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 Abstract-1 

Abstract 
Nature offers outstanding examples of structures and 
composite materials which exploit a variety of functions, 
often combining two or more needs. A great example 
can be found in sea sponges, silica structures that couple 
an hydrodynamic shape, allowing the flow of water and 
symbiotic organisms, with the ability of direct light with 
optical fiber-like constituents. 1 Butterfly wings are 
made of chitinous 2D Christmas tree-like nanostructures 
that allow them to be at the same time non-wettable 
and intensely colored. 2,3 Biominerals entrap organic 
molecules in the inorganic matrix to control 
polymorphism and morphology and enhance their 
mechanical proprieties. 4,5  
The strategies found in Nature can be exploited to 
create new materials, optimizing both the fabrication 
process and the material performances. In this work, I 
describe the fabrication of new inorganic materials with 
functional applications, ranging from drug delivery to 
bio-catalysis.  
Calcite single crystal composites are commonly found in 
biomineralized shells, in which small molecules such as 
amino acids 6 and macromolecules such as protein 7,8 are 
embedded within the inorganic matrix and modify the 
habit and proprieties of the material. We exploited the 
ability of calcite crystals to entrap molecules 9,10 and 
nano-objects 11-14 to obtain functional materials, with 
particular focus on drug delivery. In fact, calcium 
carbonate dissolves at acidic pHs that are typical of 
cancer and inflamed tissues, making it an ideal carrier 
for passive drug delivery systems. At the same time, the 
study of the additive entrapment and precipitation 
conditions 15 gives insights on the crystallization 
mechanism, shedding light on biomineralization 
processes. Two representative examples are described.  
As a representative molecule for this study retinoic acid 
(RA), a vitamin A precursor used to differentiate stem 
cells into neurons, has been used. 16 RA/calcite hybrid 
crystals were prepared by direct mixing of Ca2+ and CO32- 
ions in the presence of 200 µM retinoic acid. Even 
though no significant change in the morphology of the 
crystals was observed (figure A 1a-b), Rietveld 
refinement of high resolution X-Ray powder diffraction 
confirmed the entrapment of RA by showing a strain 
along the c-axis cell parameter. RA/calcite hybrid 
crystals were embedded into a fibrin matrix to form a 
bioresorbable 3D network ideal as a cell support (figure 
A 1c). The differentiation of NE-4C/SH-SY5Y cells into a 
densely interconnected neuronal network was first 
assessed seeding the cells in the presence of the 
RA/calcite hybrid single crystals (figure A 1d-e). After 
prolonged time of incubation, neuronal processes are 
detectable and the active areas are almost completely 

covered by a dense layer of mature neuronal cells.  This 
demonstrates that RA/calcite hybrid crystals entrapped 
in a fibrin network can cause the differentiation of the 
majority of cells and the formation of a dense neuronal 
network with long and interconnected neuronal 
filaments.   

 
Figure A 1. Calcite crystals grown (a) in the absence and (b) in the 

presence of 200 µM RA and (c) RA/calcite crystals embedded in the fibrin 

matrix. Immunofluorence images: cell differentiation day 8 through RA 

released from the calcite/RA hybrid single crystals. (d) Shows the 

formation of the neuronal network of Ne4C in astrocytes, (e) show the 

differentiation of SH-SY5Y cells into neurons. The blue color (DAPI) marks 

the nuclei of all the cells. The differentiation is visualized by the specific 

ƭŀōŜƭƭƛƴƎ ƻŦ LLL ʲ-tubulin, a typical marker of neuronal processes (red). 

 

The mechanism of inclusion of nano-object into calcite 
single crystals has been widely investigated recently, 
with a particular focus on the enhancing of the 
mechanical proprieties rising from the fabrication of a 
single crystal composite. Despite that, poor attention 
has been paid to the surface chemistry of the additive. 
For this reason, we studied the inclusion of fluorescent 
core-shell silica nanoparticles (PluS-X) carrying different 
functional groups on their surface into calcite single 
crystals. Calcite crystals have been grown in the 
presence of different concentration of amine (PluS-
NH2), carboxyl (PluS-COOH) and hydroxyl (PluS-OH) 
terminating nanoparticles and their distribution and 
loading into the crystals has been evaluated exploiting 
their fluorescence. Hydroxyl nanoparticles are most 
efficiently entrapped into the crystals without a strong 
modification of the crystal morphology (figure A 2a-g). 
Furthermore, high resolution TEM analysis allowed to 
confirm that the single crystal nature of the crystal is 
conserved even in the presence of the particles (figure A 
2h). In the future, we plan to exploit the ability of 
including drugs in the PluS-X core and functionalizing 
their shells with tumor specific targeting agents to 
couple the passive drug delivery behavior of CaCO3 with 
the active one of the PluS-X themselves.  
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Figure A 2 . SEM and confocal micrographs of calcite crystals grown in the 

presence of 10 µM (a,d) PluS-COOH, (b,e) PluS-OH and (c,f) PluS-NH2. 

Scalebar is 10 µm and 20 µm respectively. (g) PluS-X loading of PluS-

COOH (grey), PluS-OH (white), and PluS-NH2 (black). (h) HRTEM image 

showing the single crystal nature of the PluS-OH/CaCO3 hybrid crystal 

and its FFT (inset). 

 

Crystalline order on a bigger length scale gives rise to 
interesting optical proprieties when materials with 
appropriate dielectric constants are used. Inverse opals 
(IO) consist in a periodic array of void spaces in a bulk 
matrix and, other than being fabricated in the lab, they 
occur even in Nature in a variety of exoskeletons, 
feathers and fruits. Nanofabrication allows to use a 
great variety of constituents that are not available in 
Nature, creating new materials with greater 
performances. Here, titania and silica inverse opals 
structures coupled with plasmonic nanoparticles have 
been successfully used to obtain laser driven remote 
and localize enhancement of the activity of the model 
enzyme lipase. Inverse opals with tailored pore size and 
refractive index contrast between the two materials 
show a photonic band gap, meaning that some 
frequencies cannot propagate in any direction inside the 
material. The frequencies at the edge of the band gap 
are allowed to propagate slowly inside the material, 
ƎƛǾƛƴƎ ǊƛǎŜ ǘƻ ǘƘŜ ǎƭƻǿ ƭƛƎƘǘ ŜŦŦŜŎǘΦ !ŎŎƻǊŘƛƴƎ ǘƻ CŜǊƳƛΩǎ 
golden rule, the absorption of light by molecules or 
particles is inversely proportional to its velocity, 
meaning that the slow light effect will increase the 
absorption of light by object present in the photonic 
material. Plasmonic nanoparticles (nPs) can absorb light 
and convert it into heating (figure A 3a). So, the 

presence of plasmonic nPs of the surface of the inverse 
opal will increase the heating rate with respect to the 
isolated nPs, creating an easy to recover substrate with 
high surface area and improved heating rate (figure A 
3b). The produced heat has been then exploited to 
enhance the activity of lipase, increasing its activity of 
almost 6 times (figure A 3c-d). Since most of the catalytic 
reactions increase their rate by increasing the 
temperature, such a system can be used as a universal 
platform for enhanced catalytic efficiency.  

