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ABSTRACT

In nature, carbon exists under different allotropic forgraphite, diamond and amorphous that
show very different physicochemical properties. In k&t thirty years many of new carbon
nanoallotropes were produced, showing a varietyzef, §Shape, aspect ratio and dimensionality.
All the carbon based nanomaterials (CNMs) are higligrophobic, which make them unsuitable
for most of the applications in water and organic eois. Aggregation phenomena significantly
reduce the high performances displayed by the simgh®structure. Two main strategies allow to
overcome this bottleneck: the chemical functioralan with hydrophilic functional groups the
non-covalent interaction between CNMs and amphiphiatecules

The aim of this thesis has been to produce differartan-based hybrid nanostructures to preserve
the peculiar properties of CNMs and use them for adeérapplication in nanomedical and
technological fields.

In the first project, the potential application olldwene (Go) as sensitizer for photodynamic
therapy was explored. Monodispersity of fullerenethéskey feature for its potential application
in this field. Noncovalent approach was used tpeatise G in water, taking advantage from the
surfactant-like properties of the proteinge@lyszoyme hybrid was used as model system to study
the stability of fullerene in physiological conditie and to assess its ability to produce reactive
oxygen species upon irradiations.

The second subject of my research concerned the sfidyteractions between fluorescent
nanodiamonds (RDs) and plasma proteins. FNDs show potential apphicatas probe for
bioimaging but their tendency to aggregate in phggjaial environments is the main limit for
their applicationin this study, a procedure to keep monodispergéds-in relevant biological
fluids was optimized and the composition &f[Bs protein cornawas extensively characterized.
This project was carried out at Center for BioNano latigoas (UCD), in the group lead by prof.
Kenneth Dawson.

The third project was addressed to the manufactwfrgraphene based calcite nanocomposite.
Both covalent (graphene oxide) and non-covalent (gragbemolecules adducts) approaches
were used to disperse graphene in water. Followibplagical inspired synthetic procedure, it
was possible to incorporate the 2D materials within3@ crystal lattice, producing a

nanocomposite possessing several new properties.
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CHAPTER

CARBONBASEONANOMATERIALS

INTRODUCTION

Carbon is widely diffused in nature. It is one of themm@mponent of living matters, as proteins,
lipids and carbohydrates. Carbon dioxide is esseftidhe photosynthesis. An entire discipline
is dedicated to the study of the component comgimiarbon: organic chemistry h& peculiar
ability of carbon atoms to build covalent bonds wither carbon atoms using different
hybridization states or with nonmetallic elementsfemmthem the possibility to build up a wide
range of structures, from simple molecules to compbaxostructurés

Carbon exists in nature under different allotropic formaphite, diamond and amorphous
Despite they are composed by the same atoms tlwey wbry different properties, extensively
studied by inorganic chemists.

i. Diamond is a transparent electrical insulator anchtérelest known material, constituted
by tetrahedral spcarbon atoms which form a unique crystal lattice.

i. *UDSKLWH LV D EODFN RSDTXHWRIWDBD MWRHUG D PWZ LYW W \K L, ¥
by stacked graphene monolayers held together by \@&nWhals interactions. Each
graphene layer consist of%sparbon atoms organized in a two-dimensional hexalgo
lattice.

The empty space between organic molecules and naantzdn materials has been recently filled

by a range of new nanomaterials (Figure 1)



Nanodiamond Fullerene Carbon Nanohorn

Cc60 Onion

Carbon Dots Graphene SWNT

Figure 1. Representative structures of known carbon nanoallotfopes.

The discovery of & fullerene reported in 1985y Richard E. Smalley, Robert F. Curl, and Harold
W. Kroto can be considered as the starting point hkid tarbon nanomaterials (CNMs
development

Cesois a discrete molecule and consists of &0capbon atoms arranged as hexagons and pentagons
to form a spherical (truncated icosahedral) structilsgraold fashioned soccer ball. The name
was an homage to Buckminster Fuller, whose geodesited it resembles. Fullerenes are the
smallest stable carbon nanostructures and lie on binendary between molecules and
nanomaterials.

The following important step in the carbon nanomakerimppened six years later, with the
discovery of carbon nanotubes (CNTSs) by Igifif Because of the differences of the size, shape
and aspect ratio, CNTs properties results completéfigrent from fullerenes.

