum of a delta function (for the
immobile fraction corresponding to C−S−H and CH), two
Lorentzian functions used to fit the freely diffusing water, and
one Lorentzian to specifically consider the existence of
pseudobound or constrained water. Shortly, the two approaches
differ in the number of functions adopted to describe the
scattering of mobile hydrogenated species, that is, those with a
relaxation time larger than the experimental time resolution. In
both cases, the elastic contribution of all QENS spectra was
described by a delta function centered at ΔE = 0 meV.
In this work, we simultaneously considered both approaches

in order to have a unified picture of the dynamics of water
confined in a cement paste. In the first model, the quasi-elastic
contribution was represented by two Lorentzian functions (1, 2
in eq 3) associated with translational and rotational motion of
hydrogen atoms. In the second model, the quasi-elastic
contribution was represented by one Lorentzian function
describing the confined water (C in eq 4) and two Lorentzian
functions accounting for bulk water (F1 and F2 in eq 4).
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Both expressions must be convoluted with the experimental
resolution, R(Q,E), to take into account the finite resolution of
the QENS spectrometer. In the above equations, p or P are the
elastic fraction of the total QENS signal, directly proportional
to the amount of Ca(OH)2 and C−S−H formed; Γ1 and Γ2 are
the half width at half-maximum (HWHM) of the two

Lorentzian functions with amplitude B1 and B2, respectively;
E1 is the energy shift of the elastic peak with respect to E = 0;
bkg is a term of linear background; P represents the fraction of
immobile water and OH species bound into solids (Ca(OH)2
and C−S−H); C represents the confined water fraction; F1 and
F2 represent the free water fraction.
In this particular case, the Lorentzian functions have been

adopted instead of the stretched exponential function because
the resolution of the spectrometer was not optimal to
distinguish between the two functional forms.31

A particular case of the QENS technique is the measurement
of the elastic intensity as a function of temperature, usually
referred as the elastic scan mode. Considering a system where
the only dynamics is a harmonic vibration, S(Q,E) reduces to a
delta function with amplitude DW(Q) = exp[−⟨u2⟩Q2/3],
where DW(Q) is referred to as the Debye−Waller factor and
⟨u2⟩ is the mean square displacement of the hydrogen atoms
around the equilibrium position. Elastic scan technique is a
simple way to quantify the dynamics entering the time window
of the neutron spectrometer. In the case of cement pastes we
can extract the mean square displacement as a function of time
by plotting −3 ln[S(Q,E ≈ 0,t)] as a function of Q2, where
S(Q,E ≈ 0,t) is the integral of S(Q,E) at a given time t done
using ± the instrumental resolution as integration limits.

DSC Data Analysis. The FWI versus hydration time curves
were fitted adopting the BNGM.13 According to this model,
hydration products nucleate at random locations on the surface
of the C3S particles and then grow to cover the particle surfaces
and fill the pores between the particles leading to coalescence
between adjacent hydrated regions and, finally, to the
hardening of the paste. The equation used to fit the
experimental data is the following

∫= − + − − −X Y z(1 FWI ) FWI exp[ 2k (1 exp( ))d ]d d G
t

0
e

(5)

where X is the fraction of transformed volume, FWId is the free
water index at time td, and Ye is the extended area fraction of
the intersection between a reference plane and all regions
nucleated on the grain boundary. With the assumption that the
nucleation rate per unit area of untransformed boundary IB is
constant, Ye can be integrated directly to give
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The transformed volume fraction depends on three covariant
parameters, the linear growth rate G, the nucleation rate IB, and
the boundary area per unit volume Ov

B. However, only two
degrees of freedom exist, and in the original model developed
by Thomas13 these were identified as two independent rate
constants: kB that describes the rate at which the nucleated
boundary area transforms in hydration products, and kG that
describes the rate at which the porosity are filled with hydration
products. The kB/kG ratio determines which of the two effects is
predominant.
These rate constants are connected to G and IB by the

following relationships

=k I O G( )B B v
B 1/4 3/4

(8)
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=k O GG v
B

(9)

If Ov
B can be determined independently, G and IB can be

calculated. In the case of the C3S powder used in this study, Ov
B

is 0.98 μm−1, as calculated from the value of the surface area of
the dry powder (0.65 m2/g), scaled by the volume occupied by
the hydration products after complete hydration (0.662 cm3/g).
More details are provided in the Supporting Information.
The rate-limiting process determining the hydration reaction

in the final part of the kinetics is the diffusion of the water
through the layer of C−S−H surrounding the unreacted grains.
For this reason, the last part of the hydration was described by
means of the diffusional model

> = − ⟨ ⟩ −
⎧⎨⎩

⎫⎬⎭t t D
R

t tFWI( ) FWI (2 ) ( )d d
1/3

2

d
1/2

3

(10)

where D is the diffusional constant, and ⟨R⟩ is the average
radius of the anhydrous C3S grains (4.66 μm). The BNGM
equations have been combined with the diffusion-limited model
and numerically solved in Igor Pro, version 6.36.