 
Figure A 3. (a) Schematic of the composition of the platform. Gold nPs 

are represented in red, titania in gray and silica in light blue. (b) HRSEM 

image of gold nPs on the IO surface. Scalebar is 100 µm. (c) fluorescein 

production by lipase upon laser irradiation for titania IO (red) and silica 

IO (blue). (d) Enhancement of the activity of lipase during irradiation of 

the TiO2 substrate-showing the slow light effect- and the SiO2 substrate-

not showing slow light effect. 

 

As stated previously, biominerals present such 
complex morphologies that is not possible to replicate 
them in vitro. Sea urchin spines are composed of an 
interconnected network of pores with controlled 
dimensions and arrangement that give rise to a 
structure with a high surface area/volume ratio (figure 
A 4a). Those structures can conveniently be used as a 
template for the synthesis other materials with 
different proprieties. Colloidal assembly on the surface 
of pores increases the surface area while keeping the 
spaces interconnected to allow the flow of small 
molecules. Colloidal nanoparticles were successfully 
assembled onto the sea urchin spine surface obtaining 
an ordered array (figure A 4b).  
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Figure A 4. SEM images of (a) sea urchin spine porous structure, (b) 

ordered colloid array inside the sea urchin spine pores and (c) 

colloid/spine structure replica made of silica after CaCO3 dissolution, 

showing the submicrometric scale porosity given by the colloids. Scalebar 

is 50 µm in (a), 1 µm in (b) and 2 µm in (c). 

 

The colloid/spine structure can be used as a mold for 
other inorganic materials, such as silica or titania, to 
obtain a different length scale porosity scaffold (figure 
A 4c) with a surface area of around 850 times the one 
of the pristine spine. Titania is particularly interesting 
since it catalyzes the photodegradation of small 
organic molecules when irradiated with UV light. A 
hybrid silica/titania scaffold replicating the urchin 
spine was obtained after dissolution of the CaCO3 and 
polymers template. The catalytic activity of the final 
platform will be studied.  

Conclusions 

Nature offers outstanding examples of multifunctional 

complex structures able to address different needs by 
changing the composition or the arrangement of the 
available materials. In this work, a representative 
selection of bioinspired materials with functional 
application is presented.  
Taking inspiration from biominerals, calcite hybrid 
crystals including both small molecules and nPs have 
been synthesized. RA, a small molecule active in cell 
differentiation, has been included into calcite single 
crystals and its activity is conserved upon slow 
dissolution of the matrix. PluS-OH nanoparticles were 
successfully occluded into calcite without modifying 
the single crystalline nature of the material. Since 
different molecules such as drugs or biologically active 
molecules can be occluded into the PluS-X core, our 
strategy allows to embed different functions into the 
additive and make it independent from the nature of 
the molecule itself. 
Inverse opal structures able to slow light coupled with 
plasmonic nanoparticles and the enzyme lipase have 
been successfully used to obtain laser driven remote 
and localized control of the catalytic efficiency of the 
enzyme, thus obtaining a universal platform for 
catalytical efficiency enhancement.   
Sea urchin spines whose surface area has been 
amplified by adsorption of colloidal particles have 
been successfully used as a template to obtain a 
silica/titania replica with potential application in the 
photodegradation of small organic molecules.  

In conclusion, this thesis shows a selection of 
functional inorganic materials synthesized using 
design strategies found in Nature or exploiting natural 
occurring complex structures as templates, taking 
advantage of the possibility of using constituents that 
are not available to biological organisms.  
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1 Introduction 

1.1 Finding inspiration in Nature 

Living organisms are able to find outstanding solutions for their needs by generating high-

performing structures 1 and using simple strategies with low energy usage, as the use of 

resources not leading to the exploitation of a function will be a disadvantage from an 

ŜǾƻƭǳǘƛǾŜ Ǉƻƛƴǘ ƻŦ ǾƛŜǿΦ Lƴ ŦŀŎǘΣ ƭƻƻƪƛƴƎ ŀǘ bŀǘǳǊŜΣ ƛǘΩǎ ŀƭƳƻǎǘ ƛƳǇƻǎǎƛōƭŜ ǘƻ ŦƛƴŘ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀǘ 

do not serve any purpose. In the design of functional materials, by looking at the strategies 

adopted by Nature, one will start as close as possible to an optimal solution. 2-5 

Organisms are able to synthesize high performance structures in mild conditions, opposed to 

how the same materials are fabricated synthetically. The understanding of the underlying 

biological mechanisms allows scientists to mimic or take inspiration from characteristics of 

biological systems in non-living systems instead of simply replicating it. Bio-inspiration, a 

growing field in material science, goes beyond the mere imitation of the biogenic solution 

taking advantages of the principles governing its design. 

The first challenge in the design of a bioinspired material is to understand the principles and 

mechanisms generating the biogenic system and relate them to their function. The second 

step consists in engineering the ideal solution using the principles extrapolated by the bio-

inspiration source, designing a material which can be, from a chemical and physical point of 

view, significantly different from the one it is inspired by. In fact, one of the main advantages 

of the fabrication process is that it can exploit of the great range of materials and procedures 

that are available to scientists and overcome the limitation that living organisms are subjected 

to.  

Given the complexity of biological systems, what scientists were able to do up-to-now was to 

abstǊŀŎǘ ǎƛƳǇƭƛŦƛŜŘ ǾŜǊǎƛƻƴǎ ƻŦ ƻǊƎŀƴƛǎƳǎΩ capability and mimic some of their functions using 

simpler or different mechanisms. Nevertheless, this research effort leads to the development 

of new processes and to their use to solve problems that a biological solution would not be 

able to solve. At this point, it becomes clear that the main concept of bio-inspiration relies in 

the exploitation of strategies derived from Nature to respond to needs which can be really 

different from the one the organism faces.  

This thesis work aims to use strategies found in biomineralization and biogenic materials to 

address practical challenges, such as drug delivery and catalytic efficiency enhancement, 

while examining the chemical and physical principles underlying the related phenomena.  
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1.2 Biogenic functional materials 

[ƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎ ŀǊŜ ŀōƭŜ ǘƻ ƳŜŜǘ ǘƘŜƛǊ ƴŜŜŘǎ ōȅ ƳƻƭŘƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ǘƘŜȅΩǊŜ ƳŀŘŜ ƻŦΣ ƻŦǘŜƴ 

producing structures able to exploit more the one function at the same time. There are two 

main approaches used by the organism to obtain the desired function: (i) the presence of 

additives during the deposition process can modify the habit of the material as well as its 

proprieties, for example increasing its toughness or (ii) molding of the material at the micro-

nanoscale produces behavior which are independent from the composition of the structure. 

