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Aims and objectives. 
 

My Ph.D. dealt mainly with the study of halloysite nanotubes (HNT), and their interaction with 

molecules and nanoparticles as potential for potential applications either in biomedicine or in catalysis. 

A minor part of my Ph.D work was dedicated to the preparation and characterization of Ceria 

nanoparticles stabilized with polymers of different charge, to investigate, in collaboration with the 

group of prof Della Torre and Binelli, their effect on various animal and bacterial models relative to 

their possible toxic effects especially in the aquatic environment. 

I started the first part of my thesis by introducing the clay material HNT. HNT is a unique natural 

nanomaterial composed of double-layered aluminosilicate with a hollow tubular structure in the micro 

range. A preliminary literature survey revealed that HNT, due to their physical and chemical features, 

could be suitable for many application fields like medicine and catalysis (Chapter 1). We started our 

aim by synthesizing some HNT adducts possibly suitable for hyperthermia applications by selectively 

load superparamagnetic iron oxides (SPIONs) into the inner lumen of HNT. The magnetic properties of 

the loaded SPIONs did not change after their trapping inside the HNT lumen. The SPION-in-HNT 

nanocomposite was synthesized through the pre-modification of the HNT inner lumen such that it 

becomes suitable to be suitable to load the apolar SPION as synthesized by thermal decomposition 

method without a further step of ligand exchange (Chapter 2). To extend the loading to another kind 

of NP for hyperthermia applications, we tried to load gold nanoparticles. The gold NPs can be 

synthesized in various shapes; we synthesized spherical and star shapes of gold for our purpose. Gold 

can be loaded inside the inner lumen in the studied shapes, but the low concentration of gold 

suspension hampered a massive loading into the HNT lumen. (Chapter 3). The second part of the work 

with Halloysites was devoted to the preparation and characterization of HNT adducts with luminescent 

molecules able to act as photosensitizers for photodynamic therapy (PDT). For this purpose, we were 

interested in loading perfluorinated porphyrin, in their non-coordinated- and Zn-coordinated form, 

inside the lumen of HNT. The release of the photosensitizer by the inner lumen was slowed down 

compared to the release of the perfluorinated drugs adsorbed in the outer surface of HNT. (Chapter 

4). To use HNT as a dual vector for drug delivery, we synthesized HNT-Ru photosensitizer. The 

photosensitizer was covalently bonded to the silica part of the outer surface of HNT, leaving the inner 

lumen free for potentially an extra loading with another drug. The photophysical properties of 

synthesized nanocomposite were then tested (Chapter 5). Finally, concerning HNT, we aimed to 

synthesize a new synthetic Au-Pt nanoparticle supported over HNT with different Au-to-Pt molar ratios 

via a sol immobilization method for catalytic purposes. The synthesized catalyst showed that the 

activity toward hydrogenation of C=O of cinnamaldehyde increased with increasing the molar ratio of 

Au/Pt (Chapter 6).  

Unfortunately, the product potentially useful for biomedical purposes were not tested at least at 

cellular level, and this lack to the work was essentially due to the COVID-19 pandemic situation that 

slowed down a lot of collaboration especially with biologist collaborators. 

The last part of my thesis was devoted to synthesizing nanoceria and covering it with natural polymer 

available in the aquatic system as alginate and chitosan. Ceria NPs surrounded by both Alginate and 

Chitosan showed no acute toxicity effects at the average environmental concentration level of the 

two tested natural macromolecules (Chapter 7).
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Chapter 1 
Halloysite nanotubes Introduction 

 

1. Clay minerals 
 

The phyllosilicates, or sheet silicates, are an important class of minerals that includes the micas, 

chlorite, serpentine, talc and clay minerals groups. Phyllosilicate crystals consist of silicon, 

aluminum or magnesium, oxygen, and hydroxyl groups, with various associated cations. These 

ions and OH groups are organized into two-dimensional structures called sheets, occurring in 

two types: tetrahedral sheets (T) and octahedral sheets (O). A continuous (T) sheet formed by 

[M2O5]2- species, where M (Si4+, Al3+ or Fe3+) is placed in the centre of the tetrahedron and the 

four oxygen atoms are located in the edges. Three out of the four oxygens from each 

tetrahedron are shared with other tetrahedral (Figure 1). In the O sheet, the smallest structural 

unit of the octahedral sheets contains three octahedra. If the cations are 2+ ions like Mg2+ or 

Fe2+, all the three octahedra have cations at their centre and the sheet takes on the structure of 

trioctahedral (as Brucite) [M(OH)3], in which each O or OH ion is surrounded by 3 divalent 

cations. If the cations are 3+ like Al3+ or Fe3+, only two octahedra are occupied and one 

octahedron is vacant and the sheet takes on the structure of dioctahedral (as Gibbsite) [M(OH)3], 

in which each O or OH ion is surrounded by 2 trivalent cations (Figure 1).1,2 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 (Figure 2). For the anions, in the case of TO, there are three planes of anions: one plane 

consists of the basal O2- ions of the tetrahedral sheet, the second consists of apical O2- ions (being 

the fourth tetrahedral corner points in a direction normal to the T sheet) common to both the 

tetrahedral and octahedral sheets plus OH- belonging to the octahedral sheet, and the third 

consists only of OH- belonging to the octahedral sheet.3 In the case of TOT sequence, there are 

four planes of anions: the outer two planes consist of the basal oxygen (O’s) of the two 

tetrahedral sheets, while the two inner planes consist of oxygen atoms common to the 

octahedral sheet and one of the tetrahedral sheets, plus the hydroxyls (OH’s) of the octahedral 

sheet (Figure 3). The layer repetition defines the d001 (basal spacing or layer stacking), and it is 

the fundamental parameter, representing the thickness of the unit cell and this spacing is 

characteristic of the type of the present stacking. It is labelled using the Miller indices (=hkl 

value), and they are determined by x-ray powder diffraction (XRD). 

Since clay minerals like kaolinite, halloysite, bentonite, sepiolite and laponite are available in 

large amounts at low cost, they have been used as raw materials for hundreds of industrial 

applications such as in pharmaceuticals, cosmetic, paints, dyes, construction, environmental 
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remediation, food processing and for centuries artisans have been using halloysite clay to make 

porcelain, ceramic and other fine china.4,5 

 

Figure 1 Tetrahedral and octahedral sheets of the phyllosilicates.6,7 

 

Figure 2 Schematic classification of phyllosilicate clay minerals.1,2,8 
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Figure 3 Atomic structure of Kaolinite (1:1) and Illite (2:1) clay minerals 7 

Recently, among the plethora of clay minerals, great attention has been paid to the use of kaolin 

minerals as excipients in pharmacological preparations for both topical and oral administration 

(Figure. 4a). In this context, halloysite, an aluminosilicate clay of the kaolin group, is becoming 

attractive for the scientific community as proved by the more and more increasing number of 

publications. Since 2005, the number of patents has virtually equalled the number of papers on 

HNT. These observations provide clear evidence that research on halloysite is readily translated 

into important new technologies, perhaps to a greater extent than the research on any other 

clay mineral (Figure 4b). So, halloysite nanotubes were the main research topic of these 

conducted PhD studies and will be described in the following part. 

 

Figure 4 Comparison of a) the number of scientific publication on the Halloysite, Kaolinite, Bentonite, Sepiolite, 
Laponite terms with the term drug. (b) the annual number of scientific papers and patent related to halloysite. Data 
analysis was done on February 2021 using the SciFinder database. The data reflects the past 20 years. 
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2. Halloysite clay mineral 
 

Halloysite is a naturally occurring kaolin mineral with the same chemical composition as 

kaolinite, except for higher water content, and have usually a tubular morphology (Figure 5). 

Thousands of tons of HNT are available from natural deposits in countries such as China, the 

United States of America, Mexico, Brazil, France, Spain, New Zealand, Australia and others.9–11 

The layer of halloysite consists of one sheet SiO4 tetrahedra combined with one sheet of AlO6 

octahedra. The ideal unit formula for halloysite-7A and halloysite-10A is Al2Si2O5(OH)4.nH2O 

where n = 0 and 2, respectively. 12  

 

 

Figure 5 (a) HNT powder. (b) Schematic illustration of the crystal structure13, (c&d) SEM and AFM image of Applied 
Minerals Inc., NY 14, (e) TEM of Australian HNT used in our research. 

 

2.1. History 
Jean Baptiste Julien d’Omalius d’Halloy discovered halloysite mineral in Angleur, Belgium and it 

was named after him in 182615, and they are found widely deposited in soils worldwide. In the 

19th century, this material was originally distinguished from kaolinite based on its higher 

proportion of water. HNTis one of the most promising natural green nanomaterials due to the 

countless properties they possess and research on HNT and their applications have been 

extensively going.16 Up until about 2005, the main uses of HNT had been as an alternative raw 

substance to kaolinite for ceramics. Since then, however, there has been tremendous increase 

in studies aimed at the uses of HNT. The readily available and relatively cheap nanotubular forms 

of halloysite have potential uses in nanocomposites with polymers, as vectors for active agents, 
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e.g. in medicine, agriculture, cosmetics, and environmental remediation, as well as in nano-

templating, as supports for catalysts.17 

 

2.2. Origin 
HNT product like other clay minerals is resulting from weathering or mainly due to hydrothermal 

alteration of alumino-silicate minerals. Over geological time, which is counted in millions of 

years, clay deposits as kaolinite in ocean deep, where temperatures and pressures are 

significant, undergo recrystallization to other forms like halloysite. HNT either in a few deposits 

presented in almost pure form and contains 90–95 wt% of tubes or, is accompanied by different 

types of associated minerals. For instance, the Matauri Bay HNT deposit (in Northland, New 

Zealand), formed by the low-temperature hydrothermal alteration of rhyolite and dacite 

volcanic rocks, is mainly associated with quartz, cristobalite, and feldspar. The Dragon Mine HNT 

deposit (in Utah, USA), formed by the hydrothermal alteration of dolomite, is associated with 

Kaolinite, gibbsite, alunite, and quartz.18 

HNT main constituents are aluminium (20.90 %), silicon (21.76 %) and hydrogen (1.56 %). The 

conditions of formation are much similar to that for kaolinite and the two polytypes often occur 

together.19 Rarity of halloysite compared to kaolinite is owing to stability (∆Hf kaolinite = -4115.30 

kJ/mol, ∆Hf halloysite = -4092.93 kJ/mol)20, so with enough time ≈ 120 Ka (120 thousand annual), 

the halloysite may be replaced by the more stable kaolinite during the dehydration of halloysite 

(Figure 6).21,22 

Interestingly, the reverse has also been observed, apparently, as a result of the hydration of 

kaolinite which causes rolling of 1:1 layers (Figure 7),23 so HNT is often referred to as rolled kaolin 

(typically 10 to 20 aluminosilicate layers roll into a cylinder with packing periodicity of 0.72 

nm).14,24,25 

Few sharp edges at the external layer of the tubes are evident from the previous SEM image 

(Figure 5c) These edges in the upper layers were predicted as specific lines of the sheet defects 

rolled to HNT.26 Bates et al. proposed that the 1:1 layer of Kaolin rolls to form HNT, with the 

tetrahedral sheet on the outside of the curve, to minimize the misfit of the larger tetrahedral 

and smaller octahedral sheets.27 Also this direction of rotation is favoured because of the least 

resistance offered by Si-Si repulsion.28 The existence of a water layer may facilitate layer rolling 

because it reduces the interlayer bonding. So synthesis of halloysite from kaoline could be done 

practically using solvothermal and exfoliation methods.29–31 
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Figure 6 Schematic diagram of the evolution of the clay-mineral assemblage over time.22 

 

Figure 7. (a)Captured kaolinite transformation into rolled halloysite tubes. k stands for kaolinite, h for rolling 
halloysite, while mc (mottled diffraction contrast) signifies straight sections of halloysite, similar to kaolinite; (b) 
Schematic explanation of halloysite development from kaolinite; (c) Part of kaolinite spiralling into the form of 
halloysite on kaolinite plate; (d) Computer simulations. Twisting kaolinite layer in time into halloysite structure with 
a diameter of 27 nm.23,32 
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2.3. Physico-chemical features of halloysite 
Colour. Pure HNT is a white mineral, even though in some cases the mineral is coloured from 

yellowish to brown. Impurities like Fe3+, Cr3+, Ti4+ ions may substitute Al3+ or Si4+ and are the 

reason for halloysite colouring.14 

Morphology. Naturally occurring HNT appears in varied morphologies, such as platy, spheroidal, 

and tubular. However, the tubular structure is the dominant morphology of HNT in nature.33 The 

crystallization conditions and geological occurrence of HNT are closely related to its morphology. 

For example, the HNT exhibits spheroidal morphology when recrystallized from supersaturated 

solutions of volcanic glass and pumice.12 However, the HNT exhibits a tubular morphology when 

formed by the hydrothermal alteration of biotite,34 by the weathering of feldspar in granitic 

rocks in southern Italy, 35 and by the topological alteration of platy Kaolinite.25 

Features. Due to their different chemical composition, the HNT undergo ionization in aqueous 

media in an opposite way, generating tubes with oppositely charged inner and outer surfaces. 

This charge separation occurs in water within a wide pH range from 2.5 to 8.5.36 The tubes have 

a length in the range of 0.2-30 μm,12, while the inner and outer diameters of the tubes are in the 

ranges of 10–100 nm and 30–190 nm, respectively. The common characterization of HNT are 

summarized in Table 1. 

Table 1 Common physical and chemical characteristics of HNT. 

HNT characteristic Value ref 

Length 0.2–30 µm 12,16,37 

Inner diameter 10-100 nm  38,39  

Outer diameter 30-190 nm  37,38 

Elastic modulus 130-340 GPa 16,40 

Particle size range in aqueous 
solution 

50-450 nm 16,41,42 

BET surface area 22.1–81.6 m2.g-1 16,18 

Pore space 14–46.8% 16,42 

Lumen space 11–39% 16 

Density 2.14-2.59 g.cm-3 16 

Cation exchange capacity 
Dehydrated HNT: 5-10 meq/100 g 

42,43 
Hydrated HNT: 40-50 meq/100 g 

Surface charge 
Negative outer - siloxanes  

36,44 
Positive inner - aluminols 

 

2.4. The relation between Halloysite and other nanotubes (imogolite & 

CNT)  
HNT exhibit several advantages over synthetic nanotubes, such as carbon nanotubes (CNT). 

According to Lvov et al., the price of HNT is as low as $4 per kg, which is much lower than that 

of CNT ($500 per kg). HNT is available at the scale of thousands of tons, comparing with the gram 

scale for CNT. Thus, HNT can easily meet mass-scale applications in the industry. As a naturally 

occurring nanomaterial, the exploitation of HNT requires less energy consumption and causes 

negligible environmental pollution. HNT has been proven to be biocompatible with low 
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cytotoxicity, but CNT is toxic. Therefore, HNT is regarded as a green nanomaterial. Compared 

with imogolite nanotube (IMNT), which is naturally occurring,45 the pore size of HNT is much 

larger. This enables HNT to be capable of hosting large-sized molecules, such as, for example, 

various enzymes.46 The characteristics of HNT, IMNT, and CNT are summarized in Table 2. 

Table 2 Typical properties of HNT, IMNT and CNT.14,47 

 

Nevertheless, some challenges hinder the direct use of HNT directly in industry: 1) the different 

HNT morphology, which depends on the chemical composition of a deposit area and on the 

effects of dehydration;48 2) the contamination of some HNT deposits with trace amounts of 

metal ions as iron lead to the color change of HNT mineral into yellowish.49,50 The contaminants 

must be removed for some applications 3) pristine HNT have a variable length, which has an 

effect on the HNT dispersibility.16 For that reasons, pretreatment steps are required, consisitnig 

in purification and uniformation of the  HNT length as much as possible.  

2.5. HNT Modification 
The HNT modification refers to the introduction of functional groups onto the host material, 

which can be achieved by either physical modifications (wrapping the modifier onto the host by 

van der Waals forces, hydrogen bonding, and electrostatic attraction), chemical modifications 

(by covalently attaching the modifier to the host) or etching (by annealing, or treatment with 

acidic and/or alkali medium). The physical properties (solubility, dispersion, 

hydrophilicity/hydrophobicity, etc.) and the chemical properties (reactivity, biotoxicity, etc.) of 

the host can be carefully tailored for a specific modification, and will consequently promote the 

performance of the host when used in some applications. 

In the case of HNT, multiple surfaces (the external surface, the interlayer surface, and the 

internal lumen surface) could potentially be modified. The external surface is composed of 

siloxane (Si–O–Si) groups and of a small number of aluminol (Al–OH) and silanol (Si–OH) groups 

exposed on the edges and surface defects of the HNT. The internal lumen surface consists of a 

gibbsite-like array of aluminol (Al–OH) groups.38 That allows for selective chemical modification 

 Halloysite (HNT) Imogolite (IMNT) Carbon Nanotube (CNT) 

Chemical formula Al2Si2O5(OH)4 Al4Si2O6(OH)8 C 

Surface chemistry 
SiO2 (external) 

Al(OH)3 (internal) 
Al(OH)3 (external) 

SiO2 (internal) 
graphene (both side) 

Surface charge at pH 2–9 Negative Positive Not charged 

Common Length 0.5–2 µm 1–5 μm 1–5 μm 

Common external 
diameter 

50–100 nm 2–10 nm 2–10 nm 

Common Inner diameter 10–20 nm 1–5 nm 1–3 nm 

Specific surface area, 
m2/g 

100–150 300–400 15–250 

Obtaining method from nature from nature or synthesis from synthesis 

Quantity available tons milligrams grams 

Price $4 per kg not commercialized $500 per kg 

Biocompatibility Biocompatible Biocompatible Health hazard 

Water wettability Hydrophilic Hydrophilic Hydrophobic 
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of HNT surface either through electrostatic interaction or through successive reactions with 

phosphonic acid (interior) and silylating (exterior) agents, and that produces a new type of 

adsorbent with tunable properties.51 Also in general to modify the inner lumen an evacuation 

pretreatment is required as well as a pH adjustment. As an example, silylation could occur also 

in the inner lumen if there is an evacuation pretreatment,38 or under controlled pH.52 

So, to optimize the properties of the HNT for a specific application, the functionalization HNT is 

extremely important for processing and enhancing the properties of HNT.16,24,53–58 Table 3 

summarizes several mechanisms for HNT modifications and functionalization, including main 

applications and applied substances. 
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Table 3 Examples of purification, modification and functionalization process of HNT 

Modification Application Method and substances applied Reference 

HNT purification 

Dispersion-centrifugation-
drying technique 

10 wt% water suspension with heating to 60 °C 18,59 

H2O2 to remove organic 
impurities 

H2O2 aqueous solution (30%) 60 

Covalent 
functionalization 

Outer surface 

• Reduction of the polarity 

• shielding of the hydroxyl 
groups 

• changing the chemical 
composition of the surface 

to hydrocarbons 

• creation of functional 
groups on the surface 

• Increase the interfacial 
adhesion of the HNT 

Grafting silanes via condensation 
between the hydrolyzed silanes and the 

surface hydroxyl groups of the HNT 

 

16,61–63 

• Enhance biocompatibility 
of several nanomaterials 

• Increase release time of 
dye loaded inside lumen 

3-Aminopropyltriethoxysilane (APTES) 
(interacts with outer and inner OH) 

52,64,65 

• Introducing a +ve charge 
to outer surface 

• drug encapsulation 

• anti-cancer therapies 

3-azidopropyl trimethoxysilane 66,67 

• Surface modifier 
(introduce double bonds 

onto the surface of HNT to 
form sites for 

polymerization) 

• Improve dispersion in 
polymers solution (prevent 

agglomeration) 

3-methacryloxypropyltrimethoxysilane 

 

68,69 
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• Outer surface 
Functionalization with 
ionic liquids to be as 

support for Palladium 
particles in catalytic 

application 

• Enhance synthesis of new 
designs of biocompatible 
multicavity nanomaterials 
which can load and release 

two or more drugs in a 
synergistic and 

complementary manner 

3-mercaptopropyl trimethoxysilane 

 

70–73 

• improve the interfacial 
adhesion between HNT 

and the polyvinylchloride 

poly(butylenes adipate) 74 

Inner Lumen 
(evacuation 

pretreatment 
required) 

• Change morphology of 
nanotubes to 
nanoplatelets 

• increase the basal spacing 
from 7.2 to 15.1 Å 

Phenyl phosphonic acid 75 

• selective loading of 
hydrophobic molecules 

and nanoparticle 

Octadecyl phosphonic acid; tetradecyl phosphonic acid 
bond to the alumina sites at the tube lumen but not 

the outer siloxane surface 

51,76 

• selective modification of 
inner lumen 

• Green chemistry synthesis 
reduce the utilization and 
generation of hazardous 

substances 

a catechol derivative 

 

77 

• Synthesis of fluorescence 
probe for the detection of 

low concentration of 
hydrogen peroxide 

Arylboronic acid 

&     

78,79 
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• Enhance loading of 
pentoxifylline drug which 

prevent inflammation 

• selectively deposited 
palladium nanoparticles 

inside halloysite lumen for 
catalytic applications 

imidazolium ionic liquid 

 

 
 

80 

Non-covalent 
functionalization 

Inner lumen 
(evacuation 

pretreatment 
required) 

• Improvement of thermal 
stability 

• emulsion polymerization of polystyrene over HNT in 
presence of sodium dodecyl sulfate 

81 

• Enhance the negative 
charge to control the 

capture of tumor cells and 
blood cells 

• Increase water 
stabilization 

• biocompatible materials 
for gas delivery 

applications. 

• Enhance lumen affinity 
towards apolar molecules 

Anionic surfactants as sodium dodecanoate or Perfluorinated 
carboxylic acids 

55,82,83 

• Improvement of tensile 
properties 

• increase of the thermal 
stability of the polymer 

• enhance stability for 
cosmetics and medical 

applications 

Negative biopolymer Alginate & pectin 84,85 
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• Enhance removal ability 
towards aromatic 

hydrocarbons, such as 
pyrene and toluene 

• encapsulate aromatic oils 
in aqueous phase 

Cucurbituril 86,87 

• low toxic Carbon dots 
delivery vehicles for 

sustained radical 
scavenging 

• advanced antiaging 
polymeric composites. 

• biological labeling and 
bioimaging 

Carbon dot 
 

88 

Outer surface 

• Enhance tensile and 
flexural properties 

• Utilized to design clay 
incorporated polymer 

composites with better 
interfacial properties 

2,5-bis(2-benzoxazolyl) thiophene (BBT) 

 
HNT tend to absorb (BBT) via electron transferring interactions 

89 

• increase tensile stress, 
Young’s modulus and 

thermal stability 

• scaffold synthesis for 
tissue engineering 

application 

Positive biopolymer Chitosan 
the amine groups and hydroxyl groups on the chitosan interact 
with the Si-O bonds of HNT via hydrogen bonding interactions 

84,85,90–92 

• Become neutral HNT 
surface to control the 
capture of tumor cells 

and blood cells 

• Enhance precipitation in 
aqueous medium 

Cationic surfactant as decyltrimethylammonium bromide 55,82 

• Introducing a +ve charge 
to outer surface 

High branched polyethyleneimine 93–95 
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• Loading and Control the 
release of Clove bud oil, 
an insect repellent, for 

food packaging 
applications 

• Synthesis a non-viral 
vector was developed for 
loading and intracellular 

delivery of DNA 
 

• Enhance HNT dispersion 
in water for 6 weeks 

• improve the 
biocompatibility for 

biomedical applications 

DNA & amylose 

 

96,97 

Modification 

Alkali treatment 

• Maximize the density of 
hydroxyl groups on silica 

• Increase the dispersibility 
of HNT in polar solvents 

• Increase the pore volume 

• Increase the inner lumen 
diameter from 15 to 30 nm 

Sodium Hydroxide react with the tetrahedral silicate 
to create silanol (Si-OH) groups (desilication) 

60,98,99 

Acid activation 

• Disaggregation of HNT 

• dissolution of inner layers 
to increase the inner 

diameter (dealumination) 

• replacement of interlayer 
cations by protons 

enhance Pb removal from 
lead contaminated water 

Sulphuric acid, acetic acid, acrylic acid 

 

99–102 

Acid and heat 
activation 

• Dehydroxylation of the 
structural aluminol groups 

(HNT becomes 
amorphous) 

Sulphuric acid and calcination 
changes in the pore structure and 

remove the physically bounded water 

103,104 
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• decrease of the adsorption 
capacity for cationic drug 

Increase the Percentage of 
Drug released 

Ultrasonic 
activation and 

uniform 
viscosity 

centrifugation 

• preparing homogeneous 
and length controllable 

HNT 

• cutting HNT length to (140 
-240 nm) 

combination of ultrasonic treatment and two-step uniform 
viscosity centrifugation 

 
 

105 
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2.6. Applications 
Due to the versatile features of the large surface area, high porosity, and tunable surface 

chemistry, as well as the rapid development of nano technique, tubular HNT clay has garnered 

worldwide research interest in the past decade and found abundant applications in many fields. 

For example, the use of HNT as a nano-container for the encapsulation and controlled releases 

of chemically or biologically active molecules, such as corrosion inhibitors and drugs, has been 

extensively and intensively studied.47 The applications of inexpensive HNT for water 

purification106 as Yu et al. introduced the HNT-derived nanocomposites for water treatment 

from pollutant removal to water filtration.107 Also, HNT were employed as support for catalytic 

nanoparticles,17,108 as nanoreactors,46 or nano-template for material synthesis.109,110 

Hereafter we will summarize the application of HNT in medicine. 

Medicine. The demonstration of the toxicity of HNT toward living organisms is crucially 

important. HNT has a good biocompatibility, which means that tissue contact with halloysite is 

not harmful, because it was assessed for invertebrate model 111 and cell cultures. 112,113 Tthe 

viability of the human cells in presence of HNT was preserved at low concentrations. However, 

there are no biological mechanisms to degrade HNT in the body, i.e. not biodegradable 37, but 

due to their small size the HNT will be naturally removed from the body.114,115 These very low 

cytotoxicity character makes HNT the future nanomaterial to the development of new products. 

For cell membrane penetration, HNT requires further step of scission and that through ball 

milling 96or dip sonication105. 

Drug loading. Due to the high loading capacity and biocompatibility, halloysite nanotubes are 

good candidates for the fabrication of intracellular drug-delivery vehicles. Halloysites have been 

suggested as versatile nanosized hollow carriers, which combine effective drug loading from 

solution through vacuum 116or straightforward approaches through surface chemistry 

modification.24 

A general procedure for the halloysite loading is as follows (Figure 8): 

• Halloysite is mixed as a dry powder with a saturated (highly concentrated) solution of 

the drug. 

• The suspension is stirred and evacuated with a vacuum pump. Suspension should be 

kept under vacuum for 10–30 min then allowed to atmospheric pressure. Slight fizzling 

of the solution under vacuum indicates that air is removed from the tubes. Once the 

vacuum is broken, the solution enters into the lumen and the loaded compound 

condensates within the tube. This has to be repeated 3–4 times to increase the loading 

efficiency. The maximum loading percentage  10-30 wt % depends on the estimated 

diameter of halloysite lumens.46 

• After loading, tubes are washed to remove the loosely attached substance from the 

external walls, dried and embedded into polymers. 
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Figure 8 Loading halloysite nanotubes with Drug by vacuum cycles. 

 

The drug released from the HNT can last 30–100 times longer than the drug alone or in other 

carriers. Adding a polymer coating to the drug-loaded HNT surface further slows the drug release 

rate. If the reactants are loaded into the tubes and reactions are induced, the tubes can act as 

nano-scale reactors.46 

Numerous drugs, loaded into the HNT tubes, or adsorbed on HNT surface are summarized in 

Table 4. 
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Table 4 HNT in drug loading and delivery. 

Site of Drug Drug HNT and Modifier 
Loading wt 

% 
Cell Line Application and target references 

Inner 
Lumen 

Dexamethasone 
Pristine HNT followed by multilayer 

coating with polymer different in 
charge after loading by vacuum 

7.0 vol% 
MCF-7 

3T3 
Controlled release of drug and 

cytotoxicity test 
117 

Gamma-
aminobutyric 
acid (GABA) 

Pristine HNT 1.7 % 
cerebellar 

granule cells 
of rats 

Controlled release of drug, 
cytotoxicity, and seizure 

inhibition test 

41 

curcumin 
HNT- functionalized with triazolium 

salts 
12.5 % 

BCPAP, 
SW1736, 

8505 C and 
C643 

Controlled release of drug and 
evaluate cytotoxic effects 

(hepatic cancer) 

66 

brilliant green HNT capped with dextrin 40.0 % 
А549 and 

Hep3b 
Controlled release of drug and 

cytotoxicity test 
118 

Rabeprazole Pristine HNT 8.3 %  
Controlled release of drug with 

preventing the acidic 
degradation of RAB in stomach 

119 

pentoxifylline 
HNT inner lumen modified with 1,4 

phenylenebisdiboronic acid 
7.0 %  

Controlled drug release for the 
inflammation inhibition 

79 

paclitaxel 
Pristine HNT coated with polymer 

after loading 
7.5 % 

A549 and 
HeLa 

Controlled release of drug for 
anticancer therapy 

120 

Outer 
Surface 

Ofloxacin 
Alkali treatment and composite 

chitosan- magnetic halloysite 
modification 

7.3 %  Controlled release of drug 121 

curcumin 
Halloysite functionalized with 

cysteamine 
2.9 % 

HA22T/VGH 
and Hep3B 

Controlled release of drug for 
anticancer therapy 

122 

cardanol triazole-HNT system 10 % 
HA22T/VGH, 
Hep3B and 

HepG2 

Controlled release of drug and 
evaluate cytotoxic effects 

67 

Doxorubicin 
HNT modified with chitosan or Folic 

acid 
2.0-2.6 % 

HeLa and 
MCF-7 

Controlled release of drug for 
anticancer therapy 

115,123 
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2.7. Characterization 
 

Generally any clay minerals can be characterized through many instruments. Average 

interplanar distances and the average composition of the atomic planes can be derived from 

XRD study. The morphology of aggregates is determined by SEM. DTA and TGA studies are 

concerned with the water molecules in clays. TEM investigates the shapes of individual 

crystals and the compositions of these individual crystals. IR methods investigate the relations 

of individual molecules in the crystals, OH, H2O, Si-O etc. HRTEM analysis, here the atomic 

layers of the atoms themselves are visible to the investigator’s eye via the electron beam. 124 

I will try to summarize the main instrument used mainly in my thesis.  

Transmission electron microscopes (TEM) 125,126 

The TEM microscope was firstly built by Knoll and Ruska in 1932. This type of microscope 

provides information about internal composition of the material. On the contrary to Scanning 

Electron Microscope, TEM produces images using electrons transmitted through the sample.  

The emission source can be a cathode, tungsten filament or needle as well as a lanthanum 

hexaboride (LaB6) single crystal. When the gun is connected to such high voltage light source 

and given sufficient current, it begins to emit electrons either by thermionic or field of electron 

emission into the vacuum. The emitted electron beam is condensed by condensing lenses on 

the sample holder on which the sample to be analyzed is deposited and then passed 

completely through the sample. For this reason, the latter must have a very small thickness. 

Next the signal from transmitted electrons is converted to the bright image. Instead, electrons 

that were stopped on the sample correspond to the black areas.TEM (Figure 9).works in high 

vacuum to prevent the electron beam from being deflected by contamination in the air . 

 

Figure 9. Illustration of Transmission Electron Microscope set up.122 
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Prior to TEM studies of halloysite-based samples, the analyzed material was dispersed in 

aqueous solution (1.0 mg/mL) and deposited on the 300-mesh cooper grid coated with carbon 

and Formvar. Such prepared samples were dried in air overnight and analyzed with CM TEM 

(80 kW) (Philips) equipped with CCD camera (Morada), at the University of Milan, Italy. 

Dynamic Light Scattering (DLS)  

Monochromatic and coherent light is scattered when a solution containing particles smaller 

than its wavelength is irradiated. This scattering phenomenon undergoes fluctuations in 

intensity due to the Brownian motion of the particles which can then be correlated to the 

dimension of the nanoparticles in solution.127  

Figure 10 shows a simplified scheme of the instrument. A monochromatic light beam, usually 

produced by a laser, passes first through a polariser lens and then through the sample cell. 

Part of this beam is scattered in all the directions by the particles suspended in the sample 

solution. The detector, generally positioned at a fixed angle, monitor fluctuations of intensity 

generated by the Brownian motion of the particles: the smaller the particles, the stronger are 

these fluctuations (Figure 11). 

 

 

Figure 10. Schematic representation of a DLS instrument with the main components.128 

 

Figure 11. Intensity fluctuations for small and large particles. 129 

These changes in intensity are mathematically expressed by the decay rate (Γ), which can be 

defined as (Eq.1.1): 

Γ = 𝑞2𝐷                                                             (Eq. 1.1)  

Where 𝑞 is the wave vector (that is function of the refractive index of the sample, the angle at 

which the detector is located and the incident laser wavelength) and 𝐷 is the diffusion 

coefficient. The diffusion coefficient, in particular, can be correlated to the hydrodynamic 

radius (𝑅) of the nanoparticles by means of the Stokes-Einstein equation (Eq.1.2): 
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𝑑𝐻 =
𝑘𝑇

3𝜋𝜂𝐷
                                                        (Eq. 1.2) 

where 𝑑𝐻  is the hydrodynamic diameter, k the Boltzmann’s constant, T the absolute 

temperature, η the medium viscosity and D the diffusion coefficient. By the combination of 

previous two equations, it is therefore possible to calculate the average hydrodynamic radius 

from intensity fluctuations at a specific detection angle. 

The primary result obtained by a DLS measurement is an intensity size distribution, i.e. a plot 
of scattered light intensity vs particles size. Due to the dependence of the scattered light 
intensity on the particle radius (I α d6) this distribution is highly sensitive to the presence of 
large particles that can easily shadow smaller populations, even if present only as a minority. 
From this distribution both volume (equivalent to the mass or weight distribution) and 
number distributions can be obtained, provided the particles absorbtion and refractive index 
(usually assumed to be the same as the bulk material) are known. It is generally advised to use 
the volume and/or number distribution only for estimating the relative amount of material in 
different peaks and not as a size measurement (Figure. 12). 
DLS analysis presented in this thesis were performed with a Malvern Zetasizer Nano ZS. The 

light source was a He-Ne laser operating at a fixed wavelength of 633 nm, and the analysis 

were conducted in DLS disposable cuvettes at a constant temperature of 25 °C. Refractive 

indexes of nanoparticles were obtained from an online database (refractiveindex.info). At 

least three sets of analysis were conducted on every sample, and the coherent results 

averaged out. No pre-treatment of the sample was necessary, and the analysis was simply 

conducted placing 1 mL of colloid solution into a DLS disposable cuvette. The final data were 

elaborated by Malvern software and used as is. 

