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Abstract

Nature offers outstanding examples of structures ancbvered by a dense layer of mature neuronal cellss Thi
composite materials which exploit a variety of functionglemonstrates that RA/calcite hybrid crystals entrapped
often combiring two or more needs. A great examplén a fibrin network can cause the differentiation of the
can be found in sea spongesilica structures that couple majority of cells and the formation of a dense neuronal
an hydrodynamic shape, allowing the flow of water andetwork with long and interconnected neuronal
symbiotic organisms, with the ability of direct light witHilaments.
optical fiberlike constituents.! Butterfly wings are , S Y
made of chitinous 2D Christmas tréke nanostructures g#
that allow them to be at the same time nemettable *
and intensely colored?® Biominerals entrap organic
molecules in the inorganic matrix to control
polymorphism and morphology and enhand&eir
mechanical proprietiest®

The strategies found in Nature rcabe exploited to

create new materials, optimizing both the fabricatior-

proce_ss and the.ma.tenal perfo'rmance's. In thl.s WOI‘. ’ﬁl’gure Al. Calcite crystals grown (a) in the absence and (b) in the
describe the fabrication of new inorganic materials Wltpresence of 200 uM RA and (c) RA/calcite crystals embedded in the fibrin

functional appllcatlons, ranging from druQ de“\/ery tﬂ]atrix. Immunofluorence images: cell differentiation day 8 through RA

b|o-cataIyS|s. released from the calcité?A hybrid single crystals. (d) Shows the
Calcite single crystal composites are commonly found #mation of the neuronal network of Ne4C in astrocytes, () show the
biomineralized shells, in which small molecules such @gerentiation of SHSY5Y cells into neurons. The blue color (DAPI) marks
amino acid$ and macronolecules such as proteiffare the nuclei of all the cells. The differentiation is visualized bystpecific
embedded within the inorganic matrix and modify theé I 6 St t Atybdlin, & fpical indrkeri of neuronal processes (red).
habit and proprieties of the material. We exploited the

ability of calcite crystals to entrap molecule&’ and The mechanism of inclusion of nanbject into calcite

: 1114 : . . )
naptiootlajfc';s tonol?jtfun flén::i;t;o:walTr?t?rla:s, w:tl: rTs1ingle crystals has been widely investigated recently,
particular foctls © ug aelivery. act, Ca.CUW{'th a particular focus on the enhancing of the
carbonate dissolves at acidic pHs that are typical g . o 2
Mmechanical proprieties rising from the fabrication of a

;:ancer E.md dlnflardnelq tISSUGSt, makxtg]ﬂ;t an 'de?_l car? |rngle crystal composite. Despite that, poor attention
or passive drug delivery systems. € same M€, 12s been paid to the surface chemistry of the additive.

study of the additiveentrapment and precipitation . . . .
. B - .. For this reason, we studied the inclusion of fluorescent
conditions gives insights on the crystallization o . . .
. . : . ._.._coreshell silica nanoparticlg®luSX) carrying different
mechanism, shedding light on blomlnerallzatloqg

rocesses. Two representative examoles are describ gnctional groups on their surface into calcite single
processes. pres ampies S e%rystals. Calcite crystals have been grown in the

As a representative molecule for this study retinoic acl . , :
(RA), a vitamin A precursor used to differentiate ste resence of different concentration of amine (PJuS
cells into neurons, has been uséf.RA/calcite hybrid HZ)’. ca}rboxyl (PIuS_OOH) and _hyd_ro>§yl .(PJ'GEH)

| ’ d by dir tmi>.<in ofCmd CG terminating nanopartites and their distribution and
crystals were prepared by direc 9 loading into the crystals has been evaluated exploiting

![(r)]ns 'Q the_pre_:f_sencte ﬁf 200_|\41trr]et|n0|c sc;d' Evf?htheir fluorescence. Hydroxyl nanoparticles are most
ougn no signiicant change in the morphology 0 Sfﬁciently entrapped into the crystals without a strong

rehnement of highresolton XRay powdar difracton mdicaton of the crystal morphology (fgue2ac).
g yp Furthermore, high resolution TEM analysis allowed to

confirmed the entrapment of RA by showing a Stral(@onfirm that the single crystal nature of the crystal is

along the eaxis cel pa_rmeter._ RA/caIc!te hybrid conserved even in the presence of the particles (fighire
crystals were embedded into a fibrin matrix to form fih) In the future, we plan to exploit the ability of

bioresorbablg 3D nc.atv.vork ideal as a cell suppor‘F (ﬁgulrﬁcluding drugs in the PId® core andfunctionalizing
Alc). Th? differentiation of NEC/SHSY5Y cells |nto. &heir shells with tumor specific targeting agents to
densely interconnected neuronal network was f'rséouple the passive drug delivery behavior of CAGE
assessed sed@ny the cells in the presence of th he active one of the PIug themselves