Often both strategies are employed together.  

Well-characterized and representative examples are given below.  

1.2.1 Lotus effect 

The water-repellence and self-cleaning behavior of lotus leaves are one of the most typical 

examples of nanostructure related proprieties. By examining different specie leaves, Barthlott 

and Neinhuis were able to correlate the structure of the surface of a given specie leaf (Figure 

1) with its contact angle (Table 1). 6 Interestingly, the hydrophobicity of the surface can be 

ascribed only to the patterning on the surface (Figure 1e-h), as those microstructures are 

made by cells or cuticular folds combined with epicuticular wax crystalloids with different 

geometry and composition.  

Table 1.Contact angle of different specie leaves. Contact angle below 110° classifies the surfaces as 

hydrophilic. Reproduced from 6.  

Plant species Contact Angle 

Gnetum gnemon 55.4 ± 2.7 

Heliconia densiflora 28.4 ± 4.3 

Fagus sylvatica 71.7 ± 8.8 

Magnolia denudate 88.9 ± 6.9 

Nelumbo nucifera 160.4 ± 0.7 

Colocasia esculenta 159.7 ± 1.4 

Brassica oleracea 160.3 ± 0.8 

Mutisia decurrens 128.4 ± 3.6 
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Figure 1. Scanning electron micrographs of the adaxial leaf surface of smooth, wettable (aςd) and rough, water-

repellent (eςh) leaf surfaces. The smooth leaves of Gnetum gnemon (a) and Heliconia densiflora (b) are almost 

completely lacking microstructures while those of Fagus sylvatica (c) and Magnolia denudata (d) are 

characterized by sunken and raised nervature, respectively. The rough surfaces of Nelumbo nucifera (e) and 

Colocasia esculenta (f) are characterized by papillose epidermal cells and an additional layer of epicuticular 

waxes. Brassica oleracea leaves (g) are densely covered by wax crystalloids without being papillose, and the 

petal surfaces of Mutisia decurrens (h) are characterized by cuticular folds. Bars 100 µm (aςd) and 20 µm (eςh). 

Reproduced from 6. 

The presence of a microstructure on the surface prevents the water droplets to completely 

touch the leaf surface and forms a composite between the wax crystalloids and the air 

enclosed among them, thus disfavoring the wetting from an energetical point of view. The 

drop will sit on the surface without spreading and will roll off the leaf easily.  

The hydrophobicity of the surface is responsible for the self-cleaning proprieties shown by 

those leaves, known as lotus-effect. In fact, as the drops are rolling off the surface, they 

embed dust particles and microorganisms they find along their path. The high velocity they 

can reach, promoted by the low interaction with the surface, prevents the particles from be 

just displaced by the running droplet, which entraps them and push them out the leaf. The 

so-called Lotus-effect plays an important role in protecting the organism from the 

contamination by pathogens such as algae and bacteria by (i) removing them from the surface 

and (ii) promoting a low-humidity environment in which is difficult for them to survive. Given 

its interesting proprieties, the design used by leaves has been used as an inspiration to 

fabricate nanostructures preventing wetting and biofouling which find applications in a great 

number of fields, ranging from construction to medical devices.  
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1.2.2 Gecko paws 

Gecko paws are another well-characterized example of functions related to nanostructure. In 

fact, the high adhesion of the paws to surfaces, which allows geckos to climb vertical wall with 

speeds up to 1 m s-1, is due to the presence of small branched keratin fibers, called setae, on 

the edge of each digit. Setae are organized in a grid-like geometry and each seta branches to 

give rise to a great number of fibrils ending with a spatular tip (Figure 2). 7 The shape of the 

fibril tip, their number and arrangement are responsible for the outstanding adhesive 

proprieties of the gecko, which has at the same time a high adhesive proprieties and low 

detachment energy. By combining loading and dragging toward its body, the gecko can 

adhere to the surface. The great number of fibrils and their slightly different orientation allow 

it to adhere to rough surfaces. By changing the angle between the fibrils and the surface, the 

gecko can easily detach from the surface. Adhesion relies on van der Walls forces, meaning 

that the gecko can walk to surfaces independently from their composition, and that its 

proprieties are due to the structure and not its chemistry. 8 

 

 
Figure 2. Structural hierarchy of the gecko adhesive system. Images (a,b) provided by Mark Moffett. (a) Ventral 

view of a tokay gecko (Gekko gecko) climbing a vertical glass surface. (b) Ventral view of the foot of a tokay 

gecko, showing a mesoscale array of seta-bearing scansors (adhesive lamellae). (c) Microscale array of setae are 

arranged in a nearly grid-like pattern on the ventral surface of each scansor. In this scanning electron 

micrograph, each diamond-shaped structure is the branched end of a group of four setae clustered together in 

a tetrad. (d) Cryo-SEM image of a single gecko seta (image by S. Gorb and K. Autumn). Note individual keratin 
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fibrils comprising the setal shaft. (e) Nanoscale array of hundreds of spatular tips of a single gecko seta. 

Reproduced from 7. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ƎŜŎƪƻΩǎ Ǉŀǿǎ ƘŀǾŜ ǎŜƭŦ-cleaning proprieties. In fact, when dirty digits adhere to 

surface, dust particles attach to the latter as the interacting surface is higher. After a few steps 

on a clean surface, the paws recover enough adhesive proprieties to support the gecko weight 

(Figure 3). 9 

 
Figure 3. Scanning electron micrographs of arrays. (A) Representative array after dirtying with microspheres. 