 

Figure 12 Number, volume and intensity distributions of a bimodal mixture of 5 and 50nm lattices present in equal 

numbers.130 

ζ–potential analysis  

A second useful information that can be obtained via DLS analysis is the NP ζ–potential. When 

an object is exposed to a fluid its surface will be coated by an electrical double layer of ions 

(Figure 13). The ideal plane between the two layers is called Stern layer. The external plane 

that surrounds the second layer is called slipping plane, and it ideally separates the solvent 

fraction that moves jointly with the NPs from the other mobile solvent. The ζ–potential is the 

electric potential at this plane, and is widely used as an indicator of the stability of a NP 

dispersion: particles with high ζ–potential will repel each other, avoiding flocculation and 

precipitation. Usually a ζ–potential > ±30 mV is required to achieve stable dispersion over 

time. 
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Figure 13 Schematic representation of zeta potential.131 

ζ–potential measurements are based on the principle of electrophoresis: the NP suspension 

is first subjected to an external magnetic field. The particles will then start moving toward one 

of the electrodes (depending on their charge sign) with a speed that is dependent on their ζ–

potential. The Henry equation (Eq.1.3) correlates the ζ–potential with the electrophoretic 

mobility (the ratio between particle velocity and electric field strength): 

𝑈𝐸 =  
2𝜀𝜁𝑓(𝑘𝑎)

3𝜂
                                                   (Eq. 1.3) 

where UE is the electrophoretic mobility, 𝜀 the dielectric constant of the medium, η the 

viscosity, ζ the ζ–potential and f(ka) is Henry’s function, a function of the ratio of particle 

radius to double layer thickness (ka). Henry’s function is usually approximated to 1.5 in polar 

media. The electrophoretic mobility is measured using the Doppler effect: the DLS laser is 

passed through the sample undergoing electrophoresis and the shift in the frequency of its 

scattered light, caused by the moving particles, is measured. This frequency shift is directly 

proportional to the particle velocity and allows the determination of the electrophoretic 

mobility. 

pH-dependent ζ–potential measurements were done at the University of Milan, Milan, Italy. 

Prior to analysis, samples were dispersed in milliq water medium (C= 0.5 mg/mL) for 

halloysitebased powders were prepared and disaggregated (5min) using sonication bath 

(5510 Branson, Italy). The analyzed material was titrated using NaOH (0.1M) and HCl (0.1M) 

solutions in order to obtain adequate pH. The pH was measured by pH-meter (Amel 

Instruments, 338 pH-meter, Italy). Such prepared samples were then placed in cuvettes, to 

then immerse in them zeta dip cell (Zen 1002). The zeta potential analysis was performed 

using zetasizer (Malvern Zetasizer Nano series 2S) at the University of Milan, Italy. Each 

measurement was performed three times and consisted of 10–100 runs with equilibration 

time of 60 s. The zeta potential results are shown as mean ± SD. Other detailed measurement 

specifications are listed below: Material: SiO2 (for halloysite-based samples), Refractive Index 

(RI): 1.485; Absorption: 0.01; Dispersant: water; Temperature: 25 ℃; Model: Smuchowski. 
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1 Introduction  

One of the most interesting features of Halloysite (HNT) is its different chemical composition 

of the outer silica and the inner alumina parts. HNT inner lumen is positively charged due to 

exposed OH groups' protonation and the possible coordination vacancy at Al3+ sites. 1 Instead, 

the outer part is negatively charged due to the few OH groups only present in the structural 

defects of the siloxane layer and at the edges of the nanotubes.2 

Thanks to these features, HNT have been already employed as possible drug delivery 

vectors3–5 for proteins and small drugs,6,7 since negatively charged drugs can be easily retained 

by the positive lumen, which could act as an inorganic nanocapsule for controlled release.8,9 

Conversely, long oligonucleotide strands, despite the negative charge, cannot be loaded in the 

HNT inner lumen possibly due to the large size. Nevertheless, they can be delivered by 

immobilizing them on the outer surface through different strategies6,10–12  

Superparamagnetic iron oxide nanoparticles (SPION) made of magnetite (Fe3O4) have been 

studied in depth in the last decades, especially for biomedical field applications.13–18 Indeed, 

their superparamagnetism is essential for safe use in vivo since their total magnetization is 

null in the absence of an applied external magnetic field, thus preventing any aggregation 

event that could cause capillary occlusion. They possess many useful features for both imaging 

and therapy: first, they are biocompatible and biodegradable,19,20 and they can be exploited 

as contrast agents in magnetic resonance (MRI), as drug delivery carriers, for various 

separating techniques, and as heat mediators for magnetic fluid hyperthermia (MFH) 

treatments, among others.21 SPION have also been extensively used for triggering the drug 

release from several different nanocomposites22–25 or nanoporous systems.26 

Due to the biocompatibility of both HNT1 and SPION, many previous research studies 

focused on the preparation of HNT−SPION nanocomposites, but in most cases, the SPION was 

anchored on the outer surface of HNT27–34 or grown by coprecipitation in the HNT lumen.35,36 

In this last case, the crystallinity, the size of nanoparticles and their magnetic properties were 

hardly controllable. To the best of our knowledge, preformed magnetic NPs have never been 

selectively loaded in the inner lumen of HNT so far. In contrast, the loading of preformed 

SPION with shaped properties would be of interest for many applications, such as MRI or MFH. 

Moreover, the inner loading could give rise to higher oxidative resistance of NPs compared to 
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their anchoring on the HNT external surface. HNT could act as a protective barrier slowing 

down the molecular oxygen action, as recently previewed for carbon nanotubes filled with 

SPION.37 

In the literature, there are many examples of in situ formed nanoparticles (NPs), selectively 

loaded inside HNT lumen.38 But still, in many cases, the growing NPs interacted with the outer 

surface instead of the inner one only. Selective inner growth has been reported for the ability 

of Au NPs to selectively form in the HNT lumen;39  the same was achieved for Ru-based metallic 

clusters.40 The last one mentions the possibility of growing iron oxide NPs made by a 

coprecipitation method.36 

Only very few examples report the loading of preformed NPs in the HNT lumen. Specifically, 

either through the charge difference method between negative NPs and positive lumen, as in 

the case of silver 41 and palladium NPs,42 or through exploiting the vacuum pouring technique 

as in carbon nanodots.43 

The goal of this work was to find a reliable and reproducible method to selectively fill the 

HNT lumen with pre-formed SPION possessing well-defined and possibly good magnetic 

properties. The final aim of this study was to obtain HNT-SPION as a "building block" for 

further developments of suitable nanocomposites. The nanocomposites based on SPION-in-

HNT could be useful for different applications, such as i) in the biomedical field, as new 

theranostic agents for MRI, MFH and controlled release of a drug by an external magnetic 

stimulus; ii) in catalysis, with the double advantage to recover the system due to the magnetic 

NPs in the inner lumen leaving the external HNT surface available for further decoration with 

catalytic organometallic compounds or other types of nanoparticles; iii) in water remediation, 

by exploiting a capturing agent or a photo-reactive organometallic compound anchored on 

the external surface while maintaining the ability to magnetically recover the nanocomposite; 

iv) in tissue engineering for the development of 3D scaffolds able to align cells of an 

anisotropic growing tissue. 

 

2 Results and discussion 

To fill the HNT with magnetic NPs, we investigated three distinct approaches (depicted in 

Scheme 1): the electrostatic interaction, the in situ formation of SPION, and the pre-

modification approach. All these three strategies are described in the next paragraphs, even 

though only the third one gave us the desired HNT-SPION adduct. 
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Scheme 1 Schematic depiction of the three distinct approaches followed in this study to obtain HNT-SPION 
nanocomposite with the selective loading of SPION in the inner part. 

2.1 Attempts to prepare SPION-in-HNT using water-dispersible 

negatively charged SPION: the electrostatic approach.  

The first method tried to exploit the charge difference between the inner and the outer part 

of the HNT. Indeed, the inner layer of alumina remains positively charged up to pH 8.5, whilst 

the external silica layer is negatively charged for almost all the pH range above 1.5.44 This 

charge difference has been extensively exploited for the loading of small negatively charged 

molecules into HNT inner lumen and their forward sustain release at the intended site.45 

Hence, despite the overall negative charge of HNT at physiological pH, the inner alumina 

remains positively charged to a certain extent. As already mentioned in the Introduction, just 

a few examples were reported on the loading of pre-formed NPs in the HNT lumen.41–43 One 

of them was carried out using small negative Ag NPs.41 In that case, the prepared NPs were 

tiny (ca 2.6 nm), the loading procedure was extremely simple and involved the use of neither 

sonication nor vacuum cycles to induce the NPs to enter into the HNT lumen, so that it can be 

concluded the diffusion by Brownian motions was effective enough to fill the HNT lumen with 

NPs. 

We tried to follow the same approach but applying vacuum/N2 cycles in order to exploit the 

strong capillary pressures affecting the HNT lumen, and taking into account that the HNT inner 

diameter measured by TEM was ~ 15.3 ± 0.3 nm (Figure 1). Hence, we prepared negatively 

charged SPION of a suitably small size, ranging from 5.1 to 6.9 nm. This size was judged to be 

a good compromise between the need of employing NPs small enough to enter the lumen 

but, at the same time, big enough to maintain good magnetic properties. We adopted 

different approaches for the SPION synthesis (resumed in Table 1), passing from a simple 

coprecipitation method 46 to thermal decomposition syntheses.47,48 Indeed, one of the main 

goals of this work was the development of a strategy to fill HNT with the best NPs in terms of 

magnetic properties. It is well known that, for SPION, the best magnetic properties are 
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achievable through thermal decomposition syntheses, able to modulate size and 

crystallinity.49 

 

 

Figure 1 TEM micrograph of a HNT sample (inset: HNT lumen diameter distribution). 

In Table 1 we reported the data of the several essays we made with the electrostatic 

attraction approach. These implied a slight variation of the SPION dimension, but most of all, 

the variation of the surface capping ligands that in vain were changed, trying to encourage the 

entry of negatively charged SPION into the nanotube lumen avoiding early SPION aggregation. 

Despite all the efforts made, none of the attempted procedures was successful.  

 

Table 1 Mean size (diameter, nm) of synthesized SPION as measured by TEM and DLS on water suspensions. The 
synthetic method used is indicated together with the relative reference (DMSA = dimercaptosuccinic acid;  
GA = gallic acid; TMAOH = tetramethylammonium hydroxide; PA = protocatechuic acid; OA = oleic acid). 

Sample ID Ref NPs Synthesis Method 
NP 

Stabilizer 
TEM/nm 

DLS/nm 
(hexane) b 

DLS/nm  
(water) 

SPION1@DMSA 46 
Coprecipitation with 

NaOH 
DMSA 50 5.3 ± 1.0 13.1 ± 3.0 13.5 ± 2.4 

SPION2@DMSA 46 
Coprecipitation without 

NaOH 
DMSA 50 ---a 10.6 ± 4.0 --- 

SPION3@DMSAc 47 
Thermal decomposition 

using Fe(acac)3 
DMSA 50 5.1 ± 1.6 8.0 ± 1.9 --- 

SPION4@GA 48 
Thermal decomposition 

using iron oleate 
GA 15   13.0 ± 2.5 

SPION4@TMAOH 48 
Thermal decomposition 

using iron oleate 
TMAOH 51 6.9 ± 1.0 10.7 ± 2.3 10.0 ± 3.0 

SPION4@PA 48 
Thermal decomposition 

using iron oleate 
PA 15   13.0 ± 4.0 

SPION3@OAc 47 
Thermal decomposition 

using Fe(acac)3 
OA 6.1 ± 1.3 10.9 ± 3.0 ---- 

a The TEM images were not acquired on this sample. 
b The DLS measurement was performed in n-hexane suspension on the as-prepared SPION@OA. 
c The synthetic procedure for the preparation of SPION@OA was the same, but repeated twice, leading to slightly 
different. mean size values 
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We started preparing SPION1@OA46 where OA stands for oleic acid, with a hydrodynamic 

diameter of 13.5 ± 4 nm (see DLS measurement reported in Figure 2), which was slightly 

smaller than the average inner HNT diameter.  

In order to prepare negatively charged NPs, the oleate molecular layer was removed and 

substituted with a proper negatively charged stabilizing molecule. Hence, a first ligand 

exchange process was carried out with the bi-functional molecule dimercaptosuccinic acid 

(DMSA),50 which is able on one side to bind to the surface and on the other side to self-

deprotonate, giving rise to negatively charged as well as water-compatible SPION. The ligand 

exchange possibly needs to occur without NP aggregation, hence maintaining the 

hydrodynamic size observed on the starting SPION stabilized by OA. After the ligand exchange 

step, the SPION1@DMSA showed a hydrodynamic diameter suitable for the HNT loading (see 

Figure 3). 

The loading tests were then carried out bringing the starting pristine-halloysite suspension 

to acidic pH (~3-4) in order to maximize the charge difference between the inner part of HNT 

(still enough positive at this pH) and the magnetic nanoparticle (still largely negative). 

However, both sonication and/or applied vacuum/N2 cycles - to induce the air bubbles 

naturally present in the halloysites to come out, as well as the NPs of opposite charge to enter 

in the lumen - were not effective, and SPION were not found in the HNT inner part by TEM 

investigation. On the contrary, they always formed aggregates accumulating outside the 

nanoclay, and in some cases interacting with the HNT edges only (Figure 4). 

 

 

Figure 2 DLS of SPION1@OA suspended in n-hexane, synthesised by a coprecipitation method in a biphasic system 
and in the presence of NaOH. Top: Intensity-weighted diameter distribution, showing the presence of three distinct 
populations centred at 13.5 nm, 50 nm and 270 nm. Bottom: Number-weighted diameter distribution, showing 
that the large majority of the NPs belong to the smaller population, being the other two ascribable to sporadic 
aggregates. 
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Figure 3 DLS of SPION1@DMSA suspended in milliQ water after ligand exchange from SPION1@OA. Top: Intensity-
weighted diameter distribution, showing the presence of two distinct populations centred at 13.5 nm and 60 nm. 
Bottom: Number-weighted diameter distribution, showing that the large majority of the NPs belong to the smaller 
population, being the other ascribable to sporadic aggregates of the main single NPs. 

 

Figure 4 TEM micrograph of pristine HNT treated with SPION1@DMSA in water suspension by vacuum/nitrogen 
cycles and sonication 

We then considered decreasing the size of the SPION by adopting different synthetic 

approaches for SPION2@OA (with a hydrodynamic diameter of 10.6 ± 4 nm,46 see DLS size 

distribution in Figure 5) and SPION3@OA (with a hydrodynamic diameter of 8.0 ± 1.9 nm, see 

DLS size distribution in Figure 6a, and a mean diameter by TEM of 5.1 ± 1.6 nm, 47 Figure 6b). 
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Figure 5 DLS of SPION2@OA suspended in n-hexane, synthesised by a coprecipitation method in a 
biphasic system without NaOH. Top: Intensity-weighted diameter distribution, showing the presence 
of three distinct populations centred at 10.6 nm, 35 nm and 150 nm. Bottom: Number-weighted 
diameter distribution, showing that the large majority of the NPs belong to the smaller population, 
being the other two due to sporadic aggregates. 

 

 

Figure 6. a) Intensity-weighted diameter distribution by DLS measurements on SPION3@OA suspended 
in n-hexane, synthesised by a thermal decomposition method. b) TEM micrograph of the same sample. 
In the inset it is reported the size distribution derived by Image-J software. 
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Figure 7. TEM images of pristine HNT treated with SPION3@DMSA in water suspension by 
vacuum/nitrogen cycles. Red arrows indicate the sites of SPIONs accumulation. 

To explain the unsuccessful loading process, the hypothesis is that the DMSA could induce 

early aggregation of SPION during the reduced pressure/N2 process, especially at acidic pH 

values. DMSA could form S-S bridges or hydrogen bonds between DMSA molecules lying onto 

different SPION, especially when they are pushed to stay in a small volume. Thus, we changed 

the type of hydrophilic coating, employing other bi-functional molecules, i.e. gallic acid (GA),15 

16-phosphonohexadecanoic acid (PDA) and protocatechuic acid (PA) or the peptizing agent 

tetramethylammonium hydroxide (TMAOH)51 (see Scheme 2). Except of PDA that did not give 

good suspensions after the ligand exchange, all the other molecules tested (see Scheme 2) 

effectively displaced the oleate molecules from the NP surface, giving rise to stable water 

colloids (see Figures 8 and 10 for DLS measurements and Figures 9 and 11 for TEM images of 

SPION4@GA and SPION4@PA, respectively). Nevertheless, in no case we did get the loading 

in the HNT inner.  

Contrary to what observed for the other samples of SPION covered with DMSA, GA and PA, 

in the case of SPION4@TMAOH loading test (see DLS size distribution in Figure 12), we did not 

observe any change in color of the recovered powders as well as any magnetic attraction when 

an external magnet was applied, and no TEM image was acquired. 

 

Scheme 2 Scheme of bifunctional ligands used for the OA exchange on SPION with their pKa. 

 

 

DMSA 
pKa = 2.71, 3.43, 
           9.65, 12.05 

GA 
pKa = 4.5, 10 

PDA 
pKa = 1-2, 7-8 
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Figure 8. DLS of SPION4@GA SPIONs suspended in MilliQ water after ligand exchange. Top: Intensity-
weighted diameter distribution, showing the presence of two distinct populations centred at 13.0 nm 
and 160 nm. Bottom: Number-weighted diameter distribution, showing that the large majority of the 
NPs belong to the smaller population, being the other ascribable to sporadic aggregates of the main 
single NPs. 

 

 

Figure 9 TEM micrograph of pristine HNT treated with SPION4@GA in water suspension by 
vacuum/nitrogen cycles. Red arrows indicate the sites of SPIONs accumulation. 

 

200 nm 
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Figure 10 DLS of SPION4@PA suspended in milliQ water. Top: Intensity-weighted diameter 
distribution, showing the presence of three distinct populations centred at 13.0 nm, 40 nm and 102 
nm. Bottom: Number-weighted diameter distribution, showing that the large majority of the NPs 
belong to the smaller population, being the other two ascribable to sporadic aggregates. 

 

 

Figure 11 TEM micrograph of pristine HNT treated with SPION@PA in water suspension by vacuum/nitrogen 
cycles. 

 

200 nm 
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Figure 12 DLS of SPION4@TMAOH suspended in MilliQ water after ligand exchange. Top: Intensity-
weighted diameter distribution, showing the presence of two distinct populations centred at 10.0 nm 
and 100 nm. Bottom: Number-weighted diameter distribution, showing that the large majority of the 
NPs belong to the smaller population, being the other ascribable to sporadic aggregates of the main 
single NPs. 

We therefore concluded that the electrostatic attraction, useful for small molecules loading 

in HNT lumen,7,8,45 as well as for tiny non-magnetic NPs,41–43 was not effective in the case of 

these magnetic nanoparticles, regardless of the SPION size or coating. This could be due to 

the SPION mutual attraction in water, that can be reinforced by additional attractive forces 

such as hydrogen bonds between different particles, especially when they are in the restricted 

space volume at the entrance of the halloysite lumen in conditions of reduced pressure. 

2.2 Attempts of SPION-in-HNT preparation using thermal 

decomposition in the presence of pristine HNT. 
 

In this case, we tried to carry out an in situ thermal decomposition synthesis of SPIONs in 

the presence of HNT as reported in the literature50 (Scheme 1). The chosen method for the 

synthesis of SPIONs was in principle able to lead to highly magnetized and monodispersed 

SPIONs into HNT. Thus, the iron precursor and the other reactants were made diffusing into 

the lumen of HNT, reducing the pressure in the vessel for some minutes before starting the 

reflux, to assure the diffusion into the lumen of the reaction mixture. HNT-SPION adduct was 

washed thoroughly using ethanol by centrifugation. The light brown powder recovered was 

magnetic, being attracted by a neodymium-iron-boron magnet and was dispersible in water. 

Unfortunately, TEM analysis of the obtained product showed that, even if some SPION were 

localized inside the HNT (highlighted in Figure 13 by red arrows), they were also found 

attached to the external surface, showing that the growth of NPs was not selectively confined 

to the HNT lumen. Moreover, SPION were not highly monodispersed and, owing to the effect 

of high temperature, the outer surface of HNT was partly etched. 
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Figure 13. TEM images of HNT-SPION adduct obtained by thermal decomposition of iron precursor in the presence 
of HNT at high temperature and preceded by a vacuum/nitrogen cycle. Red arrows mark the SPION grown in the 
inner lumen of HNT. 

 

2.3 SPION-in-HNT by functionalization of the inner lumen of HNT 

with tetradecylphosphonic acid (TDP).  
 

The failed attempts obtained by pursuing the two previous paths prompted us to verify 

whether the SPION could be inserted in their native state, that is with the apolar capping agent 

(oleate) still on the surface, by properly modifying the lumen polarity of HNT. From the 

literature, it is known that it is possible to selectively functionalize the lumen of HNT using a 

phosphonic acid, which preferentially reacts with alumina compared to silica.52,53 The inner 

surface of HNT was successfully modified with tetradecylphosphonic acid (TDP). 53 To 

ascertain whether the reaction had taken place, we employed several analytical techniques. 

As a first qualitative assay, we used Nile Red dye. Indeed, this molecule is very sensitive to the 

environment in which it is dispersed, in that both the absorption and the emission are heavily 

perturbed.54 Nile Red is highly emissive in hydrophobic environments, as the one present in 

the functionalized lumen with TDP, while it is completely quenched in water. After the loading 

of Nile Red (see Experimental Part for details) the HNT-TDP turned purple, hence they were 

thoroughly washed with water to remove all the possible externally interacting dye. The still 

wet purple HNT-TDP sample, observed under UV light irradiation, exhibited a red 

luminescence. On the contrary, the pristine HNT treated in the same way with Nile Red and 

washed with water turned purple as well, but they did not show any emission under the UV 

light irradiation, as, on the contrary, the HNT-TDP did. This behavior was ascribed to the 

different microenvironment in which the dye is lying: in the case of HNT-TDP sample, the Nile 

Red is likely intercalated into the apolar long aliphatic chains, thus preserving Nile Red from 

the quenching provoked by its direct interaction with water (Figure 14). 
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Figure 14. Digital pictures showing (a) the HNT interacted with an ethanol solution of Nile Red dye; (b) HNT-TDP 
(left) and pristine HNT (right) treated with Nile Red and irradiated by visible light; (c) the same samples of panel (b) 
irradiated by UV-light. 

 

ATR-FTIR spectroscopy (Figure 15a) and thermogravimetric analysis (TGA, Figure 15b) 

confirmed the successful functionalization of halloysites. The ATR-FTIR spectrum of HNT-TDP 

(Figure 15a, top), as well as the one of pristine HNT (Figure 15a, middle), showed the 

characteristic sharp bands related to Al-OH stretching of lumen and interlayer alumina 

peaking at 3692 and 3624 cm-1, respectively, and of the OH stretching of hydrogen-bonded 

water present in the interlayers (3551 cm-1).52 The spectrum of HNT-TDP showed the 

stretching bands of the aliphatic chain in the region between 3000-2800 cm-1 (2959, 2919 and 

2851 cm-1), together with the deformation (scissoring) of CH2 groups (1468 cm-1), while the 

bands due to the C-P-O stretching in the region 1100 – 800 cm-1 overlapped with the very 

intense bands of HNT, hampering their visualization and attribution. Finally, the broad P-O-H 

band for the unbound TDP visible in the TDP spectrum (bottom) at ~ 2300 cm-1 as well as the 

complete disappearing of the P=O band vibration at 1211 cm-1 suggest that TDP is bonded to 

the halloysites, and in particular to the alumina lumen layer, in a deprotonated form.52,53 

 

a) 

b) 

c) 
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Figure 15 Characterization of the HNT-TDP (a) FTIR spectrum of HNT-TDP (top; the inset shows the magnified region 
of the spectrum containing signals of TDP) compared with the FTIR spectra of HNT (middle) and TDP (bottom); (b) 
thermogravimetric analysis (TGA) of pristine HNT and HNT-TDP derivative; (c) ζ-potential analyses of suspensions 
of HNT and HNT-TDP. 

TGA analysis of HNT (black trace of Figure 15b) showed a mass loss step (ca. 2.5 %) 

corresponding to the loss of adsorbed water on surface (onset T = 45 °C) and into interlayer 

(onset T = 163 °C), and a second mass loss step (ca. 14.6%, onset T = 450 °C, inflection point 

at 480 °C) assigned to the dehydroxylation of structural AlOH groups of halloysites.55 

Differently, the TGA profile of HNT-TDP (red trace of Figure 15b) showed an extra mass loss 

step (ca. 5.4 %, onset T= 300 °C, inflection point at 320 °C) attributed to the degradation of 

TDP. 

We carried out also the analysis of ζ-potential before and after the treatment with TDP and 

the obtained values as a function of pH are shown in Figure 15c. The observation of a more 

negative value for HNT-TDP is not only a further confirmation of the interaction of the HNT 

with the TDP but, indirectly, it also suggests the TDP localization is in the inner part of the 

nanotube. Indeed, if the phosphonic acid mostly interacts with the positively charged inner 

part, it neutralizes a portion of these charges, thus making slightly more negative the whole 

nanotube, as experimentally observed. 

The preparation of SPION-in-HNT nanocomposite was achieved using SPION3@OA 

nanoparticles, obtained by the same thermal decomposition method47 used previously (see § 

2.1), that this time afforded magnetic NPs with 6.1 ± 1.3 nm mean diameter as shown by 

transmission electron microscope (Figure 16a) and a hydrodynamic diameter of 10.9. ± 3.0 

nm (Figure 17).  

 

a) b) 

c) 

x 10 
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Figure 16 TEM micrographs of (a) as-synthesized SPION@OA (in the inset the SPION diameter distribution); (b-e) 
SPION-in-HNT prepared by pre-functionalization of HNT with TDP in the lumen. Panels (b) and (c) show images 
taken at higher magnification compared to (d) and (e). Red arrows mark the HNT containing SPION. Blue arrows 
indicate SPION at the edge of few HNT. 

 

Figure 17. DLS of SPION3@OA suspended in n-hexane, synthesised by thermal decomposition and then used for 
the loading in the HNT-TDP. 

 

The as-synthesized SPION@OA were effectively loaded into the HNT lumen by using 

repeated vacuum/N2 cycles under stirring while keeping the temperature at 0 °C with an ice 

bath to avoid the heavy evaporation of the volatile solvent. The procedure was repeated until 

the light brown color of the suspension (due to SPION@OA) turned transparent, and 

conversely the deposited HNT turned from white to brown. The SPION loading was selectively 

directed into the inner part of HNT, without any relevant interaction with the HNT outer 

surface, as clearly shown by TEM analysis (Figure 16b-e). This result shows that the size and 

the nature of coating of SPION have a major role in successful loading into the inner lumen of 
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HNT. Despite the fact that SPIONs used in the electrostatic approach (see above § 2.1) were 

in the size range 5.1-6.9 nm, which is less than the half of the inner lumen diameter, no loading 

was observed when they were coated with DMSA or the other polar molecules. On the 

contrary, SPION@OA were able to reach the inner lumen probably mostly due to the apolar 

weak interactions between the aliphatic chains on NPs (OA) and in the inner lumen of the 

nanotubes (TDP). The TDP functionalization is also mandatory to observe the effective loading 

of SPION. Indeed, treating SPION3@OA with pristine HNT resulted in just sporadic loading into 

HNT, as clearly showed by TEM images (Figure 18).  

 

Figure 18. TEM micrograph of pristine HNT treated with SPION3@OA in n-hexane and with several repeated 
vacuum cycles. Red arrows indicate the sites of SPIONs accumulation. 

 

Unfortunately, the commercial pristine HNT used in this work were of low quality if 

compared with other HNT deriving from other mines. In some images we evidenced the 

presence of unrolled HNT or kaolin-like sheets (see Figure 19). In Figure 16e there is a marked 

difference between the usual HNT, filled with SPION, that presents a lumen and walls clearly 

distinguishable (indicated with red arrows), and some peculiar HNT (highlighted with light blue 

arrows) that have a much larger diameter and do not show clearly the lumen, as if they are 

not empty, thus hampering the entrance of SPION. In this case some SPION interacted 

preferentially with the HNT edges rather than with the lumen. Moreover, when we tried to 

completely fill all the HNT by doubling the SPION amount, we noticed by TEM analysis (Figure 

 

200 nm 
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20) that only a part concurred to increase the amount of SPION into HNT, the remaining been 

captured by the kaolin-like sheets.  

 

Figure 19. TEM micrographs of HNT-TDP treated with SPION3@OA in n-hexane and with several repeated vacuum 
cycles. Red arrows indicate the sites of SPIONs accumulation, while the light blue arrows indicate kaolin-like sheets. 

 

200 nm 
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Figure 20. TEM micrographs of HNT-TDP treated with a double amount of SPION3@OA in n-hexane and with 
several repeated vacuum cycles. Red arrows indicate the sites of SPIONs accumulation, while the light blue arrows 
indicate kaolin-like sheets. 

 

2.4 Australian HNT with a larger lumen filled with apolar 

SPION@OA. 
 

Although very promising, the results obtained so far are not totally satisfying in terms of the 

amount of SPION embedded in the HNT. We ascribed this behaviour to the poor quality of the 

commercial HNT batch, containing some large and apparently filled HNT. To verify this 

hypothesis, we considered a new sample of HNT derived from the Camel Lake mine 

(Australia). These HNT are characterized by a higher regularity than Aldrich HNT (Figure 21), 

with a larger lumen (23.8 ± 6.0 nm), even though they are on average longer (770 ± 300 nm). 

As in the case of the commercial HNT, we made apolar the inner lumen of Australian HNT (A-

HNT from now on) by a selective functionalization with TDP. Also in this case the SPION@OA 

were loaded selectively within the A-HNT@TDP, but only when a maximum amount of 0.4 mg 

SPION per 10 mg of HNT was used (Figure 22). As for the commercial HNT, the SPION did not 

fill completely the lumen. Nevertheless, when we tried to increase the SPION / HNT mass ratio, 

we found that SPION were massively localized also outside the lumen (Figure 23). At the same 

time, some semi-full or apparently empty HNT were visible, although the lumen of the A-HNT 

was on average wider, such as not to prevent the entrance of NPs of 5-6 nm diameter. We 

think that the ability of air to escape from the HNT is essential to fully fill a nanotube. Indeed, 

in some TEM images, air bubbles seem to be present within the inner lumen where SPION 
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were not localized (see Figure 22, blue arrows). Moreover, to be more effective in the removal 

of air contained in the HNT lumen, we applied a pre-vacuum cycle to the HNT before adding 

the SPION. In that case, we did not find a significant number of particles in the lumen, but all 

external to the HNT (Figure 24). This evidence made us conclude that the entry of SPION in 

the lumen takes place immediately after the break of the vacuum and the restoration of the 

ambient pressure in the reaction vessel.43 Obviously, the proper concentration of NPs must 

be present to make the loading as effective as possible. 

 

 

Figure 21. TEM micrographs of A-HNT (Australian HNT). 

 

Figure 22 TEM micrographs of SPION-in-A-HNT (A-HNT= Australian Camel lake halloysites). Blue arrows mark the 
HNT containing possible air bubbles. 

500 nm 
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Figure 23. TEM micrographs of A-HNT-TDP treated with a double amount of SPION3@OA in n-

hexane and with several repeated vacuum cycles.  

 

Figure 24. TEM micrographs of A-HNT-TDP subjected to a pre-vacuum-nitrogen cycle and then 
treated with SPION3@OA in n-hexane and with several repeated vacuum cycles. 
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2.5 Magnetic properties characterization of SPION-in-HNT 

nanocomposite.  
Magnetic measurements performed on SPION and SPION-in-HNT demonstrated the 

nanoparticles display the typical superparamagnetic behaviour expected for a set of 

nanoparticles of this size and that the main magnetic properties have been maintained after 

the SPION embedding in HNT. The pristine SPION were measured as a hexane solution (SPION-

sol) and dried powder (SPION-pow). This last measurement was also used to estimate and 

remove the diamagnetic contribution of the solvent, thus obtaining reliable magnetization 

saturation (MS) value. The MS of SPIONs was estimated as the magnetic moment recorded at 

the highest experimental field applied (50 kOe) divided by the iron content of SPION-sol 

evaluated by AAS analysis (2.2 % w/w). As expected for systems of reduced size, the MS value 

of the SPIONs (72 emu/g Fe at 300 K and 82 emu/g Fe at 2.5 K) is lower than the bulk value of 

magnetite, but it is quite high for 6 nm nanoparticles, where, normally a considerable ratio of 

disordered spins at the surface to ordered spins in the core is observed.56 The ZFC/FC 

magnetization curves (Figure 25a) evidenced the superparamagnetic behaviour of the 

samples, characterized by a maximum in the ZFC curve, the position of which determines, as 

a rough approximation the blocking temperature (TB) of the system, and by thermal 

irreversibility at low temperature. It is interesting to note how the TB of the pristine SPIONs 

increases from solution (18.8 K) to powder (32.3 K), while it reaches an intermediate value for 

SPION-in-HNT (29.3 K). The increase of TB for a nanoparticle set measured in different 

conditions is generally ascribed to the enhanced inter-particle interactions.57 In the case of 

SPION-sol and SPION-pow, for instance, the dipolar interactions are stronger in the powder 

sample as the NPs are much closer to each other compared to the solution sample. Assuming 

that the embedding procedure of SPIONs in HNT induced only negligible modification in the 

magnetic anisotropy of the pristine SPIONs (see Figure 25a), the value of TB observed for HNT-

SPION suggests that the embedded nanoparticles are moderately interacting, as it is between 

that of SPION-sol (low interactions) and SPION-pow (strong interactions), closer to the latter. 

This result is consistent with the expected confinement of the SPIONs in the HNT lumen, that 

implies a reduction of the mean distance among the SPIONs with respect to a diluted solution. 

As expected for a superparamagnetic system, the samples present magnetic hysteresis only 

for temperature below TB, as shown in Figure 25b, where the magnetization curves, M vs H, 

are reported. At low temperature (2.5 K), both samples exhibit similar coercivity (HC = 370 Oe 

for SPIONs and HC = 395 Oe for SPION-in-HNT) and remanence (34 and 32 emu/g Fe, for 

SPIONs and SPION-in-HNT, respectively), that reduce to zero at high temperature (300 K). The 

similarity of the curve shape acquired before and after HNT embedding confirms that the 

loading procedure does not alter significantly the magnetic properties of the pristine SPIONs. 