The discoveries and the successive characterizatfoleyenes and CNTs permitted to synthetize
new carbon based nanostructures with different sidexeshitecture, such as single-walled carbon
nanohorns (SWCNH), onion-like carbon (OLC), bamboo-hkeotubegtc

The most recently isolated CNM is graphene, the silagler of graphite. It was predictednd
identified decades ago but it was isolated and characterizeé2?D@4 by Andre Geim and
Konstantin Novoselo%.Since that moment to now more sub-structure (few gtand super-
structure (assemblies) of graphene was identified, stgpdifferent properties from graphene.

All these carbon nanoallotropes can be classified esmers of the same group: their basic

structure consist of $pcarbon atoms arranged in a hexagonal network. Froimeardtical



perspective, graphene sheets are regarded as thail@ihd blocks of these carbon allotropes:
they can be wrapped up to form 0D fullerenes, rollpdauestablish the cylindrical structure of
1D carbon nanotubes, or stacked to form 3D graphitpi(Ei2) Size and shape make each object
unique, but they share similar properties within tbhbgsoups, such as level of conductivity,
mechanical strength, chemical reactivity and opgicaperties. All CNMs are highly hydrophobic,

which make them unsuitable for most of the applicest in water and organic solvents.

Figure 2. Graphene as a building block of a fullerene, carbon nanotube, and gfaphite.

The other group of carbon nanostructures (CNSs) corggifmsed carbon atoms. Nanodiamonds
consist primarily of tetrahedral € while carbon dots are composed by variable pergenté

sp® andsp’ carbon atoms.

1.1 ODCARBONNANOALLOTROPESLLERENENANODIAMONDS ANDTHER

STRUCTURES

Fullerenesare closed hollow cages constituted byIsgbridized carbon atoms organized into 12

pentagons and a variable number of hexagons, deggehbdithe total number of carbon atoms. A



fullerene with 20+2 carbon atoms contains hexagons. 6 is a spherical molecule with an
external diameter of 0.71 nm. Its chemical propertresvary similar to the common organic
molecules. However, it is considered the smalledile carbon nanostructure and a representative
molecule for CNPs. It shows the shape of a truncatesdiwdron containing 12 pentagons and 20
hexagons. Despiti's composition of 60 Spcarbon atoms, their arrangement is not planar but
rather pyramidalized: $gonding component must be present in the essgrsi#l carbons. The
presence of pentagons is fundamental to introdueedinvature and hence, allowing closing of
the cage. Two different kind of bond are identifieddaf connecting C atoms common to hexagon
- hexagon and hexagon - pentagon paNgvertheless, § contains a single carbon atom type, as
showed experimentally by*C-NMR (Figure 3a}° Using the Fast Atom Bombardment (FAB)
ionization technique, it is possible to analyzeniass spectrum ofgg, containing the single peak
at m/z = 720 corresponding tasdXFigure 3b)'° The optical properties of fullerenes are strictly
dependent by the size and shape of each fulleterteluene, Go appears violet instead of,£

which is red (Figure 3c!12For larger fullerenes the color shifts from yellow teem as their size

Increase.
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Figure 3. (a) *C NMR spectrum of pure dgin deuterated benzene. (b) Mass spectrum of the toluene extract of

fullerene soot, which consists primarily ofg@nd Go. (c) UV - Vis spectra of g and Go in hexané?

Raman and FTIR are also used to characterize bare actibfialized fullerenes. Fullerenes have
the main advantage to be treated as a common crgaoiecule and can be characterized by

standard analytic techniques.

Nanodiamonds (NDs) were first produced in USSR in 1980by detonation, but in 1990s a

number of important breakthroughs permitted to fobesnterest on these particles:



i.  Colloidal suspension of 4-5 nm diamond particlesabee availablé®
ii.  Fluorescent nanodiamonds (FNDs) were used as aaximdlternative to quantum dots
(QDs) for bio-imagingi17
ii. NDs based magnetic sensors were develdped,;
iv.  Functionalization of NDs surfat®® allowed the applications in different field, in
particular as a theranostic platfoff3
v. New environmental friendly purification techniquesp#ted to produce high pure NDs

in large volume at low cost#?°

Diamond is an outstanding material in many respextd, NDs inherits most of the superior
properties of bulk diamond and delivers them at tigoscale. These properties include superior
KDUGQHVY DQG <RXQJTV PRGXGRU FURFRPWDWVYEDQGWNO XRSI.
thermal conductivity and electrical resistivity, echical stability and the resistance to harsh
environments.