RA/calcite hybrid single crystals (figuteld-e). After '

prolonged time of incubation, neuronal processes are

detectable and the active areas are almost completely
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presence of plasmonic nPs of the surfacehaf 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 (figire
3b). The produced heat has been then exploited to
enhance the activity ofpiase, increasing its activity of
almost 6 times (figuré X-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.
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Figure 2. SEM and confocal micrographs of calcite ctggieown in the

presence of 10 uM (a,d) PREOOH, (b,e) PItSH and (c,f) PluSH.
Scalebar is 10 pm and 20 pm respectively. (g)-Rll&ding of PIuS 25
COOH (grey), Pl3H (white), and PluSH (black). (h) HRTEM image
showing the single crystal natui the PluSOH/CaC@hybrid crystal
and its FFT (inset).
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Crystalline order on a bigger length scale gives rise .| B ek 100%
interesting optical proprieties when materials with " o -
appropriate dielectric constastare used. Inverse opals % o2 o4 o0s  o0s Ti0 sio
.. . . . Time (h) 10, 10,
(IO) consist in a periodic array void spaces in a bulk _ , g
. . . . Figure A3. (a) Schematic of the composition of the platform. Gold nPs
matrix and, other than being fabricated in the lab, the . o L
in N . . f kel re represented in red, titania in gray and silica in light blueHEREM
occur even in _ature in a \_/an?ty Ol exoske etonﬁﬁage of gold nPs on the 10 surfaGzalebar is 100 pnfc) fluorescein
feathers _and fruits. _NanOfabncauon a”OWS_ to us_e &oduction by lipase upn laser irradiation for titania 10 (red) and silica
great variety ofconstltuentsthat are not 3_-V‘a||ab|e IN 10 (blue)(d) Enhancement of thectivity of lipase during irradiatiorf
Nature, creating new materials with greatekne Tio, substrateshowing the slow light effeeand the SiQ substrate
performances. Here, titania and silica inverse opalst showing slow light effect.
structures coupled with plasmonic nanoparticles have
been successfully used to obtain laser driven remo%g
. . s
and localize enhancementf the activity of the model
enzyme lipase. Inverse opals with tailored pore size a
refractive index contrast between the two materlal§nterconnectecl network of pores with controlled

show a photonic band gap, meaning that SOM§mnensions and arrangement that give rise to a

frequencies cannot propagate in any direction inside thgcture with a high surface area/volume ratio (figure
material. The fregencies at the edge of the band gamp 44). Those structures can conveniently be used as a
are allowed to propagate slowly inside the materialemplate for the synthesis other materials with
IANGAYI NRAS u2 UKS at 2g dffdrehKpkoprictiest Cofoiti P assefhZoNRelsMrdce U 2
golden rule, the absorption of light by molecules osf pores increases the surface area while kegpiine
particles is inversely proportional to its velocityspaces interconnected to allow the flow of small
meaning that the slow light effect will increase themolecules. Colloidal nanoparticles were successfully
absorption of light by object present in the photoni@ssembled onto the sea urchin spine surface obtaining
material. Plasmonic nanoparticlésPs)can absorb light an ordered array (figuré 4b).

and convert it into heating (figureA 3a). So, the

stated previously, biominerals present such
camplex morphologies that is not possible to replicate
em in vitro. Sea urchin spines are composed of an
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Figure A4. SEM images of (apa urchin spine porost structuﬁa., ‘(b)
ordered colloid array inside the sea urchin spine pores and (B
colloid/spine structure replica made of silicafter CaC@ dissolution
showing the submicrometric scale porosity given by the coll@dslebar
is 50 pmin (a), 1 pm in (b) and pumin (c).

1

2

The colloid/spine structure can be used as a mold for
other inorganic materials, such as silica or titgaria
obtain adifferent length scale porositgcaffold(figure 3
A 49 with a surface area of around 850 times the one
of the pristine spineTitania is particularly interesting4
since it catalyze the photodegradation of small
organic molecules when irradiated with UV light. R
hybrid silica/titania scaffold replicating therehin
spine was obtained after dissolution of the Ca@@d
polymers template. The catalytic activity of the finaé3
platform will be studied.