■ RESULTS AND DISCUSSION
The combination of DSC and QENS allows acquiring a
complete picture of C3S hydration process in the presence of
MHEC. While DSC provides information on the bulk matrix
developing during the hydration process, QENS gives
information on the water dynamics whose motion is restricted
by the growing C−S−H phase. The main results obtained from
these techniques will be discussed separately in the following.
Differential Scanning Calorimetry. Figure 1 shows the

trend of the free water index versus time for C3S, C3S + M_low,

and C3S + M_high samples. FWI has a similar trend to the p
parameter extracted from the fitting of QENS data and
reported in Figure 7. The already mentioned kinetic stages can
be unambiguously identified. The effect of the cellulosic
additive is dual: on one hand, it delays the setting process
while on the other hand it increases the efficiency of the
hydration process, as evidenced by the lower value of FWI
reached at the end of the acceleration period in the samples
containing MHEC.
This feature can be ascribed to the hydrophilic character of

MHEC that strongly binds water and, upon adsorption onto
the silicate grains surface, makes it homogeneously distributed
over the solid phase. Water is thus more prone to react and
hydration results more efficient, as also shown by QENS.
Induction time ti (obtained as the junction point of the lines
describing the induction and the acceleration points) increases
from 6 ± 1 h (C3S) to 9 ± 1 h (C3S + M_low), while the FWI
at the end of nucleation and growth period (FWId) for C3S +
M_low sample is more than 15% less than that of C3S. This is
in agreement with data reported previously on a similar
sample.14 When the amount of MHEC inside the paste is
doubled (C3S + M_high), ti further increases to 12 ± 1 h but
the efficiency of hydration is not significantly improved (FWId
remains almost unchanged). Table 1 summarizes the
parameters extracted from the BNGM + diffusional fitting of
the FWI versus time curves.
The kB and kG values obtained for the C3S sample are in very

good accordance with those reported in previous investiga-
tions.11 When the cellulose ether is added in the formulation,
the kB rate decreases proportionally with the increasing of
MHEC amount. On the other hand, the presence of the
polymer causes an increase in kG of 1 order of magnitude with
respect to the pure C3S sample. These findings are in full
accordance with those reported in a previous paper, where the
effect of a very high amount of MHEC was investigated.11

These changes in kB and kG values are reflected in significant
differences in kB/kG ratios of the samples containing MHEC
with respect to the kB/kG ratio of the C3S sample. In the
original formulation of BNG model,13 Thomas described this
ratio as indicative of the kinetic behavior of the pastes. In
particular, the following two limiting conditions have been
identified: (a) kB/kG ≫ 1 when the boundary area per unit
volume Ov

B is small and IB/G (nucleation rate/linear growth
rate ratio) is large; and (b) kB/kG ≪1 when Ov

B is large and IB/
G is small, corresponding to nuclei sparsely distributed on the
internal boundaries. In the first case, the boundary area is
densely populated with nuclei, and the whole transformation
occurs in the very early stages of the process, while in the
second case the conditions approach to a spatially random
nucleation. The C3S sample does not perfectly fit none of these
two states11,13,32,33 while both the samples containing MHEC
show a decrease of 1 order of magnitude with kB/kG values
around 0.1. This indicates the approaching to a “spatially
random nucleation” condition. A value of kB/kG = 0.1 has been

Figure 1. Time evolution of FWI (markers) and best fitting obtained
by the combination of BNG and diffusional models (solid lines).