Arrow indicates a microsphere adhering to several spatulae. (B) Array from the same animal after five simulated 

steps. Microspheres are still present, but spatular surfaces are mostly clean. (Scale bars: 10 µm.) (C) Mean shear 

stress in clean, dirty, and self-cleaned gecko digits. Dotted line indicates minimum shear stress required to 

ǎǳǇǇƻǊǘ ƻƴŜ ƎŜŎƪƻΩǎ ōƻŘȅ ǿŜƛƎƘǘ όпо Ǝύ ōȅ ŀ ǎƛƴƎƭŜ ǘƻŜ όŀǊŜŀ @ 0.19 cm2). After clogging with 2.5-µm- radius 

microspheres, four steps on clean glass restored setal force to a level sufficient to support the gecko by a single 

toe. Reproduced from 9 

Similar structures can be found in other organisms such as beetles, flies and spiders (Figure 

4). The dimension of the spatular tip, their number and their extension are inversely 

proportional to the body mass, as splitting up the contact into finer subcontacts increases 

adhesion. 10 

 

 
Figure 4. Terminal elements (circles) in animals with hairy design of attachment pads. Note that heavier animals 

exhibit finer adhesion structures. Reproduced from 10. 
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The incredible dry adhesive proprieties shown by geckos and caused by the nanostructures 

present on their digits are a promising source of inspiration for a new generation of adhesive 

materials which do not rely on the chemical composition of the sticky material and can add 

further proprieties, e.g. self-cleaning, to the material.   
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1.2.3 Nacre 

Biomineralization is one of the richest sources of inspiration for bioinspired materials. In fact, 

Nature developed a wide variety of hard materials with unique and diverse proprieties, 

ranging from lenses to bones, that act as body structures, weapons and sensor. Among 

biominerals, calcium carbonate is one of the most diffused. Even though CaCO3 is brittle, the 

organic molecules embedded into the inorganic matrix during the biomineralization process 

together with the nano-structures organisms are able to fabricate make it the ideal 

constituent of materials with incredible mechanical proprieties, having their ultimate 

example in nacre. In fact, nacre is composed of aragonite tablets with thickness around 500 

nm separated by a thin organic layer, which both directs crystal nucleation and growth and 

prevents crack propagation (Figure 5). 11 

 
Figure 5. (A) Scanning electron micrograph of the fracture surface of the cross-section of N. pompilius septum, 

showing the layered structure of nacre. The fracture propagated along the borders between the tablets, reveals 

a flat surface in which stacks of aligned tablets encompassing tens of layers can be observed. (B) Scanning 

electron micrograph of a fracture surface of the cross-section of A. rigida nacre, showing the layered structure 

ƻŦ ǘƘŜ ƴŀŎǊŜΦ CǊŀŎǘǳǊŜ ǇǊƻǇŀƎŀǘŜŘ ŀƭƻƴƎ ǘƘŜ ōƻǊŘŜǊ ōŜǘǿŜŜƴ ǘƘŜ ǘŀōƭŜǘǎΣ ǎƘƻǿƛƴƎ ǘƘŜ ǎǘŀƎƎŜǊŜŘ άōǊƛŎƪ ǿŀƭƭέ 

structure of the nacre, where tablets from different layers are not aligned. Reproduced from 11 

Other than being comprise between crystalline tablets, organic molecules are embedded 

even within them, enhancing the mechanical proprieties of the material by creating spots in 

which the energy involved in a damage can be dissipated. This mechanism has been observed 

even in other calcified materials such as sea urchin spines 12 and have been replicated 

synthetically both by using small molecules (amino acids) 13 and bigger objects (micelles and 

nanoparticles). 14,15 

Nacre is a good example of how Nature optimizes both the structure and the composition of 

the material to improve its performances, giving us suggestions on how to improve the 

proprieties of the material itself and how to design structures with optimal performances.  
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1.3 Synthetic inorganic functional materials 

As shown in 1.2, Nature is able to obtain a wide range of functional materials by changing the 

composition and the design of the structures it produces. Thus, it is one of the most powerful 

sources of inspiration for scientists working in nanotechnology, which can observe already 

optimized structures to use as starting point for designing devices for their needs. 

Due to the recent improvement of imaging techniques, many new information on the 

nanopatterning of biogenic functional materials became available so that, thanks to the 

advances in fabrication skills, new functional materials have been prepared. 

Bottom-up approaches are appealing due to the easiness in scale-up the fabrication process 

and consistency in synthesis results. These techniques often rely on self-assembly processes, 

which take advantage from the self-similarity of the components of the system. Two 

representative examples of inorganic functional materials mimicking biogenic counterparts 

are given.  
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1.3.1 Bone inspired hydroxyapatite aerogel 

The structure of bones has always been fascinating for scientists due to its mechanical 

proprieties and the need for new methods for its regeneration pushed researcher to 

investigate new solutions to prepare similar materials. 16 

The porous structure of trabecular bone inspired ultralight hydroxyapatite (HAP) nanowire 

aerogels (Figure 6) with three-dimensional interconnected highly porous meshwork structure 

using a simple, environmentally friendly, low-cost method which can be scaled up for large-

scale production. The ultrahigh porous, lightweight, high elastic, and ultralow thermal 

conductive aerogel can be easily functionalized to change its surface chemistry. 

The presence of a great number of interconnected pores allows excellent air permeability and 

low air flow resistance and has been thus make it an interesting platform for applications in 

air pollution treatment, such as in air purification, breathing masks, treating automobile and 

chimney exhausts, and so forth.  

The possibility of flowing liquids in the aerogel pores, whose surface functionalization can be 

ǘŀƛƭƻǊŜŘΣ ŀƭƭƻǿǎ ǘƘŜ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ƻƛƭҍǿŀǘŜǊ ƳƛȄǘǳǊŜǎΣ ŜȄƘƛōƛǘƛƴƎ ƘƛƎƘ ŀōǎƻǊǇǘƛƻƴ ŎŀǇŀŎƛǘƛŜǎ ŦƻǊ 

different oils and organic solvents. The elastic proprieties of the aerogel allow it to be used as 

a sponge, making possible to squeeze it and make it recover its adsorption proprieties.  

In conclusion, this bone-inspired aerogel is a promising example of a multifunctional platform 

based on inorganic materials.  

 
Figure 6. Digital image and SEM micrographs of the cancellous bone. (C) Digital image and SEM micrographs of 

the as-prepared HAP nanowire aerogel. Reproduced from 16 
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1.3.2 Transparent nacre-like material 

Nacre, as one of the toughest biogenic materials, is an inspiration source for the fabrication 

of materials with outstanding mechanical proprieties. The key of nacre fracture resistance is 

in the organic matrix entrapped among the aragonite tablets. Thus, this structure has been 

recreated using materials other than calcium carbonate and a wide variety of organic 

polymers.  

Das et al. used synthetic clays with different aspect ratio to prepare self-assembled nacre-like 

multifunctional materials. 17 The mechanical properties are dependent on the size of the 

nanoclay, ranging from ultrastiff materials for the highest aspect ratio to extremely tough 

materials with pronounced inelastic deformation for the smallest. This behavior can be 

ascribed both to the higher ratio of organic component present in the smaller platelets system 

and to the different fracture mechanism.  

The biggest advantage in the use of synthetic nanoclay over natural one is the possibility of 

obtaining a fully transparent, glass-like nacre-mimetics while at the same time showing 

among the best gas barrier properties known for nacre-mimetics (Figure 7).  