7
Conclusions

Nature offers outstanding examples of multifunctionaf
complex structures able to address different miseby
changing the composition or the arrangement of the
available materials. In this work, a representativ
selection of bioinspired materials with functional
application is presented.

Taking inspiration from biominerals, calcite hybri
crystals includig both small molecules and nPs have
been synthesized. RA, a small molecule active in cgjl
differentiation, has been included into calcite single
crystals and its activity is conserved upon slow
dissolution of the matrix. PIu®H nanoparticles were
successilly occluded into calcite without modifying12
the single crystalline nature of the material. Since
different molecules such as drugs or biologically active
molecules can be occluded into the PI¥Sore, our 13
strategy allows to embed different functions inthe
additive and make it independent from the nature of
the molecule itself. 14
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 combl of the catalytic efficiency of the
enzyme, thus obtaining a universal platform for
catalytical efficiency enhancement. 16
Sea urchin spines whose surface area has been
amplified by adsorption of colloidal particles have
been successfully used as a temtpl to obtain a
silica/titania replica with potential application in the
photodegradation of small organic molecules.

Abstract3

In conclusion,
functional
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 lilogical organisms.

thisthesis shows a selection of
inorganic materials synthesized using
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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' and using simple stratgeswith low energy usageasthe use of
resources not leading to the exploitation of a functianll be a disadvantagérom an
SP2t dziA @S LRAYG 2F OASgd Ly FFLOGx t221Ay3 i
do not serve any purposen the design of functional materials, by looking at the strategies
adopted by Naturgone will start as close as possible to an optimal solufidn.

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 all@scientiss to mimic ortake inspiration fromcharacteristics of
biological systems in neliving systems instead of simply replicating it. -Bigpiration, a
growing field in material science, goes beyond the mere imitation of the biogenic solution
taking advantages of the principles governing its giesi

The first challengen the design of 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 princgtésipolated by the bio
inspiration source, designing a material which canfbem a chemical and physical point of
view, significantly different from the one it is inspirdy. In fact, one of the main advantages

of the fabrication process is that it s@xploitof the great range of materials and procedures
that are available to scientisand overcome the limitation that living organisms are subjected
to.

Given the complexity of biological systems, what sciesiigtre able to do ugo-now was to
absNJI OG & A YLI A FASR c&psoNi dnd rfiicaic sBrite oRthdinkctigns dsiigi Q
simpleror different mechanisms. Nevertheless, this research effort leadsdaevelopment

of new processes and to their use to solve problems that a biologiagiGowould not be

able to solve. At this point, it becomes clear that the main concept oirisipiration relies in

the exploitation of strategies derived from Nature to respond to needs which can be really
different from the one the organism faces.

Thisthesis 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 reldtedgmena.



1.2 Biogenic functional materials

[ AGAY3 2NBIYAaAYAa INB ofS G2 YSSO GKSANI ySSR
producing structures able to exploit more the one function at the same tibthere are two

main approaches used by the organism to obtain the desired functiptheipresence 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 independeoinfthe composition of the structure.
Often both strategies are employed together.

Wellcharacterized and representative examples are given below.

1.2.1 Lotus effect

The waterrepellence and selfleaning 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 speci€ igafg

1) with its contact angleTablel). © Interestingly, the hydrophobicity of the surface can be
ascribed only to the patterning on the surfadeiqurele-h), as those microstructures are
made by cells or cuticular folds combined with epicuticular wax crystalloids with different

geometry and composition.
Table1.Contact angle of different specie leavé&3ontact angle below 110° classifies the surfaces as
hydrophilic. Reproduced frons.

Plant species Contact Angle
Gnetum gnemon 554127
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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Figurel. Scanning electron micrographs of the adaxial leaf surface of smooth, wettajllegiad rough, water
repellent (eh) leaf surfaces. The smooth leavesGsfetum gnemoria) andHeliconia densiflorgb) are almost

completely lackig microstructures while those oFagus sylvaticac) and Magnolia denudata(d) are
characterized by sunken and raised nervature, respectively. The rough surfaetuofbo nuciferge) and
Colocasia esculentff) are characterized by papillose epidermal cells and an additional layer of epicuticular
waxes.Brassica oleracekeaves (g) are densely covered by wax crystalloids without being papillose, and the
petal surfaces ofutisia decurrengh) are characterizd by cuticular folds. Bars 1Qén (acd) and 2Qum (egh).
Reproduced fronf.