The maintenance of the magnetic properties allowed us to accurately estimate the 

concentration of SPIONs in the SPION-in-HNT simply by the ratio of the saturation 

magnetization of the two samples. Actually, in our case, the comparison is very accurate, as 

the same ratio is found at all the magnetic fields because the whole normalized magnetization 

curves are perfectly superimposable.58 The iron concentration obtained by the 

superimposition of the curves at high temperature is 5.3 % w/w, which is very close to the 

concentration that would be achieved if all the SPIONs in the preparation solution were loaded 

in the HNT lumen (5.5 % w/w), corresponding to an encapsulation yield of 96 % and to a Fe3O4 

% w/w of 7.3 %. Furthermore, the total magnetization of the SPION-in-HNT is enough (3.82 
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emu/g) to guarantee a magnetic response to an appropriate magnetic gradient, allowing the 

use of the compound in several practical applications. This result underlines the efficacy of 

the proposed NP embedding procedure. 

 

Figure 25 a) ZFC (lower curve) and FC (upper curve) magnetizations acquired with a 50 Oe field. The vertical dashed 
lines remark the position of the ZFC maxima corresponding to the blocking temperatures (TB). For a better 
presentation, each curve was normalized to the magnetization value at the corresponding TB; b) Magnetization 
curves at high (300 K, main panel) and low (2.5 K, inset) temperature for SPIONs (black line) and SPION-in-HNT (red 
line). 

3 Conclusions 
 

In summary, we have successfully prepared a novel magnetic halloysite nanocomposite with 

apolar SPIONs selectively loaded in the inner lumen of pre-functionalized HNT, exploiting 

vacuum-N2 cycles. The new SPION-in-HNT nanocomposite has been morphologically 

characterized by TEM as well as from the magnetic point of view. SPION@OA in the inner 

lumen of HNT did not change their magnetic properties, retaining the superparamagnetic 

character at 300 K with a moderate inter-particle interaction once charged into the lumen of 

the nanotubes, and a sufficient total magnetization such that the SPION-in-HNT obtained with 

this embedding procedure can respond to an external magnetic stimulus. The SPION-in-HNT 
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nanocomposite was successfully obtained also using HNT of different source (A-HNT) 

endowed with a bigger lumen diameter.  

Despite this more favorable characteristic for the NP loading, even in this case the NPs did 

not completely filled all the HNT, suggesting that, rather than the size of the nanoparticles, it 

is the ability to release the initial air contained in the nanotubes to play a fundamental role in 

allowing the NP to enter. 

Attempts to load pre-formed negatively charged SPIONs, exploiting the opposite charges of 

the HNT lumen, failed due to an early aggregation of the single NPs once subjected to an 

external force, which pushed them at the entrance of the lumen.  

Finally, the procedure here proposed could be used as a general method for the loading of 

other kinds of inorganic nanoparticles stabilized with a hydrophobic layer. Depending on the 

nature of the loaded NPs the applications could span from catalysis to drug delivery or to 

waste water treatment, just to mention a few. 

4 Experimental Part 

4.1 Materials and instruments.  
Anhydrous FeCl3 and FeCl2∙4H2O (Merck Germany), ethanol 99.8% (Merck UK), oleic acid 90% 
(Alfa Aesar), n-hexane 96% and acetone (Scharlau), iron acetyl acetonate 97%, 1,2 
hexadecandiol 90%, Tetradecylphosphonic acid 97%, DMSA 98%, triethylamine 99%, 16-
Phosphonohexadecanoic acid 97%, Protocatechuic acid 97%, Gallic acid >97.5 %, 
Tetramethylammonium hydroxide pentahydrate 97%, Sodium hydroxide pellets 98%, 
Oleylamine 70%, diphenyl ether 99%, benzyl ether 98% and halloysite nanotubes HNT (Sigma 
Aldrich), Australian halloysite clay (A-HNT) provided by prof. John L. Keeling from Camel Lake 
(Australia), Nile red >99% (Abcr) were all used as received without further purification. 
Toluene (99.5%, Sigma Aldrich) was distilled from sodium under nitrogen before use. 
Ultrapure milli-Q water (Millipore, resistivity=18M Ω cm−2) was used for the preparation of 
the aqueous solutions. 

ζ-potential measurements were carried out using a Malvern Zetasizer nano ZS instrument 
equipped with a 633 nm solid state He–Ne laser at a scattering angle of 173°, typically 
dissolving samples at a concentration of 1 mg/mL or less at 25 °C. The measurements were 
averaged on at least three repeated runs. 

Iron content on SPION was determined by different methods. AAS analysis was carried out 
on a Perkin-Elmer Pinaacle 900 instrument for SPION6@OA. For all the other preparations, a 
spectrophotometric method was employed on an Agilent model 8543 spectrophotometer at 
room temperature and using disposable cuvettes with 1.0 cm path length. For Fe 
determination by AAS, few microliters of the particle suspension were digested with 1 mL 
aqua regia/HCl overnight at room temperature in a 10 mL volumetric flask, and subsequently 
filled up with MilliQ water. For spectrophotometric analyses few microliters of the particle 
suspensions were digested with 1 mL aqua regia/HCl at room temperature in a 10 mL 
volumetric flask. Subsequently, they were filled up with (i) 0.1 mL NH2OH solution (10% w/w), 
(ii) 6 mL acetate buffer solution (pH 4.6, 0.15M), (iii) 0.2 mL 1,10-phenantroline solution (0.6% 
w/w, H2O/MeOH 10 : 1) (iv) milliQ water until the volume of 10 mL was reached. The 
absorbance of the band centered at 510 nm due to Fe(phen)3

2+ complex was then measured 
and the concentration of Fe was finally obtained, acquiring a calibration curve, which was 
obtained with standards prepared with the same procedure starting from a commercial AAS 
standard solution.  
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Thermogravimetric analysis (TGA) was carried out in air atmosphere and in the temperature 
range 50–800 °C with a heating rate of 5 °C∙min-1, using a Mettler-Toledo thermogravimetric 
balance (TGA/DSC 2 Star® System) on ca 10 mg of lyophilized samples. 

ATR-FTIR spectra were acquired on a PerkinElmer Frontier instrument equipped with an ATR 
accessory with a diamond/ZnSe crystal. The IR spectra were registered between 4000 and 400 
cm-1. 

Transmission Electron Microscopy (TEM) TEM micrographs were collected using a Zeiss Libra 
200 FE instrument equipped with an in column pre-aligned omega filter that improves the 
contrast and a Schottky field emission gun at 200 kV. Alternatively, TEM images were collected 
using an EFTEM LEO 912AB (Zeiss) at 100 kV. Samples were prepared by dropping a dilute 
solution of the samples onto 200 mesh carbon-coated copper grids, and after blotting the 
excess of water, the samples were let drying at least for 24 h in air. The nanoparticle size was 
measured by Pebbles and Pebbles-Juggler59 or by Image-J free software. Imaging Platform 
software (Olympus). For each sample the measured NPs were around 400. 

Magnetic measurements were carried out by a SQUID magnetometer from Quantum Design 
Ltd. Powder samples (SPION-pow and SPION-in-HNT) were prepared by enclosing a small 
amount of powder in a Teflon tape; solution sample (SPION-sol) was measured in a gel cap. 
The diamagnetic contribution of Teflon was found negligible, while that of the cap and solvent 
was evaluated as the magnetization component, linear with the magnetic field, needed to be 
added to the SPION-sol magnetization in order to obtain the same slope of the SPION-pow 
curve in the high field region. The magnetization curves were obtained by acquiring the 
magnetic moment of the sample as a function of the applied magnetic field ranging from 0 to 
±50 kOe, at low (2.5 K) and room temperature (300 K). The Zero Field Cooled (ZFC) and Field 
Cooled (FC) magnetizations were acquired as a function of the temperature applying a 50 Oe 
probe field after cooling the sample in the absence (ZFC) and presence (FC) of the probe field. 

4.2 Synthesis of magnetic nanoparticles and attempts for their 

loading in the HNT lumen through the electrostatic approach. 
SPION@OA and their derivatives after ligand exchange with DMSA, GA, PA and TMAOH are 

described in the Supporting Information, together with the loading attempts of these 
negatively charged SPION in HNT and the one-pot procedure with thermal decomposition 
synthesis of SPION in the presence of HNT. 

4.2.1 Synthesis of SPION1@OA by a coprecipitation method in a biphasic system 

with NaOH. 

The synthesis was carried out by following a slightly modified literature procedure.46 Briefly, 
in a two-neck round-bottom flask, sodium oleate (4 mmol, 1.218 g), anhydrous FeCl3 (1 mmol, 
0.162 g), FeCl2·4H2O (0.5 mmol, 0.099 g) and NaOH (3mmol, 0.122 g) were dissolved in a 
mixture of deoxygenated water (by bubbling N2 gas for 30 min, 3.0 mL), ethanol (3 mL) and 
toluene (5.25 mL) under nitrogen. The mixture was refluxed at 74 °C for 4 h. Then the final 
black mixture was left to return to room temperature by removing the heat source. The 
suspension was precipitated with ethanol and the sediment was isolated by magnetic 
decantation. The precipitate was dispersed in toluene and centrifuged for 10 min at 7142 rcf 
to remove all the undispersed residues. The black toluene dispersion was precipitated with 
ethanol again and the solvent was removed through magnetic separation. Finally, SPIONs 
were redisposed in 40 mL toluene to form stable colloids and stored under nitrogen at -23 °C 
for further uses. Fe content by UV-vis spectroscopy was 3.3 mg/mL. 
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4.2.2 Synthesis of SPION2@OA by a coprecipitation method in a biphasic system 

without NaOH.  

The synthesis was carried out by following the same procedure already reported previously, 
but in the absence of NaOH.46 Briefly, in a two-neck round-bottom flask, sodium oleate (8 
mmol, 2.44 g), anhydrous FeCl3 (1 mmol, 0.162 g), and FeCl2·4H2O (0.5 mmol, 0.099 g) were 
dissolved in a mixture of deoxygenated water (by bubbling N2 gas for 30 min, 2.25 mL), ethanol 
(3 mL) and toluene (5.25 mL) under nitrogen atmosphere. The mixture was refluxed at 74 °C 
for 4 h. Then, the work-up, the recovery and the final storage of the NPs was as for the NPs 
obtained for coprecipitation in a biphasic system in the presence of NaOH. Fe content by UV-
vis spectroscopy was 4 mg/mL. 

4.2.3 Synthesis of SPION3@OA by a thermal decomposition method. 

 The synthesis was carried out by following a slightly modified literature procedure.47 Birefly, 
in a two-neck round-bottom flask, Fe(acac)3 (0.353 g, 1 mmol), 1,2-hexadecanediol (1.435 g, 
5 mmol), oleic acid (0.952 mL, 3 mmol), and  0.987 mL of oleylamine (3 mmol) were dissolved 
in 10 mL phenyl ether by magnetic stirring for 10 min under a nitrogen atmosphere. After 
having removed the magnetic stirrer, the mixture was heated at 15 °C/s from room 
temperature to 200 °C and left at this final temperature for 35 min. Then, under a blanket of 
nitrogen, the mixture was further heated up to 265 °C at 15 °C/s and left at this temperature 
for 35 min. Finally, the black-brown mixture was naturally cooled by removing the heat source 
to room temperature. The so-obtained suspension was precipitated with ethanol (20 mL), 
then the black precipitate was separated via centrifugation (10 min at 4226 rcf), then it was 
dissolved in 20 mL n-hexane in the presence of oleic acid (0.05 mL) and oleylamine (0.05 mL). 
Centrifugation (10 min at 4226 rcf) was applied to remove any undispersed residue. The 
SPION@OA were then re-precipitated with 40 mL ethanol, centrifuged (10 min at 4226 rcf) to 
remove the solvent, then re-dispersed in 15 mL n-hexane and stored under nitrogen at -23 OC 
for further uses. Fe content by AAS was 2.2 mg/mL. 

4.2.4 Synthesis of SPION4@OA by a thermal decomposition method. 

 The synthesis was carried out by following a slightly modified literature procedure.48 Briefly, 
in a two-neck round-bottom flask, iron-oleate (1.37 g, 1.53  mmol), 1,2-hexadecanediol (1.185 
g, 4.596 mmol) and oleic acid (0.448 mL, 1.41  mmol) were dissolved in 7.14  mL diphenyl ether 
by magnetically stirring for 10 min under a nitrogen atmosphere. The mixture was degassed 
at 90 °C under vacuum and stirring for 2 h.  The mixture was then heated at 10 °C/min from 
90 to 260 °C, and left at this final temperature for 30 min under nitrogen. Finally, the black-
brown mixture was rapidly cooled by removing the heat source, and water bath till reach to 
room temperature. The so-obtained suspension was precipitated with acetone (50 mL), and 
the black precipitate was separated via centrifugation (10 min at 4226 rcf). After that, it was 
dissolved in 10 mL n-hexane, re-precipitated with 50 mL ethanol, centrifuged (10 min at 4226 
rcf), re-dispersed in 35 mL n-hexane, and finally stored under nitrogen at -23 OC for further 
uses. Fe content by UV-vis spectroscopy = 1.9 mg/mL. 

4.2.5 Ligand exchange OA/DMSA (SPION1@DMSA, SPION2@DMSA, and 

SPION3@DMSA).  

The ligand exchange procedure was carried out following a procedure developed by some 
of us. 50 A sample of SPION@OA suspended in n-hexane containing a total amount of 5 mg Fe 
(1.5 mL SPION1, 1.25 mL SPION2, and 2.3 mL SPION3) was treated with 4 mL of acetone and 
centrifuged (4 min 7197 rcf) to remove the excess of oleic acid. The nanoparticles were re-
suspended in 9 mL n-hexane and transferred in a Schlenk tube under nitrogen atmosphere. 
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To this suspension a solution of DMSA dissolved in acetone (50 mg in 9 mL) was added, 
followed by 15 μL of triethylamine (TEA). The suspension in the Schlenk tube was then moved 
to an ultrasonic bath and the reaction mixture was kept at 54 °C for 40 min, maintaining the 
suspension under nitrogen atmosphere for the whole sonication time. The SPION were then 
collected with a magnet, re-suspended in 20 mL of acetone and centrifuged for 10 min at a 
rate of 7197 rcf. The last wash was carried out by re-suspending the pellet in 20 mL of milliQ 
water and centrifuged again (30 min, 7197 rcf). The washed SPION were finally re-suspended 
in 10 mL of milliQ water and stored under nitrogen atmosphere at 4 °C or at room temperature 
for further uses. 

4.2.6 Ligand exchange OA/GA (SPION4@GA). 15 

A sample of SPION@OA suspended in n-hexane (2.6 mL, 5 mg/mL Fe) was re-dispersed in 10 
mL toluene. Gallic acid (GA) (43.2 mg, 0.254 mmol) was dissolved in a mixture of 110 μL 
pyridine and 322 μL toluene under 5 min sonication. Then, GA solution was added dropwise 
into SPION suspension, and the SPIONs precipitated immediately. The SPION@GA were then 
recovered by a permanent magnet and the supernatant was removed. The magnetic pellet 
was then re-suspended in 10 mL of 1% sodium carbonate solution, then SPION@GA were 
washed by adding an excess of ethanol (20 mL) and collecting the precipitating SPIONs by 
centrifugation (7197 rcf, 2 min). The pellet was then re-suspended in 3 mL water, precipitated 
again by adding ethanol and collected by centrifugation (7197 rcf, 2 min). Then, the resulting 
SPION@GA pellet was easily re-dispersed in 10 mL water, and stored at 4 °C for further uses. 
The same procedure has been used for the exchange OA/PA. 

4.2.7 Ligand exchange OA/TMAOH (SPION4@TMAOH). 51  

A sample of SPION@OA was suspended in n-hexane (2.6 mL, 5 mg/mL Fe) and dried under 
N2 stream in a glass vial. The solid residue was treated with an aqueous solution TMAOH·5H2O 
(1.25 mL 1.1 M) and ultra-sonicated at 54 °C for 40 min for re-disperse the SPION@TMAOH.  
After sonication, the suspension was diluted with 10 mL MilliQ water and further sonicated 
affording a clear brown suspension (final concentration of Fe3O4@TMAOH 0.5 mg /mL). 

4.2.8 Attempts to load SPION@DMSA into HNT lumen.  

Water suspended SPION@DMSA (0.5 mg/mL) at pH 3-4 was mixed with 1 mL of HNT water 
suspension (10 mg) at the same acid pH value. The mixture was sonicated for 15 min, shaken 
on a vortex for 10 min, and then the suspension subjected to reduced pressure (30 mmHg) for 
30 min at room temperature. The sonication vacuum process was repeated for 5 times, giving 
rise to a brown HNT adduct affected by an external magnet, which was recovered by 
centrifugation (3 min, 470 rcf). The same procedure was used for the attempts of loading of 
the other SPION (SPION@GA, SPION@PA, SPION@TMAOH).  

4.3 One-pot procedure with thermal decomposition synthesis of 

SPION in the presence of HNT.  
The synthesis was carried out by following a slightly modified literature procedure, 47 and in 

the presence of HNT. Birefly, in a two-neck round-bottom flask, under nitrogen atmosphere, 
Fe(acac)3 (0.353 g, 1 mmol) and HNT (0.706 g) were added to benzyl ether (10 mL) such that 
the mass ratio Fe: HNT was 1:2. The mixture was magnetically stirred for 10 min, then 
sonicated for 15 min and subjected to a reduced pressure (~ 1-2 mmHg) under stirring for 30 
min. The sonication-vacuum-N2 cycle was repeated for 2 times more. Finally, 1.435 g of 1,2-
hexadecanediol (5 mmol) together with 0.952 mL of oleic acid (3 mmol) and 0.987 mL of 
oleylamine (3 mmol) were added and mixed under inert atmosphere. The magnetic stirrer was 
removed and the mixture heated from room temperature to 200 °C at a heating rate of 15 
°C/s. Then, the mixture was left at 200 °C for 2 h, and then further heated up to 300 °C at the 
same rate as before and left at this final temperature for 1 h. At the end of the heating period 
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the black-dark brown mixture was left to cooling down naturally to room temperature by 
removing the heat source. The so-obtained suspension was precipitated with ethanol (20 mL), 
then the black precipitate was recovered by centrifugation (10 min at 4226 rcf). The 
precipitate was re-suspended in 20 mL n-hexane adding also 50 µL oleic acid and 50 µL 
oleylamine. Centrifugation (10 min at 4226 rcf) was applied to remove possible free SPION or 
SPION externally interacting with the HNT. The SPION-in-HNT product was treated with 
ethanol, and centrifuged again (4226 rcf, 10 min) to remove all the high-boiling solvent or the 
surfactant excess. Then the solid was re-dispersed in 35 mL n-hexane and left under nitrogen 
atmosphere. After 2 days of decantation, the black supernatant containing free SPION@OA 
was carefully removed. The solid residue was dried under vacuum and grinded, thus obtaining 
a grey and magnetic precipitate. 

4.4 Modification of Halloysite Lumen with Tetradecylphosphonic 

acid (HNT-TDP).53 
Halloysites (250 mg) were added under stirring to a solution of TDP (0.27837 g, 1 mmol) in 

250 mL of 4:1 EtOH: H2O. The EtOH: H2O solution was adjusted to pH 4 with HCl 0.1 M. The 
halloysite suspension was transferred to a 500 mL flask, which was then evacuated using a 
vacuum-pump. The fizzing of the suspension indicated that air was removed from the 
halloysite lumen and replaced with TDP solution. The vacuum/nitrogen cycles were repeated 
3 times in order to maximize TDP loading. After stirring for a week at room temperature, the 
modified halloysites were rinsed with EtOH:H2O for 5 times and recovered by centrifugation, 
and finally dried at 100 °C overnight under vacuum. The TDP excess was recovered from the 
gathered supernatants and stored for the next functionalization process. After the 
functionalization process, colloidal stability of HNT-TDP aqueous suspension was similar to 
that of untreated HNT at the same pH, indicating that the outermost surface of the clay 
nanotubes was not hydrophobized. Recovered HNT-TDP ca 250 mg.  

4.5 Attempt to Load SPION into unmodified pristine HNT lumen 

(SPION@OA-in-HNT). 
 In a Schlenk tube a sample of SPION3@OA (0.5 mL, 2.2 mg/mL) were mixed with 20 mg HNT 

in 20 mL n-hexane. The suspension was shaken for 1 min by a vortex, then it was cooled at 0 
°C, and while standing in the ice bath, it was placed under reduced pressure and magnetic 
stirring until the solvent was visibly reduced. Then, another 20 mL n-hexane was added. After 
1 h of the cycle reducing pressure, the brown color of the supernatant due to the magnetic 
NPs remained unchanged with respect to the starting color. The HNT/SPION were recovered 
by centrifugation (3 min, 470 rcf), the supernatant removed and the precipitate washed with 
5 mL n-hexane. 

4.6 Qualitative assay for lumen hydrophobicity by Nile Red dye. 
 Nile Red (1 mg, 3.1x10-3 mmol) was dissolved in 10 mL ethanol and left under stirring until 

the compound was completely dissolved. Then, HNT-TDP (20 mg) were added to the alcohol 
dye solution and the flask was cooled at 0 °C before reducing the pressure by a mechanical 
pump and leaving the mixture for 2 h. The halloysites were recovered by centrifuging at 4226 
rcf for 10 min. The blue-violet pellet was separated from the supernatant and washed with 
water and recovered by centrifugation. After HNT were dried, the recovered pellet appeared 
blue under visible light and red-emissive under UV-lamp irradiation. The very same procedure 
was followed for the loading of Nile Red in pristine HNT. After the washing of the treated HNT 
with water, the color under visible light irradiation was blue-violet, whilst under UV light 
irradiation no light emission was detected. 
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4.7 Preparation of HNT-TDP with SPION selectively loaded in the 

HNT lumen (SPION@OA-in-HNT-TDP). 
 In a Schlenk tube SPION3@OA (3.75 mL, 2.2 mg/mL) were mixed with 150 mg HNT-TDP in 

150 mL n-hexane. The suspension was shaken for 1 min by a vortex, then the suspension was 
cooled at 0 °C, and while standing in the ice bath, it was placed under reduced pressure and 
magnetic stirring until the solvent was visibly reduced. Then, another 150 mL n-hexane were 
added. The color of the supernatant turned clearer with respect to the beginning (from light 
brown to beige). The cycle of reduced pressure under stirring was repeated once more, until 
the supernatant appeared completely clear (about 3 h). The HNT-TDP/SPION were recovered 
by centrifugation (3 min, 470 rcf), the supernatant removed and the precipitate washed with 
5 mL n-hexane. 

4.8 Pre-treatment of the HNT mineral to obtain purified HNT in 

powder.  
A piece of mineral clay was cut in thin slices, keeping the part of clay as white as possible. 

Slices were dried at 50 °C for 1 h. Then, the slices were gently hand-grinded in a mortar. To 
remove the soluble impurities, 2 g of powder was dispersed in 20 mL distilled water, followed 
by sonication for 20 min, 20 min stirring, then centrifuge 117 rcf for 20 min. Then, the slurry 
was re-dispersed in 500 mL distilled water after the pH was adjusted at ca. 7 to achieve a good 
suspension. The suspension was left to settle down the non-dissolved impurities, then the 
supernatant containing HNT was transferred in another vial. The adjustment of pH at slightly 
acidic values (≈4-5) caused the flocculation of HNT. The supernatant was discarded and HNT 
slurry dried at 60-80 °C, and grinded in a mortar to give a white powder ready for further uses. 
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Chapter 3 
Halloysite nanotubes loaded with Au NPs of different shapes. 

1 Introduction  
 

One of the advantages of nanoparticles (NP) is the possibility to integrate several 

functionalities in one object only, to be exploitable especially in the biomedical field. 

Functionalities such as drug delivery, delivery tracking/monitoring, imaging, and highly 

localized treatments can be integrated to take advantage of the properties of the 

nanomaterials. 1–3 Many of these approaches have been implemented with gold nanoparticles 

(Au NPs).4,5 Au NPs have become widely used in the biomedical field thanks to their special 

electronic, optical, sensing, chemical inertness and their low toxicity. 6,7 Their first use in the 

biomedical field concerns immunological assays and dates back to the early 70s.8 Due to their 

plasmonic properties, the Au NPs can be used as imaging agents5,7 and in biosensing.4,5 

Additionally, colourimetric sensing, electrical and electrochemical sensing5 have been 

demonstrated for different Au NPs. Their applications for drug delivery,9,10 photothermal 

therapy and photodynamic therapy have also been realized.4 

1.1 Optical properties of gold nanoparticles 

The first scientist to study the properties of colloidal gold was Faraday who noticed a 

correlation between the size of the Au nanoparticles and the colour of the suspensions 

obtained.11,12 In fact, there is a relationship between the colour of the colloidal suspensions of 

the Au nanoparticles with the shape, size and medium in which they are dispersed.  

They possess bright and intense colours that derive from their surface electrons interaction 

with an electromagnetic radiation, such as light. At a particular wavelength, called resonance 

frequency, the nanoparticles absorb the incident radiation, the surface conduction band 

electrons will tend to oscillate collectively and coherently creating a polarization of the 

nanoparticle. This phenomenon is known as Surface Plasmon Resonance (SPR, Figure 1). 

 

Figure 1 – Electronic oscillation during the SPR phenomenon.13 
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Au NPs are particularly attractive due to their SPR bands which lie in the visible/NIR region. 

The photon light interacting with Au NPs will be partly scattered in all directions while another 

part will be absorbed and converted into vibrations of the crystal lattice.14 Since metal NPs 

have a very low light emission quantum yield, almost all the absorbed light energy is converted 

to heat energy,15 the produced heat able to kill the cancer cells and so used in biomedical 

applications. Due to the biological window, the region of the electromagnetic spectrum where 

the absorption of light by water and tissues is minimal, it is important to use NPs with an SPR 

band possibly centred between 600 and 900 nm. If the diseased tissue is external, also For a 

more energetic visible SPR band can be useful for the purpose. For example, in one of the first 

appeared works, El Sayed et al. 16 demonstrated the tumour destruction in mice after 

illumination with 514 nm visible light using citrate stabilized 40 nm Au NP functionalized with 

anti-EGFR (Epidermal Grow Factor Receptor) to discriminate between normal and tumour 

tissue. 

 

1.2 Shapes of gold nanoparticles 
 

Gold NPs are composed of a metallic gold core and can be easily functionalized by adding a 

monolayer of surface moieties  that can act as ligands for active targeting.2 Although they can 

be assembled using different chemical, physical and biological methods,17 Au NPs for 

biomedical applications are mainly prepared using the colloidal synthesis method using a 

metal precursor, stabilizer and organic or inorganic reducing agent such as sodium citrate, 

ascorbate, sodium borohydride, etc.18 This approach allows to precisely control the optical 

and electrical properties that strongly depend on the shapes and sizes of the generated Au NP 

nanostructures (Figure 2). 

 

 

 

Figure 2 - Schematic images of various AuNPs: nanorods (GNR), nanotubes (GNT), nanoshells, 

nanocages (GNC), nanovesicles (GNV), nanospheres (GN), nanoplates, nanoflowers.19 

 

A relevant characteristic of Au nanoparticles is that of being able to vary the plasmon 

resonance band based on size and shape. It has been known both theoretically20 and 

experimentally21 that elongated gold nanoparticles feature a SPR band that is red-shifted from 

the value of spherical gold nanoparticle peak by an amount proportional to their aspect ratio. 
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In this chapter, through chemical synthetic methods, we prepare gold nanoparticle in 

spherical and star shapes.  

The first and the simplest type of synthesised nanoparticles are spherical gold nanoparticles. 

The well-known method of Turkevich gold nanoparticle synthesis 22 is based on a reduction 

reaction of chloroauric acid (HAuCl4) with trisodium citrate solution. Frens 23 has improved this 

method by allowing particle size control by varying the concentration of citrate. 

Recently, branched and star-shaped plasmon-resonant nanoparticles or nanostars (GNS) 

have attracted a great deal of interest in various biophotonic and biomedical applications due 

to the tunability of SPR band to the near infrared (NIR) diagnostic/therapeutic window, and 

the presence of multiple sharp tips that can greatly enhance incident electromagnetic fields.24 

The unique properties of GNS have led to their usage in various applications such as 

biosensing,25 photodynamic therapy and photothermolysis,26,27 visually identifying 

pathogens,28 Х-ray/CT imaging,29 targeted delivery and optical imaging.30,31 There are several 

strategies for GNS synthesis. In 2003, Chen et al. 32 pioneered the synthesis of branched gold 

nanoparticles from silver disks in the presence of cetyltrimethylammonium bromide (CTAB) 

and NaOH. Then, a number of synthesis methods (seedless or seed-mediated) were developed 

using mainly poly(N-vinylpyrolidone) (PVP) or CTAB as surfactants The applicability of this type 

of AuNP in biomedicine was limited by the CTAB toxicity, as well as the difficulty in replacing 

CTAB or PVP during functionalisation, and the aggregation of the GNS after multiple washes. 

Xie and et al. 33demonstrated a seedless synthesis method for non-toxic GNS based on HAuCl4 

reduction using a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) biocompatible 

solution. We decided to employ this synthetic method in our research (see further). Indeed, 

this part of our work aimed to extend the halloysite lumen loading to other kinds of NPs for 

hyperthermia applications, and our attention focused on the loading of gold nanoparticles 

either in spherical or nanostar shape, and, possibly, selectively in the HNT lumen. In this way, 

HNT could be used as nanoobjects capable to concentrate many NPs in a restricted space, and 

this could be useful to improve the hyperthermic abilities of the metallic NPs. Moreover, the 

co-loading of a drug with the Au NPs could bring to a new nanovector for drug delivery, whose 

release could be triggered by the light interaction with Au NPs. 

 

2 Results and discussion 
 

The loading of gold NPs into the HNT lumen is dependent on the morphology and polarity of 

the synthesized NP. We investigated two different shapes of gold nanoparticles, spherical and 

star. For HNT loaded with spherical Au NPs, we used the same successful approach in the 

loading of SPION as described in Chapter 2, while the loading of GNS was done by two 

methods, through electrostatic attraction and an in situ GNS formation. 

In this chapter, we mainly use the Australian halloysite, simply indicated as HNT, and in few 

assays, we synthesized HNT-Au adducts using Sigma-Aldrich halloysite and named S-HNT. 
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2.1 Spherical gold loading attempt 

For the loading of spherical Au NPs, we followed the method summarized in Scheme 1 to load 

the NP inside the HNT lumen. 

 

Scheme 1. Schematic depiction of the approach followed in this study to obtain HNT-TDP-Au@Oam 
nanocomposite with the selective loading of Au in the inner part. 

The most used method for the synthesis of spherical Au NPs was devised by Turkevich in 1953 

and involves the reduction of tetrachloroauric acid to metallic gold by citrate in an aqueous 

environment (Eq. 3.1). 

6 𝐴𝑢𝐶𝑙4
− +  𝐶6𝐻8𝑂7 + 5 𝐻2𝑂 → 6 𝐶𝑂2 + 24 𝐶𝑙− + 6 𝐴𝑢0 + 18 𝐻+         (𝐸𝑞. 3.1) 

Subsequently, Turkevich's method was modified, varying the ratio between citrate and 𝐴𝑢𝐶𝑙4
− 

and obtaining nanoparticles with variable dimensions (between 2 and 150 nm). In our work 

we follow the literature ratio and method to synthesize nanoparticle below 15 nm34 to fit the 

HNT lumen diameter. The Au@citrate NPs showed a hydrodynamic diameter of 8.8 ±4.0 nm 

from DLS measurements (Figure 3a). 

 

 

Figure 3. DLS measurements by intensity of (a) an aqueous suspension of Au@citrate NPs (b) an hexane 

suspenion of Au@OAm after ligand exchange. 

a) 

b) 
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To prepare apolar NPs, the citrate layer was removed and substituted with a proper 

hydrophobic layer of Oleyl amine following a simple literature procedure.35 After the ligand 

exchange, the hydrophobic Au@Oam NPs were highly dispersed in n-hexane as showed by 

DLS measurement (Figure 3b). Moreover, they showed an unchanged maximum peak at 520 

nm in the visible region, which confirmed that there is no aggregation in Au NPs after the 

ligand exchange process (Figure 4).  

400 600 800

0.0

0.5

1.0

1.5

2.0
A

b
s
o
rb

a
n
c
e

Wavelength (nm)

 Au@Citrate

 Au@Oam

520 nm

 

Figure 4. UV–vis absorption spectra recorded for synthesized Au dispersed in water and hexane after 

ligand exchange. 

Similar to the SPION approach used before, the halloysite used for the NP loading were 

premodified with tetradecylphosphonic acid (TDP),36 followed by loading the Au@Oam under 

the vacuum effect. From TEM 

analysis (Figure 5), the loading 

was successfully observed but 

only to a low extent due to the 

very low concentration of the 

gold suspension compared to 

the SPION one and giving rise to 

a Au NPs : HNT ratio equal to 1 : 

10 that hampered a massive 

loading onto HNT, that 

opposites to highly 

concentrated Au precursor 

used in the literature to prepare 

in situ Au NPs inside HNT the 

ratio was 7.5:10.37 Moreover 

since the spherical NP are not 

that interesting for biomedical 

purposes, we moved to gold 

nanostar.  

Figure 5. TEM micrographs of Au@Oam loaded to HNT-TDP lumen under vacuum effect. 
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2.2 Gold star Nanoparticle 

Gold nanostars (GNS) were prepared in water by using the nontoxic HEPES solution acting 

both as a buffer, reducing and stabilizing agent (Scheme 2).33,38,39 The number of GNS tips and 

their size depend on the [HEPES]/[Au]: by increasing this ratio the tip number and size of GNS 

increase (Figure 6). 

 

Scheme 2. The synthetic procedure followed in this study to obtain HNT-TDP-Au@Oam nanocomposite with the 

selective loading of Au in the inner part. 
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Figure 6. UV-vis absorption spectra recorded for GNS1, 2 and 3 synthesized with [HEPES]/[Au] = 250, 500 and 750 
respectively. Insets: TEM micrographs of GNS with colour change under sunlight. 

In agreement with literature data,39 the UV-vis spectra, acquired on solutions containing 

different HEPES/Au ratios, showed that the longitudinal surface plasmon resonance (LSPR) 

peak of GNS 1, GNS 2, and GNS 3 lied at 588, 630 and 690 nm respectively. It has been known 

both theoretically20 and experimentally21 that the elongated gold nanoparticles feature a LSPR 

that red-shifts from ca. 520 nm (the value for spherical gold nanoparticles) by an amount 

proportional to their aspect ratio. Therefore, the maximum shift showed by the LSPR of GNS 

3 suggested the maximum elongation of the tips and/or their amount. The peak at ca. 522 nm 

is attributable to the transverse plasmon resonance of the tips, as also suggested by previous 



68 
 

works on gold nanorods.40,41 Because of the high aggregation observed in the case of GNS 3 

and low tips number in case of GNS 1, we chose to use GNS 2 for the loading attempts. 