Up to date, different approaches were developednthstize NDs. Detonation technigéfdaser
ablatiort” and especiajl high-energy ball milling of high-pressure high-tengtare (HPHT)
synthetic diamond microcrystals are commercially w*8ed

Graphite is the most stable form of carbon at ambemiperature and pressure and diamond is
metastable. Despite the small energy difference letwige two forms (0.02 eV per atom), they
are separated by an high energy barrier (0.4 eV per a&omigh temperature and high pressure
are required to interconvert graphite to diamond. &t manoscale, however, the carbon phase
diagram must also include the cluster size as d garameter because Gibbs free energy depends

by surface energy (Figurg.2-2°
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Figure 4. Phase diagram showing that the most stable phase of carbon isegedpbiv pressures, and diamond at
high pressures, with both phases melting when at temperatures4ab00eK (with the precise melting temperature
for each phase depending on the pressure). The phase diagrams for nanoscale carblam, dretshm liquid phase

is found at lower temperatures. During detonation, the pressure apdratane rise instantaneously, reaching the
Jouguet point (point A), which falls within the region of liquid carbon clustersghin in size for many explosives.
As the temperature and pressure decrease along the isentropee)edalbon atoms condense into nanoclusters,
which further coalesce into larger liquid droplets and crystaliteen the pressure drops below the diamgnaphite
equilibrium line, the growth of diamond is replaced by the formation of grahite.

At the nanoscale, morphology play an important riolethe stability of nanodiamonds by
influencing surface reconstruction and? smrbon formation. The surface of3splusters is
stabilized either by terminations with functional gps and spcarbon atoms shell (Figure 3).
The identity of the organic functional groups depend the chemical conditions applied during
the purification. FTIR and Raman spectra of NDs are piowéools which give important

information about their structure and surface compmsfi



Figure 5. Structure of a single nanodiamond particle. (a) Schematic model illngtthgé structure of a single ~5-nm
nanodiamond after oxidative purification. The diamond core is coveredaggradf surface functional groups, which
stabilize the particle. The surface can also be stabilized by the donvefrsp® carbon tesp’ carbon. (b,c) Close-up
views of two regions of the nanodiamond shown in a.SfRearbon (shown in black) forms chains and graphitic
patches (b). The majority of surface atoms are terminatédoxiygen-containing groups (oxygen atoms are shown
in red, nitrogen in blue). Some hydrocarbon chains (green) and hydrogen terminatisogehytoms are shown in
white) are also seen. (d) TEM acquisition of a faceted NDsinke is a fast Fourier transform of the micrograph,
which shows the highly ordered diamond cére.

The other OD structure displayed a lot of intereghelast decade. The most studied and promising
particle are Carbon dots (@ts), Graphene quantum dots (GQDs) and Onion-like carb&&)O

Carbon dots are very small nanoparticle (2-10 nm), composed bfigh oxygen content and
consist of variable ratio of graphitic and turbostraticboa3'®4 They contain mostly $p
hybridized carbon and are usually of amorphous natureddhble character of C-dots was clearly
identified by X-ray diffraction (XRD) patterff. Raman analysis shows the characteristic D and G
bands and by the relative intensity is possible tmdastrate that they have high content of sp

carbon atom$?! Hydroxyl, carboxyl and epoxy groups are the maimcfional groups identified



by FTIR experiments (Figure 6j. What make them so interestings their strong
photoluminescence which depends by irthestructural properties (size and surface

functionalization) and the excitation wavelenéth.
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and carbon dot¥.

Graphene quantum dots (GQDs) are obtained by cutting graphene monolayer smhall
fragments with dimensions between 2 and 20 nm. G@Drainly composed by $hybridized
carbons and they are crystallitfeHowever, they usually consist of more than one lafer
graphene, based on the structure of the graphenicshaabprecursors. When the size of graphene
sheets decrease below 100 nanometers, quantumeaeint and edge effects become significant,
particularly if one of their dimensions fall below 10 AhContrary to large graphene sheets, GQDs
have a nonzero band gap. This size-dependent lmeheonfers them peculiar electronic and
optical propertie$® changing their size, shape, geometry and the nafuithe edges it is possible
to tune the band gaps. UV-Vis absorption spectrusimdar to graphene oxide and the emission
in very intense between 400 and 600 nm (Figur® Raman spectra are similar to graphene but
the main difference is about the relative intensitygdlc ratio which is higher than graphene

because there is a large number Sfcgybons at the edges respect ® EDP UER QW 3FRUH’
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Figure 7.(a) UV - Vis and (b) photoluminescence emission spectra of GQDs.