Table 1. Kinetic Parameters Extracted from the Combination of BNG and Diffusion Limited Model

ti
a (h) kB (h−1) kG (h−1) kB/kG tD (h) FWId G (μm h‑1) IB (μm‑2 h−1) D × 10‑15 (m2 h−1)

C3S 6(1) 0.098(8) 0.049(2) 2.00 17(2) 0.49 0.050(2) 0.75(5) 3.1(9)
C3S+M_low 9(1) 0.068(2) 0.46(6) 0.15 17(2) 0.39 0.47(6) 0.00021(2) 9(3)
C3S+M_high 12(1) 0.053(1) 0.39(2) 0.14 21(2) 0.40 0.40(2) 0.00012(3) 5(2)

aThe induction time ti was evaluated by graphical method, as described in the text.
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reported in a previous paper, where even higher MHEC
concentrations were used.11 This indicates that the nature of
the nucleation process does not depend on the concentration
but only on the chemistry of the organic additive.
The linear growth rate G and the nucleation rate IB have

been calculated according to the eqs 10 and 11 and the
obtained values are reported in Table 1. The cellulose−ether
does not modify significantly the growth rate, but it is very
effective in reducing the nucleation rate whose value decreases
of 3 orders of magnitude with respect to the C3S/water sample.
The samples have been analyzed by means of low-

temperature differential scanning calorimetry (LT-DSC) in
order to monitor the state of the water confined inside the
hydrating matrix during a time range spanning from 24 h to 21
days. By slowly cooling down the samples34 (the cooling rate

must be slow enough to maintain the equilibrium conditions),
the freezing of the water confined inside the matrix produces
some exothermic features at temperatures well below 0 °C,
whose position are strongly dependent on the C−S−H
microstructure characteristics. In particular, the thermograms
shown in Figure 2A−C evidence that in the three samples
cured for 24 h, a sharp peak is present around −15 °C and this
is ascribable to the freezing of bulk water still present in the
largest cavities (capillary pores). The freezing of the water
entrapped in nanometric pores causes the peaks to shift at
lower temperature. The literature reports that the thermal
feature in the range −20/−35 °C are due to water in cavities
ranging between 4 and 12 nm (large gel pores, LGP) while the
peak at −40 °C stems from the freezing of the water in the
small gel pores, SGP, with size 1−3 nm.3 It is worth reminding

Figure 2. LT-DSC thermograms of hydrated C3S (A), C3S + M_low (B), and C3S + M_high (C) samples.

Figure 3. Histograms showing the amount of water contained in the porosity of the three samples during the hydration process.
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here that, according to the Jennings’ Colloidal Model II,
another class of pores exists in C−S−H, named interlayer gel
pores (IGP), whose size is <1 nm, due to the quasi-two-
dimensional spaces7 between the silicate chains in the basic
globules of C−S−H. The water in the IGP does not show
signals in DSC, because the extreme confinement prevents
these molecules from freezing.5

After 24 h of curing (black line), the C3S/water sample
(Figure 2A) contains water in capillary pores and in SGP, as
evidenced by the presence of the peaks centered respectively at
−15 and −40 °C. The samples containing MHEC (Figure
2A,B) also show the typical feature of LGP, indicating that the
cellulose ether affects the formation of the microstructure. After
7 days (green lines), the C3S sample still contains water in
capillary pores, while in the two other samples all the remaining
water is confined in the nanometric porosity (both SGP and
LGP). As time increases, the intensity of the peaks decreases
due to the consumption of the water in the reaction of
formation of the hydrated phases.
The area of the peaks was measured, and the amount of

water confined in the three types of pores was estimated
according to a procedure described elsewhere.5 The histograms
in Figure 3 show how the water still present in the samples is
distributed in the three classes of pores during the hydration
process. The MHEC has the effect of reducing the amount of
capillary water due to a more efficient hydration reaction. At
the same time, the water contained in the nanometric porosity
(both SGP and LGP) at later stages is increased in the presence
of the cellulose ether with respect to the plain sample. The
presence of these “nanoreservoirs” with size ranging approx-
imately from 1 to 12 nm is very important because they entrap
the water in the matrix and allow for its diffusion toward the
anhydrous phases ensuring the continuation of the hydration
reaction in a very efficient way.
QENS Analysis. As shown in Figure 4A, the mean square

displacement extracted by the elastic part of QENS as a
function of Q2 decreases as time passes, its evolution mirroring
the three stages of the hydration kinetics (see, for example,
Figures 1 or 3). While the initial ⟨u2⟩ value is about 0.28 Å2 for
all the stages of the hydration kinetics the addition of MHEC
leads to a reduction in the plateau value from 0.17 Å2 for C3S in
pure water to 0.1 Å2 in the presence of 0.54% MHEC as a clear