DLS and ζ-potential measurements are reported in Figure 7, and showed that the 

hydrodynamic diameter was 12.5 ±2.1 nm while the charge of GNS 2 was equal to -16.5 ±2.2 

mV. The negative charge was attributed to the presence of the outer surface stabilizing agent 

HEPES. 

 

Figure 7. (a)DLS (by intensity and numbers) and (b) ζ-potential analyses of GNS 2 suspension in MilliQ water at pH 

7.4. 

The loading of GNS2 into lumen of HNT was done following two strategies, either through 

electrostatic attraction or in situ growth. 

a) 

b) 
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2.2.1 Electrostatic loading attempt of GNS 2. 

The loading of GNS 2 into the lumen of HNT was carried out following the electrostatic method 

already mentioned in the literature for spherical NPs (Scheme 3 ).42–44 TEM images (Figure 8) 

confirmed the success of the loading but, the diluted GNS 2 suspension lead to a low loading 

percentage of GNS especially if we compare these results to other previous works, that 

anyhow were focused in the loading of spherical nanoparticles.37 

 

Scheme 3. Schematic depiction of the approach followed to obtain GNS 2-HNT nanocomposite through the 
electrostatic method. 

Figure 8. TEM micrographs of GNS 2  loaded to HNT lumen under electrostatic and vacuum effect. Inset 
the visible color of HNT-GNS adduct after loading. 

In order to increase the amount of nanostars per HNT, we attempted to form the gold 

nanostars directly into the lumen by pre-loading the Au precursor.  

2.2.2 insitu loading attempt of GNS 2. 

The in situ loading of GNS 2 into the HNT lumen was carried out as summarized in Scheme 4. 

The procedure was repeated by employing the American HNT as well as the Australian ones. 

 

Scheme 4. Schematic depiction of the approach followed to obtain GNS 2-HNT nanocomposite through the in situ 
method. 

100 nm 200 nm 
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Panel (a) of Figure 9 shows well that the supernatant after the formation of HNT-GNS was 

uncoloured, indicating that most of the gold precursor had reacted with HEPES. Analyzing by 

TEM the HNT-GNS blue pellet recovered after thorough washings (HNT in Figure 9b and 9c 

and S-HNT in Figure 9d and 9e) showed that many particles but of spherical shape were 

formed into the lumen. This can be explained by supposing that the diffusion of HEPES into 

the lumen could be slow enough to hamper the achievement of the proper concentration 

ratio with the gold precursor. Moreover, it could be seen that many NPs were forming clusters 

at the entry of HNT in the case of australian HNT (Figure 9b and 9c) while in the case of S-HNT 

(Figure 9d and 9e), the GNS were mostly localized at the outer surface of HNT and heavily 

captured by impurities of kalone sheets (Figure 9e).  

 

 

Figure 9. a) visible color of supernatant and GNS 2 -HNT adduct after insitu loading attempt, (b) and (c) TEM 
micrographs of GNS 2 loaded to austrralian HNT lumen, (d) and (e) TEM micrographs of GNS 2 loaded to sigma HNT 
lumen through insitu method. 

 

From these last results, we conclude that it was easier to form GNS higher in tips morphology 

attached to the outer surface than in the inner lumen with the in situ method. What could 

have been done, was the reversal of the reagents: HEPES preloaded in the lumen of the HNTs 

and HAuCl4 added to the suspension. In this way, the large excess of HEPES should be ensured 

and the formation of nanostars within the lumen could be feasible. 



71 
 

3 Conclusions 
 

In this work, we tried to load gold nanoparticles into the lumen of HNT, to produce a possible 

adduct exploitable for optical hypethermia. 

The loading of the spherical Au NPs was carried out first of all after having prepared apolar 

Au NPs that were shown to be loadable into premodified apolar HNT. The loading was scarce 

due to the very low concentration of the gold NPs suspension. Nevertheless, we demonstrated 

the feasibility of the method.  

Passing considering non-spherical nanoparticles, we prepared GNS in water by using a 

nontoxic HEPES buffer both as a reducing and stabilizing agent, as described in the literature. 

The so prepared GNS possessed a surface charge opposite to the one of the HNT lumen, so 

they were loaded by vacuum cycles exploiting the electrostatic attraction. The loading was 

successful, but also in this case we found only sporadically GNS into the inner lumen when the 

loading was conducted in very diluted condition.  

We attempted also to form GNS directly into the lumen by pre-loading the Au precursor. 

When we preloaded HNT with concentrated HAuCl4 solutions we succeed in selectively form 

NPs in the inner lumen but of spherical shape.  

These very preliminary results can be explained first of all by taking into account the big 

difference between the concentration of the SPION used in Chapter 2 and the gold NPs that 

are synthesized in very diluted conditions for their nature. Secondly, the inner lumen was not 

big enough to enable the formation of stars with the chosen synthetic methodology, which 

mainly resulted sterically hampered in the growth of longer tips. 

As a future development, we are planning to modify the outer surface of HNT with 3-

mercaptopropyl-trimethoxy silane45 to covalently bind the GNS to the outer surface of HNT 

through the thiolic end, which is highly capable to link the gold surface.46,47 

 

4 Experimental  

4.1 Materials and instruments 
Tetradecylphosphonic acid 97%, Sodium tetrachloroaurate(III) hydrate 99.99%, 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 99%, Sodium hydroxide pellets 98%, 
Oleylamine 70%, and halloysite nanotubes S-HNT (Sigma Aldrich), n-hexane 96% and acetone 
(Scharlau), HNO3 65% and HCl 30% (Merck Germany) were all used as received. Australian 
halloysite clay (HNT) were provided by prof. John L. Keeling from Camel Lake (Australia). 
Ultrapure milli-Q water (Millipore, resistivity=18M Ω cm−2) was used for the preparation of 
the aqueous solutions. 

UV-vis absorption spectra were acquired on an Agilent model 8543 spectrophotometer at 
room temperature and using standard 1.0 cm path length quartz cells . 

ζ-potential measurements were carried out using a Malvern Zetasizer nano ZS instrument 
equipped with a 633 nm solid state He–Ne laser at a scattering angle of 173 at 25 °C. The 
measurements were averaged on at least three repeated runs. 

ATR-FTIR spectra were acquired on a PerkinElmer Frontier instrument equipped with an ATR 
accessory with a diamond/ZnSe crystal. The IR spectra were registered between 4000 and 400 
cm-1. 
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Transmission Electron Microscopy  micrographs were collected using a Zeiss Libra 200 FE 
instrument equipped with an in column pre-aligned omega filter that improves the contrast 
and a Schottky field emission gun at 200 kV. Alternatively, TEM images were collected using 
an EFTEM LEO 912AB (Zeiss) at 100 kV. Samples were prepared by dropping a dilute solution 
of the samples onto 200 mesh carbon-coated copper grids, and after blotting the excess of 
water, the samples were let drying at least for 24 h in air.  

All glassware was washed with aqua regia (HCl:HNO3 in a 3:1 ratio by volume) and rinsed 
with ethanol and ultrapure water. 

4.2 Synthesis of Au @Citrate.  
The synthesis of spherical gold nanoparticles was carried out by following a literature 
procedure.34 Briefly, in a 1-neck round-bottom flask (250 mL), a 150 mL of freshly prepared 
reducing solution of sodium citrate (97.05 mg, 2.2 mM), 96 µL of Tannic acid (2.0 mg, 2.5 mM) 
and 1.0 ml of potassium carbonate (20.7 mg, 150 mM) was heating under magnetic stirring. 
When the temperature reached 70 °C, 2 mL of freshly prepared tetrachloroauric acid (12.4 
mM) was injected. The colour of the solution changed rapidly in few seconds to black and then 
to orange-red in the following 3 min. The solution was kept at 70 °C for 10 min more to ensure 
complete reaction of the gold precursor, followed by DLS and UV characterization. As stated 
by the literature, the synthetic method gives a 90% yield of spherical gold NP so the expected 
yield was about 4.4 mg of Au. 

4.3 Ligand exchange Citrate/Oleyl amine (Au @Oam).35  
In 1.0 L separatory funnel, the Au@citrate water suspension of (150.0 mL, 0.03 mg/mL Au) 
was mixed with 75.0 mL of acetone and shaken for 1 s, followed by adding 75.0 mL of hexane 
and 680 µL of oleyl amine. After shacking for few minutes, the water-acetone phase became 
colorless, and the hexane phase turned dark red due to the transfer of gold nanoparticles. All 
the by-product remained in the water-acetone phase. The recovered hexane layer was 
analyzed by UV-vis spectroscopy. Next, 16 mL of Au@Oam solution (ca 1.0 mg NPs) were 
centrifuged at 14000 rpm/45 min (using 2.0 mL Eppendorf), followed by dispersion in 10 mL 
hexane.  

4.4 Attempt to Load Au @Oam into modified HNT lumen (Au @Oam-

in-HNT-TDP). 
In a Schlenk tube, a sample of Au@Oam (10 mL, 0.1 mg/mL) were mixed with 10 mg HNT-TDP 
36 (whose synthetic procedure was explained in Chapter 2).The suspension was shaken for 1 
min by a vortex, then it was cooled at 0 °C, and while standing in the ice bath, it was placed 
under reduced pressure and magnetic stirring until the solvent was visibly reduced. Then, 
another 20 mL n-hexane was added. After 2 h of the cycle reducing pressure, the colour of the 
supernatant turned clearer compared to the starting red colour. The HNT-TDP/ Au@Oam 
were recovered by centrifugation (3 min, 2000 rpm), the supernatant removed, and the 
precipitate washed with 5 mL n-hexane. 

4.5 Synthesis of GNS 1,2 and 3.  
The synthesis of gold nanostars of different size was carried out by following a literature 
procedure.33,38,39 Briefly, 2.2 M stock solution of HEPES was prepared by dissolving the 12.65 
g HEPES buffer salt in 25.0 mL Milli-Q water, followed by pH adjusting using a concentrated 
solution of NaOH until pH reached 7.4 value. GNS 1, 2 and 3 were synthesized by adding to 75 
mM of HEPES an amount of gold(III) chloride trihydrate so that a final concentration of 0.30, 
0.15 and 0.10 mM was reached, respectively. The mixture was kept for 30 min without 
shaking, and meanwhile, the suspension colour changed from light yellow to light purple and 
finally to greenish-blue.  
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4.6 Electrostatic loading of GNS 2 into HNT lumen.  
10 mg of HNT were added to 5.0 mL of a water suspension of GNS 2 (ca. 1.0 mg) at pH 7.4. 
The mixture was sonicated for 15 min, shaken on a vortex for 10 min, and then the suspension 
subjected to reduced pressure (30 mmHg) for 30 min at room temperature. The sonication 
vacuum process was repeated 5 times, giving rise to a blue HNT adduct, which was recovered 
by centrifugation (3 min, 2000 rpm). 

4.7 Insitu procedure to synthesis GNS 2 in the presence of HNT.  
9 mg of HNT or S-HNT added to 5 mL of 4.4 mM of gold(III) chloride trihydrate solution, such 
that the mass ratio Au:HNT was 1:2. The mixture magnetically stirred for 10 min, then 
sonicated for 15 min and subjected to a reduced pressure (~ 1-2 mmHg) under stirring for 1 
h. The sonication-vacuum-N2 cycle was repeated 2 times more. The mixture vial was kept in 
the dark and left at room temperature under stirring for 1 night. To theses mixture, 5 mL of 
HEPES 2.2 M were added, followed by simple shaking for 1 min and left unstirred for 30 min, 
forming at the end a blue HNT adduct, which was recovered by centrifugation (3 min, 2000 
rpm), and washed with 5 mL of water. The supernatant recovered was completely colourless. 
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Chapter 4 
Halloysites as a vector for porphyrin-based photosensitizers 

for singlet oxygen (1O2) generation.  
 

1 Introduction  

1.1 Principles of Photodynamic therapy 

The association of light and chemicals to treat diseases is referred as photochemotherapy. 

A particular form of photochemotherapy is photodynamic therapy (PDT). PDT is a therapy 

used to cause the death of cancer cells as well as of pathogens in localized infections. It is 

based on the exploitation of three main components: visible or near-infrared (NIR) radiation, 

a molecule that acts as photosensitizer (PS) and molecular oxygen present in tissues.1  

Once the PS has been accumulated at the tumour level, it is irradiated with a proper light 

source and, absorbing a photon of light, it passes from the ground state to a short-lived excited 

singlet state (1PS*, Figure 1) as a first step. At this point, the PS can either return to the 

fundamental ground state (1PS0) by fluorescence (a property that can be clinically exploited 

for imaging and photodetection) or can switch by intersystem crossing to an excited triplet 

state (3PS*) characterized by longer lifetimes.2 

 
Figure 1 Schematic illustration of a typical photodynamic reaction. 

Again, 3PS* can come back to the ground state by phosphorescence. Otherwise, it can 

interact with H2O, O2 or a biomolecule such as the cell membrane or a protein, and transfer 

an electron to form a radical species, such as superoxide anion radicals O2
•-, hydroxyl radicals 

HO•, and hydrogen peroxides H2O2. This electron transfer mechanism is referred to as Type I 

PDT. 

Alternatively, (Type II PDT), the energy of 3PS* is transferred to molecular oxygen (which is 

a triplet when in its ground state), which is then converted into singlet oxygen (1O2*), which is 

a highly cytotoxic species. This last transition requires small energy of ca. 22 kcal mol−1, which 
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corresponds to a wavelength of 1274 nm.3,4 The highly reactive species formed as a result of 

the type I and type II reactions are highly cytotoxic and capable of damaging nucleic acids, 

lipids and proteins. It is necessary to underline, however, that most of the studies indicate 

type II reactions5 as the most active ones. Since singlet oxygen has very short lifetimes due to 

its reactivity (3.5 µs in H2O and 0.2 µs inside cells)6,7 hence it can act in a limited radius around 

the PS site (about 10 nm in diameter). in this way, only cancer cells or infected tissues are 

destroyed,4,8 provided that the PS has reached and accumulated at the target site. 

1.2 Photosensitizers 

Many requirements should be kept in mind for the choice of a PS to be suitable for PDT. A 

good PS must have the following features:9 i) it must be chemically pure with ease of large-

scale production by the availability of the starting materials; ii) it must have good affinity with 

tumour tissues and give strong absorption in the visible or NIR with a high extinction 

coefficient (εmax) in the region 600–800 nm, which is the so-called “therapeutic window”. 

Indeed, in this range, the absorption from tissues is at the minimum and hence the light can 

deeply penetrate. Secondly, the energy associated with the light is low enough to be safe for 

healthy tissues.10 iii) it should not strongly absorb light of the region 400–600 nm so that the 

risk of generalized photosensitivity caused by sunlight would be as small as possible.11 iv) it 

should satisfy specific photophysical characteristics (high quantum yield of production of 1O2*, 

the lifetime of 3PS* relatively long).12 v) it should be stable, non-toxic and resistant to 

degradation as photobleaching. Indeed, photobleaching should be avoided since it can 

shorten the duration of generalized photosensitivity after PDT) 13-14 

However, many PS that do not satisfy all these features, have been approved for clinical use, 

and they largely belong to the first and second generation of PS.15 

The first generation of photosensitizers was based on Photofrin and hematoporphyrin 

derivatives (HPD). Photofrin was approved by Canada for the treatment of bladder cancer and 

by US FDA for treating oesophagal cancer and lung cancer. 16 HPD were approved for use in 

clinical applications in Russia, Brazil and EU.17-18 The limitation of the first generation of PS, 

including its complexity, is mostly due to the strong absorption around 400 nm (the Soret 

band) and only much smaller absorption bands at longer wavelengths (Q-bands), and its 

tendency to be retained in the skin, thus producing cutaneous photosensitivity and prolonged 

cutaneous phototoxicity.9 

The second generation of photosensitizers was based on porphyrinoid compounds, such as 

chlorines, bacteriochlorins, phthalocyanines, pheophorbides, acteriopheophorbies and 

texaphyrins as well as nonporphyrinoid. Compounds like 5-aminolevulinic acid (ALA) are 

known as second generation PS and have been developed to overcome the disadvantages of 

first-generation compounds. These PS usually have higher absorption at wavelengths longer 

than 630 nm, as well as high extinction coefficients, they also possess higher 1O2 quantum 

yields, their toxicity in the absence of light is null and have higher tumour-to-normal tissue 

concentration compared to HpD.14 ALA is the first prodrug of a second-generation 

photosensitizer for which all the clinical trial phases were passed and so it became available 

on the market was obtained, the others have been studied in phase I, II, or III of clinical trials 

for various indications.12-13 
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In the third generation of photosensitizers, the research is now focusing on further improving 

the second-generation of photosensitizers, in that they can i) be activated with the light of a 

longer wavelength, ii) provoke shorter generalized photosensitivity, and more importantly, iii) 

have better tumour specificity. These results could be achieved either by modifying the PS 

with targeting agents (such as antibody conjugation) or by encapsulating the PS into carriers 

(such as liposomes, micelles, and nanoparticles) that can transport the drug efficiently in 

blood from the administration site to the target tissue.15 

The majority of PS currently in use for PDT studies are cyclic tetrapyrrolic structures, that is 

porphyrins and their analogues.1,12,19,20 

 

1.3 Porphyrins 

Porphyrins are heterocyclic molecules consisting of a tetra-pyrrolic ring, in which the four 

pyrrolic units are joined together in the α positions with CH methyl bridges (known  as meso 

carbons). Porphyrins can  be functionalized with different substitutes on pyrrolic rings and/or 

meso positions, or they can act as macrocyclic ligands to form coordination compounds 

(metalloporphyrin).1,12,19–23 

Porphyrins are an important class of naturally occurring macrocyclic molecules found in 

biological compounds that play a very important role in the metabolism of living organisms. 

Porphyrins are present in natural systems as iron-containing complexes at haemoglobin level 

(heme) as well as magnesium-containing reduced porphyrin (or chlorine) found in 

chlorophyll.24 Porphyrins are not cytotoxic species in the absence of light and this makes them 

ideal candidates for singlet oxygen production in biological systems. 

Porphyrins are classified as regular or irregular on the bases of their absorption spectra, which 

means that while regular metalloporphyrins have a contribution to the absorption bands only 

from the π molecular orbitals of the porphyrin, in the irregular ones there is also a contribution 

from the metal centred d-orbitals. The regular porphyrins possess at room temperature and 

in solution a very strong 

absorption at ca 420 nm, 

which is indicated as B or 

Soret band (S2 ← S0 

transition). Also, there 

are other much weaker 

absorption bands 

indicated as Q-bands 

starting from ca 500 to 

650 nm (S1 ← S0 

transitions). While in the 

free-base porphyrins the 

Q bands are four because 

of the transitions 

between the first two 

electronic states S0 and S1 

together with two 

Figure 2a Schematic representation of the UV-vis spectrum of porphyrin free and 
coordinated to the metal. The x and y subscripts refer to the orientation 
(polarization) of the electric vector of the absorbed light with respect to the axes 
shown on the chemical structure diagram for free base porphyrin.  
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transitions from vibrational excited states (two 0-0 transitions and two overtones 1-0 - or 

vibronic bands - see Figure 2a), in the case of the metalloporphyrins these last two transitions 

are not active, so that only two Q bands are observable. 

Porphyrins are also classified on the bases of their absorption according to the relative 

intensity of the Q bands25: etio- if the order is IV > III > II > I, rhodo- if the relative intensities 

is III > IV > II > I and a phyllo- if the order is IV > II > III > I (see Figure 2b)  

 

 
Figure 2b Schematic representation of the Q bands region of a UV-vis  of (a) etio- (b) rhodo- and (c) phyllo-

porphyrin. 

Nevertheless it is already known that the relative intensity of the Q-bands in the etio-

porphyrine is depending from the meso-substituents.26 

Moreover, many porphyrins give rise to the formation of supramolecular self-assemblies, 

forming eventually porphyrin nanostructures.27 Porphyrin nanomaterials exhibit unique 

physical properties which can be employed in many applications, especially for 

photocatalysis.28 

In this current work, we focused on the perfluorinated and apolar porphyrin 5,10,15,20-

tetrakis(perfluorophenyl)porphyrin (H2TPPF20) (Figure 3 in blue) and its Zn complex 

[5,10,15,20-tetrakis(perfluorophenyl) porphyrinato]zinc(II) (ZnTPPF20) (Figure 3 in red). 

Indeed, the free base is particularly apolar, so it could act as a good model for apolar drugs 

that suffer from solubility problems in a water environment. 

 
Figure 3 Chemical structure of porphyrins used in our work: the free base form (blue) and its Zn-coordinated 

form (red). 

 

1.4 H2TPPF20 and ZnTPPF20 

It is already known that, being unsoluble in water, 5,10,15,20-

tetrakis(pentafluorophenyl)porphyrin (H2TPPF20) self assembles in water as reported in the 

literature.28 The UV-vis absorption spectrum of H2TPPF20 in THF is reported in Figure 4a, while 

the Soret band of H2TPPF20 in THF and THF/water is zoomed in in Figure 4b. The whole 
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spectrum (Figure 4a) shows, apart the Soret band, three Q bands only, being the fourth one 

too low in intensity to be detected. 

 
Figure 4 UV-vis absorption spectra of H2TPPF20 in pure THF (a) and mixtures THF/H2O with increasing amounts of 

water (b, region of the Soret band). UV-vis absorption spectra of Zn-TPPF20 in pure THF (c) and mixtures THF/H2O 

with increasing amounts of water (d, region of the Soret band). 

It is known that as the water content is increased the aggregation increases as well. In THF, 

H2TPPF20 is completely soluble and the spectrum of the single molecule is observable with the 

Soret band centred at 410 nm, which remains unchanged until 50% of water is added. For the 

ratio THF/water 25:75 the Soret band is red-shifted by 2 nm and by another 1 nm for the ratio 

THF/water 10:90, indicating the formation of a J-aggregate as suggested in the literature.28 

The same shift has been observed for Zn-TPPF20 in the same solvent mixtures (Figure 4c and 

d). 

In addition, an important feature that makes porphyrins suitable to act as photosensitizers 

is the lifetime of the triplet state (3PS*) which is relatively long.1 Perhaps the most serious 

limitation of these kinds of photosensitisers is the low absorbance of the most red-shifted 

bands in the electronic spectrum (Q-bands), which is less than ideal for PDT requirements. 

The absorption spectrum of H2TPPF20 and ZnTPPF20 is similar to that of Photofrin and 

hematoporphyrin derivative.12,22,23 It is a so-called etio-type spectrum,29 containing the strong 

Soret band, typical of porphyrins, at about 410 nm and the Q-bands of lower intensity at 504, 

534, 582, and 657 nm. Absorption at 657 nm is the weakest, but light of this wavelength is 

360 380 400 420 440
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

A
b

s
o

rb
a
n

c
e
 

wavelength (nm)

 THF 100%

 90%

 75%

 50%

 25%

 10%

419 nm

421 nm

422 nm

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

A
b

s
o

rb
a
n

c
e

wavelength (nm)

 THF 100%

419 nm

550 nm

585 nm

360 380 400 420 440
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
ro

b
a
n

c
e

wavelength (nm)

 THF 100%

 90%

 75%

 50%

 25%

 10%

410 nm

412 nm

413 nm

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2
A

b
s
o

rb
a
n

c
e

wavelength (nm)

 THF 100%410 nm

504 nm

582 nm

657 nm
534 nm

d) 

a) 

c) 

b) 



81 
 

used in PDT, because it penetrates deepest into tissues. Consequently, to achieve a certain 

therapeutic effect, either large doses of photosensitizer and light are needed, as well as the 

protection of the drug through a carrier. 

Halloysite nano tubes can be used as PS transport platforms as witnessed by many reports 

describing these vectors that if properly functionalized can accumulate in cancer cells without 

affecting the healthy ones. Moreover, the use of hydrophilic and biocompatible vectors allow 

to transport insoluble PS (H2TPPF20) in a biological environment. 

The aim of this work is to develop modified Halloysite nanotubes for the in situ delivery of a 

suitable photosensitizer for photodynamic therapy. The final goal would be to synthesize a 

halloysite nanotubes internally functionalized with photosensitizers together with SPION to 

ensure controlled and selective release triggered through the application of an external 

magnetic field, that stimulates SPION that in turn provoke the drug release with the 

application of an external stimulus. 

2 Results and discussion 
First of all, we assessed the ability of our system to generate singlet oxygen, not for verifying 

the photosensitizer properties that were already known,30–32 but rather to ascertain that the 

power and the emission spectrum of the used led light was the proper one to stimulate the 

PS. Then we passed to the loading setup, aimed to load selectively in the inner lumen the PS, 

and after the characterization we passed finally to study the release of the loaded porphyrins, 

comparing different samples.  

2.1 Photoreaction of H2TPPF20 and ZnTPPF20 with 1,5-

Dihydroxynaphthalene as a Reporter of 1O2 Formation 

The ability of H2TPPF20 and ZnTPPF20 to act as sensitizers for 1O2 generation was assessed by 

using 1,5-dihydroxynaphtalene (DHN) as an indirect reporter of singlet oxygen. DHN reacts 

promptly, quantitatively and selectively with 1O2 forming the oxidized species Juglone (5-

hydroxy-1,4-naphthalenedione)33,34 according to Scheme 1: 

 
Scheme 1. Photochemical reaction used to monitor 1O2 formation in the presence of an effective PS. 

The reaction progress was monitored by UV–vis absorption spectroscopy following the 

decrease in the DHN band at 300 nm and the concomitant increase of the large Juglone band 

centred at 427 nm, which in our case was partly overlapped with the very strong Soret band 

of the PS (Figure 5). This reaction occurs without the formation of long-lived intermediates or 

by-products as indicated by the two isosbestic points at 280 and 330 nm observed in the 

spectra recorded during the irradiation. 
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Figure 5 UV–vis absorption spectra recorded at different times of irradiation of LED lamp on solutions containing (a) H2TPPF20 

(1.9 X 10-5 M) or (b) ZnTPPF20 (1.8 X 10-5 M) and DHN (3.7 × 10–4 M) in 2.6 mL of EtOH bubbled with O2 for 10 min. 

Figure 6 shows the first-order semilogarithmic plots for the reaction of equation 4.1, 

sensitized by either H2TPPF20 and ZnTPPF20.  

DHN + 1O2→ juglone + 
1

2
  3O2                                           (Eq. 4.1) 

We carried out the experiments by mixing an ethanol DHN solution with one of either 

H2TPPF20 or ZnTPPF20, and after being saturated with O2, it was irradiated for a total time of 

90 min monitoring the evolution of the species by UV-vis spectroscopy. 

The disappearance of DHN followed a pseudo-first order kinetic low, which is due to the 

adoptable steady-state approximation to the oxygen concentration, and the reaction rate can 

be related to the DHN concentration with a kinetic equation equal to r = kobs[DHN], whose 

integrated equation is (Eq. 4.2)  

𝑙𝑛
𝐴𝑡

𝐴0
= −𝑘𝑜𝑏𝑠𝑡                                                  (𝐸𝑞. 4.2) 

The pseudo first-order semilogarithmic plots for DHN photo-oxidation in the presence of the 

investigated sensitizers are shown in Figure 6, where the values of ln(At/A0) decrease linearly 

over time. While in the case of ZnTPPF20 the slope (kobs) is -0.028 min-1 compared to -0.051 

min-1 for H2TPPF20.  
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Figure 6 Photo-oxidation of DHN in the presence of photosensitizers H2TPPF20 and ZnTPPF20. At and A0 represent 

the absorbance measured at 300 nm (the maximum of the DHN absorption band) at time t and time 0, respectively. 
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2.2 Drug loading  

We carried out the loading of the PS by using the vacuum/nitrogen cycles strategy,37 by 

dissolving the porphyrins in a proper solvent in the presence of the suspended pristine HNT 

or tetradecyl phosphonic acid-modified HNT (HNT-TDP).38,39 After centrifugation and several 

washings of the recovered pellets, we observed that a colour change occurred, and from the 

white colour of the bulk HNT there was a turn to the colours listed in Table 1. The pictures of 

the samples observed under sunlight are reported in Figure 7. All the sample treated with 

porphyrins were luminescent under UV-lamp irradiation. Besides the loaded samples, we have 

also prepared two ground samples, grinding in a mortar the pristine HNT with either H2TPPF20 

or ZnTPPF20. 

 

Table 1 Colour change of loaded sample in the visible light and under UV lamp  

Content Colour under visible light  Colour under UV-lamp 

H2TPPF20 deep purple red 

Zn-TPPF20 Violet orange 

H2TPPF20 -HNT Very Pale yellow red 

Zn-TPPF20-HNT Very Pale pink orange 

H2TPPF20 -HNT-TDP Pale yellow red 

Zn-TPPF20-HNT-TDP Pale pink orange 

 

 

 
Figure 7. Digital pictures of the HNT samples before and after the interaction with H2TPPF20 and Zn-TPPF20, as 

indicated by the label, together with two samples of H2TPPF20 and Zn-TPPF20 alone. 
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2.3 Dextrin HNT capping  
In order to avoid a burst release in the very first few minutes once the HNT-composites were 

re-suspended in water, we carried out a capping step with a pH sensitive polymer such dextrin 

is. After drying the loaded samples, the capping process was carried out as already described 

in the literature (see Experimental Part).37,40 The success of the HNT capping process with 

dextrin was assessed by TEM analysis (Figure 8) together with thermogravimetric analysis 

(TGA, see below). The polymer was not easily detectable in the TEM images. Nevertheless, a 

careful comparison of the non-capped and capped HNT helped in recognizing the dextrin cap 

(highlighted with blue arrows in the images) at the entry of HNT tube and on the outer surface 

as a curved light-gray layer. Also TEM shows the presence of drug in inner lumen as blue 

arrows indicate. 

 

Figure 8. TEM images for a) HNT-TDP - Zn-TPPF20 b) capped H2TPPF20-HNT c) capped H2TPPF20-HNT-TDP and d) 
capped ZnTPPF20-HNT-TDP. Blue arrows indicate the dextrin cap. Notice the bubbles in the inner lumen indicating 
the drug loading. 

a) b)

c) d) 
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2.4 Characterization of HNT-porphyrin derivatives 

2.4.1 Infrared spectroscopy 

To spectroscopically investigate on the adducts, confirm the success of the loading, and get 

some hints about the localization (in the inner lumen or on outer HNT surface), we started 

collecting ATR-FTIR spectra on the neat powders. The H2TPPF20 and Zn-TPPF20 are easily 

distinguishable by FTIR spectroscopy, being absent the N-H weak vibration stretching bands 

at 3320 and 3100 cm-1 in the case of the Zn-TPPF20 (Figure 9) while the band at 2920 cm−1 is 

attributed to CH (pyrrole) and present in both the species.29,41,42  
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Figure 9. ATR-FTIR spectra of H2TPPF20 (gray trace) and Zn-TPPF20 (red). 

 

Unfortunately, these peaks resulted undetectable when we analyzed the several prepared 

HNT-adducts both due to their low intensity and to the accidental overlap with the OH broad 

peak of dextrin in the capped samples, with the inner trapped water of HNT in all the samples, 

and with the CH of TDP where present. More useful for the identification of the porphyrin was 

the region between 1600 and 1400 cm-1. The strong band at ca. 1600 cm-1 is attributed to the 

symmetric angular deformation in the N−H plane of the pyrrole ring.42 The bands at 1520 and 

1513 cm-1 are due to the C-C and the C-N of pyrrole ring, respectively43 and the bands centred 

at 1500 and 1480 are attributed to the stretching of the C=C and the C-C bonds of the 

fluorinated benzene ring.43–45 These bands were observed in porphyrin ground samples only, 

while in the loaded samples even these peaks were undetectable due to the low detection 

limit of this spectroscopy (Figure 10, red rectangles). Also in the case of Zn-TPPF20 (Figure 10 

bottom) the major peaks (1590, 1530, 1520, 1490 and 1340 cm-1 for C=C C=N, C-C and C-N of 

pyrrole and fluorinated benzene ring)43–45 were not detectable for the loaded samples.  

Even more so for HNT treated with TDP and HNT coated with dextrin (Figure 11) where the 

content of porphyrins is lower, the signals of these last were undetectable. 
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Figure 10. ATR-FTIR spectra of pristine halloysite (red), the porphyrins (gray traces), the 

ground samples (blue) and the loaded with H2TPPF20 and (d) Zn-TPPF20 (green). 

Figure 11. ATR-FTIR spectra of dextrin (grey), HNT modified with TDP (blue) and the same HNT-TDP after loading with 
H2TPPF20 before (green) and after the capping with dextrin (red). 
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2.4.2 Diffuse reflectance UV spectroscopy 

Diffuse reflectance ultraviolet spectroscopy (DRUV) was taken into account as an alternative 

technique much more sensitive than ATR-FTIR for the characterization of HNT samples. 

The DRUV spectra of HNT and HNT-TDP (traces blue and red, respectively of Figure 12) 

showed a marked absorption peak in the UV region (peaking at ca 260 nm) typical of this type 

of inorganic oxide matrixes. Moreover, they showed also three typical peaks at 1408 nm, 1920 

nm, 2208 nm attributed to the water46 possibly present both externally, internally and in the 

interlayer districts (Figure 12, zoomed in panels e and f). In the same region and for the TDP-

containing samples only, a band peaking at 1733 nm was attributed to TDP. As it is clear from 

the comparison of the DRUV spectra reported in Figure 12, while for the pristine HNT and 

HNT-TDP there wasn’t an absorption peak in the range 400-700 nm, the H2TPPF20 and Zn-

TPPF20 exhibited the characteristic B and Q bands of porphyrins,47–49  confirming the presence 

of H2TPPF20 and Zn-TPPF20 in all the four loaded samples. The H2TPPF2 absorption spectrum 

(Figure 12a) shows the typical 5 bands, the B band at 419 nm (S0→S2 transition) and the 

weaker Q-bands(Figure 12c) at 505, 538, 582 and636 nm (S0→S1 transition). These bands are 

quite similar to the ones of the porphyrin dissolved in THF (see Figure 4a), except for the last 

Q band that results in blue-shifted of ca. 20 nm. On the contrary, the two loaded samples HNT-

H2TPPF20 and HNT-TDP-H2TPPF20 present also the fourth Q-band at the very same wavelength 

as the porphyrin in solution (652 nm). This similarity with the spectrum in solution suggests 

that the molecules are not packed as in the solid-state, and this could suggest an inner lumen 

localization. Passing from the free-base to the Zn-porphyrin the ring symmetry of the planar 

macrocycle increases from D2h to D4h, and this simplifies the solution spectrum, and only two 

Q-Bands are observed at 550 and 585 nm (Figure 4c). In the DRUV spectrum of Zn-porphyrin, 

apart from the two Q-bands at 543 and 583 nm a third evident transition is present at 630 nm 

is visible (Figure 12d). This band together with other overlapped bands to the principal 

absorption ascribable to the metalloporphyrin, are very similar to those of the free base. Also 

in this case, the two loaded samples showed a significant shift of the Q-bands: the first one 

becomes equal to the one observed in solution (550 nm), the second one is present for the 

HNT-Zn-TPPF20 spectrum (ca. 583 nm) while completely disappears for the HNT-TDP-ZnTPPF20 

sample for which a new band a 622 nm becomes much evident. In conclusion, the whole 

evidence is that for the loaded samples the absorption profiles of the Q bands are quite 

different from the ones of the solid phase and resembles more the solution situation, and this 

can suggest that the inner lumen loaded molecules are not able to crystallize as the neat 

powder and they retain a more disordered or amorphous state. 
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Figure 12 Diffuse reflectance ultraviolet spectra (DRUV) of halloysite pristine and modified with TDP loaded with 

H2TPPF20 (left column) or Zn-TPPF20 (right column). 