The presence of a microstructure on the surface preventsahter 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 poivieaf. 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-slelining proprieties shown by
those leaves, known as lotgffect. In fact, as the drops are rollirajf 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 emigathem and push them out the leaf. The
so-called Lotuseffect 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 lowhumidity envirorment 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 fieldsyanging from construction to medical devices.



1.2.2 Gecko paws

Gecko paws are another walharacterized example of functions related to nanostructure. In
fact, the high adhesion of the paws to surfaces, which allows geckos to climb vertical wall with
speedsup to 1 m &, is due to the presence of small branched keratin fibers, called setae, on
the edge of each digit. Setae are organized in aldtdgeometry and each seta branches to
give rise to a great number of fibrils ending with a spatularFigre2). ’ 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 ptiggriand 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 betwvibe 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 hits chemistry2

meso- {3 micro-

nano-structure

Figure2. Structural hierarchy of the gecko adhesive system. Images (a,b) providddrkyMoffett. (a) Ventral

view of a tokay geckdGekko gecKoclimbing a vertical glass surface. (b) Ventral view of the foot of a tokay

gecko, showing a mesoscale array of degaring scansors (adhesive lamellae). (c) Microscale array of setae are
arranged in a nearly gridike pattern on the ventral surface of each scansor. In this scanning electron
micrograph, each diamonsghaped structure is the branched end of a group of four setae clustered together in
a tetrad. (d) Cry«5EM image of a single geclaies(image by S. Gorb and K. Autumn). Note individual keratin



fibrils comprising the setal shaft. (e) Nanoscale array of hundreds of spatular tips of a single gecko seta.
Reproduced frond.

LYGSNBadAy3Af ez -aéudrgpropéetidsiindact, whén@iBy digiihete 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
(Figure3).°®

= = NN N W

Shear Stress (kPa) 2
3888888

%, %
% '&, steps on clean glass, n

4 6 8

Figure3. Scanning electron micrographs ofays. (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 ¢®aale bars: 1m.) (C)Mean shear

stress in clean, dirty, and selfeaned gecko digits. Dotted line indicates minimum shear stress required to
adzLILIR2 NI 2y S 3S012Qa 02Re  ¢@b.A9T)Aftér cloggirg With @fm-fadius A y 3t S (]
microspheres, four steps on clean glass restored setal force to a level sufficient to support the gecko by a single

toe. Reproduced froni

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

4). The dimension of the spatular tip, their number and their extension are inversely
proportional to the body mass, aplitting up the coract into finer subcontacts treases
adhesion©

body mass =

(] Insects
¢

beetle fly spider gecko
Figured. Terminal elements (circles) in animals with hairy design of attachment pads. Note that heavier animals
exhibit finer adhesion structureReproduced front°.



The incredible dry adhesive proprieties shown by geckos and caused by the nanostructures
presenton 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. selfleaning, to the material.



1.2.3 Nacre

Biomineralzation 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 sensongAm
biominerals, calcium carbonate is one of the most diffused. Even though:Gal@tle, the
organic molecules embedded into the inorganic matrix during the biomineralization process
together with the nanestructures organisms are able to fabricate keait 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 directstatysucleation and growth and
prevents crack propagatiorfrigures). 11

A um
iz Wi

Figureb. (A) Scanning electron micrograph of the fracture surface of the ezesson ofN. pompiliusseptum,

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 micrograplof a fracture surface of the crosection ofA. rigidanacre, showing the layered structure

2F GKS yIONB® CNIOGdzNE LINRLI IFGSR Ff2y3a GKS 062NRSNI o
structure of the nacre, where tablets from different/krs are not alignedReproduced froni!

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 meohhas been observed
even in other calcified materials such as sea urchin spihemd have been replicated
synthetically both by using small molecules (amino acitlahd bigger objects (micelles and
nanoparticles)41>

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 desigtructures with optimal performances.



1.3 Synthetic inorganic functional materials

As shown ir1.2, Nature is able to obtain a wide range of functional matefiglehanging 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 dgsng 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 materfalse been prepared.

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

and consistency in synthesis results. These techniques often rely essselinbly processes,
which take advantage from the sealimilarity of he components of the system. Two
representative examples of inorganic functional materials mimicking biogenic counterparts
are given.