result of the increase in the confinement imposed by the
presence of the additive. The extracted mean-square displace-
ment (MSD) values are in good agreement with recent MD
simulations35 run on water and −OH groups confined in the
C−S−H model systems while at the same time scale probed by
our neutron scattering experiment.
Figure 4B shows, as an example, the semilogarithmic

representation of a QENS spectrum in the case of a 2.5 h
hydrated C3S paste at Q = 0.67 Å−1. The width of the quasi-
elastic components is usually inversely proportional to the
relaxation time of the considered dissipative phenomenon,
according to τ = h/2πΓ.
The analysis of Γ1 with respect to the scattering vector Q

allows for the characterization of the dynamic response of the
system due to the external perturbation. In the case of a
Brownian liquid, the broadening of the scattering curve grows
linearly with Q2 and the diffusion coefficient can be simply
extracted by the slope of the curve.36 When the system is
confined, the translational symmetry vanishes and an elastic
peak appears in the spectrum. The broadening of such an
elastic contribute is overestimated by the simplistic Brownian
model, and a more detailed representation of the system is
needed. Water has many features that make it different from
other liquid systems. However, in an attempt to rationalize its
peculiar chemical and physical properties it could be pictured as
a tetrahedral network of molecules held together by
intermolecular hydrogen bonds.37 A drop in temperature
determines a slowing down of the individual dynamics of
water molecules caused by the increasing extension of the
hydrogen bond framework. Free diffusion turns out to be
hindered, and translations of a single water molecule can take
place only after the rearrangement of a great number of
molecules and the collapse of the aqueous network.28 Similarly,
the dynamics of water entrapped in a solid matrix of calcium
silicate hydrate is affected by the spatial confinement imposed
by the C−S−H developing architecture, which changes the
hydrogen bonds connectivity (i.e., both OH and water
dynamics). The molecular mechanism behind H-bonds effect
in water confined in a C−S−H model system has been clearly
discussed in a recent paper.35 In the present case, due to the
resolution of the QENS experiment, to interpret the broad-
ening of the scattering curve of C3S and C3S + MHEC samples

Figure 4. (A) MSD obtained by the elastic component of the QENS spectra during the first 4 days of hydration for pure C3S and in the presence of
different concentrations of MHEC. An example of the calculation of MSD in the case of the C3S sample at different times can be found in Figure S2
(see Supporting Information). (B) QENS spectrum of C3S sample after 2.5 h of hydration, registered at Q = 0.67 Å−1, fitted with eq 3.
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the random jump diffusion model38,39 was adopted. This model
considers the motion of a particle (in our case the H atom) as
composed by the continuous repetition of a vibration around a
certain equilibrium position and by a diffusional translation
characterized by a diffusion time τ0.
The trend of Γ1 (relative to the translational component)

versus Q2 for the three investigated samples shows a good
agreement with the random jump diffusion model in the low
Q2 range. As an example, the fitting obtained for the C3S
sample is shown in the Supporting Information in Figure S2.
The width Γ2 of the Lorentzian function, associated with

rotational motions of water molecules, is much broader but
clearly recognizable. The width of this function is constant over
the whole Q range investigated, confirming that the confine-
ment effect of the matrix exerts an influence only on water
translational dynamics.
The fitting function derived from the jump diffusion model is

τ
Γ =

+
D

D
Q Q

Q
( )

11

2

2
0 (11)

where D is the translational diffusion coefficient and τ0 is the
time between the breaking and the restoring of the hydrogen-
bonded network. The relaxation time τ0 is related to the local
environment experienced by the water molecules. The
increasing hydration degree of the calcium silicate paste and
the development of the C−S−H matrix progressively confine
water molecules in the nano- and microsized pores of the gel
leading to a pronounced slowing down of H dynamics. This
trend is shown in Figure 5, which shows τ0 as a function of

hydration time. In the case of the C3S paste, τ0 increases with
time as a result of the confinement imposed by the C−S−H
matrix, passing from 0.8 ps to about 1.4 ps after 18 h of
hydration. For hydration times longer than 12 h the presence of
MHEC causes the increase of τ0 with respect to the C3S
sample. After 18 h, τ0 increases from 1.6 ps to more than 2.0 ps.
Such a trend could be explained assuming that MHEC induces
a faster development of the C−S−H structure. In particular,
this effect is more prominent for C3S + M_low than C3S +
M_high due to the longer delay (see Figure 1) imposed at the
early stage of the hydration reaction by the presence of a higher
MHEC concentration.
Figure 6 shows the semilogarithmic representation of the