 

2.4.3 Thermogravimetric analysis 

The loading percentage of H2TPPF20 and ZnTPPF20 was estimated gravimetrically through 

TGA-DTGA analysis (Figure 13), whose results are summarized in Table 2. All the analyses were 

carried out under air flux. 

The TG profile of the two ground samples (Figure 13a and 13b) showed, apart from the initial 

weight loss due to hydration water (common to all the samples), the interlayer water and the 

OH dehydration typical of the HNT (onset temperature 410 °C, see Chapter 2), a weight loss 

due to the thermo-oxidative degradation of porphyrin and metalloporphyrin, respectively, 

characterized by an onset temperature of 290 °C and an inflection point at ca. 375 °C.  



89 
 

 
Figure 13. TGA-DTGA of ground HNT with H2TPPF20 and Zn-TPPF20 (panels a and b, respectively), and pristine 

halloysite and modified with TDP before and after dextrin capping loaded with H2TPPF20 (left column) or Zn-TPPF20 
(right column). 

 

The comparison of these TG curves with the ones of the loaded samples (Figure 13c and d) 

highlighted some differences, in particular with the loaded sample HNT-H2TPPF20 (Figure 13c) 

Indeed, in this case, it is noticeable the presence of some THF still present due to the loading 
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procedure that could even be intercalated into the interlayers. Also the interlayer water is 

contributing to this first part of the curve. This provoked first of all an inclination of the plateau 

prior to the thermo-oxidation of the porphyrin. More interesting is the shift of the thermo-

oxidation of both the porphyrin and of the OH dihydroxylation of the inner lumen. The 

slowdown of both the processes could be interpreted as evidence of the localization of the 

porphyrin in the inner lumen. On the contrary, the thermal degradation processes in the 

analogue Zn-based sample, the loaded HNT-ZnTPPF20, appeared to be slightly accelerated, 

maybe caused by a catalytic effect due to the presence of the metal centre. The estimation of 

the H2TPPF20 loaded mass % for the loaded HNT-H2TPPF20 was made by subtracting the OH 

dihydroxylation contribution to the whole step proportionally corrected. This way we 

concluded that H2TPPF20 accounted for 3.1%. In the case of the loaded sample HNT-ZnTPPF20, 

the amount was directly measurable from the separated peak presenting an inflection point 

at 340 °C, and that accounted for the 3.2% of weight loss. 

In the case of TDP-containing 

samples, there was an overlapping of 

the weight loss step due to the 

oxidation of TDP and the one of the 

porphyrins. The step due to porphyrin 

(see above) differs from that of the 

TDP (see Figure 14) in that the latter 

has a slightly lower onset temperature 

(275 °C) with an inflection point at 365 

°C. This similarity in the degradation 

range of porphyrins and TDP 

complicated the quantification 

estimation of porphyrin present in those samples in which HNT was functionalized with TDP 

(Figure 13e and 13f). For this reason, we opted for a calculation that provided the 

quantification of the loaded drug by difference with the HNT-TDP precursor after a 

proportional adjustment. This procedure accounted for 3.4% of porphyrin and only 1.5% of 

Zn-porphyrin when the lumen was functionalized by TDP. This can be explained by the higher 

polarity of the Zn-porphyrin compared to the free base form, and hence the lower affinity 

with the apolar lumen. 

The last four samples were the ones treated with dextrin, used as a stopper for the entry of 

the lumen (Figure 13g-l). The dextrin can be easily recognized by the DTGA profile. Indeed, in 

all the four analyses, a peak centred at ca 265 °C (corresponding to the inflection point) was 

diagnostic for its presence. The amount of porphyrin or Zn-porphyrin in these final samples 

resulted generally decreased compared to their precursors. The loss of the drug has been 

attributed due to the stirring step, during which the release from the HNT lumen can occur. 

Only in the case of the loaded HNT-TDP- H2TPPF20-dextrin sample, there was any loss, 

indicating the high affinity of the apolar inner lumen and the perfluorinated free-base 

porphyrin. The % amounts in each sample are summarized in Table 2. 

 

 

 

 

 
Figure 14. TGA and DTGA profiles of HNT-TDP. 

SAMPLE 
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Table 2 Drug content % estimated through TGA -DTGA analysis for different loaded samples 

Sample content Drug % TDP% Dextrin% Loading efficiency % 

HNT- H2TPPF20 3.1 - - 62 

HNT-TDP- H2TPPF20 3.5 5.7 - 70 

HNT- H2TPPF20-Dextrin 3.0 - 2.9 60 

HNT-TDP- H2TPPF20-Dextrin 3.5 5.2 4.25 70 

HNT- Zn-PPF20 3.2 - - 64 

HNT-TDP- ZnTPPF20 1.52 4.4 - 30 

HNT- ZnTPPF20-Dextrin 2.9 - 2.3 58 

HNT-TDP- ZnTPPF20-Dextrin 1.35 4.4 2.01 27 

 

 

2.5 Emission of H2TPPF20 and ZnTPPF20 

As to the luminescence of this free-base porphyrin, it has been already described in the 

literature28 dissolved in THF as well as in its aggregated form as the amount of water was 

increased. The photoluminescence emission spectrum of H2TPPF20 in THF showed three main 

emission bands centred at 637, 657 and 704 nm (Figure 15). On increasing the amount of 

water, and in particular for 80% water content, the spectrum completely changed, being 

almost totally quenched the transition at 637 and 704 nm, while remaining visible the middle 

transition even if slightly red-shifted at ca 670 nm. The heavy change of the emission profile 

is ascribed to the aggregation towards the formation of J-aggregates. 28,50 

First of all, we characterized the emission of H2TPPF20 and the ZnTPPF20 in the solid phase, to 

be compared with the adducts of these two porphyrins with both pristine HNT and pre-

functionalized HNT with TDP (HNT-TDP). The emission 

spectrum of H2TPPF20 and the one of the metal-porphyrin 

Zn-TPPF20 are reported in Figure 16. 

The emission profile of solid H2TPPF20 presented two 

main bands at 664 and 703 nm that resembled the one of 

the aggregate observed in the mixture THF/H2O 80:20 

rather than the emission profile of the isolated molecules 

in THF solution.50  

As expected, the emission spectrum of H2TPPF20 did not 

change upon varying the excitation wavelength (Figure 17, 

presenting always the two main peaks and some minor 

shoulder bands possibly due to excited vibronic transitions. 

In the case of ZnTPPF20 the excitation wavelength 

modulated the emission intensity only of the transition at 

lower energy (689 nm), while the transition at 634 nm 

passing from 423 to 470 nm remains constant (Figure 17).51 

 

Figure 15 (a) Emission spectra of monomeric 
H2TPPF20 (black line) and H2TPPF20 upon the 
addition of H2O from 10 to 95% (λex=407 nm). 
(b) Picture of H2TPPF20 in THF and THF/H2O 
irradiated by UV light. 28 
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Figure 16. Solid state emission spectra of H2TPPF20 and Zn-TPPF20 (λex = 470 nm and 435 nm, respectively). 
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Figure 17. Solid state emission spectra of (Left) H2TPPF20 (λex = 370, 423, and 470 nm) and (right) Zn-TPPF20(λex = 
423, and 470 nm) respectively. 

 

The excitation profiles of the free base and Zn-porphyrin complex are reported in the 

following Figure 18. Their profile with a sort of extended plateau is normal when aggregates 

are present. 
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Figure 18. Excitation profiles of H2TPPF20 (λem = 666 nm) and Zn-TPPF20 (λem = 633 nm). 
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lumen, we analyzed the emission spectra of the loaded HNT-porphyrin together with a sample 

of HNT mechanically mixed with H2TPPF20 by grinding them into a mortar. This way, we were 

sure that the interaction of porphyrin with HNT, if any, was only with the silica-based external 

part of the nano-clay. Moreover, we tried also to verify if the employment of the pre-

functionalized HNT-TDP was more effective for the inner loading due to the apolar internal 

environment formed by the tails of TDP. In the next Figure 19 the emission spectra of loaded 

HNT- H2TPPF20 (c), HNT-TDP- H2TPPF20 (d)and the ground HNT + H2TPPF20 (b) are shown. 

 

 
Figure 19. Emission spectra of a) H2TPPF20 (λex = 470 nm) b) dry HNT mixed with solid H2TPPF20 (λex = 579 nm) c) 
HNT loaded with H2TPPF20 (λex = 400 nm) d) HNT-TDP loaded with H2TPPF20 (λex = 423 nm) 

 

The emission spectra of all the samples were acquired exciting at three distinct wavelengths 

and in any case, a dependence from the excitation wavelength was detected as expected by 

Kasha’s rule. The differences between the four species were minimal, but by comparing the 

spectra of the four different situations into which the porphyrin can be found (see Figure 20), 

we can list: i) the relative intensity of the two main bands in the three HNT-Porphyrin adducts 

increase by passing from the ground sample to HNT-porphyrin to HNT-TDP-porphyrin; ii) the 

sample of neat porphyrin shows an inverted relative intensity of the two bands. 
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Figure 20. Superposition of the normalized emission spectra of H2TPPF20 alone, loaded HNT-H2TPPF20, HNT-TDP- 

H2TPPF20 and the ground HNT + H2TPPF20. 

 

The spectra on the solid form is not resembling the spectrum of the aggregates in solution 

reported in the literature (see Figure 15). This means that in the solid-state there are other 

interactions. These interaction are partially removed when the porphyrin interacts with the 

HNT. The comparison of these solid-state emission spectra with the one in solution seems to 

indicate that in the case of the loaded HNT-TDP there was a sort of concentrated solution. 

The same spectra were acquired on the Zn-porphyrin-containing samples (Figure 21 and 22).  

 

 
Figure 21. Emission spectra of a) ZnTPPF20 (λex = 435 nm) b) dry HNT mixed with solid ZnTPPF20 (λex = 437 nm) c) 
HNT loaded with ZnTPPF20 (λex = 550 nm) d) HNT-TDP loaded with ZnTPPF20 (λex = 551 nm) 
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Figure 22. Superposition of the normalized emission spectra of ZnTPPF20 alone (black), loaded HNT-ZnTPPF20 

(blue), HNT-TDP- ZnTPPF20 (green) and the ground HNT + ZnTPPF20 (red). 

 

The evident difference in the emission spectra is not deriving from an interaction between 

the external silica of HNT with Zn-porphyrin as suggested by the good superposition of the 

peaks of Zn-porphyrin and the ground HNT + Zn-porphyrin sample. On the contrary, 

comparing the spectra of the two samples with loaded Zn-porphyrin in pristine HNT or 

modified HNT-TDP, it is visible a clear shift of the most intense peak (from 633 to 650 nm) and 

a concomitant broadening of the band, whereas the less intense transition is not anymore 

clearly visible but remains as a shoulder of the main peak. Also in this case, it is as when loaded 

into the HNT-TDP lumen the Zn-porphyrin was diluted compared to the emission profile of the 

pure metalloporphyrin in the solid-state. 

 

2.6 Drug release 
The controlled release of the loaded drug (H2TPPF20 and Zn-TPPF20) from HNT composite was 

studied in THF solution mixed with 50 % water to facilitate the release of hydrophobic drug 

H2TPPF20 under study. Figure 23 represented the release process and analysis through UV-

visible spectroscopy through the intervals time. The Normalized release profile of the drug 

from halloysite samples before and after dextrin capping presented in Figure 24. Calculation 

of the amount of drug released over time intervals was done taking into account the dilution 

factor (see Experimental part).  

As noted, compared to non-capped samples, dextrin capping retard the complete release of 

the drug. For all sample profile, there is an initial release burst within 15 min, then samples 

divided for two groups non-capped above the capped halloysite composite. The first sample 

reaching the maximum release % was the Zn-TPPF20 from pristine halloysite but the release of 

H2TPPF20 from capped halloysite modified with TDP required more time compared to the 

other samples and that could owe to the hydrophobicity of the inner lumen.  
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Figure 23 skitch summarize the process of Drug detection during release process  
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Figure 24. Release of H2TPPF20 and ZnTPPF20 from the loaded sample before and after capping with dextrin 
 
 

To obtain a good fitting of the release profiles (Figure 24) and gain insights on the release 

kinetics, we had to employ a sum of two first-order kinetics,52 which revealed to be the only 

model able to well describe the release profile (Eq. 4. 3). 

 

R = M1(1-e-k1*t) + M2(1-e-k2*t)                                         (Eq. 4.3) 
 

Where M is the amount of active agent (amount loaded within lumen) released at specific 

time, and k is the release rate constant. 

This can be explained by taking into account the presence of two distinct release sites, being 

evident that the first part of the release kinetic (30 min) is a burst release, much faster than 

what showed by the second part of the curve. 
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2.7 SPION addition 
The second part of this project with Halloysites was devoted to the co-loading of porphyrins 

with magnetic nanoparticles (SPION). The aim pursued was to load in the inner lumen the 

SPION together with the porphyrin to trigger the PS release by an external magnetic stimulus, 

which in principle would have led to a local overheating and hence the possible release of the 

PS. 

As previously presented (Chapter 2), the selective loading of SPION@OA into the HNT inner 

lumen was achieved by premodification of the inner lumen with the apolar molecule TDP. For 

the co-loading we employed the very same strategy to enable the loading of both the apolar 

free-base perfluorinated porphyrin and the SPION stabilized by a layer of oleic acid (OA). The 

SPION@OA employed here are the very same as one of the samples (SPION3@OA) already 

used in Chapter 2. 

At the beginning, we used a step by step loading, where we started loading H2TPPF20 leading 

to a pale yellow adduct, followed by a second SPION@OA loading step. As showed by TEM 

analysis (Figure 25), the step by step loading was not successful in co-loading both the 

porphyrins and the SPION in the inner lumen. We reasoned that this was possibly due to the 

necessity to have air bubbles53 in order to push the SPION to come in, but these were already 

completely removed by the first loading step. We only succeeded in the formation of an 

adduct (SPION-HNT-TDP-H2TPPF20) where SPION were completely covering the outer surface 

of HNT. These adducts could still be useful for biomedical purposes being SPION contrast 

agents for MRI and also useful as therapeutic agents in the magnetic hyperthermia. In the 

future, we will further characterize these adducts and employe them in biological tests. 

 
Figure 25. TEM image of SPION-HNT-TDP-H2TPPF20 loaded by the step-by-step method. 
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The other way pursued for the loading of both SPION and H2TPPF20 was through an in situ 

method, in which both SPION@OA and H2TPPF20 were contemporarily dispersed in n-hexane 

in the presence of HNT-TDP, followed by vacuum/N2 cycles. Under UV lamp irradiation, the 

luminescence of porphyrin became invisible. This induced us to think that SPION were acting 

as luminescence quenchers54 due to electronic coupling and energy transfer between 

magnetic cores and H2TPPF20 leading to a decrease in the quantum emission yield of the 

porphyrin. 

DRUV spectrum (Figure 26) of the so obtained sample showed the porphyrin B-band and 

very poorly the Q bands since the very wide band of SPION nanoparticles dominated the 

absorption spectrum. Anyhow the presence of the B-band is enough to confirm the porphyrin 

was loaded together with the SPION. 
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Figure 26. DRUV spectrum of the sample SPION-HNT-TDP-H2TPPF20 loaded by the one-pot method (blue curve). 

A comparison is reported with the SPION/HNT-TDP (green), the ground HNT-porphyrin (red) and the HNT-TDP 
samples with enlargement of the region of wavelengths characteristic of H2TPPF20 (190-800 nm). The dashed line 
indicates the intense Soret band.  

 

For further and more reliable confirmation of the presence of SPION and H2TPPF20 within 

HNT-TDP, some TEM images were captured (Figure 27). Even if TEM is not easy to identify a 

molecule The TEM allowed to identify porphyrins inside the nanotubes through the 

observation of few grey spots (Figure 27, violet arrows). It is noted that there are few SPION 

present in the HNT lumen (Figure 27, blue arrows), and on the contrary, most of them are 

located outside. Most likely, in simultaneous loading there can be a competition between 

SPION and porphyrins that hamper both to be effectively loaded. 

Hence, we concluded that also the one-pot loading did not give the expected outcomes due 

to the competition between SPION and porphyrins. Further future developments are required 

to allow both elements to enter the lumen efficiently. A possible way to overcome the co-

loading issue in the inner lumen could consist of bonding PS to SPION surface either 

electrostatically or by a breakable covalent bond as a consequence of an external stimulus.  
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Figure 27. TEM micrograph of the SPION-HNT-TDP-H2TPPF20 loaded by the one-pot method. Violet and blue 

arrows indicate the drug and SPION, respectively, lying in the inner lumen of HNT. 

3 Conclusions 
 

The primary goal of this work was the preparation and characterization of new HNT adducts 

with a luminescent apolar molecule able to act as photosensitizers for photodynamic therapy. 

The two chosen luminescent molecules were the perfluorinated porphyrin and its Zn complex, 

used as a model for apolar drugs. It was also ascertained that in our conditions these 

molecules were able to behave as photosensitizers for the production of singlet oxygen and 

so they were both effective PDT agents.  

The loaded HNT into the inner lumen of both the perfluorinated porphyrin and Zn-porphyrin 

was obtained by successive vacuum/N2 cycles studying, by comparison, the efficiency of the 

loading dependently to the HNT different polarity. 

All the synthesized adducts were completely characterized by several techniques such as 

ATR-FTIR, DRUV and fluorescence spectroscopies as well as the TEM and TGA. Besides the 

estimation of the amount of loaded drug in the various samples, we tried to evidence the 

differences throughout the several samples and ascertain if the loading was effectively 

reaching the inner lumen as desired. In particular, the DRUV and emission spectroscopies 

were indicative of significant differences between the loaded and the ground samples, 

together with the TEM microscopy. 

Finally, we found that to modulate and slowing down the release of the porphyrin from HNT, 

the use of dextrin stoppers for the HNT open sides could be helpful. By following the kinetic 
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of porphyrin release through UV-vis spectroscopy we concluded that as expected the capping 

dextrin plays a major role in the release process, but we cannot exclude a minor role also due 

to the apolar TDP layer, being able to establish weak apolar interactions with the porphyrin 

molecules in the inner lumen. Many efforts will be devoted in the future to test these HNT-

adducts in vitro and in vivo as well as to improve the sustained release.  

Finally, only very preliminary results have been obtained about the co-loading of SPION and 

porphyrins. Up to now, we were able to externally decorate the HNT with SPION, and load in 

the lumen the molecular drug. This could be a valuable product if used as a theranostic agent, 

exploiting the drug payload together with the magnetic properties of SPION possibly for both 

diagnosis (MRI contrast agent) and magnetic hyperthermia. For the future, we also aim to 

pursue the initial purpose of finding an effective way to co-load SPION and drug in the inner 

lumen, for triggering with an external stimulus the controlled release of the HNT payload. For 

that, new strategies should be taken into account as, for example, the breakable linkage of 

the drug to the SPION surface. 

4 Experimental Part 

4.1 Materials and instruments 
5,10,15,20-tetrakis(perfluorophenyl)porphyrin (H2TPPF20) and [5,10,15,20-
tetrakis(perfluorophenyl) porphyrinato]zinc(ii) (ZnTPPF20) provided by prof Francesca Tessore 
group.55 Tetradecylphosphonic acid 97%, Methanol 99.8%, 1,5-Dihydroxynaphthalene 97%, 
Halloysite nanotubes HNT (Sigma Aldrich), n-hexane 96% (Scharlau), Tetrahydrofuran THF 
(Merck), ethanol 99.8% (Merck UK), dextrin from potato starch (Millipore). Ultrapure milli-Q 
water (Millipore, resistivity=18M Ω cm−2) was used for the preparation of the aqueous 
solutions. 

ATR-FTIR spectra were acquired on a PerkinElmer Frontier instrument equipped with an ATR 
accessory with a diamond/ZnSe crystal. The IR spectra were registered between 4000 and 400 
cm-1. 

Transmission Electron Microscopy (TEM) experiments were carried out using a FEI Tecnai 
F20 Field Emission Gun electron microscope with a 200 kV accelerating voltage. The samples 
were first dispersed in isopropanol and sonicated for a couple of minutes. A drop was then 
placed onto a 300 mesh carbon-coated copper grid. The nanoparticle size was measured by 
Image-J free software, for each sample, the measured NPs were around 1000. 

Thermogravimetric analysis (TGA) was carried out in air atmosphere and in the temperature 
range 50–800 °C with a heating rate of 5 °C∙min-1, using a Mettler-Toledo thermogravimetric 
balance (TGA/DSC 2 Star® System) on ca 10 mg of lyophilized samples. 

Diffused Reflectance UV spectroscopy (DRUV) was carried out by using a double beam UV–
vis–NIR scanning spectrophotometer (Shimadzu UV-3600 plus, Tokyo, Japan) equipped with a 
diffuse reflectance accessory (integrating sphere from BIS- 603) in the wavelength range 220–
2600 nm. The finely ground powder samples were uniformly pressed in a circular disk (with 
an external diameter of 0.5 cm) included in the sample holder. The latter was inserted in a 
special quartz cuvette and then fixed on a window of the integrating sphere for the reflectance 
measurements. BaSO4 was the reflectance reference compound used. 

4.2 Photoreaction of H2TPPF20 and ZnTPPF20 with DHN 
H2TPPF20 (1.0 mg) (5.1 × 10-4M) was dissolved in 50 µL of DMSO, then it was transferred in a 

volumetric flask (2 mL), and was made up to volume by adding EtOH. In another volumetric 
flask (10 mL) a stock solution of DHN was prepared by dissolving 17.0 mg DHN in EtOH (1.0 × 
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10-3M) that was further diluted to 3.7 × 10-4M. Then, in a quartz cuvette (Quartz SUPRASIL®), 
2.5 mL of the diluted DHN solution (3.7 × 10-4M) were mixed with 100 µL of H2TPPF20 solution. 
Before irradiation, the solution was saturated with O2 by bubbling directly in the cuvette for 
ca. 10 min. The solution was then irradiated through a LED light source (Megamanlamp ® 
PAR16 GU10 LR0707-SP) and spectra were collected every 3 min for the first 10 min, then at 
the following time points: 10, 20, 30, 40, 60, and 90 min. The same procedure was followed 
for the photoreaction involving ZnTPPF20 as PS using 1.0 mg of ZnTPPF20 in 2.0 mL of pure 
ETOH (4.8 × 10-4M). 

4.3 Loading step 
7.5 milligrams of a photosensitizer (H2TPPF20 or ZnTPPF20) were dissolved in 5 mL of THF. 

Then, the solution was added with a THF suspension of pristine HNT or modified with TDP 
(150 mg in 5 mL). The loading of porphyrins was achieved by applying vacuum/N2cycles for 3 
h. During the loading process, when the suspension was near to dryness, other THF was 
added, to restore the starting volume. This volume restoration was repeated 5 times over the 
3 h. Then, the suspension was left under vacuum until the solvent volume was reduced to ca. 
4 mL and the mixture was left under stirring at room temperature for 24 h. 

The loaded HNT were recovered by centrifugation (5 min at 6000 rcf), then the recovered 
pellet was washed once with THF, centrifuged once more, dryed at 50 °C for 3 h, and finally 
gently ground to obtain a fine powder. 

4.4 Capping step 
For the HNT capping we following a procedure described in the literature.37,40 Briefly 70 mg 

of loaded HNT samples were added to 7 mL of an aqueous dextrin solution (10 mg/mL). The 
mixture was left under vacuum/N2 cycles for 2 h, then centrifuged at 7197 rcf for 3 min, and 
the recovered pelled washed with 3 mL milliQ water, and finally dryed by an air flux preserving 
the sample from the light. 

4.5 Determination of the molar extintion coefficient of H2TPPF20 or 

ZnTPPF20 and the UV-vis detection limit 
A stock solution of the photosensitizer was prepared by dissolving 1 mg of H2TPPF20 or 

ZnTPPF20 in 250 µL of pure THF, and then added with a mixture 1:1 H2O/THF up to a total 
volume of 5 mL (ca. 2×10-1 mM). Then, from this stock solution, diluted solutions were 
subsequently prepared at different concentration values (10-1, 5×10-2, 10-2, 5×10-3, 2.5×10-3, 
10-3, 5×10-4, 10-4, 5×10-5 mM). For each concentration, a UV-vis spectrum was recorded until 
the obtainment of the molar extinction coefficients of the Sorbet bands (λmax = 410 and 419 
nm for porphyrin and Zn porphyrin, respectively), and a rough detection limit concentration 
value was estimated. 

4.6 Release step 
20 milligrams of a loaded sample were added to a plastic Eppendorf centrifuge tube and 

dispersed in 3 mL of a mixture H2O:THF 1:1 and equipped with a micro-magnetic stir bar. The 
suspension was started to be stirred at 1000 rpm and room temperature. Then, at fixed times, 
the suspension was centrifuged at 6000 rcf/3 min, and 1 mL of the supernatant was withdrawn 
and the content analyzed after diluting at a total volume of 2.5 mL. To keep constant the 
volume of the release medium, 1 mL of fresh solution (THF 50%) was added each time to 
replace the withdrawn one. The UV-vis spectra were recorded at 0.5,15, 30, 60, 180, 240, 300 
and 1400 min.  
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Calculation of the amount of drug released in the intervals was done considering the dilution 
factor employing the following equations (Eq. 4.4 and Eq. 4.5): 

 

• mmol released in each interval time t = 

((((
Absorbance @ time t

absorbitivity of drug at analsysis λ
*3)amount inside

quartz cuvette
*3)total amount inside

eppandorf @ time t
)measured amount at time t-( ∑ (

2
3

)i * actual amount releasedt-i
i=t-1
i=1 ))

1000
 (𝐸𝑞. 4.4) 

 

• Percentage of drug released at time t= 

(
∑ The mmol released each interval timei

t=i
t=0  

maximum amount in mmol loaded in 20 mg
) ∗ 100              (Eq. 4.5) 

 

4.7 Step by step HNT loading of porphyrin and SPION  
2.5 milligrams of H2TPPF20 were dissolved in 50 mL n-hexane and then stirred for 30 min until 

complete dissolution was observed. Then, 50 mg of modified halloysite with TDP were added 
to the solution. The loading of porphyrins was achieved by applying vacuum/N2 cycles for 2 h. 
During the loading process, when the suspension was near to dryness, other hexane was 
added, to restore the starting volume. 

Then to the same suspension, 0.75 mL of an n-hexane suspension of SPION (containing ca. 
2mg of Fe) was added, followed by repeating the vacuum/N2 cycles for 2 h further. Then, the 
suspension was left under vacuum until the solvent volume was reduced to ca. 4 mL. 

The loaded HNT adducts were recovered by centrifugation (5 min at 2000 rcf), then the 
recovered pellet was washed once with hexane, and the HNT-porphyrin SPION adduct was 
magnetically recovered, removing the clear n-hexane supernatant. Finally, the pellet was 
gently dried by a nitrogen flux. 

 

4.8 One-pot loading of porphyrin and SPION 
2.5 milligrams of H2TPPF20 were dissolved in 50 mL of hexane followed by stirring for 30 min 

until complete dissolution was observed. Then to the solution, 50 mg of modified halloysite 
with TDP were added. Then to the same mixture, 0.75 mL of SPION (ca. 2mg Fe) were added, 
followed by the vacuum/N2 cycles for 2 h. During the loading process, when the suspension 
was near to dryness, other hexane was added, to restore the starting volume. 

Then, the suspension was left under vacuum until the solvent volume was reduced to ≈ 4 
mL. The loaded HNT adduct were recovered by centrifugation (5 min at 2000 rcf), then the 
recovered pellet was washed once with hexane and magnetically recovered. Finally, the pellet 
was gently dried by a nitrogen flux. 
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Chapter 5 
Halloysite nanotubes decorated with a Ru-based 

photosensitizer as organic-inorganic hybrid PDT agent with 

potentialities as dual drug vector.  

 

1 Introduction  
 

Metal coordination and organometallic complexes have been used for centuries in medicine 

because they offer a wide range of oxidation states, coordination numbers, and geometries, 

yielding virtually unlimited structural and chemical space. Currently, they have been used as 

anticancer, antimicrobial, and diagnostic agents. 1 The properties of the “d” block transition 

metal complexes can be changed drastically or fine-tuned, owing to their modular three-

dimensional structure that a wise selection of ligand-metal combinations can easily modify. 

These combinations can be designed with appropriate geometry for specific interactions with 

biological targets.2  

The pioneer in the study of metal chelates as antitumor agents with copper and 

dimethylglyoxime was Takamiya et al., followed by the use of other metals such as platinum 

and palladium in coordination with 6-mercaptopurine reported by Yung-Kang Wei and Francis 

in 1962. 3 Later, their FDA approval in 1978 led to discovering other platinum-based 

compounds such as Oxaliplatin and Carboplatin, presently used at the clinical level.4 Despite 

the success of platinum-based anticancer drugs, there remains a usual fear that metals are 

too toxic to be considered in pharmaceutical formulations.5 

A significant change in organometallic for therapeutic purpose came in 1979 when Koepf et 

al. first reported the anticancer activity of titanocene dichloride, which later became available 

for clinical trials in 1993.4 

Ruthenium chloro-amine complexes were firstly studied by Durig et al. highlighted the 

inhibition activity of Ru complexes toward the growth of E.coli.3, followed by the antitumor 

activity introduced by Clark et al. However, these compounds were not suitable for clinical 

evaluation due to their poor solubility in water.6 The three main properties that make Ru 

complexes well suited to the medicinal application are their slow rate of ligand exchange7, 

range of accessible oxidation states and the ability of ruthenium to mimic iron in binding to 

certain biological molecules.8 

Ruthenium polyazine complexes were initially developed for their characteristic 

photophysical, photochemical, and redox properties for solar energy conversion purposes. 

Later these complexes were also used as DNA probes.9 These complexes showed specific 

binding to B-DNA,10 due to the interaction between the ligand and phosphate backbone.11 

As already discussed in the previous chapter, photodynamic therapy (PDT) is a treatment 

modality that utilizes light, a photosensitizer (PS), and molecular oxygen. There is a variety of 



107 
 

PSs already under study.12,13 In contrast to the π-π* excited states that lead to PDT effects in 

organic photosensitizers, metallo-based PSs can be designed to provide diverse excited-state 

configurations (Scheme 1). These configurations can be centred entirely on the metal (metal-

centred, MC), within a single ligand (intraligand, IL), or involve both the metal and the ligand(s) 

in charge-transfer states, metal-to-ligand charge transfer (MLCT) or ligand-to-metal charge 

transfer (LMCT). It is also possible to have a charge-transfer excited state within a single ligand 

(intraligand transfer, ILCT), between two different ligands (ligand-to-ligand charge transfer, 

LLCT), or between two metal atoms in the case of a multimetallic complex (metal-to-metal 

charge transfer, MMCT). These excited states are further described by multiplicity, usually 

singlet or triplet. Triplet states are generally more easily accessed in metal complexes due to 

enhanced spin-orbit coupling induced by heavy atoms. This is an important consideration for 

at least two reasons. First, triplet states tend to be longer-lived, permitting the increased 

probability of a reaction between the sensitizer and a substrate. Second, oxygen-dependent 

and oxygen-independent phototoxic mechanisms originate from triplet states. 

 

 

Scheme 1. Some of the electronic transitions available to transition metal complexes. 

 

Ruthenium (II) polyazine complexes show promise as PDT agents and selected for our study 

because of (i) the kinetically inert character of the low-spin d6 species, (ii) their intense metal 

to ligand charge-transfer (MLCT) band in the visible spectrum with luminescent emission in 

the red –NIR region of the spectrum (iii) they can be excited by both one-photon and two-

photon excitation mechanisms exploiting the long-lived triplet metal-to-ligand charge transfer 

state (3MLCT) and since (iv) many chemical and spectroscopic properties of the poly polyazine 

complexes have been established, so a series of Ru polyazine based complexes have already 

reached the clinical trials as new photosensitizers for PDT.14–16 

The electronic structure of the ground and excited states of Ruthenium (II) polyazine has 

been examined in detail in many literatures.17–19 As a summary, the ligand-centred 𝜋 *-orbitals 

are lower in energy than the metalcentred 𝜎 *-(eg)-orbitals. Therefore, upon excitation of Ru 

complex an electron from the ground state orbital (𝜋 M) of ruthenium is promoted to a ligand 

orbital (𝜋𝐿
∗) localised on one of the azine rings. This electron movement assigned as (1MLCT).  

So our goal starts with the development of a hybrid system as a novel photosensitizer that 

can be further developed towards a dual nano-platform where the photosensitizer is attached 

to the external halloysite (HNT) surface through a covalent bond, hence leaving the inner 

lumen free to be eventually loaded with a second drug (Scheme 2), potentially able to 

synergically enhance the therapeutic effect on an unhealthy or infected tissue.  
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Scheme 2. Schematic representation of the chemical structure of purposed Ru PS attached to HNT surface. 

2 Results and discussion 
 

The trisphenanthroline Ru(II) complex -HNT adduct can be easily obtained by reacting the 

non-luminescent precursor [Ru(phen)2((CF3)2SO3)2] with the third phenanthroline ligand, 

which promptly substitutes the labile triflate anions. The third ligand synthesized by our group 

ended with trimethoxy silyl groups which can be easily bound to the HNT surface. We used 

two alternative routes to reach our goal: a) a pre-reaction of the phenanthroline-silane ligand 

followed by the complexation of the “phen” pendant to the metal ion; b) a pre-complexation 

of the ligand with the Ru precursor followed by the interaction with the Halloysites. 

2.1 Synthesis of 1,10-phenanthroline-5,6-epoxide (compound 1) 

The synthetic procedure was taken from the literature,20 and consists of the oxidation of the 

central ring by employing commercial bleach at controlled slightly basic pH (Scheme 3). 

Moreover, the reaction proceeds in a biphasic environment, so the tetrabutylammonium 

bisulfate was used as phase transfer agent. 