1.3.1 Bone inspired hydroxyapatite aerogel

The structure of bones has always been fascinating for scientists due to its meadha
proprieties and the need for new methods for its regeneration pushed researcher to
investigate new solutions to prepare similar materiafs.

The porous structure of trabecular bone joxed ultralight hydroxyapatite (HAP) nanowire
aerogelgFigure6) with three-dimensional interconnected highly porous meshwork structure
using a simplegnvironmentally friendly, lowcost 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 presencef 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, treatirigraobile and
chimney exhausts, and so forth.

The possibility of flowing liquids in the aerogel pores, whose surface functionalization can be
GFrAft2NBRZ ff26a GKS aSLINXYGA2y 2F 2AfbLgl GSN
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 bonespired aerogel is a promising example of a multifunctiqtatform

based on inorganic materials.

A

the asprepared HAP nanowire aerog&®eproduced front®



1.3.2 Transparent nacréke material

Nacre, as one of the touglst 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.

Daset al.used synthetic clays with different aspect ratio to prepare-asfembled nacréke
multifunctional materials.!” The mechanical propertieare dependent orthe size of the
nanoclay, ranging from ultrastiff matials for the highest aspect ratio to extremely tough
materials with pronounced inelastic deformation for the small€Bhis behavior can be
ascribed both to the higher ratio of organic component present in the smaller platelets system
and to the differen fracture mechanism.

The biggest advantage in the usesghthetic nanoclapver natural one is the possibility of
obtaining a fullytransparent, glastike nacremimetics while at the same time showing
among the best gas barrier properties known facremimetics(Figure?).

This studydesigns a bienspired multifunctional material obtained by combiniagvanced

and tunable mechanical propertiesd extends tle application prospects of nacraimetic
materials beyond mechanical propers or the focus on singular rigtionalities, paving the

way for high performance, mechanically robust, transparent barrier coatings and self
standing substrates for organic eleatics.

Clear coat

— PVALAP
—— PVA/SUM
—— PVANTS
—— PVAINTS clear coat

400 500 600 700 800 900
Wavelength (nm)

Figure 7. (a) Photographs of an almost fully transparent PVA/LAP film. (b) Transparency -Yisibly
ALISOGNR&AO2LIR O0Yy2NXIt AT SR -niiffetics with aijer dakocl&y1(FVA/AESH showd O R O
translucency, burequire a cleacoat matching the refractive index of the naareémetics closely to become

almost transparent. (e) SEM depicting the skin formed during preparation of a PVA/NT Sniraeté& (scale

OFNE p >Y0® 6F0 { OKSYI (ear@oatrofnithing ngfraétiv@ linfle® dimiriske? suaged K 2 &
scattering by providing a smooth top surface layeproduced front’.
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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 &madegies. Given the
wider range of constituents available for 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 obtdimctionalinorganicmaterials 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 carbbaags
materials is described. The embedding of functional singiéecules as well as nanoparticles
has been explored with the double goal of obtaining hybrid single crystdls@merstanding
crystallizatiormechanisms. 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 sign of a photonic platform for enhanced catalytical
efficiency based on a titanimverse 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 othe 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 platforas 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, dorsven
particles.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 advantag
of their properties.For example, mammalians use calcium phosphate to build their §one
bacteria use iron oxide to create small magnets they use to orient themselves and sea
organisms use calcium carbonate to synthesize their sléllEhe process of precipitation of
inorganic crystalline aterials performed by living organisms is called biomineralization and

it is a widely studied phenomenon for the incredible control thia@ organismexerts on
polymorphism and morpholog$.” Calcium carbonate is the most studied biodedveaterial

and it is a great example of the control exerted by living materials on the inorganic ghase.
10
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matter they excrete to direchucleation and growth of the crystal$:'? One of the most

beautiful examples is nacre, a material that can be found in the inner side of many $hells.