This study designs a bio-inspired multifunctional material obtained by combining advanced 

and tunable mechanical properties and extends the application prospects of nacre-mimetic 

materials beyond mechanical properties or the focus on singular functionalities, paving the 

way for high performance, mechanically robust, transparent barrier coatings and self-

standing substrates for organic electronics. 

 

 
Figure 7. (a) Photographs of an almost fully transparent PVA/LAP film. (b) Transparency by UV-Visible 

ǎǇŜŎǘǊƻǎŎƻǇȅ όƴƻǊƳŀƭƛȊŜŘ ǘƻ нр ˃Ƴ ǘƘƛŎƪƴŜǎǎύΦ όŎΣŘύ bŀŎǊŜ-mimetics with larger nanoclay (PVA/NTS) show 

translucency, but require a clear-coat matching the refractive index of the nacre-mimetics closely to become 

almost transparent. (e) SEM depicting the skin formed during preparation of a PVA/NTS nacre-mimetic (scale 

ōŀǊΣ р ˃ƳύΦ όŦύ {ŎƘŜƳŀǘƛŎ όƴƻǘ ƛƴ ǎŎŀƭŜύ ǎƘƻǿƛƴƎ Ƙƻǿ ŀ Ŏlear coat of matching refractive index diminishes surface 

scattering by providing a smooth top surface layer. Reproduced from 17. 
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1.4 Aim of the thesis 

Nature provides us with countless inspiration sources for the design of functional platforms, 

allowing us to take advantage of its already optimized materials and strategies. Given the 

wider range of constituents available for in vitro fabrication of such materials compared to 

the ones which can be found in Nature, there are virtually no limits to the devices that can be 

produced.  

The aim of this thesis is to obtain functional inorganic materials with applications ranging from 

drug delivery to catalysis while examining the chemical and physical processes underlying the 

observed phenomena.  

In the second chapter, the synthesis and characterization of calcium carbonate-based 

materials is described. The embedding of functional single-molecules as well as nanoparticles 

has been explored with the double goal of obtaining hybrid single crystals and understanding 

crystallization mechanisms. The possibility of obtaining bionic crystals, that is to say functional 

materials synthesized by living organisms, has been explored by using foraminifera as 

bioreactors.  

In the third chapter is described the design of a photonic platform for enhanced catalytical 

efficiency based on a titania inverse opal structure. The slow light effect caused by the 

alternating refractive index medium has been exploited to obtain remote and localized 

control of the activity of the enzyme lipase.  

In the fourth chapter, the possibility of using sea urchin spine as a template for the fabrication 

of 3-dimensional hybrid silica and titania scaffolds with high surface area and interconnected 

pores has been explored. Such a platform has ideal characteristics for applications in catalysis 

and as a scaffold for cells growth.  
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2 Calcium carbonate single crystal composites 

2.1 Introduction 

 

Crystal growth has always attracted great interest for the fundamental role it covers in 

fundamental science as well as for technological development. A crystal is defined as an 

ordered arrangement of objects, thereof it can be made out of molecules, ions or even 

particles. 1-3 Inorganic ionic crystals, usually made of atomic ions and small inorganic groups, 

are particularly diffused in Nature as they are one of the major components of rocks and 

sediments. Furthermore, organisms are able to synthesize those crystals and take advantage 

of their properties. For example, mammalians use calcium phosphate to build their bones, 

bacteria use iron oxide to create small magnets they use to orient themselves and sea 

organisms use calcium carbonate to synthesize their shells. 4,5 The process of precipitation of 

inorganic crystalline materials performed by living organisms is called biomineralization and 

it is a widely studied phenomenon for the incredible control that the organism exerts on 

polymorphism and morphology. 6,7 Calcium carbonate is the most studied bioderived material 

and it is a great example of the control exerted by living materials on the inorganic phase. 8-

10 

¢ƘŜ ƪŜȅ ƻŦ ƻǊƎŀƴƛǎƳΩǎ ŎƻƴǘǊƻƭ ƻǾŜǊ ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǇǊƻŎŜǎǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘŜ ƻǊƎŀƴƛŎ 

matter they excrete to direct nucleation and growth of the crystals. 11,12 One of the most 

beautiful examples is nacre, a material that can be found in the inner side of many shells. 13 
14,15 Nacre is made of aragonite tablets with controlled thickness, crystallographic orientation 

ŀƴŘ ƭƻŎŀǘƛƻƴΦ .ŜǘǿŜŜƴ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ǘŀōƭŜǘǎ ǘƘŜǊŜ ƛǎ ŀ ǘƘƛƴ ƻǊƎŀƴƛŎ ƭŀȅŜǊ ŎƻƳǇƻǎŜŘ ƻŦ ʲ-chitin, 

silk-fibroid like proteins and acidic macromolecules. Carboxylic groups present in the aspartic 

residues are able to coordinate Ca2+ ions and direct the nucleation of aragonite with the c-

axis perpendicular to the shell surface. 12,16,17 The growth of the crystals continues along the 

a and b directions until they connect each other. The final structure exhibit incredible 

mechanical proprieties compared to geogenic aragonite even if the total organic content is 

less than 3 % w/w. 18 Thus, we can conclude that organic inclusion into an inorganic matrix 

can significantly modify the behavior of the starting materials.  

By looking at the processes happening in Nature, we can take inspiration to produce new 

materials with tailored characteristics for our purposes using organic additives that are not 

available to living organisms. 19-25  
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2.1.1 Crystallization mechanism 

 

Due to the important role it covers in biomineralization, great attention has been paid to 

CaCO3 precipitation mechanism, which is consistent for processes happening both in vitro and 

in vivo. Crystallization is a self-assembly process, during which ions come together in different 

configurations to produce diverse crystalline structures. 1,2,5 CaCO3 is mainly found in an 

amorphous form (ACC), and in three crystalline anhydrous forms, vaterite, aragonite and 

calcite, listed in order of increasing thermodynamic stability. 

First of all, from a classical point of view, the precipitation of a crystalline phase happens only 

when supersaturation conditions are meet, that it to say when W²1, with W defined for CaCO3 

as: 

ɱ
ὅὥ ᶻὅὕ

ὑ
 

It is important to notice that ὑ  is specific for each polymorph, thus giving rise to a difference 

in supersaturation conditions for each possible forming phase. Above its W a certain phase 

precipitates, while under this value it dissolves. Given that supersaturation conditions are 

meet, the most straightforward way to describe a crystallization process is to think at it as a 

journey along an energy landscape, starting from a solvated state of high free energy towards 

a low free energy state in the crystal. All the characteristics of the final crystal are due to the 

shape of this landscape, in particular to the energy barrier that can entrap the material in a 

non-equilibrium state. When dealing with a crystallization process, it is important to consider 

both the kinetic and thermodynamic driving forces for precipitation. Kinetic control becomes 

important increasing when the concentration of starting materials increases up to the point 

at which classical crystallization principles are not followed anymore (see 2.1.2).  