 
Scheme 3. Synthesis of the precursor 1,10-Phenanthroline-5,6-epoxide. 

The pH is the most important parameter to check since the occurrence of the reaction 

depends on it.21 Indeed, as already reported, in dependence on the pH, the reaction can 

proceed by favouring chlorine-based products, as indicated in the following Scheme 4. 
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Scheme 4. The pH control pathway representation of 1,10-phenanthroline oxidation  

The purification of the product was carried out by gravimetric chromatography after the 

proper eluting mixture was found. Comparing the first two TLC (see Figure 1) it is evident that 

NH3, as expected, increased the run rate of both the components, while with the same mixture 

in the absence of NH3, the Rf for compound 1 was too slow. Only by mixing ethyl acetate and 

MeOH with both NH3 and a slight amount of n-hexane, a sufficient separation of the two stains 

without decreasing too much the Rf was obtained. 

Proton NMR spectrum of the crude product showed two sets of signals (blue trace in Figure 

2), in agreement with TLC, containing the two species after separated by chromatography. 

After the chromatographic separation, the two fractions showed very similar 1H NMR splitting 

pattern, indicating that, as compound 1, also the by-product must be highly symmetric and 

with a non-aromatic central ring. Thus, the by-product could be the chlorinated by-product 

indicated in Scheme 4. 

 

 

Figure 1. Schematic representation of TLC with used mixture eluent. 
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Figure 2. 1H NMR spectra of the crude product of the synthesis of compound 1 (blue trace), of compound 1 after 
chromatographic separation (green trace), and the unknown by-product after chromatographic separation 
tentatively attributed to 5,6-dichloro-5,6-dihydro-1,10-phenanthroline (red trace) (9.4 T, 300 K, CDCl3 = *). The shift 
of the signals of compound 1 is due to a difference in concentration. 

2.2 Synthesis of 5-((3-(trimethoxysilyl)propyl)thio)-1,10-

phenanthroline (Compound 3)  

The epoxy-phenanthroline derivative is a key intermediate since it easily reacts with many 

nucleophiles, and in particular, it is promptly reacted with mercapto groups, leading to the 

opening of the epoxy ring and forming the transition intermediate 2 (Scheme 5). Moreover, 

the restoration of the aromaticity of the central ring is the driving force that leads to the 

formation of the final compound 3 by dehydration (Scheme 5). 

 

 
Scheme 5. Schematic depiction of the synthesis of compound 3 starting from phenanthroline-epoxide 1.  

* 

* 

* 
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1H NMR spectrum of the crude product is reported in Figure 3. It shows a set of signals 

compatible with a phenanthroline re-aromatized ring. Indeed, while in the aliphatic region 

there are the three typical signals of the silane propyl chain, in the aromatic region the 

presence of seven signals of equal integrated intensity states that the mercaptopropylsilane 

made a nucleophilic attack at one of the epoxide carbons, then followed by dehydration 

towards the restoration of the aromaticity of the central substituted ring. The methoxy groups 

that give a signal at 3.54 

ppm tend to hydrolyse 

very easily, and indeed, 

the lower integrated 

intensity indicates that 

partly the methoxy 

groups hydrolyzed to 

OH. The crude product 

was judged to be 

sufficiently pure and 

due to the instability of 

the product, we decided 

to go further without 

any other manipulation 

and estimating the 

concentration on the 

bases of the nominal 

amount of the precursors.  

2.3 Functionalization of HNT with Ru-trisphenanthroline complexes  

First of all, to enhance the stability of halloysite nanotubes (by Sigma-Aldrich) in water and 

to increase the reactivity toward the silane group of compound 3, the pristine HNT were 

pretreated with NaOH to enhance the amount of surface OH (see Experimental part), as 

shown in Scheme 6.22,23 

 

Scheme 6. Hydroxylation of pristine HNT.  

To effectively conjugate a Ru-photosensitizer to the hydroxylated HNT (h-HNT) external 

surface, we used two alternative ways, from now on called Pre-reaction and  Pre-

complexation. 

Figure 3. 1H NMR spectrum of compound 3 (9.4 T, 300 K, CD2Cl2).  
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2.3.1 Formation of HNT-5 through Pre-reaction method  

The pre-reaction method for the functionalization of h-HNT consisted of 2 separated 

following steps: the reaction of the external h-HNT surface with compound 3 followed by the 

chelation of a suitable Ru precursor on the HNT surface. 

At starting, the HNT-3 adduct was prepared as shown in Scheme 7, through the hydrolysis 

of the methoxy groups of 3 and the consequent condensation with the surface OH of between 

h-HNT,24 with the concomitant expulsion of one water molecule per condensed Si-O group. 

The reaction was carried out in a slightly basic aqueous medium to enhance the interaction 

between the siloxane group and the outer surface of halloysites.25  

 

Scheme 7. Schematic description of the synthesis of HNT-3 adduct. 

 
The FTIR analysis on the solid HNT-3 intermediate (Figure 4) showed small but significant 

differences compared to the one of the pristine HNT (Figure 5). In the HNT-3 adduct, we can 

see the typical stretching bands due to the inner Al-µ2-OH at 3695 cm-1 and interlayer Al-µ2-

OH at 3621 cm-1 that did not result decreased as expected in the case of reaction with the 

silane, suggesting that compound 3 interacted mostly with the outer surface. On the contrary, 

the inner Al2OH increased after the pre-treatment with NaOH, as well as the outer Si-OH 

vibrations that are responsible for the very large band centred at ca 3420 cm-1. The weaker 

band centred at 3550 cm-1 attributed to the stretching of the intercalated water molecules 

were still present but less evident.26 The presence of the silane molecule was revealed by the 

stretching mode of the aliphatic groups of the silane chain that were poor but still visible at 

2930 cm-1, while in the range between 1800 and 1200 cm-1, overlapped with bending mode 

bands of water and OH groups, there were sharper and weaker peaks attributable to the 

aromatic fingerprint bands (inset of Figure 5). It is likely that, because of the absence of 

enough water molecules, compound 3 could not hydrolyze thoroughly. The unhydrolyzed 

methoxy groups (CH3O) are visible in the spectra by the deformation vibration band (1255 

cm-1), whose presence suggests their uncomplete hydrolysis. The fraction of hydrolyzed 

compound 3 species not only react with the surface OH groups on HNT but also condense one 

to each other to form a surface cross-linked structure.24 All the other bands in the range 1200-

400 cm-1 are pretty similar in the two samples, and typical of the various vibrational modes of 

silica and alumina layers of HNT (see Table 1 for attributions).24,27–30 

Anyhow, from this analysis we cannot exclude that part of compound 3 was not reacted with 

the inner alumina, since it is possible that by diffusion it reached the inner lumen. 

Nevertheless, we think that without vacuum cycles this could be less probable and that most 

of compound 3 reacted with the exposed outer OH groups. 
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Figure 4. ATR-FTIR spectrum of HNT-3  

 

 

Figure 5. Comparison of ATR-FTIR spectra of HNT-3 and pristine HNT. 
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Table 1. ATR-FTIR bands and their attribution for HNT-3 

Wavenumber (cm-1) Attribution 

3695 inner-surface AlO-H stretching 

3621 inner AlO-H stretching 

3550 OH stretching of water present in the HNT interlayers 

2930 CH2 stretching vibrations of silane 

1800-1200 aromatic fingerprints 

1347 deformation (scissoring) of Si-CH 

1255 deformation (scissoring) of C-H in CH3 

1114 perpendicular Si-O stretching 

1088 and 1022 in-plane Si-O stretching 

1028 Si-O-Si deformation  

1007 Si–O stretching band of HNT silica layer 

940 O-H deformation of inner - surface hydroxyl groups 

908 O-H deformation of inner hydroxyl groups 

794 symmetric stretching of Si–O–Si 

742 perpendicular stretching of Si–O–Al 

671 alcohol-OH out of plane  

524 deformation of of Si–O–Al 

460 deformation of Si–O–Si 

428 deformation of Si–O 

As shown in Scheme 8, the HNT-3 adduct was reacted with the Ru precursor Ru(phen)2(OTf)2 

(4) in a mixture of water/methanol at a slightly basic pH (≈ 7.5-8.0). In this condition, no 

protonation of N of phenanthroline was occurring, so that the complexation was facilitated. 

Moreover, at this pH value, the positive charge of the HNT inner lumen was still preserved, 

and so there was active electrostatic repulsion towards the Ru(phen)2
2+ precursor. The 

reaction was easily followed since while the precursor is not luminescent, the substitution at 

the metal of the two labile triflate anions with a third phenanthroline ligand led to an orange 

luminescence emission. Even after several washings by centrifugation, the luminescence was 

observed coming by the collected HNT pellet, demonstrating that complexation reaction did 

occur at the HNT surface, giving rise to the formation of the adduct HNT-5. The ATR-FTIR 

analysis did not reveal evident peaks attributable to HNT-5, except for the fingerprint region 

due to the bending of the aromatic CH bonds. 

 

Scheme 8 Schematic description of the synthesis of HNT-5 adduct through pre-reaction method. 



115 
 

2.3.2 Formation of HNT-5 through Pre-complexation method  

The second pursued synthetic way consisted of the preventive preparation of the 

luminescent Ru-based complex, to be reacted with the h-HNT only at a later time (Scheme 9). 

 
Scheme 9 Schematic description of the synthesis of HNT-5 adduct through pre-complexation method. 

As for compound 3, also complex 5 for the same reasons could not be purified by 

chromatography due to the high instability and reactivity of the trimethoxysilyl moiety. After 

three days at reflux, methanol was evaporated to dryness and the residue immediately re-

dissolved in MeOD for the NMR analysis. The 1H NMR spectrum is reported in Figure 6. 

 
Figure 6. 1H NMR spectrum of compound 5 (MeOD, 400 MHz, 300 K).  
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On the bases of the symmetry of compound 5, the expected aromatic signals are 7 of equal 

integrated intensity (1, in Figure 7 indicated with the green square symbols) and 8 signals of 

doubled intensity for the two unsubstituted phenanthroline ligands (Figure 7, red circle 

symbols), since the asymmetry of ligand 3 is enough far away to affect the chemical shift of 

the two phenanthrolines, thus they result isochronous. 

To assign all the aromatic resonances, we compared first of all the 1H NMR spectra of ligand 

3, the mixture of ligand 3 together with trans-Ru(phen)2(OTf)2 complex at t = 0 and the same 

mixture at t = 72 h (Figure 7). 

 
Figure 7. Aromatic region of 1H NMR spectra (MeOD, 400 MHz, 300 K) of (1) compound 3; (2) mixture of trans-
Ru(phen)2(OTf)2 and compound 3 at t = 0; (3) the same mixture at t = 72 h. 

The first consideration concerns the Ru precursor. The 1H NMR showed four signals only, which are 

compatible with the trans isomer, while the Ru complex synthesized (4) was originally the cis. The 

isomerization from cis to trans is induced by the exposure to sunlight and depends on both the 

exposure time and the light intensity, while the inverse transformation reaction from trans to cis is 

induced by prolonged heating.31 Thus, in our synthesis the first step necessary for the complexation 

reaction was the isomerization step from trans to cis (Scheme 10).  

 
Scheme 10. Schematic depiction of the isomerization trans-cis around the Ru(II) centre activated by heating. 

 
Simultaneously with the cis- isomer formation, the reaction of compound 3 started to take 

place. Figure 8 and 9 report the 2D NMR homonuclear 1H COSY and 1H NOESY experiments, 

through which the assignment of all the signal of the desired product was obtained. 

Free Ligand 3 

mixture 3 + trans-Ru(phen)
2
(OTf)

2
  

t = 0 h 

Mixture of 3 + Ru(phen)
2
(OTf)

2
  

t = 72 h 

∆ 
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Figure 8.2D- NMR 1H-COSY experiment (MeOD, 400 MHz, 300 K) of compound 5.  

 
Figure 9.2D- NMR 1H-NOESY experiment (MeOD, 400 MHz, 300 K) of compound 5.  

Together with the appearance of the NMR signals attributable to the desired product, an 

orange luminescence started to be visible when the sample was observed under UV-lamp 

irradiation. 

The comparison of the ATR-FTIR spectra of HNT-5 obtained by both the methods (Figure 10) 

did not show any substantial difference, stating that the final products are very similar 

product. The only difference is the missing of the weak peak at 1255 cm-1, already attributed 
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to the C-H scissoring of CH3. This evidence suggests that in this case, a possible oligomerization 

of 5 could have occurred over HNT surface. 24 

 

Figure 10. Comparison of normalized ATR-FTIR spectra of HNT-5 synthesized through pre-reaction and pre 
complexation. The inset highlights the missing peak at 1255 cm-1. 

Two pictures of the samples observed under sunlight or UV-lamp irradiation are reported as 

well (Figure 11). Under UV-lamp we observed that the luminescence emission of HNT-5 

adduct synthesized by the pre-reaction method was much more intense compared to HNT-5 

synthesized with the other route. Also, a simple colloidal stability test (1 mg/mL) show that 

HNT-5 was much more stable in the case of the pre-reaction product compared to the pre-

complexation one, which completely settled down after 12 h. This colloidal stability could be 

attributed to the increase in the net charge value of the HNT outer surface measured by ζ-

potential (Figure 12), passing from negative values for pristine HNT (-25.0 ± 0.7 mV measured 

at pH 7.0) to + 16.9 ± 1.2 mV for pre-complexation product and + 44.3 ± 3.2 mV in the case of 

the pre-reaction sample. The observation of a more positive value for HNT-5 in the case of 

pre-reaction compared to pre-complexation further confirms the increase of % of Ru 

interacted with HNT. Also, the positive ζ-potential of HNT-5 adduct compared to the pristine 

HNT negative value suggests that the localization of PS is in the outer part of the nanotube. 

Due to the higher aqueous colloidal stability and obviously for the higher content of Ru PS, we 

concentrated our attention on HNT-5 adduct obtained by the pre-reaction route from now 

on. 
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Figure 11. Comparison of the colour of HNT-5 synthesized through a) pre-reaction and b) pre complexation. 

 

Figure 12. ζ-potential analyses of suspensions (1.0 mg/1.0 ml milliQ water)of HNT-5 synthesized through a) pre-
reaction and b) pre complexation. 

2.4 Photoreaction of HNT-5 with 1,5-Dihydroxynaphthalene as a Reporter 

of 1O2 Formation 

The ability of Ru complex anchored on the surface of HNT to act as photosensitizers for the 
1O2 generation was assessed by using 1,5-dihydroxynaphtalene (DHN) as an indirect reporter 

of singlet oxygen. DHN reacts promptly, quantitatively and selectively with 1O2 forming the 

oxidized species Juglone (5-hydroxy-1,4-naphthalenedione),32,33 according to Scheme 11: 

a) b) 

sunlight 

UV light 
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Scheme 11. Photochemical reaction used to monitor 1O2 formation in the presence of an effective PS. 

The reaction progress was monitored by UV–vis absorption spectroscopy following the 

decrease of the DHN band at 299 nm (Figure 13). This reaction occurs without the formation 

of long-lived intermediates or by-products as indicated by the two isosbestic points at 280 and 

330 nm observed in the spectra recorded during the irradiation. 

 

Figure 13 UV–vis absorption spectra recorded at different times of irradiation of LED lamp on solutions containing 

the standard Ru(bpy)3
2+ (left) and HNT-5 (right) with Ru concentration (1.9 X 10-5 M) and DHN (3.7 × 10–4 M) in 2.6 

mL of MeOH/H2O (15: 85)  bubbled with O2 for 10 min. 

 

Figure 14 shows the first-order semilogarithmic plots for the reaction of equation 5.1, 

sensitized by Ru complex on HNT-5.  

DHN + 1O2→ juglone + 
1

2
  3O2                                         (Eq. 5.1) 

We carried out the experiments by mixing DHN solution with HNT-5 suspension or Ru 

standard, and after being saturated with O2, it was irradiated for a total time of 240 min 

monitoring the evolution of the species by UV-vis spectroscopy. 

The disappearance of DHN followed a pseudo-first order kinetic low, which is due to the 

adoptable steady-state approximation to the oxygen concentration, and the reaction rate can 

be related to the DHN concentration with a kinetic equation equal to r = kobs[DHN], whose 

integrated equation is (Eq. 5.2) 

𝑙𝑛
𝐴𝑡

𝐴0
= −𝑘𝑜𝑏𝑠𝑡                                                   (𝐸𝑞. 5.2 ) 

The pseudo first-order semilogarithmic plots for DHN photo-oxidation in the presence of the 

investigated sensitizers are shown in Figure 14, where the values of ln(At/A0) decrease linearly 

over time. While in the case of HNT-5 the slope (kobs) is -0.006 min-1 compared to -0.01 min-1 

for Ru standard. 
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Figure 14 Photo-oxidation of DHN in the presence of photosensitizers HNT-5 and Ru standard. At and A0 represent 

the absorbance measured at 299 nm (the maximum of the DHN absorption band) at time t and time 0, respectively.  

 

2.5 Emission of HNT-5 

It is known, that Ru (phen)3
2+ -like complexes exhibit strong luminescence upon excitation in 

the MLCT region. Their emission band is usually in the range between 585 and 750 nm and 

strongly depends on ligands structure around the ruthenium centre. 15,17,18 

Figure 15 shows the excitation and emission spectra for Ru PS over HNT-5 adduct in water. 

LC (𝜋- 𝜋 *) transaction was at 261 nm together with the one at 330 nm. The mixed-ligand 

nature of our Ru complex produced multiple singlet metal-to-ligand charge transfer 1MLCT 

transitions in the visible region at 436 and 450 nm, which can be assigned to electronic 

transitions from the Ru (II) based t2g orbital to the ligand-based π* orbitals. The emission 

spectrum presents a single broad peak at 645 nm, typical for this class of compounds.34 The 

comparison with the free Ru-silane complex in water was prevented by the high reactivity of 

the silane group that in this medium quickly forms oligomers by the subsequent hydrolysis 

and condensation steps of the methoxy groups. In the literature usually, it is showed a blue 

shift of the emission comparing the free with the bound Ru-Silane complex, due to a 

rigidochromism effect.35–38 
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Figure 15 Fluorescence emission (blue line) and excitation (black line) spectra of HNT-5 in aerated water solutions. 

 

3 Conclusions 
 

PDT activity has been known generally for over a century. While there is no “ideal” 

photosensitizer, those derived from transition metal complexes offer many advantages, so we 

aimed to covalently functionalize the halloysite nanotube surface with a novel ruthenium 

complex photosensitizer belonging to the very well-known family of the Ru-imine complexes. 
1H-NMR spectroscopy was used to follow the new ligand synthesis. The phenanthroline-

silane new ligand was exploited as a linker between halloysite and the Ru(phen)2
2+ precursor. 

The step of binding was done exploring two distinct paths, that is a pre-reaction of the 

phenanthroline-silane ligand followed by the complexation of the “phen” pendant to the 

metal ion or a pre-complexation of the ligand with the Ru precursor followed by the 

interaction with the halloysite surface. 

The photoreaction and emission spectra of the new adduct were studied in an aqueous 

medium, confirming the suitability of the adduct for PDT application. Moreover, the new 

product is suitable for future development as a dual drug carrier by the exploitable loading of 

a second drug into the free lumen. 
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4 Experimental  

4.1 Materials and instruments 
The Ru precursor Ru(phen)2(OTf)2 (4) was prepared previously by our group following a the 

literature procedure.39  

Halloysite nanotubes HNT, Sodium hydroxide pellets 98%, Cesium carbonate 99%, 
Magnesium sulfate anhydrous 99%, 1,10-Phenanthroline monohydrate, Methanol anhydrous 
99.8%, H2SO4 97%, Chloroform 99.5%, Dichloromethane 99.8%, Ethyl acetate anhydrous 
99.8%, Tris(2,2-bipyridyl)ruthenium(II) chloride hexahydrate 99.9%, Tetrabutylammonium 
bisulfate 99%, and 3-(mercaptopropyl)trimethoxysilane 95% were purchased from Sigma 
Aldrich; n-hexane 96% and acetone  were purchased from Scharlau; HNO3 65% and HCl 30% 
were purchased from Merck Germany; Ammonia 28% was purchased from Prolabo. The 
oxydation to epoxyde of the phenanthroline was carried out by employing a commercial 
bleach (CLOROX). They were all used as received without further purification. Ultrapure milli-
Q water (Millipore, resistivity=18M Ω cm−2) was used for the preparation of the aqueous 
solutions. 

NMR experiments were carried out on a Bruker DRX400 spectrometer equipped with a 
Bruker 5 mm BBI Z-gradient probe-head with a maximum gradient strength of 53.5 G/cm.  

UV-vis absorption spectra were acquired on an Agilent model 8543 spectrophotometer at 
room temperature and using standard quartz cells with a 1.0 cm path length. 

ζ-potential measurements were carried out using a Malvern Zetasizer Nano ZS instrument 
equipped with a 633 nm solid-state He–Ne laser at a scattering angle of 173°, typically 
dissolving samples at a concentration of 1 mg/mL or less at 25 °C. The measurements were 
averaged on at least three repeated runs. 

ATR-FTIR spectra were acquired on a PerkinElmer Frontier instrument equipped with an ATR 
accessory with a diamond/ZnSe crystal. The IR spectra were registered between 4000 and 400 
cm-1. 

Elemental analysis of Ru content on HNT-5 synthesized by the pre-reaction method was 
carried out by ICP-AES analysis on a Perkin-Elmer Pinnacle instrument. For Ru determination, 
1.11 mg of a lyophilized HNT-5 sample was digested with an acidic/oxidant mixture composed 
of 0.6 mL HCl (30%) and 0.3 mL HNO3 (65%) and warming the mixture by a sand bath at 90 °C 
for 12 h directly in a 10 mL volumetric flask. The compound HNT-5 at the end of the digestion 
process was destroyed and dissolved.  

Emission spectra were obtained with an Edinburgh FLS980 spectrofluorimeter equipped 
with a 450 W xenon arc lamp. Emission spectra were corrected for source intensity (lamp and 
grating) and emission spectral response (detector and grating) by standard correction curves. 

4.2 Synthesis of Compound 1.  
In a 250 mL round-bottom flask, tetrabutylammonium bisulphate (800 mg, 2.36 mmol) was 

dissolved in 46 mL of commercial bleach (CLOROX) at 18 °C. The solution was left under 
constant stirring and the pH adjusted at 8.2-8.3 by the addition of 1.3 µL H2SO4 23%. Then, the 
solution was added with 1.0 g (5.05 mmol) 1,10-phenanthroline monohydrate previously 
dissolved in 100 mL CH2Cl2. The pH of the solution was constantly monitored and maintained 
at pH 8.2-8.3 by following additions of a few microliters of NaOH 50%. The reaction was 
stopped after 1.5 h by separating the organic and aqueous phases, extracting and treating the 
aqueous phase with CH2Cl2 (2 mL x 3). The collected organic fractions were then washed with 
water (5 mL x 2), anhydrified with anhydrous magnesium sulphate, and the solvent 
evaporated to dryness. The yellowish solid residue was re-dissolved in chloroform and 
precipitated by the addition of an excess of acetone (ratio CHCl3/CH3COCH3 1:3). The 
supernatant was then filtered off and the precipitate collected after being dried under 
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vacuum. A TLC (eluent mixture: 8 ethyl acetate, 1 n-hexane, 1 MeOH, 0.5 mL NH3) revealed 
the presence of a second by-product species (Rf = 0.59), apart the compound of interest 1 (Rf 
= 0.43). Yield 93.2% (5.5 g). 1H-NMR (Figure 16, 400 MHz, CDCl3) δ 4.63 ppm (2H, s, CH(7,8)); 
7,38 ppm (2H, dd, CH(1,13), J=7.4, 4.7 Hz); 7,98 ppm (2H, dd, CH(6,14), J=7.4, 1.1 Hz) 8,85 ppm 
(2H, psd,CH(2,12), Japp=3.7 Hz). 

 
Figure 16–1H-NMR spectrum of compound 1 after the chromatographic separation (9.4 T, 300 K, 

CDCl3). 

4.3 Synthesis of Compound 3.  
In a 100 mL two-necked round-bottom flask, compound 1 (51.2 mg, 0.26 mmol) was 

dissolved in 10 mL of anhydrous methanol under nitrogen. Then, CsCO3 (1.0 g) and 3-
(mercaptopropyl)trimethoxysilane (50 mL, 0.27 mmol) were added and the reaction was left 
to occur at 65 °C for 3 days under stirring and inert atmosphere. The mixture assumed first a 
brown-yellow colour and at the end turned to light yellow. The crude mixture was filtered on 
a sintered glass disk filter funnel and the product was stored in methanol solution under 
nitrogen. Only a small portion of this solution was dried and, immediately after, dissolved in 
the deuterated solvent for the NMR analysis. 1H-NMR (400 MHz, CD2Cl2) δ 9.17 ppm (1H, dd, 
CH(2), J= 4.1, 1.3 Hz);  9.02 ppm(1H, dd, CH(9), J= 4.2, 1.4 Hz);  8.85 ppm (1H, dd, CH(4), J= 8.3, 
1.3 Hz); 8.4 ppm (1H, dd, CH(7) J= 8.2, 1.4 Hz); 7.94 ppm (1H, s, CH(6); J= 8.2, 4.2 Hz); 7.83 ppm 
(1H, dd, CH(3); J= 8.3, 4.1 Hz); 7.75 ppm (1H, dd, CH(8)); 3.21 ppm (2H, t, CH2 (α) J= 7.4 Hz); 
1.91 ppm (1H, tt, CH2 (β) Japp=7.7 Hz); 0.75 ppm (2H, m, CH2 (γ). 

4.4 Preparation of hydroxylated HNTs (h-HNTs) 
The synthesis of h-HNT was carried out by following the same procedure already reported 

in the literature.23 Typically, 100 mg of HNT was dispersed in 5.0 mL milliQ water, followed by 
adding 3.0 mg NaOH. The mixture was magnetically stirred for 24 h at room temperature. The 
resultant hydroxylated HNTs (h-HNTs) solid phase was then separated by centrifugation and 
rinsed several times with water until the pH reached the value of 7. The supernatant was 
discarded and the HNT slurry dried at 60-80 °C to give a white powder (h-HNT) ready for 
further uses. 

4.5 Preparation of HNT-3  
50 mg of h-HNT was dispersed in 10.0 mL milliQ water. The suspension was adjusted to pH 

8.5 with the addition of NaOH 0.1 M, followed by the addition of compound 3 ( 8.8 mg, 0.0237 
mmol). The mixture was magnetically stirred for 48 h at room temperature. The resultant 
HNT-3 solid phase was then separated by centrifugation and rinsed several times with water. 
The prepared HNT-3 was kept dispersed in 2.0 mL milliQ water with an adjusted pH of 8.0 for 
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the following complexation step. To record ATR-FTIR spectrum, 0.2 mL of suspension was 
centrifuged (4226 rcf, 3 min), then dried in an oven at 100 °C for 1.5 h. 

4.6 Synthesis of HNT-5 adduct through the pre-reaction method  
In a 25 mL two-necked round-bottom flask, under nitrogen atmosphere, the Ru precursor 

Ru(phen)2(OTf)2 (4, 9.0 mg, 0.01185 mmol) was added to 2.0 mL methanol and stirred until 
complete dissolution was observed. HNT-3 was dispersed in 1.8 mL of milliQ water (pH 8.0) 
and then the suspension was added to the flask, such that the mmol ratio Ru: compound 3 
was ca. 1:2. The final volume was adjusted to 10 mL with further addition of milliQ water, then 
magnetically stirred for 10 min. Finally, the solution mixture was left under stirring in an oil 
bath at 90 ° C overnight under an inert atmosphere. Once the mixture temperature reached 
to 90 ° C, the visible color changed from red (non luminescent) to bright orange (luminescent). 
At the end of the heating period, the mixture was left to cooling down naturally to room 
temperature by removing the heat source. The so-obtained suspension was recovered by 
centrifugation (30 min at 4226 rcf), followed by washing with methanol for 3 times to remove 
unreacted Ru precursor 4 until supernatant was clear. An extra washing step was carried out 
using milliQ water, followed by dispertion in 0.5 mL milliQ water. Finally, the product was 
freeze-dried. From ICP-AES analysis, the Ru content % in the lyophilized sample was 0.63% 
w/w, equal to a yield of complexation of 26%. 

4.7 Synthesis of HNT-5 adduct through the pre-complexation 

method  
In a 25 mL two-necked round-bottom flask, under nitrogen atmosphere, the Ru precursor 

Ru(phen)2(OTf)2 (4, 9.0 mg, 0.01185 mmol) was added to 2.0 mL anhydrous methanol by 
stirring until complete dissolution was observed. Then, compound 3 (4.4. mg, 0.01185 mmol) 
was added. The total volume was set to 3 mL with a further addition of anhydrous methanol 
and homogenized by magnetic stirring for 10 min. Finally, the solution mixture was left under 
stirring in an oil bath at 90 ° C for 72 h. At the end of the heating period, the mixture was left 
to cooling down naturally to room temperature by removing the heat source. The product 
compound 5 presented an intense red-orange luminescence under UV-lamp irradiation. 
Directly to compound 4, 50 mg of h-HNT dispersed in 10 ml milliQ water (pH= 8.0) were added. 
The mixture was magnetically stirred overnight at room temperature. The resultant HNT-5 
solid phase was recovered by centrifugation (30 min at 4226 rcf), followed by washing with 
methanol for 3 times to remove the possible unreacted complex 5, and finally washed once 
with milliQ water. The final product was dispersed in 0.5 mL of milliQ water for further uses. 

4.8 Photoreaction of HNT-5 and Ru standard with DHN 
In a 10 mL volumetric flask, a stock solution of DHN was prepared by dissolving 17.0 mg DHN 

in MeOH/ H2O (15:85) mixture (1.0 × 10-3M) that was further diluted to 3.7 × 10-4M. Then, in 
a quartz cuvette (Quartz SUPRASIL®), 2.6 mL of the diluted DHN solution (3.7 × 10-4M) were 
mixed with 0.8 mg of HNT-5 (1.9 × 10-5M of Ru). Before irradiation, the solution was saturated 
with O2 by bubbling directly in the cuvette for ca. 10 min. The solution was then irradiated 
through a LED light source (Megamanlamp ® PAR16 GU10 LR0707-SP) and spectra were 
collected at the following time points: 6.5, 10, 15, 20, 30, 40, 60, 120, 180, and 240 min. The 
blank used to overcome the halloysite scattering was 2.6 mL of the diluted DHN solution (3.7 
× 10-4M) were mixed with 0.8 mg of pristine HNT. The same procedure was followed for the 
photoreaction involving Ru standard (Tris(2,2-bipyridyl)ruthenium(II) chloride hexahydrate) 
using 0.23 mL of Ru standard stock (1.1 × 10-4M) ( 0.17 mg / 2.0 mL of MeOH/ H2O), mixed 
with 0.5 mL of DHN (1.0 × 10-3M) followed by further dilution in the quartz cuvette with 
MeOH/ H2O until a total volume of 2.5 mL was reached to maintain the same ratio of 
[DHN]/[PS] used in HNT-5 analysis. 
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Chapter 6 
Cinnamaldehyde hydrogenation using Au-Pt supported over 

halloysite nanotube catalysts prepared by sol-immobilization 

 

1 Introduction  
Society’s development in the last 150 years has been possible, in part, thanks to the 

advancement of the chemistry industry. New and innovative materials have led the 

technological revolution in health, fuels, food production, and disinfection; central to this is 

the field of catalysis. An example is the extensive work that resulted in Karl Ziegler and Giulio 

Natta being awarded the Nobel prize in Chemistry in 1963: the so-called “Ziegler-Natta 

Catalysts” have entirely revolutionized the polymer industry, and the amount of plastic 

produced from these catalysts accounts for the largest volume commodity chemicals in the 

world.1 

The word “catalysis” was first used to describe the field in 1835 when Jöns Jacob Berzelius 

defined the “Catalytic Force” as “the property that simple and compound bodies, soluble and 

insoluble, exercising on other bodies an action very different from chemical affinity”.2,3 

Moreover, Berzelius observed that “the body affecting the changes does not take part in the 

reaction and remains unaltered through the reaction”. Nowadays, almost 200 years after the 

observation of the catalytic force, catalysis is deeply integrated into our everyday lives, and 

over 90 % of all chemical industrial processes employ catalysts.4 

A more scientific and modern description of a catalyst is a substance that lowers the 

activation energy of a reaction, thereby increasing the rate without being consumed, and thus 

can be reused multiple times. As illustrated in Figure 1, only the kinetics of the process is 

affected, while the thermodynamics remain unaltered, as dictated by the second law of 

thermodynamics.  

 
Figure 1 Potential energy diagram of an un-catalysed and catalysed chemical reaction. The black line represents 

the un-catalysed reaction pathway, while the red line the catalysed reaction with lower activation energy 𝑬𝒂 
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Catalysts can be generally divided into two main groups depending on their chemical phase: 

if both catalyst and reagents are in the same phase, the catalysis is considered homogeneous, 

otherwise, when the reactants are in a different phase to the catalyst the system is called 

heterogeneous. 

Homogeneous catalysts are usually coordination complexes composed of a metal centre 

bonded to organic ligands through a coordinate covalent bond. The nature and the oxidation 

state of the metal and the electronic properties of the ligands dominate the chemistry of such 

complexes. Homogeneous systems usually exhibit a higher selectivity than heterogeneous 

catalysts.5 Additionally, the probability of interaction between substrate and catalyst is higher 

in homogeneous catalysis, making these catalysts, in general, more active than their 

heterogeneous counterparts.6 Despite this, homogeneous catalysts are often not 

economically viable at a large scale mainly because of recycling/separation problems and as a 

result, they represent only 20 % of the total catalytic industrial processes7. Hydroformylation 

of olefins8, acetic acid synthesis9
 and coupling reactions10

 are examples of industrial reactions 

that make use of homogeneous catalysts. 

Heterogeneous catalysts are usually solid compounds that can be used either in gas or liquid 

phase reactions. Compared to homogeneous catalysts, they display several advantages, such 

as cheaper and easier recovery from the reaction medium and higher thermal stability. They 

find applications in numerous industrial processes such as the Haber-Bosh process (synthesis 

of ammonia),11 the catalytic reforming of crude oil and the Fischer-Tropsch process for the 

synthesis of hydrocarbons from syngas.12 However, the complexity of the surface chemistry 

involved, and the challenge to attain a homogeneous population of catalytic sites makes these 

catalysts generally less active and selective. The adsorption of reactants on the active sites 

and the consequent desorption of the products is often the rate-limiting step, due to the low 

availability of active sites on the catalyst surface. For this reason, the catalyst surface area is 

a critical parameter since it determines the availability and population of catalytic sites. 