Onion-like carbon structure can be considered as a giant fullerenehmbinclose a series of
progressively smaller fullerenes. They are producedraphitization of NDs and have shown

potential applications in energy storage, lubricaamposites and catalysis.

1.2 1DCARBONNANOALLOTROPERRBONNANOTUBES ANANOHORNS

Carbon Nanotubes(CNTSs) are based on hexagonal lattice éfcgpbon atoms such as a graphene
sheet but with the edges fused to form a cylindtidaé with high aspect ratio (lengtb-diameter
ratio). Single-walled carbon nanotubes (SWCNTSs) have a demwdtaround 0.4-2 nm which
consists of a single graphenic sheet rolled on Himskre than one rolled sheet of graphene
produce mui-wall carbon nanotubes (MWCNTS) and their diametlgend by the number of
layers in the walls of the cylindrical structure. Thspect ratio of CNTs can be more than0DO,
and so they are considered the most anisotropicriastever produced.
The way in which graphene monolayer is rolled ufotan a cylinder confer specific properties to
CNTs; apart from diameter and length, it determineatity of the tube (the angle between the
hexagons and the nanotube affsDepending on the chirality, carbon atom around the
circumference of the tube are arranged in different Ways:

i. armchair

ii. zigzag

iii. chiral
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The electrical properties of CNTs are governed by tiameter and chirality. Armchair structure

(n = m) display metallic behavior if the diameter igher than a threshold value (the energy gap

in the semiconducting tube is proportional to dindt & KLUDO QDQRWXEHW ZLWK P
is a multiple of 3 are semiconducting. The otheretabe considered moderate semiconductors
(Figure 8)#

Figure 8. Structure and models of carbon nanotubes in function of their number of (#lBSingle-walled carbon
nanotubes (SWNTSs) structures in function of their chirality @ggarmchair, and chiral). (B) Model of double-walled
carbon nanotubes (DWNTSs). (C) Structure of multi-walled carbon nandiMbeli Ts) made up of several concentric

shells*!

The drawback of the high aspect ratio and the highkifspesurface area of CNTs is the strong
tendency to stick together, indeed, they are ngflidispersible also in organic solvents; they are
strongly held together in bundles by significant \é@r Waals interactiof®*3 Also CNTs show

the characteristic G and D bands in Raman spectrosaopythe relative intensity gives
information about the defects abundance. The typRaahan spectra of CNTs show the low-
HQHUJ\ PRGHV NQRZQ DV 3UD G LI3@cri)uMHiEnWs K fiqyérpriR ke +

tube diameter, and it only occurs in SWCNf¥s.
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Carbon nanohorns are lobule-like/conelike structures constitutedabgingle graphene sheet.
They are commonly found in spherical aggregates ofntO@pproximately, and resemble dahlia
flowers (Figure 1). The medium size of each singddled nanohorn (SWNH) is 1-2 nm at the tip
and 4-5 nm at the base of the céh&imilarly to CNTSs, cutting a wedge from graphene and
connecting the edges in a seamless fashion itssilple to obtain a SWNH. The opening angle of
the wedge is called the declination angle and fséé as n(S ZKHUH 6 (for@=0 and
n=6 correspond a 2D structure like graphene and 1Dtsteutike nanotube, respectivel{p).
Considering geometrical rules, nanohorns contain gxadgtentagons close the tip and they are
classified considering the relative positions of carpentagons at the apex which determine the
morphology of the terminating cup (Figure 9). Simiad the previous CNPs, also these structures

show the characteristic D and G Raman bands.

Figure 9. Examples of the end structure of an SWNH when all pentagons are lodatdd DW WKH FRQLFDO VKF
Gil DW WKH DSHJ[

1.3 2DCARBONNANOALLOTROPKSRAPHENE AND IDSRIVATIVES

Graphene is the building block of graphite. Each carbon atorsgshybridized so it is able to
make covalentVbonds with 3 carbon neighbor, creating a robust yworab lattice#® The
unhybridized p orbitals, perpendicular to the plareres of graphene, interact altogether creating

an extensiveSconjugated system, conferring to graphene an arorohtcacter. The unique



12

organization of these sheets results on high streargthioughness, making graphene the strongest
known material. The optical transmittance of singleftagraphene is quasi-total but it drastically
decreases for stacked layé

There are several methods to produce graphene, gjethanal the higher quality graphene require
more expensive procedures. The quality of graphenendsf®y different factorsn primis by the
amount of oxygen atom and the number of defects ihdineycomb lattice. The other parameter
regardstheQXPEHU RI WKH OD\HU FRPSRVIQDSHAKUWERHIYDHORUKGWWC
between 2 and 10 graphene monolayers and their pregpare similar to graphene: it is possible
to disperse it in organic solvents, forming stable ansparent suspensions.