QENS spectrum from the C3S paste at Q = 0.67 Å−1
fitted with

eq 4. Considering the scattering law expressed by this model,
the amplitudes P, C, F1, and F2 represent the absolute
abundance of immobile water (Ca(OH)2 and C−S−H),
chemically bound water, and free water, respectively. The
main difference from the previous model is that each species
contributing to scattering is explicitly taken into account by a
single function, instead of considering only an average
contribute. The limit of this approach is that the molecular
information connected to the type of dynamics is lost. On the
other hand, quantitative information on the different fraction of
hydrogen populations classified according to their mobility can
be extracted.
The values of ΓF1 and ΓF2 associated with free water have

been extracted from the fitting of the QENS spectrum relative
to freshly hydrated samples (i.e., 2.5 h), assuming that the
hydration was negligible at this time. ΓF1 and ΓF2 have been
constrained to these values for all spectra with t > 2.5 h.
By plotting the immobile water fraction against the hydration

time it is possible to gain insights on the reaction kinetics.
Three distinct kinetic stages (as in the DSC analysis of the
hydration process were the FWI is followed) can be recognized
from Figure 7. In the first 5 h during the induction period, the
hydration reaction occurs very slowly. After 5 h, the hydration
reaction goes faster (acceleration stage) and the new hydrated

Figure 5. Translational relaxation times τ0 derived from the fitting of
Γ1 for the first 18 h of hydration.

Figure 6. QENS spectrum averaged at high Q (1.9−2.5 Å−1) for C3S
sample after 2.5 h of hydration. Continuous and dashed lines represent
the total intensity obtained with eq 4 and all the different contributions
present in the model.

Figure 7. Immobile water fraction of the three samples as a function of
hydration time. The immobile water fraction has been obtained by
dividing the parameter P of the four-components model for the total
area of the spectrum.
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phases nucleate and grow. Finally, in the later stages (>15 h)
the hydration rate is controlled by the diffusion of the reactants
through the C−S−H gel phase covering the anhydrous silicate
grains, and the immobile water fraction reaches a plateau
(diffusional stage). All these results provide information at
molecular level and confirm the DSC findings at the
macroscale.

■ CONCLUSIONS

The hydration kinetics of C3S obtained in the presence of two
different concentrations of MHEC show that this cellulose
ether retards the beginning of the hydration process while
enhancing the efficiency of the reaction. In terms of water used
during the acceleration stage, the enhancement does not
depend on the concentration. The analysis of the hydration
kinetics by means of the boundary nucleation and growth
model allows recognizing that the presence of MHEC modifies
the nucleation process with respect to the plain C3S sample; in
particular, the presence of the cellulose−ether dramatically
reduces the overall IB nucleation rate (while the linear growth
rate G is almost unaffected) and modifies the nature of the
nucleation process approaching a “spatially random” mecha-
nism. The low-temperature DSC measurements indicated that
the sample prepared with MHEC has a lower amount of
capillary water than the sample without additive, tested at the
same time after the mixing. Moreover, the water contained in
the nanometric porosity at later stages increases in the presence
of the cellulose−ether with respect to the plain sample. The
presence of these “nanoreservoirs” is very important because
they entrap the water in the matrix and the progress of the
hydration reaction occurs in a very efficient way. Similarly
QENS shows that the dynamics of water is affected by the
spatial confinement imposed by the C−S−H developing
architecture. The C−S−H matrix progressively confines water
molecules in the nano- and microsized pores of the gel leading
to a pronounced slowing down of the translational dynamics of
water. Moreover, the translational relaxation times τ0 increases
with time as a result of the confinement imposed by the C−S−
H matrix, passing from 0.8 to about 1.4 ps after 18 h of
hydration, and the presence of MHEC further increases the
water translational relaxation time, suggesting that MHEC
induces a faster development of the C−S−H structure. The
data taken together provide a complete picture of the C3S
hydration process providing valuable information at nano and
meso-microscale.
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Kinetic models: Avrami and Boundary Nucleation and Growth  
 

The tricalcium silicate hydration process has been frequently fitted in literature 1–5 to a 

standard Avrami-Erove’ev (A-E) equation, in order to rationalize the nucleation-and-

growth process and to extract the parameters controlling it. The A-E equation is reported 

as: 