The crystallization process can be divided into nucleation and growth of the crystal. During 

nucleation, Ca2+ and CO32- ions associate into clusters, that continuously grow and reduce due 

to addition and removal of ions. 26 The free energy of the cluster increases since the 

contribution of the surface is more significant than the one of the bulk. When a cluster is able 

to grow above the critical dimension (R*) its free energy decreases due to a stronger 

contribution of the bulk and a stable nucleus forms (see Figure 8). Note that the nucleation 

process is specific for each polymorph and generally less stable forms are easier to nucleate.  
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Figure 8. Energy path followed during the nucleation process Reproduced from 27 

After a stable nucleus is formed, the crystal enters the growth phase and it increases its size 

by addition of ions.  

When growing calcite in low supersaturation conditions and in the absence of additives, a 

classic crystallization mechanism is followed. 28 After the formation of a stable cluster, the 

crystal continues to grow by addition of ions, which adsorb to the surface of the already 

formed crystal. Depending on supersaturation conditions, different scenarios are observed 

(see Figure 9): 

A. At low supersaturation conditions, growth proceeds with a spiral mechanism; 

B. At intermediate supersaturation conditions, both a spiral growth and a nucleation of 

island on the surface of the crystal can take place; 

C. At high supersaturation, 2D nucleation on the surface prevails. 

  

 
Figure 9. Fluid Cell AFM images showing the growth mechanism on a (101 4) face at different supersaturation 

states. (A) Observations of spiral growth collected at 0.4 within minutes after the input of solution. Three spirals 

are observed in the imaging area. Spirals 1 and 3 are single ones, and spiral 2 is a convolution of two double 

ones. In the area where dislocations are absent, growth occurred by the advancement of existing mono-

molecular layers. (B) Co-existence of spiral growth (denoted by s) and homogeneous surface nucleation growth 

(denoted by n) at 1.0. Spirals occurred in the bottom part of the image where dislocations were linearly 

distributed. Two-dimensional nuclei appear in the upper right portion of the images. Growth by advancement 

of existing steps dominated in the rest imaging area. (C) The dominance of growth by two-dimensional surface 

nucleation was recorded at 1.6 within tens of seconds after the input of solution. Two-dimensional surface nuclei 
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ŀǘ мллΩǎ ƴƳ ǎŎŀƭŜ ŦƻǊƳŜŘ ǊŀƴŘƻƳƭȅ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ǿƛth some of them already coalesced to form bigger nuclei. 

Continuous surface nucleation is also observed at several locations (denoted by n). Reproduced from 29 

The different pathways followed by the growing crystals are of fundamental importance when 

studying the interaction of additives with the crystal surface as the change in the final 

morphology can be related to the adsorption processes happening at the nanoscale. In the 

recent years, new growth mechanism that do not follow classical thermodynamic rules were 

proposed and are discussed below.  

2.1.2 Alternative precipitation mechanisms 

Despite the great knowledge acquired on calcite crystallization, classical growth theory does 

not explain all experimental evidences. Thus, the possibility of non-classical crystallization 

mechanisms has been a wide topic of discussion in the recent years. 3,30-35  

 

Figure 10. Schematic representation of the possible pathways for a single crystal precipitation. Reproduced from 
3. Reprinted with permission from AAAS. 

Three main paths can be followed: (i) formation of cluster or liquid phase precursors, (ii) 

amorphous intermediate formation or (iii) oriented attachment of nanoparticles (Figure 10). 

These paths are favored when crystals are grown in high supersaturation conditions or in the 

presence of additives such as poly(4-styrene sulphonate-co-maleic acid) and poly(styrene-alt-

maleic acid).  

Great attention was paid to amorphous intermediates since this mechanism seems to be 

involved in many biomineralization processes. 36,37 The amorphous phase can then crystallize 

after assembling in situ giving rise to complex morphologies.  

Stable nanoparticles formation is favored by high supersaturation and stabilizing additives, 

the nanoparticles can then assemble in an oriented manner and might eventually fuse 

together along the high-energy crystal faces.  
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For the aim of this work, only the classical crystallization pathway will be taken into account 

since recent studies demonstrated that our precipitation conditions promote this 

precipitation route. 38 39 

 

2.1.3 Precipitation techniques 

CaCO3 can be prepared with different methodologies that provide Ca2+ and CO32- sources. 

They can be divided into two main categories: batch techniques and vapor diffusion methods. 

A batch precipitation consists in the direct addition of a solution containing Ca2+ to one 

containing CO32- or vice versa. A high supersaturation is reached upon the mixing of the two 

solutions and precipitation takes places immediately, producing kinetic products that 

eventually evolve into thermodynamically more stable phases by a dissolution and 

reprecipitation mechanism.  

Vapor diffusion methods take advantage of carbonate speciation and use CO2, that will be in 

equilibrium with HCO3- and CO32- in an aqueous solution, as a source of CO3
2- ions. The most 

diffused vapor diffusion method consists in the use of solid ammonium carbonate 

((NH4)2CO3), that spontaneously decomposes into gaseous ammonia (NH3) and carbon 

dioxide (CO2), and a Ca2+ solution in a closed container. After a first phase during which the 

equilibrium with the free space of the container is reached, the two gases diffuse into the 

Ca2+ solution. NH3 increases the pH of the solution, promoting the conversion of CO2 to CO3
2- 

(see Figure 11). 40 

 

 
Figure 11. Carbonate speciation in water depending on pH. Reproduced from 41 and 42 

The slow increase of CO32- concentration allows a slow increase in supersaturation, so that 

thermodynamically stable polymorphs can be obtained.   

To better understand the precipitation process, Ihli et al. investigated the effect of different 

experimental parameters on the kinetic of precipitation measuring the turbidity of the 

solution, its pH and free Ca2+ concentration. 43 While the quantity of (NH4)2CO3 in the solution 

doeǎƴΩǘ ŀŦŦŜŎǘ ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ /ŀ2+ concentration from 10 mM to 50 mM 

delays nucleation due to the increase of the time required for conversion of bicarbonate into 

carbonate. The control of surface area exposed to vapor and diffusion barrier also affect 
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precipitation by modifying diffusion of the gas phase. In particular, an increase of surface area 

linearly enhances carbonate concentration, thereof decreasing induction time and increasing 

pH and nucleation rate. Diffusion barriers are commonly exploited in vapor diffusion protocol 

and it was proven that they allow a longer induction time and keep supersaturation higher 

longer. ACC nucleation is hypothesized since a higher supersaturation respect to this phase is 

reached, but it is not demonstrated.  