Raman spectra of graphene contain an intense G bdrBatcm' assigned to thesgphonon of

the spg carbon atoms, a D band at 1350%atuie to the Aqbreathing mode vibration of the aromatic
rings, activated only for the rings directly bound pd carbon atoms at defect sites and edges, and
2D band at 2700 crhwhich is an overtone of D band/lis ratio reflects the percentage of sp

carbons than it is an indication of the quality of drape?’48

Cutting a strip of the single layer graphene is pdsdibd obtain a slightly different material.
Practically, it can be produced unzipping CNTs toi@ahgraphene nanoribbons*® They are
considered a one-dimensionaP4ybridized carbon strip with defined edges at whiahbon
atoms are not allowed to perform tHé G-C bond. As well as CNTSs, it is possible to distiist

the carbon nanoribbons by the edge terminations: leimzigzag and chir&?.

Chemical conversion from graphite appears to be a muate rafficient approach to bulk
production of graphene sheets at low céstisconsist in a fist stage chemical oxidation ofairiae
followed by ultrasonication and purification, obtaigira well-dispersed aqueous colloid of
graphene oxide(GO). The functional groups introduced by the oxioatireatments (carboxyl
epoxy, carbonyl and hydroxy) favor the water compatibilitydaprevent the re-stacking of the
sheets, thanks to the net negative surface cRAi§& which is electrically insulating, can be
converted to conducting graphene by chemical reduc{feigure 10). Chemical converted
graphene (CCG) is still stable in water and partiallyovecs the conductive properties of
graphene. This approach permits to produce signifeandunt of graphene with low costs, at the

expense of the quality which is significantly lowkeah physical exfoliation approaéh.
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U]

Figure 10.1) Oxidation of graphite (black) to graphite oxide (grey) with greater intaridigtance. 2) Exfoliation of
graphite oxide in water by sonication to obtain GO colloids thatadized by electrostatic repulsion. 3) Controlled

conversion of GO colloids to conducting graphene colloids through chemical rediction.

1.4 RROTEIN ANGARBONBASEINANOMATERIAHYBRIDS

Integrating carbon nanomaterials with biological systéo form hybrid functional assemblies is
an innovative research area with great promise for ecakdianotechnology, and materials science
applications. The specifics of molecular recognitaor catalytic activity of proteins combined
with the mechanical and electronic properties of CNivts/ides opportunities to understand and
develop new nanomachines, sensors, or any of a nuwbether molecular assemblies.
Researchers know relatively little about the structiunection, and spatial orientation of proteins
noncovalently adsorbed on CNMs, yet because the otienaof CNMs with proteins depends

strongly on the tridimensional structure of the piraté?

1.4.1 SURFACEHEMISTRY AENMs ANOPROTEINS

Four types of interactions control the binding of pirege¢o CNMs

i.  Van der Waals interaction¥he large number of protein-CNM contacts makes thed tot

Van der Waals (VdW) force dominant. The entity démaction between amino acids (AA)
and CNMs can be assessed using the refractive irfde& mdividual AA, which is related
to the VdW interactiod® $SURPDWLF UHVLGXHV VKRZ WKHRIKEIKHVW
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stacks between these residues and the surface GNINEs play the most important role in
the protein-CNMs binding*>® Tryptophan possesses the highest affinity for CNMs,
followed by tyrosine, phenylalanine, and histidffie.

ii.  Hydrophobic interactions. Hydrophobicity originateenh excluding the ordered water

molecules from a nonpolar surface. These interactiend to minimize the nonpolar
surface area by clustering hydrophobic groups andlangpthe exposure to hydrophilic
media. AA with a hydrophobic side chain tend to dimthe surface of the CNMs reducing
the interfacial energy with the water interface (foyghobic effect). Other than the aromatic
AA, aliphatic residues such as leucine, isoleucinghim@ine, and valine play a major role
in hydrophobic interaction¥:58

iii.  Amphiphilicity. Experimentally, some peptides whossidues are mostly hydrophilic can

also strongly bind onto the CNM&.Molecular dynamic simulations revealed that polar
residues such as glutamine, asparagine, asparticgatdmic acid, arginine, and lysine
may provide significant contributions to the bindird proteins onto CNMS&5°
Hydrophobic aliphatic chains of these residues ictenath the CNMs surface, whereas
the hydrophilic groups point out toward water, getiegawhat were defined as surfactant-
like interactions>80

iv.  Electrostatic interactions are quantitatively smatllemn the previous ones but can alter

significantly the electronic properties of CN¥<? Positively charged residues (arginine
and lysine, in particular) can interact with the CNT tha classic cationE LQWHUDFWLR
When a net charge is not present in the residueaegekransfer mechanism may still

occur.