 Currently, about 90% of the chemical industry products are made in catalytic processes; 

because of the disadvantages presented by the traditionally homogenous catalysts, this study 

is dedicated to heterogeneous catalysts based on metal nanoparticles (MNPs).13 MNPs are 

considered perfect candidates for catalysis because of their very high surface area per volume 

or density unit compared with bulk metal. Moreover, by controlling the particle size and 

surface chemistry, the selectivity and activity of the catalysts can often be tuned.14 

 One disadvantage that affects MNPs, however, is their tendency to agglomerate in larger 

nanostructures, thus limiting their activity; agglomeration phenomena are caused by the 

intrinsic instability of nanoscopic structures. In order to overcome this problem, MNPs are 

often supported onto materials with high surface area, thermal stability and chemical 

resistance, such as carbonaceous materials (activated carbon, carbon nanotubes, graphene, 

etc.) or metal oxides (silica, alumina, titania, etc.).15 

Supported metal nanoparticles proved to be effective for a wide range of reactions such as 

hydrogenations,16,17 oxidations,18 C–C coupling,17,19 hydrochlorination,20 hydrogen peroxide 

production,21 conversion of organosilanes to silanols,22 and other organic reactions.23 A 

particularly hot field of application of supported metal nanoparticles is the conversion of 

biomass-based materials into biofuels and chemicals. Indeed, biomass materials are one of 

the most promising renewable feedstocks that are set to completely replace in the future 

fossil fuels for both energy production and synthesis of fuels and chemicals. In this context, 
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hydrogenation reactions play a crucial role, since biomass-based raw materials usually have a 

high oxygen content, as well as a high number of unsaturations; indeed, biomass is mainly 

composed of carbohydrate polymers (cellulose, hemicellulose) and aromatic polymers 

(lignin). One of the most used model substrates for catalytic performance in hydrogenation 

reactions is cinnamaldehyde (CAL). CAL exist in nature in the bark of cinnamon trees. Its low 

toxicity and well-known properties make it ideal for agriculture as a fungicide.24 CAL and its 

derivatives are used extensively in the flavour and fragrance industry25 as well as a corrosion 

inhibitor in metal coatings.26,27 The selective hydrogenation of the vinyl (C=C) or carbonyl 

(C=O) groups of CAL leads to hydrocinnamaldehyde (HCAL) and cinnamyl alcohol (COH), 

respectively, which are useful intermediates in pharmaceuticals and perfumery (Figure 2).28,29 

Production of COH from CAL has always been a challenge since it is more favourable to 

produce the saturated aldehyde or the saturated alcohol than to generate the corresponding 

unsaturated alcohol from a thermodynamic point of view.30 

Homogeneous and heterogeneous catalysts have been tested to find a catalytic system that 

is highly selective to the formation of COH. In general, heterogeneous catalysts are highly 

desirable because they can be easily separated and recycled. 

 
Figure 2 Cinnamaldehyde hydrogenation pathways. 

Platinum nanoparticles (Pt NPs) with diameters in the range 3 to 10 nm and supported over 

silica or TiO2 have been widely used as heterogeneous catalysts for reactions such as the CO 

oxidation in catalytic converters, oxidation and reduction reactions in fuel cells, nitric acid 

production, and hydrogen production14,31,32 owing to the high catalytic activity of Pt NPs. Most 

of the studies indicate that the monometallic catalysts have a lower selectivity to the 

unsaturated alcohol. On the contrary, the presence of promoter metal in bimetallic catalysts 

showed electronic and chemical properties distinct from those of their parent metals.33,34 In 

the case of Pt as base metal, the highest selectivity was found by the addition of Sn or Fe.35–39 

Gold is another metal that has been widely used in numerous reactions, such as selective 

oxidation of alcohol, hydrocarbons, and sugars, among many others,40 hydrogen production 

from wastewater using either enzimes or molecular photosensitizers41,42 and hydrogen 

purification by selective oxidation of CO in the presence of H2 (preferential oxidation, PROX).43 

The advantages of using Au as active metal usually is due to its high selectivity and stability in 

particular reaction conditions. 44 However, the use of Au NPs for industrial purposes is limited 

by their tendency to agglomerate, forming clusters, which leads to a loss of catalytic activity. 
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To overcome this drawback, Au NPs can be anchored to solid supports such as (HNT, TiO2, 

ZrO2, Fe2O3, etc).45–50 

Two metals can be effectively mixed to produce a new material with better activity, 

selectivity and stability,51,52 depending on the final composition and its alloy structure. For 

example, Au–Pt bimetallic nanoparticles can combine optical properties of Au with the 

catalytic properties of Pt, giving catalytic materials that can enhance their activity when 

illuminated by electromagnetic radiation.53  

An efficient catalyst must have the highest possible degree of metal dispersion, smaller 

particle size, and low loading; this is particularly true especially for expensive noble metals 

such as platinum and gold. This can be achieved in two ways, firstly by fixing the metal cations 

into rigid support through organic ligand attachment, subsequently, execute the chemical 

reduction to produce the supported metal nanoparticles. Another way is to perform metal 

reduction in solution to obtain zero-oxidation state metal nanoparticles that are then 

immobilised onto the supporting material. 

Halloysite nanotubes (HNT), an aluminosilicate clay, are natural microporous nanotubes. 

The external surface and the internal lumen of HNT are composed of silicon-oxygen 

tetrahedra and alumina oxygen octahedra respectively, forming two monolayers faced one to 

each other (see introduction Chapter 1, §1.2). Because of the economic availability of HNT and 

the different chemical properties of their surface and lumen, HNT have been used in many 

applications in the last decade, especially in catalysis.54–56 Indeed, HNT show some 

advantages: they are eco-friendly, resistant against organic solvents, with a high thermal and 

mechanical stability, ease of disposal or reusability, and large surface area without additional 

material treatment.57 

The most widely used method for the preparation of supported metal nanoparticles 

employing HNT as support previews the halloysite external surface modification by a suitable 

functionality able to interact with the metal salts, then followed by their reduction towards 

the formation of metal nanoparticles. Alternatively,  metal nanoparticles can be immobilized 

onto the HNT surface by physical adsorption or self-assembly. In this context, Fe, Co, Ni, Au, 

Ru, and Pd NPs were adsorbed on the halloysite surface, leading to hybrid 

nanomaterials.45,58-62 

There are several techniques, described in the literature, for the obtainment of well-

dispersed gold and platinum NPs on different supports. One of the most commonly used is 

the so-called “sol-immobilization method”.63 Colloidal NPs can be synthesized in solution in 

the presence of an excess of stabilizing (capping) agents/ligands or surfactants (which can be 

as polymers, thiols, amines, phosphines, etc.); this provides control of the size and shape of 

the formed nanoparticles, preventing them from agglomeration. Colloids prepared by 

reducing the metal precursor by citric acid, NaBH4, or other reducing agents, can be used to 

prepare metal NPs on oxide-based supports, by deposition from the colloid, to give suitable 

dispersions of the NPs. 

In this chapter, we demonstrate a novel nano-catalyst preparation and characterization 

based on HNTs and Au-Pt NPs using the above strategy. The prepared catalysts were then 

tested for the selective hydrogenation of cinnamaldehyde under relatively mild reaction 

conditions. In this extensive study, we report the effect of the Au/Pt molar ratio on the 

catalytic activity, selectivity, and stability of the sol-immobilized catalysts. 
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2 Results and discussion 

2.1 Catalyst preparation 

The synthesis of Sol-immobilization catalysts was carried out following some literature 

procedures,64,65 by performing metal reduction in solution to obtain metal nanoparticles with 

zero oxidation state. The Au0 or Pt0 NPs are then immobilised over the HNT surface to obtain 

5 different catalysts: 2 monometallic Au and Pt and 3 bimetallic Au-Pt with different Au-Pt 

ratios. The change from white of pristine halloysite to violet in case of Au, grey in case of Pt, 

or dark grey in case of mixed metal support over HNT. These colour changes give us a simple 

indication of the metal nanoparticle presence, most likely in the outer layer because the 

lumen loading requires in principle vacuum cycles and it is expected to produce faint colours. 

2.2 Catalyst characterization 

We prepared a series of AuxPty@HNT catalysts with different metal ratios. The Au-Pt metal 

deposition, the average metal particle size, and particle size distribution of the catalysts were 

determined by TEM (Figure 3a-e and Table 1). Representative bright-field TEM micrographs 

of monometallic and bimetallic catalysts are presented in Figure 4. The mean particle size of 

nanoparticles for all catalysts was between ca 2 and 3 nm without any appreciable size 

variation for different Au/Pt ratios. From TEM images, we could also observe the tendency of 

NPs to interact with the edge of HNT, especially in unequal ratio bimetallic catalysts (Figure 

3d and 3e). Nevertheless, Au50Pt50 NPs (Figure 3c) were also mostly localized inside the lumen, 

a fact that was completely unexpected due to the adopted loading method. For the other 

samples it seemed there was no selectivity toward the localization, inside or outside, but with 

the edges where a possible high concentration of OH groups can be expected that would 

facilitate the non-covalent interaction of the PVA-covering agent. 

 

Figure 3 Particle size distribution ranging between 1.9 (±0.6) and 2.8 (±0.8) nm nm of (a) Au@HNT (b) Pt@HNT (c) 
Au50Pt50@HNT (d) Au25Pt75@HNT (e) Au75Pt25@HNT. 
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Table 1 Mean, median, minimum and maximum values (nm) obtained by TEM of the supported monometallic 
and bimetallic catalysts. 

 Mean 
Standard 
Deviation 

Minimum Median Maximum 

Au@HNT 2.5 0.8 0.5 2.5 5.7 

Pt@HNT 1.9 0.6 0.5 1.8 4.7 

Au50Pt50@HNT 2.1 0.6 0.6 2.0 4.6 

Au25Pt75@HNT 2.8 0.8 0.7 2.7 6.1 

Au75Pt25@HNT 2.7 0.7 0.8 2.6 5.9 

 

 

Figure 4 Representative TEM images of the fresh catalysts: (a) Au@HNT (b) Pt@HNT (c) Au50Pt50@HNT (d) 
Au25Pt75@HNT (e) Au75Pt25@HNT. Blue arrows indicate the NPs selectively adsorbed in the inner lumen location 
while red circles indicate the preferential nanoparticle adsorption onto HNT edges. 

Through the synthetic procedure, the stabilizing agent PVA is used in excess to stabilize 

MNPs effectively. MNP colloids are deposited on the surface of the support to synthesize a 

heterogeneous catalyst. Thus, PVA might also form bonds with HNT.66 FTIR spectrum (Figure 

5a) showed a red-shift of the Si–O stretching band of HNT silica layer from 1007 cm-1 (Figure 

5b vertical red dashed lines) to 995 cm-1, pointing out a weakening of the force constant due 

to the hydrogen-bonding interactions between OH defects and PVA surfactant and a 

corresponding increase of IR intensities.67 For the same reason, the peak at 909 cm-1 (Figure 

5b vertical blue dashed lines) assigned to the O-H deformation of inner hydroxyl groups of 

HNT Al-OH, it slightly increased in intensity. These shifts were accompanied by unchanged in-

plane Si–O–Si deformations, whose peak remained at 1028 cm-1 (Figure 5b vertical green 

dashed lines)).68,69 These observations are in agreements with TEM images were the MNP 

were mainly observed inside the inner lumen and at the edge of HNT due to presence of Al-

OH or Si-OH, respectively. The few nanoparticles on the HNT surface could owe to the defects 
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on the surface of HNT either naturally present or formed by the etching action of H2SO4 that 

was used in the preparation procedure.70–74 

 

Figure 5 a) ATR-FTIR spectra of freshly prepared catalysts b) magnification of the spectral wavelength region of 
interest (1100–900 nm).  

2.3 Catalytic activity 
The selective hydrogenation of α,β-unsaturated ketones and aldehydes to unsaturated 

alcohols is a critical step in the synthesis of chemical intermediates used in the production of 

pharmaceuticals, cosmetics, and food flavours.75,76 Studies have proven that platinum-based 

bimetallic catalysts have been used for the selective hydrogenation of α,β ethylenic 

aldehydes. The addition of Ni, Co, and Fe to Pt increases activity and selectivity for unsaturated 

alcohols. In contrast, the addition of Ga, Sn, and Ge improves selectivity but decreases the 

catalysts' activity.38,77–79 Cinnamaldehyde (CAL) is repeatedly taken as a model compound for 

the hydrogenation of α,β-unsaturated aldehydes. According to the hydrogenation pathway 

reported in Figure 2, CAL can be either partially hydrogenated to hydrocinnamaldehyde 

(HCAL) and cinnamyl alcohol (COH) or wholly hydrogenated to hydrocinnamyl alcohol (HCOH) 

followed by phenyl propane (PPR) formation by hydrogenolysis mechanism. 

Herein, CAL hydrogenation reaction was carried out at 60 °C and under 7 bar of H2 using 

AuxPty@HNT catalysts, where x and y are the relative metal amount in % used during the alloy 

NPs preparation. Figure 6 shows that Pt is mandatory for CAL hydrogenation while Au 

monometallic catalyst is inert for CAL hydrogenation.  

0 5 15 30 60 120 240

0

20

40

60

80

100

C
o

n
v
e
rs

io
n
%

t [min]

 Pt@HNT

 Au25Pt75@HNT

 Au50Pt50@HNT

 Au75Pt25@HNT

 Au@HNT

 

Figure 6 CAL conversion over time with different AuxPty@HNT catalysts. Reaction condition: 7 bar H2, 60 °C, CAL 
0.5 M in toluene, metal: substrate ratio 1:1000. 
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Some have proposed that the nature of the support influences the activity of gold catalysts, 

reducible oxides (TiO2, ZrO2, Fe2O3, etc.) supported gold catalysts selectively hydrogenate the 

C=O bond. In contrast, inert oxides (such as SiO2 and Al2O3) supporting gold catalysts show no 

or low selectivity toward C=O hydrogenation.46–50 In agreement with previous literature, the 

Au NPs in monometallic catalyst either interacted with silica on the surface and at the edge of 

HNT or intercalated into the alumina lumen as it is clear from TEM (Figure 4a). Bus et al. 

reported the conversion of CAL with Au/Al2O3 to COH with a selectivity of up to 90% at 85 bar 

H2 and 100 °C. Nevertheless, it is worth notice that this condition is severe compared to our 

system.80 

Figure 7a-d presents the effect of time on hydrogenation reactions of CAL, and the main 

products observed were cinnamyl alcohol (COH), hydrocinnamaldehyde (HCAL), 

hydrocinnamyl alcohol (HCOH), and phenylpropane (PPR). Some unknown peaks in the GC 

chromatogram were observed and are here referred as “mass loss”, along with products that 

cannot be detected or quantified, following the equation 6.1: 

[𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠]𝑡 = [𝐶𝑂𝐻]𝑡 + [𝐻𝐶𝐴𝐿]𝑡 + [𝐻𝐶𝑂𝐻]𝑡 + [𝑃𝑃𝑅]𝑡 − [𝐶𝐴𝐿]0      (𝐸𝑞. 6.1) 

Where [HCAL]𝑡 , [COH]𝑡, [HCOH]𝑡  and [PPR]𝑡 are the concentration of expected products 

at time t and [𝐶𝐴𝐿]0 is the substrate concentration at time zero. 

In Figure 6 and Figure 7a, we observed that the conversion of monometallic Pt is lower than 

bimetallic and mainly tend to be selective for hydrogenation of C=C producing unsaturated 

aldehyde (Figure 8a).81  

 

Figure 7 CAL hydrogenation profile of (a) Pt@HNT (b) Au50Pt50@HNT (c) Au25Pt75@HNT (d) Au75Pt25@HNT. 

Reaction condition: 7 bar H2, 60 °C, CAL 0.5 M in toluene, metal: substrate ratio 1:1000. 
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Both the conversion and selectivity for C=O hydrogenation varied to a certain extent after 

the addition of the second metal Au (Figure 6, Figure 7b-d, and Figure 8b-d). Similarly to what 

reported by Wang et al. with Pt NPs supported onto roughed HNT,82 our AuxPty@HNT catalyst 

was highly selective for COH production in just 5 min. In our case, however, we extended the 

study to longer reaction times and observed the hydrogenation reaction continued until 

reaching the final predominant products HCOH and PPR. The prepared bimetallic catalysts 

showed good conversion and selectivity much higher than the one shown by the Pt / SiO2 

catalyst reported in the literature (18 % and 40 %, respectively)82,83 that, moreover, required 

also higher reaction conditions (150 °C and 10 bar of H2).  

By comparing the three bimetallic catalysts, we found that the activity and selectivity 

toward hydrogenation of C=O were increased by increasing the Au/Pt ratio following the 

trend: 𝐴𝑢25𝑃𝑡75@𝐻𝑁𝑇 <  𝐴𝑢50𝑃𝑡50@𝐻𝑁𝑇 < 𝐴𝑢75𝑃𝑡25@𝐻𝑁𝑇 

Two hypotheses can be drawn to explain the improvements in selectivity. The first is based 

on the observation that an increased electron density on the base metal (Pt) is caused by the 

formation of metal alloys or a strong interaction of the promotor (or the support) with the 

base metal. The increased electron density on the base metal is claimed to decrease the 

probability for C=C bond adsorption and, at the same time, the interaction of the C=O bond 

with the polar bimetallic sites is increased. The second explanation is based on the presence 

of Lewis acid sites at or near the metal particles that may interact with the lone electron pairs 

of the oxygen of the carbonyl group, and thus would lower the strength of the C=O bond, 

facilitating a higher rate of hydrogenation.79,84,85  

Another factor that could be the reason for the higher activity of the bimetallic NPs is the 

tendency of MNP to interact with the HNT edges or with the HNT outer surface, as highlighted 

by the red circles in Figures 4 d-e (TEM micrographs). In that case, the substrate could interact 

more easily with the MNP, maximizing the diffusion towards the metal active sites.  

 

Figure 8 Au/Pt molar ratio effect on selectivity of (a) HCAL (b) COH (c) HCOH (d) PPR. Reaction condition: 7 bar 
H2, 60 °C, CAL 0.5 M in toluene, metal: substrate ratio 1:1000. 
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3 Conclusions 
 

In this study, new synthetic Au-Pt nanoparticles supported over HNT catalysts with different 

Au-to-Pt molar ratio were prepared via a sol immobilization method. TEM and FTIR analyses 

were applied to study the particle size and size distribution, as well as the interaction between 

nanoparticles and the HNT support. TEM images revealed that NPs mostly localized both on 

the outer surface and especially at the edges of the HNT. Nevertheless, surprisingly the NPs 

were able by diffusion to reach also the inner part of HNT, and in the case of Au50Pt50 NPs 

there was a preferential localization in the inner lumen. The catalytic hydrogenation of 

cinnamaldehyde was investigated using the HNT-Au/Pt NPs. Under mild condition (60 °C, 7 

bar of H2), we have shown that the selectivity towards C=O hydrogenation could be enhanced 

by increasing the Au/Pt molar ratio, with a maximum of selectivity reached with Au75/Pt25 

molar ratio. Even though in the absence of Pt, Au NPs were not able to promote catalysis, a 

small amount of Pt added to gold showed the best performances, while on decreasing the Au 

content the catalyst abilities became worst. 

4 Experimental  

4.1 Materials and instruments 
NaAuCl4·2H2O 99.99%, K2PtCl4 98% were used as metal precursors, Halloysite used as the 

support, NaBH4 99.99% and polyvinyl alcohol (PVA, Mw = 9 000–10 000, 80% hydrolysed) were 
used as reducing agent and protecting agent respectively (Sigma-Aldrich). Cinnamaldehyde 
95%, hydrocinnamaldehyde 98%, hydrocinnamyl alcohol 98% and phenylpropane 98% 
(Sigma-Aldrich), cinnamyl alcohol 95% (Alfa Aesar) were used as substrates and/or standards, 
p-xylene 99% (Sigma-Aldrich) as an external standard. Toluene >99%, 2-propanol 99.5% 
(Sigma-Aldrich) was used as solvent. H2SO4 97% (Sigma-Aldrich). Ultrapure milli-Q water 
(Millipore, resistivity=18M Ω cm−2) was used for the preparation of the aqueous solutions. 

ATR-FTIR spectra were acquired on a PerkinElmer Frontier instrument equipped with an ATR 
accessory with a diamond/ZnSe crystal. The IR spectra were registered between 4000 and 400 
cm-1. 

Transmission Electron Microscopy (TEM) experiments were carried out using a FEI Tecnai 
F20 Field Emission Gun electron microscope with a 200 kV accelerating voltage. The samples 
were first dispersed in isopropanol and sonicated for a couple of minutes. A drop was then 
placed onto a 300 mesh carbon-coated copper grid. The nanoparticle size was measured by 
Image-J free software, for each sample the measured NPs were around 1000. 

4.2 Catalyst preparation 
The synthesis of Sol-immobilization catalysts was carried out by following a slightly modified 

literature procedure.64,65 
Preparation of Au/HNT nanocomposite. Solid NaAuCl4·2H2O (0.051 mmol) and PVA (1 wt %) 

solution (Au/PVA = 1/0.5 wt/wt) were added to 100 mL of H2O. After 5 min, a freshly prepared 
solution of NaBH4 (0.1 M) (Au/NaBH4 1/5 mol/mol) was added to the yellow solution under 
vigorous magnetic stirring. The solution turned immediately to dark red, indicating the 
reduction of the metal precursor. The colloid was left ageing for 30 minutes, after which 1 g 
of support (HNT) was added along with a couple of drops of concentrated H2SO4 in order to 
maintain the pH of the suspension at ca. 3. The amount of support was calculated as having a 
total final metal loading of 1 wt %. After 2 h, the slurry was filtered, the catalyst washed 



139 
 

thoroughly with distilled water to remove any leftover PVA and NaBH4 from the reduction and 
dried at 80 °C for 4 h. 

Preparation of Pt/HNT nanocomposite. Solid K2PtCl4 (0.051 mmol) and PVA (1 wt %) 
solution (Pt/PVA = 1/0.5 wt/wt) were added to 100 mL of H2O. After 5 min, a freshly prepared 
solution of NaBH4 (0.1 M) (Pt/NaBH4 1/16 mol/mol) was added to the solution under vigorous 
magnetic stirring. A small amount of H2SO4 was introduced in order to facilitate the next 
reduction step. The colloid was left ageing for 30 minutes, after which 1 g of support (HNT) 
was added. No further acid was added at this step since the solution’s pH was already at ca. 
3. The amount of support was calculated as having a total final metal loading of 1 wt %. After 
2 h the slurry was filtered, the catalyst washed thoroughly with distilled water to remove PVA 
from the catalyst surface and dried at 80 °C for 4 h. 

Preparation of AuxPty/HNT nanocomposite. For Au/Pt mass ratios of 75:25, 50:50 and 25:75, 
NaAuCl4·2H2O (7.5, 5.0 and 2.5 mg) and K2PtCl4 (2.5, 5.0 and 7.5 mg) respectively (total metal 
amount of 10.0 mg), PVA solution (1 wt%) ((Au+Pt)/PVA = 1/0.5 wt/wt) were added to 100 mL 
of H2O. After 5 min, a freshly prepared solution of NaBH4 (0.1 M) ((Au+Pt)/NaBH4 1/16 
mol/mol) was added to the solution under vigorous magnetic stirring. A small amount of H2SO4 
was introduced in order to facilitate the next reduction step. The colloid was left ageing for 30 
minutes, after which 1 g of support (HNT) was added. No further acid was added at this step, 
since the solution’s pH was already at ca. 3. The amount of support was calculated as having 
a total final metal loading of 1 wt %. After 2 h the slurry was filtered, the catalyst washed 
thoroughly with distilled water to remove PVA from the catalyst surface and dried at 80 °C for 
4 h. 

4.3 Catalyst testing 
The hydrogenation reaction was carried out by following a slightly modified literature 
procedure.65,82 

Briefly, the hydrogenation reactions were carried out in a 100 ml stainless autoclave 
equipped with a glass liner; the catalyst (98mg, typical substrate/metal molar ratio 1000:1), 
cinnamaldehyde substrate (0.005 mol) were dispersed in 10 ml of toluene. The autoclave was 
purged with H2 for 5 cycles. The autoclave was then loaded into a preheated heating block, 
which was maintained at the desired reaction temperature and pressure (60 °C and 7 H2 bar). 
The reaction was started by commencing stirring inside the reactors at 1000 rpm. After the 
desired reaction time, the autoclave was cooled down in an ice bath for 5 min to quench the 
reaction. A fixed volume of the mixture (0.2 mL) was then centrifuged and an aliquot of the 
clear supernatant of the reaction mixture (0.1 mL) was diluted with an external standard 
solution (0.1 mL of a 0.5 M solution of p-xylene in toluene) for GC measurement. For the 
quantification of the amounts of reactants consumed and the products generated, GC-FID 
(Thermo Scientific, TRACE 1300 equipped with an Agilent HP-5 column) was employed and 
the external calibration method was used. The concentration of any component at any time 
was calculated according to the following equation 6.2: 

[𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖]𝑡 =  
𝐴𝑖𝑡

𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑡

 × 
[𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑]𝑡

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑖
    (𝐸𝑞. 6.2) 

Where 𝐴𝑖𝑡 
and 𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑡

 are the area of the measured GC peaks for the component 

and p-xylene respectively. 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑖 obtained from measured GC peak of the 
standard of component (𝑖). 
The conversion % at any time was calculated according to the following equation 6.3: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 %𝑡 =  (1 −
[𝐶𝐴𝐿]𝑡

[𝐶𝐴𝐿]0
) × 100                         (𝐸𝑞 6.3) 

Where [𝐶𝐴𝐿]𝑡 & [𝐶𝐴𝐿]0 are the concentration of cinnamaldehyde substrate at time t and at 
the start, respectively. Through analysis by GC we detected some unknown peaks that could 
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not be quantified (mass loss) so we use the following equation to calculate the normalized 
selectivity % of any component at any time (Eq. 6.4): 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦%𝑖𝑡
=  

[𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖]𝑡

[HCAL]𝑡 + [COH]𝑡 + [HCOH]𝑡 + [PPR]𝑡
          (𝐸𝑞. 6.4) 

Where [HCAL]𝑡 , [COH]𝑡 , [HCOH]𝑡&[PPR]𝑡 are the concentration of expected products 
hydrocinnamaldehyde, cinnamyl alcohol, hydrocinnamyl alcohol and phenylpropane 
respectively. 

5 Bibliography 
(1)  Fisch, A. G. Ziegler-Natta Catalysts. Kirk‐Othmer Encyclopedia of Chemical Technology. 

December 16, 2019, pp 1–22. 
https://doi.org/https://doi.org/10.1002/0471238961.2609050703050303.a01.pub2. 

(2)  Robertson, A. J. B. The Early History of Catalysis. Platin. Met. Rev. 1975, 19 (2), 64–69. 
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1. Introduction  
 

1.1 Nanotechnology 
One of the most rapidly developing research fields of the 21st century.1 It involves studying, 

producing, and manipulating structures, devices, materials, or particles with at least one 

dimension that falls within the range of 1–100 nm length. The unique physicochemical properties 

of nanoparticles (NPs), substantially different from those of the same bulk materials, made them 

attractive for a broad range of technological applications and consumer goods.2–5 The massive use 

of products containing nanomaterials (NMs) on a large scale leads to a relevant voluntary or 

involuntary release of these contaminants in the environment, reaching different types of 

ecosystem compartments (water, sediments, and biota).6 This has raised concern about the 

possible harmful consequence of NPs on natural ecosystems. In particular, the marine ecosystem 

represents the final sink of the released NPs in soils and waterways; moreover, it suffers also from 

the immediate release of NPs developed for marine applications.6–9  

An essential feature of NPs lies in the fact that they do not follow elemental physico-chemical 

features of other classes of human-made pollutants, thus creating new challenges in 

ecotoxicology and risk assessment.10–12 Upon being released in the environment, NPs undergo 

several transformations such as aggregation, dissolution, redox reactions. Among these 

transformations, due to their high surface-area-to-volume ratio, NPs can be covered by a corona 

of biological macromolecules from the surroundings, called eco-corona, which might affect their 

transport and bioavailability in natural 12–15 The combined effects of biological contaminants and 

NPs on organisms can be categorized as synergistic, antagonistic, or independent, depending on 

contaminant composition, the type of NP, and the different water media where the interactions 

are 16–25 

In water, one of the main biological components is the natural organic matter (NOM). The NOM 
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is constituted by humic substances, proteins, exudates, and polysaccharide acid compounds.26 

These organic substances can alter the NP aggregation state in the water column and the 

consequent impacts on biological 27–29, some studies have shown a reduced aggregation of NPs in 

freshwater due to the presence of NOM, which increases the particle ζ-potential, thus increasing 

electrostatic repulsion.30,31 

While the surface modifications effect is widely considered in toxicological/pharmacological 

studies, it is barely addressed in nano-ecotoxicological research. Also, most of the available 

studies investigating the combined effects of NPs and pollutants dealt with,16,32 assessing this 

topic is essential to properly predict the risk related to the presence of NPs in the environment 

since organisms are exposed to complex mixtures of contaminants in natural conditions.12,14,33–36 

1.2 Cerium oxide nanoparticles (CeO2 NPs)  

Ceria NPs are one of the most promising NPs extensively used in several applications such as 

paint coating, polishing powder, catalyst in diesel fuel oil, luminescent materials, UV absorbents, 

coatings, glass polishers, oxygen gas sensors, fuel cells, fuel additives and antioxidant agents in 

biomedicine (Figure 1).37–42 The use of CeO2 NPs is foreseen to further increase in the next years 

with a forecasted estimated upper limit of production volumes at 10,000 t/a in 2050.10 The 

consequent release of CeO2 NPs in 2050 is estimated to be up to 300 t/a in the ecosphere (waters, 

soil, air) and up to 4000 t/a in technosphere (i.e. landfills, waste treatment).10  

 

Figure 1. Schematic representation of the applications of Nanoceria. 
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The actual levels of CeO2 NPs in the natural ecosystem are still unknown, but several models 

attempted to establish a predicted environmental concentration in natural matrices. The CeO2 

NPs concentration in water is expected to be in the range of ng/L in surface water43 and pg/L in 

seawater.44,45 A calculation of predicted environmental concentrations (PECs) as high as 1 µg/L in 

surface waters has been suggested in some worst-case scenario such as effluents of wastewater 

treatment plant.10,46–48 

 

1.2.1 Techniques of ceria preparation 

 

There are many methods for the synthesis of Ceria NPs nanoparticles for different applications. 

Those synthetic strategies are fundamental (Figure 2), as the physicochemical characteristics of 

the nanoparticles such as surface chemistry, morphology, size/aggregation, and zeta potential 

depend upon them. These features determine the behavior especially in the medical field of 

application, as the final properties affect the interaction at the biological interface. So, first of all, 

here in the following we discuss the various methods which have been used in the literature to 

synthesize nanoceria.  

 
Precipitation method. The most common synthetic method for Ceria NPs consists in a simple 

precipitation gained by the addition of a base such as sodium hydroxide or ammonia into the 

solution of cerium (III) ions precursor, which usually is cerium nitrate hexahydrate. In this method, 

Figure 2. Different methods for the synthesis of nanoceria. 
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CeO2 NPs can be synthesized with different properties by controlling several parameters such as 

the temperature, the stirring rate, the type of atmosphere in the reaction chamber, and the 

medium pH. Moreover, depending on these parameters, the shape and diameter of the obtained 

NPs could be both spherical with a size ranging between 3-27 nm,49–51 polyhedral with a mean size 

of 6-21 nm52 and cubic with an edge length ranging between 19-33 nm.53 In general, the size of 

ceria NPs decreases as oxygen content increases and/or the temperature of the reaction 

atmosphere decreases.52 Also, spherical NP size decreases as the pH of the medium increases 

towards pH 12.53 Most of the literature states that spherical NPs were predominantly the final 

product using cerium nitrate hexahydrate as a precursor.49–51,54,55 

Hydrothermal method. This synthetic procedure consists of a reaction under pressure carried 

out by the use of an autoclave where a solution of the cerium precursor and reducing agent are 

mixed and warmed under controlled pressure. By controlling the autoclave temperature, the 

hydrothermal method enhances nanoparticle production with catalytic behaviour.56 The high 

concentration of oxygen on the surface of the nanoparticles enhances the catalytic activity 

especially the one of nanorods that results is much higher than for nanocubes. For some biological 

application is important to verify the impact of morphology and size. It is now clear from the 

literature that altering the synthetic parameter such as the temperature, the type of solvents, the 

stabilizing agents, and the concentration will change the morphology and size.57–59 

Green method. The harmful effects of the toxic chemicals used in the chemical preparation 

methods pushed the researchers to use “green chemistry” methods for ceria preparation. The 

green process is an easy, safer, reliable, efficient, and eco-friendly method since the use or 

production of toxic substances is sensibly reduced. In this method, high temperature, pressure, 

and energy are not required. The main substances involved in nanoceria synthesis by this method 

are  plant extracts, sugars, biodegradable polymers, and microorganisms that will act as reducing 

and capping agents.60,61 

Microwave-assisted method. The microwave-assisted method is more efficient than any other 

conventional heating methods because the microwaves interact directly with the solvent and 

reactant molecules present in the reaction mixture. The energy-transfer takes place quickly, 

leading to a rapid rise in the temperature of the system. In this method, the reaction is rapidly 

completed, and spotless products with a high yield are obtained.62,63 Different morphology of ceria 

nanoparticles could be obtained by controlling the microwave power.64–67 

Micro-emulsion methods. Micro-emulsions are colloidal solutions that consist of two immiscible 

solvents (water and oil), a surfactant and a co-surfactant. They can be prepared rapidly by stirring 

the mentioned components, and the formed microemulsions are thermodynamically stable 

solutions. Microemulsions are of different types such as oil-in-water (O/W) microemulsions or 

water-in-oil (W/O) reverse microemulsions.68,69 The size of ceria nanoparticles can be controlled 

by changing the cerium source and solvents used in the synthesis.70–72 

Direct oxidation method. In the direct oxidation method, the cerium source is mixed with an 

oxidizer like hydrogen peroxide in an acidic medium or ammonia in basic conditions. As the 

oxidizer concentration increases, the size of nanoceria decreases.73 However, in both media, the 

size of nanoceria remains small (3–5 nm), but the basic medium shows less aggregation compared 

to the acidic one.74–76  
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Sonochemical method. In the sonochemical method, the reaction is carried out by applying a 

high-intensity ultrasound wave, which forms acoustic cavitation, i.e., formation, growth, and 

collapse of bubbles, developing very high local temperature and pressure that start a chemical 

reaction. These reactions are swift, and no external activation energy and pressure are 

applied.64,77–79 Some researchers77 stated that adding additives to the reaction container would 

reduce the size of ceria NPs and prevent aggregate formation. 