In conclusion, even if the vapor diffusion method is a powerful tool to investigate the effect 

of additive at low scales, attention should be paid to the experimental condition as the system 

is strongly affected by numerous external parameters and can suffer of low reproducibility. 

  



  

 

 21 

2.1.4 Entrapment of molecules and hybrid crystals for functional applications 

Living organisms use insoluble organic molecule as scaffolds and soluble organic molecules as 

crystal growth modifier to shape calcium carbonate into the complex morphologies that can 

be found in Nature. 4 The former act as a template over which crystal growth takes place, 

controlling the nucleation direction and growth of the crystals, while the latter are believed 

to act on crystal morphology and be incorporated into the growing matrix. The effect of these 

molecules on the growth of calcium carbonate in vitro has been widely examined to relate 

their structure to the effect on crystalline morphology and polymorphism. In fact, the specific 

adsorption of molecules onto crystalline face decreases the growth rate of these faces 

without affecting the one of the others, thus causing a change in the crystalline habit (see 

Figure 12). Therefore, observing morphology of crystals grown in the presence of additives 

gives information on the nature of the interaction. 17,44 

 
Figure 12. Effect on adsorbed additives on the final crystal morphology. Reproduced from 17 

Calcite crystals grown in the presence of acidic macromolecules extracted from biogenic 

calcite form (001) planes that are not common in crystals grown in the absence of additives. 

Furthermore, labelling the adsorbed proteins with antibodies confirms their presence these 

faces. (001) faces alternate planes exposing calcium to ones exposing carbonate, creating 

planes with a net charge which favor the interaction with soluble additives. One other 

important parameter is the distance between the groups able to coordinate calcium or 

carbonate, which might favor a polymorph over the other. Despite that, is difficult to relate 

these proprieties of the additives to just one effect and is better to relate their effect to the 

cooperative effect of different mechanisms.  

Other than studying the effect of additives to understand their role during biomineralization 

processes, calcium carbonate crystals have been grown in the presence of molecules of 

interest in order to obtain hybrid materials. 45 The molecules to be entrapped have been 

chosen taking inspiration by functional groups usually found in macromolecules involved in 
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biomineralization processes, such as carboxylated or sulphonated residues, with the goal of 

obtaining functional material with improved characteristics compared to pristine crystals. 46 

Calcite is often used to prepare single crystal composites for its thermodynamic stability, its 

mechanical proprieties and the possibility of obtaining it as a single crystal. In the recent 

years, many groups extensively studied the possibility to include molecules or bigger species 

such as nanoparticles or micelles into calcite single crystals to obtain functional materials. 

22,46,47 

The inclusion of amino acids into calcite crystals and their effect over crystal morphology and 

polymorphism has been extensively characterized. It was found that the inclusion of amino 

acids into calcite crystals increases hardness of the crystals themselves. A 2.2 mol% content 

of aspartate almost doubles the hardness of calcite crystals reaching values typically found in 

biominerals. This effect can be ascribed to the direct blocking exerted by the molecules onto 

the crystalline planes, that can break upon dislocation of the lattice to absorb the energy of 

the fracture. 48 

Calcite single crystals entrapping dyes have been used to obtain an emitting material tunable 

in the visible spectrum and emitting white light. Crystals were grown in the presence of 

different organic dyes containing sulphonated groups, believed to increase entrapping, and 

the distribution of the dye was studied by confocal microscopy. All dyes showed an 

approximately linear increase in occlusion with the initial [Dye]/[Ca2+]. Incorporation is 

related to the number and distribution of the sulphonate groups rather than the molecular 

weight of the dye. Even if the incorporation level is too low to give significant lattice 

parameter distortion or line broadening from high-resolution synchrotron powder X-ray 

diffraction analysis, the composite crystals exhibited visible fluorescence under ultraviolet 

excitation (365 nm). By growing the crystals in the presence of a mixture of dyes of different 

color, white emitting crystals have been obtained and the approach was extended to 

nanoparticles synthesis, thus preparing a biocompatible emitting system with promising 

application in vivo. 20 

Many other examples of functional materials obtained by using calcium carbonate single 

crystals can be found in the recent literature, demonstrating the variety of possibility arising 

from the synthesis of single crystal composites. 49 
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2.1.5 A representative application: doxorubicin entrapment into calcite single crystals 

 

Reproduced with permission from: Magnabosco, G., Di Giosia, M., Polishchuk, I., Weber, E., Fermani, S., Bottoni, 

A., Zerbetto, F., Pelicci, P. G., Pokroy, B., Rapino, S., Falini, G. and Calvaresi, M. (2015), Calcite Single Crystals as 

Iƻǎǘǎ ŦƻǊ !ǘƻƳƛŎπ{ŎŀƭŜ 9ƴǘǊŀǇƳŜƴǘ ŀƴŘ {ƭƻǿ wŜƭŜŀǎŜ ƻŦ 5ǊǳƎǎΦ !ŘǾΦ IŜŀƭǘƘŎŀǊŜ aŀǘŜǊΦΣ пΥ мрмл-1516. 

doi:10.1002/adhm.201500170 

 

2.1.5.1 Introduction 

NanoȤ and microparticles hold great promise for controlled and targeted drug release and 

delivery. 50-52An ideal drug carrier should not exert harmful effects on normal cells. It should 

also satisfy requirements of stability, in vivo biocompatibility, and ability of targeted onȤ

demand release. 50-52 Inorganic nanomaterials may fulfill most of these requirements. Due to 

the simplicity of synthesis and modification, it is possible to control the particle size, shape, 

and surface functionalization. 52 Inorganic nanomaterials are usually made of durable and 

robust materials, which allow encapsulation and protection of sufficient amounts of cargos, 

preventing preleakage and damage to normal cells. 53 

Among inorganic carriers, calcium carbonate crystals represent an ideal platform to produce 

smart carriers for drugs due to their capability to adsorb, and more importantly to entrap 

drugs. 24,53-72 Organic molecules are commonly found incorporated inside biogenic calcium 

carbonate (CaCO3) crystals. 73,74 Nature in several organisms uses minerals to store vital ions 

and structural and functional molecules and macromolecules. 6,75 The use of CaCO3 as a 

cargoȤcarrier represents an application of biomineralization inspired principles. 45,76,77 

CaCO3forms common biominerals that are intimately associated to biological fluids, which, in 

turn, makes them highly biocompatible. In the body, it degrades to Ca2+ and CO3нҍ, which are 

products that are not toxic. 78,79  

The preparation of CaCO3 crystals is a simple, low cost, and organic solventȤfree process (lowȤ

level exposure to residual toxic organic solvents may lead to lasting toxic effects). Under 

highly optimized conditions, crystal formation can control the size of CaCO3 particles from the 

microȤ to the nanometer range, with relatively narrow size distributions. 80 The pH sensitive 