1.4.2 SPATIALARRANGEMENTS ABPTIDESEQUENCKEONTRIBUTION ON
CNMs-PROTEINNTERACTIONS

The presence oAA with a strong tendency to bind CNMs does not sutiicguarantee binding
of peptides or proteins to CNM$roteins with similar contents of residues bind CNMs
differently 5364 The presence of amphiphilicity in peptides or priges a prerequisite to disperse

CNMs efficiently®> Screening of peptides demonstrated that only ampicigieptides with
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hydrophobic residues at the center or at one etttkafequence form stable dispersions of peptide-
CNM conjugatesProteins with similar percentages of hydrophobicpaiic, and polar residues
show different binding behaviofs.

The reason is their different three-dimensional arramege. The higher the content of interacting
residues on the surface of the protein, the highénesefficacy of protein binding to CNM$.
There is also a significant role of shape complenngytas the discriminating factor to control

binding between carbon nanoobjects and proféins.

1.4.3 CNMs t PROTEIMPPLICATIONSNMANOTECHNOLOGY

Dispersion of CNMs by Proteins To obtains a stable dispersions of CNMs is one ofntbst
important prerequisites for thietechnological exploitatiof!.¥° The noncovalent approaches are
attractive because they preserves the peculiar prepeof CNMs, while improving their
dispersibility%°7*

Amphiphilic molecules, surfactants, synthetic pogrs) biopolymers, DNA, and short peptides
were used to disperse CNNfdn recent years, also proteins have become wiagkstyl asCNTs-
dispersing agent&372%4 Proteins are naturally amphiphilic. Taking advantabghnis feature may
avoid complicated synthetic procedures or the usggdnic solvents. Most proteins are also pH-
responsive, which is an advantage for system manipnl&t Steric hindrance and electrostatic
repulsion are two of the major mechanisms activeendibpersion of CNMs in protein solutions.
Sorting CNMs. Protocols were developed to sort different CNTs atiogrto different geometric
characteristics, electronic properties, and chiralitgach sub-group®.These methodologies are
effective but have some important shortcomings, s@gcboaplex separation processes, special
equipment requirements, and difficulties for achievimass productiorn’®

Most of the drawbacks were overcome using prot€iger example, lysozyme was shown to bind
preferentially and to disperse CNTs with larger diarsetwhich, realized an efficient large-scale
fractionalization and enrichment of large diameter CKTs.

CNMs as Support for Enzyme Immobilization. The high surface area of CNMs (especially

CNTs and graphene) makes them ideal candidates portugnzymed? These hybrids possess
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properties of soluble and immobilized enzymes, whichfer them useful attributes such as low
mass transfer resistance, high activity, stability seuabilitys°

An important behavior is require for this applicatiactive site of the protein should be located
away from the interaction area of the protein with@hNM.

CNM-Enzyme Hybrids as Functional Materials.Highly active and stable polymer-nanotube-
enzyme composites were prepar&din these composites, enzymes both disp&@isés in the
matrix and perform their natural catalytic activity, lehCNTs both support the enzyme in the
polymeric matrices and improve the mechanical progedf the materidf

Proteins Assemble Ordered Hierarchical ObjectsProteins can integrate nanoscale objects in
an ordered and hierarchical manner. Amphiphilic Rehélpeptides were designed to control
assembly of peptide-coated nanotubes into supramalestructure$§?