X =1− exp − kavr t( )n




        (1) 

where X is the volume fraction of transformed phase, kavr is an effective rate constant and 

n is a parameter depending on the morphology of the growing phases, the type of 

nucleation and growth. This equation provides satisfactory results, allowing the 

evaluation of the rate constants of the nucleation-and-growth process for the hydration 

kinetic. However it has been pointed out that the characteristics of the cement pastes 

hydration kinetics do not completely satisfy the conditions under which the A-E model 

was derived. 6,7 In particular, the most critical point is that one of the assumptions in the 

A-E derivation is that the probability of nucleation is the same everywhere in the 

untransformed volume, while the nucleation process in the hydration reaction of 

tricalcium silicate (and of cement, in general) occurs at the grain boundaries. This 

incongruity has been recently overcome with the “Boundary Nucleation and Growth 

Model” (BNGM) [J.J. Thomas, J. Am. Ceram. Soc. 90 (2007) 3282–3288.] that satisfies 

the requirement of the initial products formation on the surface of the particles. This 

model, firstly developed for solid phases transformations [J. Cahn, Acta Metall. 4 (1956) 

449–459.], is demonstrated to describe very well the C3S hydration, using a minor 

number of parameters than A-E model. 

According to the BNGM, the volume fraction of transformed phase originating from 

nuclei on the same grain boundary, X, can be expressed by 

      (2) 

where  is the total area of the grain boundaries (randomly distributed in the original 

untransformed volume) per unit volume; G is the linear growth rate; t is the time; y is the 

distance from the transforming boundary; Ye is the extended area fraction of the 

X =1− exp −2OV
B 1− exp −Ye( )( )dy

0

Gt∫[ ]
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intersection between a plane at distance y from the boundary and all regions nucleated on 

the grain boundary. Ye results in: 

  (if t>y/G)    (3) 

      (if t<y/G) 

where IB is the nucleation rate per unit area of untransformed boundary. 

The volume of the transformed phase depends on three covariant parameters, G, IB and 

, while only two degrees of freedom exist. For this reason, the hydration kinetics is 

described in the model in terms of two independent rates constants, kB and kG, kB being 

the rate at which the C3S particles are covered by the hydration products, and kG the rate 

at which the hydration products fill the porosity inside the paste. Mathematically: 

         (4) 

To achieve a numerically solvable equation a change of variable from y=Gt to z=y/G is 

mandatory, so to obtain: 

   (if t>z)    (5) 

and 

      (6) 

Equations 5 and 6 can now be computed numerically and the parameters kB and kG can be 

directly accessed by the fitting procedure implemented in the analysis software. The only 

independent variables are kB and kG while G, IB can be univocally determined by 

equations 4, once  is measured by sorption isotherms or Small Angle Neutron 

Scattering and the rate constants (kB and kG) have been extracted by the fitting procedure. 
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 S4

Calculation of MSD 
 

Figure S1 shows the graphical calculation of the MSD, 〈"#〉 from the elastic contribution 

of the dynamic structure factor, %&(()*, ,). In particular, at each hydration time, t, the 

mean square displacement of the hydrogen atoms in the sample can be easily calculated 

for the slope of straight-line obtained from the plot[M. Bée, Quasielastic neutron 

scattering: principles and applications in solid state chemistry, biology and materials 

science, Adam Hilger, Bristol and Philadelphia (1988).] ./0%&1()*, , ≈ 0, 456		89	(#: 

./0%&1()*, , ≈ 0, 456 = − 〈<=〉
> 	(# +	const  

where %&1()*, , ≈ 0, 45 is the elastic contribution of the QENS spectrum at time t and 

scattering vector Q. 

 

Figure S1. Example of the calculation of MSD in the case of the C3S sample at three 

different times (2 h, 14h and 105h). All time steps are not shown for the sake of clarity. 
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Fitting of Γ1 vs Q2 with the Jump Diffusion Model 
 
 

 
 
Figure S2. Fitting of Γ1 (HWHM of the lorentzian function associated to translations of 
H atoms) vs Q2 with the Jump Diffusion Model, at various hydration times for C3S. The 
green line represents the trend for a brownian liquid. 
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QENS spectra of hydrated C3S sample 
 

 
Figure S3. QENS spectra of hydrated C3S sample (2.5 hours f hydration) obtained at Q 
values ranging from 0.36-1 to 0.97 Å-1. 
 
 
 

 
 
Figure S4. QENS spectra of C3S sample at various hydration times (Q=1.11 Å-1). 
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