1415 Nacre is made of aragonite tablets with controlled thickness, afipsfraphic orientation

FYR €t20F0A2yd . SisSSy SIOK 2F (KS&S-chithof Sia
silk-fibroid like proteins and acidic macromolecules. Carboxylic groups present in the aspartic
residues are able to coordinate €#@ns and direct the ndeation of aragonite with the

axis perpendicular to the shell surfadél®'” The growth of the crystals continues along the

a and b directions until they connect each other. The final structure exhibit incredible
mechanical proprieties copared to geogenic aragonite even if the total organic content is

less than 3 % w/wA8 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 alie tnspiration to produce new
materials with tailored characteristics for our purposes using organic additives that are not
available to living organism¥:2°
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2.1.1 Crystallization mechanism

Due to the important role it covers biomineralization, great attention has been paid to
CaCoprecipitation mechanism, which is consistent for processes happeningrweitnoand
in viva Crystallization is a sedfssembly process, during which ions come together in different
configurations to produce diverse crystalline structuré3$® CaC®is mainly found in an
amorphous form (ACC), and in three crystalline anhydrous forms, vaterite, aragonite and
calcite, listed in order of increasing thermodyniarstability.
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 whérl, withWdefined for CaCg
as:
0w z 00U

0

m

It is important to notce thaty  is specific for each polymorph, thus giving rise to a difference

in supersaturation conditions for each possible forming phadmve itsW a certain phase
precipitates, while under this value it dissolves. Given that supersaturation comslitire

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 charast#es 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 termodynamic 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 anymore2<e8.

The crystallization process can be divided into nucleation and growth of the crystal. During
nucleation, C& and C& ions associate into clusters, that continuously grow and reduce due
to addition and removal of ions?® The free energy of the cluster increases since th
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 ($égure8). Note that the nucleation
process is specific for each polymorph and generally less stable forms are easier to nucleate.
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Figure8. Energy patifiollowed during the nucleation process Reproduced ffdm

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 theeabe of additives, a
classic crystallization mechanism is followétiAfter the formation of a stble 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

(seeFigure9):
A. At low supersaturation conditions, growth proceeds with a spiral mechanism;
B. Atintermediate supersaturation conditions, both a spiral growth and a nucleation of
island on the surface of the crystal can takeaqgd;
C. At high supersaturation, 2D nucleation on the surface prevails.

Figure9. 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. Sfsird 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) @uxistence of spiral growth (denoted by s) and homogeneuface nucleation growth
(denoted by n) at 1.0. Spirals occurred in the bottom part of the image where dislocations were linearly
distributed. Twedimensional nuclei appear in the upper right portion of the images. Growth by advancement
of existing stepslominated in the rest imaging area. (C) The dominance of growth bydimmensional surface
nucleation was recorded at 1.6 within tens of seconds after the input of solutiondiimensional surface nuclei
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Continuous surface nucleation is also observed at several locations (denotedR®prnyduced fron?®

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 thesoale 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 giftueadty does
not explain all experimental evidences. Thus, the possibility ofalassical crystallization
mechanisms has been a wide topic of discussion in the recent V&&rs.
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FigurelO. Schematic representation of the possible pathways for a single crystal precipitépnoduced 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 nanoparti¢leigurel0).
These paths are favored when crystals are grown in high supersaturation conditions or in the
presence of additives such psly(4styrene sulphonateco-maleic acidand poly(styrenealt-
maleic acigl.

Great attention was paid to amorphous intermediates since this mechanism seems to be
involved in many biomineralization process&s’’ The amorphous phase can then crystallize
after assemblingn situgiving rise to complex morphologies.

Stable nanopartickeformation is favored by high supersaturation and skabig additive,

the nanoparticles can then assemble in an oriented manner and might eventually fuse
together along the higlenergy crystal faces.

18



For the aim of this work, only the classical crystallization pathway will be taken into account
since receh studies demonstrated that our precipitation conditions promote this
precipitation route.38 3°

2.1.3 Precipitationtechniques

CaCQ@can be prepared with different methodologies that provide?Cand CG sources.
They can be divided into two main categories: batch techniques and vapor diffustbnase

A batch precipitation consists in the direct addition of a solution containirig ©aone
containing C&¥ or vice versa. A high supersaturation is reached upon the mixing of the two
solutions and precipitation takes placesimediately producing kinetic products that
eventually evolveinto thermodynamically more stable phases by a dissolution and
reprecipitaion mechanism.

Vapor diffusion methods take advantage of carbonate speciation and us¢éh@qQwill be in
equilibrium with HC® and CG@” in an aqueous solution, as a source of€ions. The most
diffused vapor diffusion method consists in the use s@lid ammonium carbonate
((NH)2CQ), that spontaneously decomposes into gaseous ammoniaz)(MHd carbon
dioxide (C®, and a C# solution in a closed container. After a first phase during which the
equilibrium with the free space of the container is chad, the two gases diffuse into the
C&* solution. NHincreases the pH of the solution, promoting the conversion of t6G@Q?*
(seeFigurell). 4°
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Figurell. Carbonate speciation in water depending on pH. Reproduced ftr@and #?