Peptide sequences were designed for organize theessate a tubular structure surrounding the
CNTs. The geometrically defined, virus-like coatingated by these peptides converts the smooth
surfaces of CNMs into richly textured, multilayered agds with long-range order, capable of

directing the assembly of gold nanoparticles intiichkarrays along the CNT axis (Figut#).83

Figure 11. (a) Crystal structure of de novo designed helical assemblyipidéxCoil-Ala (PDB 3SO0R). (b) Model
structure of HexCoil-Gly with a (3,8) CNT. (c) Crystal struetwf the native inner ring of helices of a domain-
swapped helical protein called DSD (PDB 1G6U). (d) Model of DS®with a (3,8) SWNT. (e) Computational

model of gold nanoparticles grown on cysteine-modified DSD-Gly mexa wrapped around individual CNT

complex®3
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1.4.4 CNNMS tPROTEIMPPLICATIONSBWWLOGY ANBIEDICINE

Targeted Carriers for Therapeutic and Imaging Materials. Some CNMs' ability to pass
cellular membrané$can allow them to shuttle cargoes from the exthaleglmatrix into the cells
with great potential for drug delivery applications.

CNMs themselves are usable in cancer therapies imgushotodynami®258¢ phototherma¥
and photoacoustit therapy. CNMs also show promise against a varietyattiqgens for their
strong antimicrobial activit§®

Nonspecific cell targeting of CNMs remains a barriergtvery applications. The CMs surface
can be decorated with proteins or antiboté5°°and, for hollow CNMs, it is possible to load in
their interior a variety of cargoes, including materiaf medical interest for diagnostic such as
FeOs nanoparticles or Gd ions for magnetic resonance imaging (MR$)iolecules for X-ray
computed tomography (CT) imaging, and radionuclides (&8M,At,and 225Ac) for emission
tomography (PET and SPECT) or R-radioimmunothefagy.

These hybrid constructs can provide the basis for mlostecs, offering a platform for the
development of candidates for simultaneous diagramgigargeted delivery to specific sites in the
body.

Immunization with Biofunctionalized CNMs. They are able to present peptides attached o the
surface with the correct conformation for recognitvaithout perturbing the secondary structure
of the peptidé® Peptide antigens are poorly immunogenic, and gatjan to protein carriers is
usually necessary to improve antibody productiontdpnccarriers are intrinsically immunogenic,
and the antibodies generated by them present lowfigggc Decoration of CNMs with Band T
cell peptide epitopes generated a multivalent syshaminduced strong immune respon$es.
Protein-CNMs hybrid bioscaffold. CNMs can be incorporated in proteic bioscaffolds, tiong
structural reinforcement as well as imparting novepprbes, such as electrical conductivity, in
tissue engineerint.

CNMs as Substrates for Cell Growth and Neural Interfacig Applications. CNMs
functionalized with cell adhesion peptides or pngeare promising candidates for next generation
cell-growth substrates since they support cell adimesigrowth, and differentiatio?:%
Functionalization of CNMs with extracellular matrix @&l) proteins, such as fibronectin or

collagen, produce effective platforms to control aelhesion?>-°¢
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Proteins That Detect CNMs.Erlanger and co-workers generated IgG antibodiesée that bind
specifically to Go.°” The same monoclonal antibody recognizes and lspdsifically to CNTs
X-ray crystallography of its Fab fragment showed thHe binding cavity is a cluster of
hydrophobic residues.

CNM Alteration of Protein Functioning. A toxicological profile of CNMs has emerged during
the last years. One of the main aspects involveM€hhteraction with proteins. CNMs may
interfere directly with protein functions. More siesl reported that fullerenes angy€an block

ion channel proteins (Figure 1%).

Figure 12.Docked complex. Left: front view. Middle: top view. Right: bottom vi&w.

Protein Biocompatible CNMs Coating. CNMs toxicity can be completely alleviated by chiegh
functionalization’?:°%1%in the same way, encapsulation by protein may cbatrd decrease the
overall CNMs cytotoxicity’® Well-dispersed CNMs are less toxic than their aggiates. Protein
binding also alters the cellular interaction pathway£NMs. Binding of blood proteins to the
CNMs surface results in reduced cytotoxicity of thieglerids. The coating of CNMs with proteins
can confer on them a new biological identity defining their recognition by cells of the innate

immune system, which may affect CNMs cellular uptakeraeovery biodistribution and toxicity.

1.4.5 CNMs t PROTEIN FOBENSIN@\PPLICATIONS

Electrochemical SensorsHybrid systems obtained by conjugating redox prateuth CNMs
have potential in bioelectronics and biosensfidgRedox proteins produce processable signals in
response to biological events, environment modifices; or optical absorption. For example,

CNTs can increase protein loading and assist eletiaosfer to the electrodé?
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Detection of Proteins and Biorecognition EventsProteins carry charged groups that, upon
adsorption, can electrostatically gate a semicomuy@NTs. The gating was exploited for protein
detection in solution with direct electronic reatioLihe shift in conductivity allowed estimating
the number of adsorbed protefis.