Besides the above-discussed methods, some researchers have also reported other methods for 

ceria NPs preparation, as ball milling,80 flame spray pyrolysis,81 and solution plasma process.82 

1.2.2 Environmental Toxicity of Ceria 

Ecotoxicological studies have described the adverse effects of CeO2 NPs on different marine taxa 

such as bacteria, algae, bivalves, echinoderms and it was reported that CeO2 NPs may target the 

organism at different biological scales,83–91 inducing oxidative stress,84,85,92,93 immunomodulation, 
83,94–96 alteration of feeding and swimming capacity,93,97 reducing growth or development, and 

increasing lethality.98–100  

Nonetheless, the cellular mechanisms underpinning the toxicity of CeO2 NPs are far to be 

understood. Concerning oxidative stress, CeO2 NPs have either pro-oxidant or antioxidant 

properties. Indeed, several studies showed that CeO2 NPs can act as reactive oxygen species (ROS) 

scavengers protecting cells from oxidative damages, mimicking the activity of the catalase (CAT) 

and superoxy-dismutase (SOD) enzymes.101,102 This property is due to the contemporary presence 

of Ce3+/Ce4+ on the surface of NPs, and the presence of redox reaction between Ce3+/Ce4+ 

generates oxygen vacancies which confer catalytic and electrical properties and biological 

reactivity.103,104 On the contrary, other studies showed the ability of CeO2 NPs to trigger an 

imbalance of the oxidative status in different models.105 Most of the evidence arose from 

ecotoxicity tests carried out on pristine NPs. Nevertheless, several studies emphasized that 

environmental modifications might affect the physico-chemical features of CeO2 NPs106,107, which 

in turn influence bioavailability and toxic outcomes for aquatic organisms.108 In particular, the 

surface interactions of CeO2 NPs with organic and inorganic molecules can enhance stability in 

water and modify biological consequences to organisms.  

 

1.2.3 Influence of natural functionalization on the ecotoxicity of Cerium dioxide 

nanoparticles for aquatic models (Tap water study)  

Several studies showed that the interaction of CeO2 NPs with NOM modifies the surface 

properties and behaviour of Ceria in water media. For instance, poly (acrylic acid)-stabilized CeO2 

NPs remained more dispersed in water and generated higher toxicity in the freshwater algae 

Pseudokirchneriella subcapitata than non-stabilized CeO2 NPs.109 Citrate coated CeO2 NPs resulted 

more stable in the water column compared to bare CeO2 NPs in a simulated pond ecosystem. 110 

A further investigation on the bivalve mussel Dreissena polymorpha showed that this coating 

enhanced the accumulation of CeO2 NPs.108. Besides, the citrate coated CeO2 NPs reduced 

significantly the expression of piGST gene and CAT activity and increased the lysosomal system. 
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While the interaction of CeO2 NPs with alginate has been described111, the influence on biological 

impacts of these NPs are largely unknown except for a study performed on the algae P. 

subcapitata, which showed that NOM enhanced the stability of CeO2 NPs in suspension and 

decreased their toxicity. 112 

In this view, the study was to perform an ecotoxicological evaluation of CeO2 NPs with different 

surface modifications, representing NPs bio-interaction with molecules naturally occurring in the 

water environment, to identify the influence of biomolecule coatings on nanoceria fate and 

toxicity for aquatic organisms. 

To this aim, CeO2 NPs were ad hoc synthesized with two different coating agents such as Alginate 

and Chitosan. Alginate and Chitosan were selected as representative of biomolecules present in 

natural aquatic systems. Alginate is a natural polysaccharide that represents up to 30% of NOM 

in lake water113 and is a model of extracellular polymeric substances produced by biofilm. 114 

Chitosan is a biopolymer, a chitin derivative that is produced from crustacean shells, which is the 

second most abundant natural polysaccharide on earth. 115The impacts of bare and coated CeO2 

NPs were assessed in the marine bacteria Aliivibrio fischeri, in the freshwater crustacean Daphnia 

magna. To assess NP bioavailability, different toxicity endpoints were evaluated such as the 

inhibition of luminescence in A. fischeri and imbalance of antioxidant mechanism, inhibition of 

acetylcholinesterase activity, swimming performance in D. magna. Such metrics would allow 

linking the effects observed at the molecular-cellular level to toxic outcomes at the individual level 

(Table 1). 

 

Table 1. Summary for environmental study cases of ceria nanoparticle  

Type of studied 

interaction 
Ceria/Natural organic matter 

Ceria/Mercury at different 

Temperature 

Medium Tap water Saltwater 

Model 

Aliivibrio fischeri  

bacteria 

 

Daphnia 

magna 

 

Mytilus galloprovincialis 

 

Parameter luminescence activity Mortality Toxicity 
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1.2.4 Influence of Cerium dioxide on the ecotoxicity of heavy metals under warming 

conditions (Saltwater study) 

Cerium-based oxides and their composites were reported to be reliable adsorbents for metal 

traces.116 Indeed, CeO2 NPs have been employed for sorption from water media of many different 

cations, such as As5+, As3+, Cr6+, Pb2+, Cd2+, F-, Hg0, Hg2+ and U6+.117 Although the potential use of 

these NPs can be a promising solution for water decontamination, several crucial issues should be 

addressed regarding this application, such as the possible occurrence of unexpected effects due 

to the interactions between NPs, including CeO2 NPs, and metals. Among metals, mercury (Hg) 

ranks in the third position in the priority list of substances that can potentially threat human 

health by ATSDR 118 due to its persistence in the environment and its propensity to bio-accumulate 

in the organism.119 

Mercury has been found in coastal ecosystems since decades ago, derived from many activities, 

including the chloro-alkali industry.120 Although in recent years some of these activities have been 

limited, Hg has been used in novel applications, including fluorescent lamps, together with rare 

earth elements as Ce.121 In coastal waters, Hg was detected in concentrations up to μg/L,122 

whereas in open sea Hg concentrations were estimated to be in the range of 0.5–3.0 ng/L.123 The 

capacity of Hg to affect biological processes, including biochemical mechanisms involved in 

organisms’ oxidative stress status, was assessed by several authors.124,125 The negative impacts 

that Hg has on energy metabolism, physiological mechanisms and reproduction were also 

ascertained.125 

Besides pollution, coastal ecosystems are affected by the ever-increasing threat posed by the 

changing climate. Indeed, the adverse effects of contaminants could be further amplified if 

combined with other environmental stressors such as global warming.126 Several studies 

highlighted that an increase in water temperature can affect the bioaccumulation of pollutants, 

including metals, but also to modify organism’ susceptibility to contaminants.127,128 However, the 

effect of increasing temperature on NPs is still barely investigated129, and less is known on the 

influence of temperature rise on the combined effects between NPs and metals.130  

The goal of this study is to assess the potential interaction between CeO2 NPs and the toxic metal 

Hg under the temperature representative of current conditions at the sampling area, and the 

temperature increase forecasted to occur at the end of the 21st century.131 The marine bivalve 

Mytilus galloprovincialis was selected for this study since it has been widely used as bioindicator 

species for a vast variety of pollutants, including metals as Hg, metalloids and nanoparticles.132–134 

Mussels were exposed to CeO2 NPs and Hg individually and in combination at 17 and 22 °C, for 

twenty-eight days. Several biochemical endpoints were evaluated such as electron transport 

system (ETS) activity, as markers of energy alteration and metabolism; glutathione reductase (GR) 

and glutathione-s-transferases (GSTs) activities, as markers of oxidative stress. Moreover, 

reduced glutathione (GSH) content was evaluated to measure mussel's redox balance. 
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2 Result and Discussion 

2.1 Ceria nanocomposite characterization 
 

We prepared CeO2 NPs with some modification of literature procedure135 resumed in Scheme 1. 

From these naked NPs, the Chitosan and Alginate nanocomposites have been obtained. Alginate 

is a negatively charged polymeric species in a wide range of pH due to carboxylate functionalities 

present in each repeating unit. On the contrary, Chitosan is a polymer characterized by amine 

groups that are mainly protonated until pH 7-8. The ζ-potential curves for the two natural 

polymers in MilliQ water (Figure 3), together with the chemical structure sketching the repeating 

unit) showed the different overall charge of these two natural macromolecules in the pH range 

3.10. 

 

 

Scheme 1. Synthesis of Ce NPs coated with Chitosan and Alginate 

 

Figure 3. ζ-potential vs pH curves for Alginate and Chitosan polymers. In the boxes, the sketches of the polymer 
repeating units are shown. 

 

The full characterization of NPs highlighted that the coating with natural polymers altered the 
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stability and hydrodynamic behaviour of the NPs in water, with CeO2@Alginate being more prone 

to sedimentation compared to the other two NPs. 

The three synthesized nanoceria showed some differences in size, shape, or aggregation state 

(Figure 4). TEM images of naked CeO2 showed some aggregates, but most of the freshly prepared 

NPs appeared well spread on the sample holder with a mean diameter centred at ~5 nm (Figure 

4a).  

 

Figure 4. TEM micrographs of (a) naked CeO2 NPs; (b) CeO2@Alginate NPs; (c) CeO2@Chitosan NPs. 

 

In contrast, CeO2@Chitosan (Figure 4c) NPs appeared in the TEM micrographs as irregular NP 

clusters composed of NPs identical in size with the naked NPs, and the Chitosan shell was not 

visible. The CeO2@Alginate was composed of particles with rounded shapes and larger sizes (~50 

nm) (Figure 4b). In this nanocomposite, we can observe the Alginate shell surrounding the NPs in 

the TEM images (see Figure 5), which explains the observed differences by TEM both in shape and 

size. 

To confirm the formation of the coating and quantify it, we carried out thermogravimetric 

analysis (TGA). While in the TG profile of naked ceria a continuous mass loss until 800 °C was 

present, for both the Chitosan and Alginate derivatives, there was a defined weight loss step (from 

150 to 400 °C), stating the presence of the polymer together with Ceria NPs. The starting weight 

loss was due to the loss of hydration water (~2% and ~9% for Chitosan and Alginate, respectively). 

Then, while in the CeO2@Chitosan curve the decomposition of the polymer accounts for only ~9% 

of weight loss (T onset = 230 °C), for CeO2@Alginate, the percentage of polymer reached ~49% (T 

onset = 210 °C), in line with what was observed by TEM, which showed that the Alginate amount 

surrounding the Ceria NPs, compared to that of Chitosan, was much higher (Figure 6). 
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Figure 5. Magnification of panel (B) of Figure 4. The arrows are indicating some parts of the sample in which is more 

evident the presence of a lighter shell. 

 

Figure 6. TGA curves for the three Ceria-based samples carried out in air at a heating rate of 10 °C min-1. 

Another indicator of the presence of polymers on Ceria NPs was observed in FTIR-ATR 

spectroscopy. The spectra are reported in Figure 7 (panel (a) Chitosan; panel (b) Alginate), in 
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which a comparison between naked Ceria NPs, the polymers and the relative Ceria derivatives are 

reported. The attribution of the bands relative to the various species is reported in Table 2. From 

this comparison, it can be seen that in the blue traces, the signals of Chitosan (Figure 7a) and 

Alginate (Figure 7b) are evident (vertical green dashed lines) together with the intense and 

partially visible band of the Ceria lattice (750-400 cm-1). 

 

Figure 7. ATR-FTIR spectra of naked CeO2 NPs (black traces), Chitosan (red trace panel a), Alginate (red trace panel b), 
and the two nanocomposites CeO2@Chitosan (blue trace panel a) and CeO2@Alginate (blue trace panel b). 

 

Table 2. FTIR-ATR bands and their attribution for the various species studied. 

Species Wavenumber (cm-1) Attribution 

CeO2 NPs 

3300 νOH stretching mode of surface OH and adsorbed H2O 

1622 δOH bending mode of adsorbed water 

1348 and 1494 ν C-O carbonate ions interacting with the NPs surface Ce cations 

750-400 ν Ce-O Ceria NPs lattice 

Chitosan 

3359 νOH and νNH stretching modes of axial OH and NH amine groups 

2919 and 2867 symmetric and asymmetric νCH of the aliphatic groups 

1655 
νCO stretching mode of acetamido groups (amide I) present in some of 

the repetition units of chitosan 

1570 δNH  bending of amino groups 

1422 and 1477 (sh) νCN stretching mode and δNH bending of amino groups 

1380 δCH symmetrical deformation of CH3 

1150-900 vibrations of glycosidic bonds, C-O and C-O-C stretching 

CeO2@Chitosan 

 

3340 νOH and νNH stretching modes of axial OH and NH amine groups 

2920 and 2849 
symmetric and asymmetric νCH of the aliphatic groups of Chitosan and 

possible acetate residues 

1655 
νCO stretching mode of acetamido groups (amide I) present in some of 

the repetition units of chitosan 
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1534 and 1407 
νCO symmetroc and asymmetric stretching of COO- groups of acetate 

deriving from acetic acid used for the dissolution of Chitosan. 

1146 and 1050 vibrations of glycosidic bonds, C-O and C-O-C stretching 

750-400 ν Ce-O Ceria NPs lattice 

Alginate 

3223 νOH stretching modes of axial OH 

2955 and 2885 symmetric and asymmetric νCH of the aliphatic groups of Alginate 

1606 and 1415 
Characteristic peaks of Alginate attributed to asymmetric and 

symmetric stretching vibrations of carboxylate salt ion 

1130 - 938 
attributed to the ν C–O stretching of pyranosyl ring with contributions 

from C–C–H and C–O–H deformation 

CeO2@Alginate 

3388 νOH stretching modes of axial OH 

2952-2882 symmetric and asymmetric νCH of the aliphatic groups of Alginate 

1595 and1429 
asymmetric and symmetric stretching vibrations of carboxylate salt ion 

of alginate (the shift owing to chelation with Ceria NPs surface 

1131 - 935 
attributed to the ν C–O stretching of pyranosyl ring with contributions 

from C–C–H and C–O–H deformation 

800-400 ν Ce-O Ceria NPs lattice 

 

The three samples suspended in milliQ water appeared different to the naked eye. While 

CeO2@Chitosan NPs were well suspended, both the naked Ceria and CeO2@Alginate NPs showed 

a certain amount of precipitate settling down over time, with the CeO2@Alginate the sample 

having the highest visible sediment formation. 

First, we tentatively tried to characterize the three samples by DLS in milliQ water at a 

concentration as low as 0.1 mg/mL, but the insufficiency of the results, due to a very low scattering 

power, prompted us to increase the concentration to 1 mg/mL. At these concentration levels, the 

analyses were robust and reproducible but far from the concentrations used for the assessment 

of the effects on bacteria as well as on animal models. Nevertheless, DLS is a useful tool to 

compare the colloidal behaviour of the different nano-derivatives and to collect information on 

their actual state, provided that the suspension is stable enough. 

The DLS results (Table 3) in milliQ water showed that CeO2@Chitosan NPs present only one peak, 

which was centered at ~200 nm, while in the case of the naked Ceria two populations were 

detected (at ~150 and ~400 nm), indicating that incipient aggregation began to occur. The 

instability over time of some suspensions produced DLS outputs that were not always 

representative of the whole sample since even during the short time of the measurements, 

dynamic aggregation events occurred, as in the case of the Alginate derivative, which showed the 

most aggregated situation. This last sample started to flocculate in a few minutes, and one of the 

two peaks detected by DLS was centered at much higher sizes (~790 nm). This behaviour can be 

ascribed to the ability of this polymer species to crosslink several NPs to each other. Hence, it is 

clear that the hydrodynamic diameter is representative of just the fraction of material remaining 

in suspension. 

Through measurements of the ζ -potential, the surface charge was also investigated. As 

expected, the different coatings heavily modified the surface charge, from the negative value -28 

mV for CeO2@Alginate to positive values for Naked Ceria (+36.7 mV) and Ceria@Chitosan (+42.8 

mV). 
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Table 3. Hydrodynamic diameters (nm) and z-potential values of the three CeO2 NPs in milliQ water, tap water and 
NaCl water 

Type of tested water Sample 
Dynamic light scattering 

ζ potential (mV) dh (nm, 
intensities) 

Vol % Numb. % 

MilliQ 

Naked Ceria 
(1 mg/mL) 

146 ± 15 78.3 100 
+36.7 ± 2.3 

400 ± 75 21.7 0 

CeO2@Chitosan 
(1 mg/mL) 

209 ± 46 100 100 +42.8 ± 3.2 

CeO2@Alginate 
(1 mg/mL) 

786 ± 115 79 2 
-28 ± 2.2 

144 ± 14 21 98 

Tap water 

(San Benedetto
®

) 

Naked Ceria 
(1 mg/mL) 

973 ± 115 100 100 -12 ±2.8 

CeO2@Chitosan 
(1 mg/mL) 

506 ± 20 100 100 -2.7 ± 2.4 

CeO2@Alginate 
(1 mg/mL) 

210 ± 25 66 98 
-17.0 ± 2.0 

790 ± 150 33 2 

NaCl water 
(northwest coast of 

Portugal) 

Naked Ceria 
(0.1 mg/mL) 

1590 ± 110 100 100 + 2.8 

CeO2@Chitosan 
(1 mg/mL) 

780 ± 80 100 100 + 20.2 

CeO2@Alginate 
(0.05 mg/mL) 

1857 ± 200 100 100 -18.2 

 

In tap water, all the CeO2 NPs exhibited increased aggregation and colloidal instability (see sizes 

in Table 3). In general, the increase of the ionic strength affects the diffused layer at the NP surface 

by reducing it, thus lowering the ζ -potential values and consequently enhancing aggregation. 

Moreover, in the case of Alginate, Ca2+ ions can heavily affect the aggregation crosslink of different 

chains since carboxylate groups effectively bind this cation. In this medium, the hydrodynamic 

diameter of naked Ceria resulted close to micron size, CeO2@Chitosan formed aggregates of ~506 

nm, while CeO2@Alginate copiously precipitated, leaving in suspension few smaller aggregates as 

98% of the population showed a hydrodynamic diameter of ~210 nm. Also, NPs showed a 

consistent ζ -potential change in tap water (whose natural pH is 7.9). Naked Ceria acquired a 

negative surface charge (-12 mV), the CeO2@Chitosan z-potential was approximately zero (-2.7 

mV), while CeO2@Alginate still showed a negative surface charge (-17.0 mV). All of these values 

were within the range of +20/-20 mV and very near zero, which explains the deterioration of the 

colloidal stability.  

A much greater instability was finally observed in NaCl water media, where larger hydrodynamic 

diameters were observed for all NPs, again affecting the Alginate derivative more than the 

Chitosan derivative, with the following descending order: CeO2@Alginate > naked Ceria > 

CeO2@Chitosan. The Naked Ceria and CeO2@Chitosan acquired a positive surface charge, while 
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the CeO2@Alginate ζ -potential was still negative (-18.2 mV). 

We also evaluated the sedimentation of the NPs by absorption UV-vis spectroscopy, following 

the decrease over time of the absorption band at ~300 nm in the ceria matrix. Due to the high 

sensitivity of this spectroscopic technique, these measurements were carried out at a 

concentration as low as 0.01 mg mL-1 to still detect the adsorption band of ceria while 

implementing similar concentration conditions used in the biological tests. In tap water and at 

this low concentration, the Ceria@Chitosan derivative was more stable and decreased slowly and 

almost linearly, and a similar profile was also observed for the naked Ceria (Figure 8). In contrast, 

the CeO2@Alginate NPs were prone to aggregate and flocculate much faster, and in 50 min their 

concentration was halved (Figure 8). 

The results showed that in tap water, the coating with Chitosan seemed to increase the 

dispersion and stability of CeO2 NPs, while the coating with Alginate enhanced sedimentation, 

leaving smaller aggregates in the water column compared to those of the other NPs. 
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Figure. 8. Sedimentation test, followed by UVevis spectroscopy, of the three Ceria NP suspensions in tap water, 
monitored by the absorbance peak variation of the Ceria core (λmax = 300-305 nm) over time. 

A different trend was observed in salt water, where the very high ionic strength provokes 

substantial aggregation of all the NPs, in agreement with previous observations.136,137 The most 

evident and fast aggregation was observed, once more, for Alginate derivative (hydrodynamic 

diameter of ~1860 nm, surface charge of-18 mV), followed by the Naked NPs (~1590 nm, ~ zero 

charge) and the Chitosan derivative (~780 nm, +20 mV) which, once more, resulted in the most 

stable among the three. Overall, the evidence underlined that the interaction with biomolecules 

influenced the fate of CeO2 NPs, and this could reflect the bioavailability of the NPs to aquatic 

organisms. 
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2.2 Study of the interaction of Ceria nanoparticles and natural organic 

matter on Aliivibrio fischeri and Daphnia magna 
 

Passing from the characterization of the material to the biological tests, the biologist involved in 

this collaboration observed the effects of Ceria NPs starting from the measurement of the bacteria 

inhibition. Here in the following are resumed the most important results that the biologists 

obtained using the Ceria NPs we prepared. 

By measuring the bacteria luminescence activity (Microtox bioassay), they conclude that no 

significant effect was observed on luminescence activity measured on bacterium A. fischeri. as the 

percentage of inhibition was always maintained below 20% in bacteria exposed to all CeO2 NPs 

(Figure. 9). The absence of toxic effects observed in the study could therefore be related to the 

lower concentrations of CeO2 NPs tested in the short exposure time (1.0 mg/L), compared to the 

studied inhibition in higher concentration as 5.0-70 mg/L.85,138 

Effects on D. magna did not induce significant acute toxic effects as immobilization/mortality 

was below 10% in all replicates. In order to assess whether the different coating may interfere 

with cellular pathways, the activity of enzymes involved in the antioxidant response machinery 

was investigated. They observed (Figure 10) an increase in the reactive oxygen species (ROS) 

levels paralleled the induced Glutathione-S-transferase (GST) activity. For that, CeO2@Alginate NP 

triggers oxidative stress on D. Magna. On the contrary, CeO2@Chitosan NPs induced hyperactivity 

behavior by increasing average speed and acceleration (Figure 10).  

 

 

Figure 9. Concentration-response curve of the three CeO2 NPs tested with Aliivibrio fischeri. 
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Figure. 10. Activity of GST, amount of ROS, Swimming activity and swimming velocity measured in D. magna exposed 
to the three CeO2 NPs at 10 and 100 µg L-1 for 48 h. Data are expressed as Mean ± SD (N =5). Different letters indicate 
significantly different values p < 0.05.  
 

2.3 Study of the interaction of Ceria nanoparticles and mercury on 

Mytilus galloprovincialis at different temperatures 
 

2.3.1 Mercury and cerium quantification in seawater and mussels’ soft tissues 

 

Concerning the Hg concentration in water, no differences were observed between Hg levels 

measured in the aquaria contaminated with the metal alone with compared to Hg + CeO2 NPs at 

17 °C and 22. °C (Table 4). The measurement of Ce levels in water confirmed fast sedimentation 

of the NPs since no differences were observed between the concentration of the CTL and the NP 

contaminated waters at both temperatures.  

However, given the low concentration of NPs used in this study, this data should be considered 

with caution. 

The amount of Hg in soft tissue confirmed the uptake and bioaccumulation of the metal by 

mussels (Table 5). The concentration of Hg was significantly higher in the group exposed to Hg 
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alone and combined with CeO2 NPs than to CTL, both at 17 and 22 °C. The co-exposure to Hg and 

CeO2 NPs did not affect metal accumulation at 17 °C, while a slight increase of metal content was 

observed in mussels exposed to Hg + CeO2 NPs at 22 °C compared to the exposure to the metal 

alone as well as to the metal NPs combination at 17 °C. The tissue level of Ce did not show any 

significant differences among exposure conditions. 

 

Table 4. Hg and CeO2 NPs concentrations in exposure water (µg/L) expressed as mean ± standard deviation. < lod means 
below the detection limit. 

Conditions 
Hg µg/L Ce µg/L 

17 °C 22 °C 17 °C 22 °C 

CTL 1.14 ± 0.20 1.5 ± 0.1 0.15 ± 0.21 0.156 ± 0.21 

CeO2 NPs - - 0.008 ± 0.02 0.01 ± 0.04 

Hg 4.12 ± 0.51 2.1 ± 0.4 < lod < lod 

Hg + CeO2 NPs 2.95 ± 1.38 4.6 ± 1.4 < lod < lod 

 

Table 5. Hg and Ce concentrations (μg/g) in M. galloprovincialis exposed to CTL, Hg and CeO2 NPs individually and in 
combination (mean ± standard deviation). Different letter means statistically difference (p < 0.05). 

 

2.3.2 Effect of interaction of Ceria nanoparticles with mercury interaction at 

different temperature 

The observed decrease of Hg toxicity in the presence of CeO2 NPs could be due to the adsorption 

of the metal on NPs that undergoing fast agglomeration and sedimentation might reduce the 

bioavailability for the organisms. Indeed, some studies reported the ability of Cerium-based 

nanomaterials to adsorb other metals such as As and Cr.117,139 As an example of successful use for 

the removal of Hg from water medium, a nano ceria-impregnated silica–iron oxide material139 and 

a composite of ceria–zirconia–titania for the removal of metallic Hg exploiting a catalytic oxidation 

method.140 To test this hypothesis, the influence of nano ceria on Hg bioavailability and 

bioaccumulation was assessed. Results showed that the Hg levels were only slightly reduced in 

water in the presence of Ce NPs and the bioaccumulation was similar in the organisms exposed 

to the metal alone and in combination with NPs (Table 4 and 5). Therefore, a physico-chemical 

interaction in water medium is unlikely to occur, but rather an antagonistic effect could take place 

on biological target inside the organism, potentially affecting the metabolism of the metal. In 

support to this hypothesis, the marked differences between Hg alone and Hg + NPs were observed 

on GSH and enzymes involved in its pathway, such as GR and GSTs (Figure. 11A-C). Due to the 

crucial role of GSH in Hg detoxification, it is possible that the combination with Ce NPs allows Hg 

to bypass the GSH response mechanism. Nevertheless, this hypothesis needs further 

confirmations. The presence of the NPs could also alter the biodistribution of the metal in the 

Conditions 
Hg μg/g Ce μg/g 

17 °C 22 °C 17 °C 22 °C 

CTL 0.15 ± 0.01 0.13 ± 0.01 0.28 ± 0.09 0.32 ± 0.12 

Ce NPs - - 0.43 ± 0.12 0.24 ± 0.03 

Hg 4.93 ± 1.11 4.44 ± 0.95 - - 

Hg + Ce NPs 4.98 ± 1.39 7.66 ± 1.37 0.30 ± 0.18 0.34 ± 0.15 
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organism. In particular, biodistribution is essential for determining the adverse effects triggered 

by pollutants, as different compartments in the organism could show different sensitivity to 

contaminants. For instance, TiO2 NPs not only adsorbed and enhanced the accumulation of As in 

Artemia salina, but also modified the subcellular allocation of As in the organism.18 

The effects caused by temperature increase override those caused by pollutants (both acting 

individually or in combination). Indeed, control organisms showed a significant loss of metabolic 

performance, shifting from 17 °C to 22 °C. As a consequence of this metabolic depression also the 

activity of antioxidant capacity was lowered. Similarly to the present study,124 exposed M. 

galloprovincialis to Hg under warming conditions (21 °C) and detected a limited capacity to 

activate the antioxidant defenses due to the reduced metabolic capacity. Also, the study by 

Coppola et al.127 showed that the rise of temperature from 17 °C to 22 °C reduced the ETS (Figure 

11D). activity preventing the bioaccumulation of Hg in M. galloprovincialis. In line with the present 

results, those authors pointed out that the adverse outcomes induced by temperature overcame 

the metal effects. Moreover, Andrade et al.129 evidenced that the exposure of M. galloprovincialis 

to tidal regime and to an increased temperature (21 °C) resulted in lower metabolic capacity. This 

may be due to a closure of the valves and metabolic depression put in place as the organism 

defense response under heat stress. An increase of the frequency and duration of valve closure 

in response to thermal stress was already documented in the freshwater mussel Unio tumidus.141 

A similar behavior was observed also in M. galloprovincialis, which under heat stress exhibited 

valve closure and metabolic depression.142 

 

Figure. 11. A: Glutathione (GSH) content; B: Glutathione reductase (GR) activity;C: Glutathione S-transferases (GSTs) 
activity and D: Electron transport system (ETS) activity; (mean +standard deviation) (n =9), in M. galloprovincialis 
exposed to CTL, as well as Ce NPs and Hg individually and in combination. Significant differences (p < 0.05) among 
exposure conditions were represented with different lowercase letters for groups exposed at 17 °C and uppercase 
letters for groups exposed at 22 °C. Besides, an asterisk represents significant differences between groups exposed to 
different temperatures (17 °C and 22 °C). 
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3 Conclusion 
 

Our study highlighted that the fate CeO2 NPs in water is highly dependent from the 

characteristics of the receiving water bodies (e.g. pH, ionic strength), by inducing changes on the 

ζ-potential. These changes influence the processes of aggregation/agglomeration, sedimentation 

and dissolution of the different forms of CeO2 NPs. All CeO2 NPs, at the tested concentrations, 

showed no acute effects (neither photoinhibition in A. fischeri nor mortality in D. magna) were 

observed on the tested organisms. 

Also the present study represents the first attempt to assess the combined effects of CeO2 NPs 

and Hg using on valuable marine species such as M. galloprovincialis. Furthermore, the potential 

influence of sea warming on this interaction was evaluated. The CeO2 NPs did not affect 

significantly the mussel metabolic metabolism and oxidative status. On the contrary, Hg induced 

a general metabolic depression and inhibition of antioxidant enzymes in organisms. A slight 

antagonistic effect of the two pollutants was observed, even if the effects of the metal prevailed 

on the NPs. The present results highlighted also that warming conditions do affect metabolic 

performance and reduce neurological functions of mussels. These effects might lead to negative 

repercussion on key physiological functions such as feeding, growth and reproduction, ultimately 

affecting mussel population health. 

 

4 Experimental 
 

4.1 Material and instruments  
Cerium(III) nitrate hexahydrate 99%, Alginic acid sodium salt from brown algae, Chitosan, Acetic 

acid 99% (Sigma Aldrich), HCl 30% (Merck Germany), Ammonia 28% (Prolabo) were all used as 
received without further purification. Ultrapure milli-Q water (Millipore, resistivity=18M Ω cm−2) 
was used for the preparation of the aqueous solutions. 

The morphology of the CeO2 NPs was observed with Zeiss LEO 912 ab Energy Filtering TEM 
operating at 100 kV using a CCD-BM/ 1 K system. TEM samples were prepared by depositing a 
drop of diluted aqueous ceria suspensions on a carbon-coated copper grid (CF300-Cu), allowing 
the contact for 15 min and then carefully removing the drop from the surface grid, and allowing 
it to dry at room temperature overnight. 

Hydrodynamic size and ζ-potential were carried out on a Zetasizer nano ZS instrument (Malvern) 
equipped with a 633 nm solid state He–Ne laser at a scattering angle of 173°, operating at 25 °C. 
The size and charge analyses were averaged from at least three repeated measurements. 
Typically, dissolving samples at a concentration of 1mgmL-1 or less in dependence on the 
conductivity of the solution and/or the scattering power. The size and charge analyses were 
averaged from at least three repeated measurements. 

The stability over time of the colloidal suspensions was carried out by acquiring UV-vis 
absorption spectra on an Agilent model 8543 spectrophotometer at room temperature and using 
standard quartz cells with a 1.0 cm path length. 

Thermogravimetric analysis (TGA) was carried out using a Mettler-Toledo thermogravimetric 
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balance (TGA/DSC 2 Star® System), analysing ~ 10-15 mg of lyophilized samples operating in air 
and spanning in the temperature range of 50-800 °C with a heating rate of 5 °C min-1. 
Infrared spectra were acquired for lyophilized samples on a PerkinElmer Frontier spectrometer 
equipped with an ATR accessory with a diamond/ZnSe crystal. 
 

4.2 Nanoparticle synthesis 

4.2.1 Ceria nanoparticle 

The CeO2 NPs (Naked Ceria) were prepared by modifying a literature procedure135 as follow: 
A cerium(III) nitrate aqueous solution (200 mL, 0.1 M) was added to 1 L of 3 M ammonia under 
continuous magnetic stirring at room temperature. The obtained violet precipitate was allowed 
to age for 12 h, until a colour change from violet to light yellow was observed. The aged precipitate 
was separated from the supernatant, then added with 300 mL milliQ water and the suspension 
bubbled with a N2 flux for 30 min to remove the excess ammonia. The precipitate was left to settle 
down and the supernatant removed. The last bubbling and washing steps were repeated 3 times. 
The so obtained NPs were finally re-dispersed in 350 mL milliQ water adjusting the pH at 3 with a 
further addition of HCl to increase the long term stability in suspension and avoid an early 
aggregation, and storing the suspension at 4 °C. The final concentrations of ceria NPs (9.3 mg mL-

1) was determined on the basis of thermogravimetric analysis (TGA) carried out with a lyophilized 
sample of a known suspension volume. 
 

4.2.2 Ceria chitosan143,144 

The preparation of ceria-chitosan NPs (Ce@Chitosan) was carried out starting from freshly 
prepared naked CeO2 NPs. An aliquot of ceria NPs colloid (53.8 mL containing 0.5 g CeO2) was 
diluted at 500 mL with milliQ water. Then, a solution of chitosan (1.0 g dissolved in 400 mL of 1% 
(v/v) acetic acid) was added to CeO2 NPs suspension under constant magnetic stirring at 80 °C, 
and kept in that condition overnight. The excess of chitosan, not interacting with ceria NPs, was 
removed by centrifugation (2935 rcf for 1 h, × 3 times). The Ce@Chitosan nanocomposite was 
finally re-dispersed in milliQ water. The portion of settled-down NPs were separated from stable 
suspended ones, and stored at 4 °C. The final concentrations of Ce@Chitosan NPs (13.0 mg mL-1) 
was determined on the basis of thermogravimetric analysis (TGA) carried out with a lyophilized 
sample of a known suspension volume. 
 

4.2.3 Ceria-Alginate 

The preparation of Ce@Alginate nanocomposite, freshly prepared naked CeO2 NPs (48.4 mL of 
colloid containing 0.45 g of CeO2) were diluted to 450 mL with milliQ water. Then, a clear solution 
of sodium alginate (0.9 g in 400 mL 1% (v/v) acetic acid solution dissolved at 80 °C under sonication 
for 1 h) was added under magnetic stirring and at 80 °C, and kept in that condition overnight.  The 
excess of sodium alginate was removed by repeated centrifugations (2935 rcf for 1 h, × 3 times). 
The CeO2@alginate nanocomposite was finally re-dispersed in milliQ water and retained only the 
stable part of the so-obtained colloid and stored at 4 °C. The final concentrations of Ce@Alginate 
NPs (10.1mg mL-1) was determined on the basis of thermogravimetric analysis (TGA) carried out 
with a lyophilized sample of a known suspension volume. 
 
Experimental part of biology is reported in literature.145–147  
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