Theslow increase of G concentration allows a slow increase in supersaturation, so that
thermodynamically stable polymorphs can be obtained.

To better understand the precipitation process, Hilial.investigated the effect of different
experimental paameters on the kinetic of precipitation measuring the turbidity of the

solution, its pH and free €zoncentration#3 While the quantity of (NkJ2CQ in the solution

doea y Qi I FFSOUG GKS LING Ddoncntratiain Ar@ny/1D mM 16 SAmMONB | & &
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 baiseraffect
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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 commgaxploited 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 demonsited.

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 aead suffer of low reproducibility.
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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 calciucarbonate into the complex morphologies that can

be found in Nature? 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 crytal morphology and be incorporated into the growing matrix. The effect of these
molecules on the growth of calcium carbonatevitro has been widely examined to relate
their structure to the effect on crystalline morphology and polymorphism. In factspieeific
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
Figurel?). Therefore, observing morphology of crystals grown in the presence of additives
gives information on the nature of the interactioH:44

X
|

@ ~ Y-

Stereoselective adsorption
B of protein inhibits the Affected crystai growth

Unaflected crystal growth growth of the B faces (rate of growth A>B)

(rate of growth B>A)

Figurel2. Effect on adsorbed additives on the final crystal morphology. Reproducedtfrom

Calcite crystals grown in the presence afdic 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 alterratplanes 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 mighfavor 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 addies 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 material$®> The molecules to be entrapped have been
chosen taking inspiration by functional groups usually found in macromolecules involved
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biomineralization processes, such as carboxylated or sulphonated residues, with the goal of
obtaining functional material with improved characteristics compared to pristine cry$tals.
Calcite is often used tprepare 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 biggesspec
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. I¢ Weand 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 carelascribed to the direct blocking exerted by the molecules onto
the crystalline planes, that can break upon dislocation of the lattice to absorb the eokrgy
the fracture 48

Calcite single crystals entrapping dyes have been used to obtain an emitting material tunable
in the visible spectrum and etting 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 microscopil. dyes showed an
approximately linear imease in occlush with the initial [Dye]/[C#&]. Incorporation is
related to the number and distribution of the sulphonate groups rather than the molecular
weight of the dye.Even if theincorporation level istoo low to give significant lattice
parameter distortion or line broadening from highsolution synchrotron powder Xay
diffraction analysis the composite crystals exhibited visible fluorescence undeawiolet
excitation (365 nm). By growing the crystals in the presence of a mixture of dyes of different
color, white emitting crystals have beesbtained and the approach was extended to
nanoparticles synthesis, thus preparing a biocompatible emitting system with promising
applicationin viva 2°

Many other examples of functional materials obtained by using calcium carbonate single
crystals can be found in the recent literature, demonstrating theety of possibility arising

from the synthesis of single crystal composit®s.
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2.1.5 A representative application: doxorubicin entrapmentbicalcite single crystals

Reproduced witlpermission from: Magnabosco, ®i Giosia, M., Polishchuk, I., Webeyr F&rmani, S., Bottoni,
A., Zerbetto, F., Pelicci, P. G., Pokroy, B., Rapinbathi, G. and Calvaresi, M. (2015), Calcite Singl&alSrgs

l2adGa F2NJ G2YAOn{OFfS 9yaGNI LYSYyd FyR {f2a516wSt S as

doi:10.1002/adhm.201500170

2.1.5.1 Introduction
NanaZand microparticles hold great promise for controlled and targeted drug release and

delivery.5%-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 targetefl on
demand release’®-%? 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 functionalizatior?? 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 céfis.

Among inorganic carriers, calcium carbonate crysegsesent an ideal platform to produce
smart carriers for drugs due to their capability to adsorb, and more importantly to entrap
drugs.?453-72 Organic molecules are commonly found incorporated inside biogenic calcium
carbonate (CaC{pcrysals 7374 Nature in several organisms uses minerals to store vital ions
and structural and functional molecules and macromolecufe$. The use of Cd as a
cargdtarrier represents an application of biomineralization inspired principfég®77
CaCd@orms common biominerals that are intimately associated to biological fluids, which, in
turn, makes them highly biocompatible. In the body, it degraeS&*and C@' » whichare
products that are not toxic’® 79