CaCO3 solubility can release entrapped molecules only when the dissolution of the crystals 

occurs. 81 Drug/CaCO3 hybrid crystals allow zeroȤleakage of drugs at the physiological pH of 

7.4, and release drugs in acidic conditions. CaCO3 carriers are particularly suitable for 

selective release of drugs in tissues that are more acidic than normal physiological pH 

(tumors, inflamed tissues). 82,83 

In biomedical application of CaCO3, besides crystalized CaCO3, amorphous CaCO3(ACC) is also 

effective in the delivery of drug. The ACC is used as a template for the synthesis of 
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doxorubicin@silica nanoparticles 83 and directly encapsulate doxorubicin (DOX) for pHȤ

responsive release of ACCȤDOX@silica nanoparticles. 84 

In general, development of an effective drug delivery system requires understanding of the 

chemical and physical properties that affect i) the interaction between the drug and the 

microȤnanoparticles, and ii) the interaction between the microȤnanocarriers and the 

biological environment. Often, the structural characterization of the interaction between 

drug and carrier is missing. Dopant molecules can be either located between individual 

crystallites of polycrystalline materials or entrapped inside single crystals where they can 

mimic the stereochemical features of the host. 

In the present work, DOX, an anthracycline drug widely used in chemotherapy, 85 is used as a 

model molecule to study the entrapment in calcite crystals and its release. The use of calcium 

carbonate nanoparticles as host for DOX and other therapeutic molecules has been already 

reported in a number of studies. 24,53-72 In most cases, DOX was adsorbed onto preformed 

calcium carbonate based microȤnanoparticles or mesocrystalline CaCO3 particles. In all cases 

the distribution of DOX in the mineral host, as well the host crystallography, were not 

investigated. 

The characterization of the drug host from the material point of view has also not been the 

main goal of previous work that was more concerned with biochemical aspects. The aim of 

the presented research is to determine how DOX is incorporated inside CaCO3 single crystals, 

examine the effects of such incorporation on the hosting crystalline lattice and understand 

the mechanism of incorporation. The biological activity of CaCO3/DOX systems is also assayed. 

2.1.5.2 Results and Discussion 

Calcium carbonate/DOX hybrid crystal precipitation was conducted at room temperature by 

controlled diffusion of CO2 and NH3 vapors into 10 × 10ҍ3 mM calcium chloride solutions 

containing different concentrations of DOX. The precipitation process was stopped after 4 

days. 

1.1.1.1.1. Effect of DOX Doping on the Morphology of Calcite Crystals 

In the absence of DOX, only rhombohedral single crystals of calcite are precipitated. In these 

ŎǊȅǎǘŀƭǎΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀƴ ŀǾŜǊŀƎŜ ǎƛȊŜ ƻŦ рл ˃ƳΣ ƻƴƭȅ ǘƘŜ ǘȅǇƛŎŀƭ ϑмлΦпϒ ŦŀŎŜǎ ŀǊŜ 

observable. The presence of DOX influenced the crystallization process as a function of its 

initial concentration in solution. At low concentrations, 5 × 10ҍ4 and 5 × 10ҍ3 mM, DOX did 

not affect the precipitation of calcite. At a concentration of 5 × 10ҍ2 mM the crystals became 

hoppered, showing holes on the {10.4} rhombohedral faces. Increasing the concentration of 

DOX to 5 × 10ҍ1 mM and 5 × 10ҍ3 mM results both in the observation of the copresence of 

spherulites with aggregated rhombohedral crystals and in the strong inhibition of the 

precipitation that is usually associated with the deposition of few aggregates and 



  

 

 25 

submicrometer sized particles. Calcite was the only crystalline phase detected by XȤray 

powder diffraction in the control experiments and in the experiments where 5 × 10ҍ4 mM, 5 

× 10ҍ3 mM or 5 × 10ҍ2 mM DOX was used. When a higher concentration of DOX was used (5 × 

10ҍ1 mM and 5 × 10ҍ3 mM), small amounts of vaterite coprecipitated with calcite (Figure 13). 

The optimal initial concentration of DOX was 5 × 10ҍ2 mM. 

 
Figure 13. Optical microscope pictures of DOX/calcite hybrid crystals precipitated in the presence of different 

initial concentrations of DOX. A) No DOX, B) 5 × 10ҍ4 mM, C) 5 × 10ҍ3 mM, D) 5 × 10ҍ2 mM, E) 5 × 10ҍ1 mM, and 

F) 5 m. {ŎŀƭŜ ōŀǊ млл ˃ƳΦ 

The textural features of the DOX/calcite hybrid crystals were further investigated by scanning 

electron microscopy, as illustrated in Figure 14. 
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Figure 14. Scanning electron microscope pictures of DOX/calcite hybrid crystals precipitated in the presence of 

5 × 10ҍ2 mM DOX. Textural details of different region of the crystal in (A) are illustrated. The rectangle indicates 

the region of magnification and the subscript the corresponding picture. 

Each crystal was characterized by the presence of a rounded cavity at the center of one of the 

{10.4} faces. The diameter of this cavity increased from inside to outside and changed among 

crystals. The wall of the cavity was stepped, with each step formed by a flat (10.4) face and 

some unspecific rough riser. Moving toward the center of the crystal, the thickness of the 

steps decreases from about 500 to less than 200 nm. The surface of the (hk.l) face showed 

the presence of packed spheroid nanoparticles, of about 100 nm, on which particles of few 

nanometers were observed. The formation of hoppers was explained by limited diffusion of 

constituent ions toward the growing crystal face. 86,87In this case, formation of additional 

crystalline faces on the hole walls supports a mechanism of thermodynamic control of growth 

spiraling due to the screw dislocations induced by the DOXςcalcite interaction. This aspect 

was further investigated by XȤray diffraction analysis. 

2.1.5.3 Effect of DOX Doping on the Lattice Structure of Calcite Crystals 

To examine the influence of DOX on the crystal structure of the hybrid crystals formed in the 

presence of the optimal concentration 5 × 10ҍ2 mM of DOX, highȤresolution synchrotron 

powder diffraction (HRXRD) measurements were carried out on the 11ȤBM beamline 

(Argonne National Laboratory, Argonne, USA). These measurements allowed, by 

determination of lattice distortion parameters, to ascertain whether DOX indeed is 

incorporated into the calcite lattice. We have already demonstrated that when organic 

molecules are incorporated into an inorganic crystalline host they induce lattice distortions 

88-90 and lead to unique microstructures. 89,90  This has been shown both in biogenic crystals 




































































































































































































































