Thepreparation of CaC{Xxrystalss a simple, low cost, and organic soh#mte process (low

level exposure to residual toxic organic solvents may lead to lasting toxic effects). Under
highly optimized conditions, crystal formation caontrol the size of CaG@atrticles from the
microZto the nanometer range, with relatively narrow size distrilouats. 8 The pH sensitive
CaC®solubility can release entrapped molecules only when the dissolution of the crystals
occurs.8! Drug/CaCehybrid crystals allw zerddeakage of drugs at the physiological pH of
7.4, and release drugs in acidic conditions. Ga2@iers are particularly suitable for
selective release of drugs in tissues that are more acidic than normal physiological pH
(tumors, inflamed tissues§?83

In biomedicahpplication of CaC{Dbesides crystalized Ca§;@morphous CaGACC) is also
effective in the delivery of drug. The ACC is used as a template for the syntfiesis
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doxorubicin@silica nanoparticde®® and directly encapsulate doxorubicin (DOX) forZpH
responsive relese of ACEDOX@silica nanoparticle¥.

In general, development of an effective drug delivery system requires understanding of the
chemical andphysical properties that affect i) the interaction between the drug and the
microdanoparticles, and ii) the interaction between the midranocarriers 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 antleseline drug widely used in chemotheragyis used as a
model molecule to study the entrapment in calcite crystals and its release. The use of calcium
carbonate nanoparticles dsost for DOX and other therapeutic molecules has been already
reported in a number of studie€*5372 In mest cases, DOX was adsorbed onto preformed
calcium carbonate based mictwmnoparticles or mesocrystalline Cagjarticles. In all cases

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

Thecharacterizatio 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;Ga@@ crystals,
examine the effects of such incorporation on the hosting crystalline lattice and understand
the mechanism of incorporation. The biological activity of GABQX systems is also assayed.
2.1.5.2 Results and Discussion

Calcium carbonate/DOX hybrid crystal precipitatiwas conducted at room temperature by
controlled diffusion of C@and NH vapors into 10 x 28 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 tMorphology of Calcite Crystals

In the absence of DOX, only rhombohedral single crystals of calcite are precipitated. In these
ONBaldlFfar OKIFINIOGSNRTI SR o6& |y I|@SNXr3asS &Ail s
observable. The presence of DOX influenttesl crystallization process as a function of its
initial concentration in solution. At low concentratiorsx 16* and 5 x 18 mM, DOX did

not affect the precipitation of calcite. At a concentration of 50> mM the crystals became
hoppered, showing Hes on the {10.4} rhombohedral faces. Increasing the concentration of
DOX to 5 x #ymM and 5 x 18 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
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submicrometer sized particles. Ci¢ was the only crystalline phase detected hja¥
powder diffraction in the control experiments and in the experiments wherel&¥%mM, 5

x 13 mM or 5 x 162 mM DOX was used. When a higher concetiraof DOX was used (5 x
10°* mM and 5 x 18 mM), small amounts of vaterite coprecipitated with calcifégurel3).
The optimal initial concentration of DOX was 5 ¥ hiM.
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Figurel3. Optical microscope pictures of DOX/calcite hybrid crystals precipitated in the presence of different
initial concentrations of DOX. A) NDX, B) 5 x ¥dmM, C) 5 x 1§ mM, D) 5 x 1& mM, E) 5 x 1® mM, and
FGm{OFtS o6FNJmMnann >Y®

The textural features of the DOX/calcite hybrid crystals were further investigated by scanning
electron microscopy, as illustrated Kigurel4.
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Figurel4. Scanning electron microscope pictures of DOX/calcite hybrid crystals precipitated in the presence of
5 x 162 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 amo
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 tbenter of the crystal, the thickness of the
steps decreases from about 500 to less than 200 nm. The surfabe ¢ik.) 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 fac®:2’In this case, formation of additional
crystalline faces on the hole walls supports a mechanism efrtbdynamic control of growth
spiraling due to the screw dislocations induced by the §akite interaction. This aspect
was further investigated byzay diffraction analysis.

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

To examine th influence of DOX on the crystal structure of the hybrid crystals formed in the
presence of the optimal concentratioh x 162 mM of DOX, highesolution synchrotron
powder diffraction (HRXRD) measurements were carried out on th@&Mlbeamline
(Argonne Mtional 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 incorpated into an inorganic crystalline host they induce lattice distortions
88-90 and lead to unique microstructure®>®® This has been shown both in biogenic crystals
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