Catalytic activity of enzymes can be monitord. Choi et alt®® attached a single T4 lysozyme
molecule to a CNTFET device. In their single-molecaleymatic reaction assay, lysozyme
dynamics was monitored revealing the conformationations of the enzyme active site during
enzymatic reaction turnover (Figufe). Molecular motions created changes in electrostatic
potentials that were converted into dynamically ndhag electron fluxes, identifying the

hydrolytic events.

Figure 13. Tethering a single lysozyme molecule to a CNTFET produceshte stagh-bandwidth transducer for
protein motiont®
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GONCLUSIONS

Carbon based nanomaterials and proteins differ grealiyvis are simple 0D, 1D or 2D objects
made of carbon atoms and characterized by outstandiechanical electrical and optical
properties.

SURWHLQV DUH 3itR&a\Wige B3sbHenDoDAémical-physical featares offering
an wide variety of shapes and sizes. They can bsidened nanomachineB EOH WR 3VHQVH’
presence of molecules or to assemble or disassenddéeutar size components with incredible
efILFLHQF\ RU WR EH VWUXFWXPORQRDYWWFRILYY RUHBRQQVPDO’
The development of hybrid CNM-protein systems potégt@mbines the peculiar properties of
the single components and may drive fundamentahtdobical advancements in different fields

such as nanotechnology, medicine, materials sci@ndéiology?
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CHAPTER

FULLERENKEBPROTEINBIYBRIBYSTEMSSYNTHES|S
(HARACTERIZATION ARPPLICATIONS

INTRODUCTION

2.1 BIOMEDICAAPPLICATION GBELLERENES

The unique physical and chemical featuresqaf tbe most representative member of the fullerenes
family, have recently incited a considerable hopeitsfpossible use in various fields of
biomedicine!

Many fullerene-based compounds with different biolabitargets have been synthesized,
displaying a range of biological activities poteryialiseful in anticancer or antimicrobial
(photodynamic and photothermal) ther&pgmnzyme inhibitior?, controlled drug delive? and
contrast® or radioactivity-baseddiagnostic imaging.

2.1.1 EXCITEESTATHPROPERTIES Gfp

Pumping of the fullerene ground state)(®ith UV or visible light leads to the population thie

singlet excited state (Jsas shown in Figure 1.
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Figure 1.Left: Ground and excited states of fullerenes. Right: Ground-state absmptctrum (solid line), transient
singlet excited-state spectrum (solid line), and transieptetriexcited-state spectrum (dashed line) following
picosecond flash photolysis (355 nm) @b oxygen-free toluene solutidn.

The lifetime of this excited state is relatively ghigecause 6 rapidly convert to the longer-lived
triplet excited state (i tens to hundreds of microseconig)his process is a spin-forbidden
intersystem crossing, showing a nearly unit yieldldfane Go is an highly symmetric and rigid
structure. The very small Stock shift demonstratitla,|if any, need for the adjustment of the
fullerene singlet excited state to the solvent emunent. While fluorescence show a moderate
guantum yield, the phosphorescence is insignifiaaak hard to deteé?.

The peculiar property of 4o concernsits ability to accept, reversibly, 6 electrons. Thestfir
reduction potential deeply depends by the solvelaritg.!! In contrast to reduction, oxidation is
more difficult and it is usually limited to one elemtrstep which represents the highest oxidation
state!!

It is possible to characterize the first reducticpsif fullerene (65 fobserving the characteristic
near-IR absorption band around 1080 ¥nThis band permits to study electron-transfer (eT)
processed by transient absorption spectroscopy.

Fullerenes are insoluble in water and in most of pwladia. Chemical modification with water
soluble functional groups is required to carry ow atudy. In polar solvent, the hydrophobic
nature of fullerene leads them to cluster togethayitg the hydrophilic functional groups
outside!®* The degree of aggregation cannot be deduced byrgtlmso spectra but the
photophysical properties are significantly changede Tifetime of the triplet excited state is
sensitive to the environment. When fullerenes chiste aggregates, it become subject to triplet-

triplet annihilation and, consequently, the lifetiare drastically reduced (< 0./)2
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The photophysical and electrochemical properties oictfonalized fullerenes are strongly
dependent by the number of functional group linkeithéocore:*1°In fact, monoadducts are more
difficult to reduce than & itself, and the reduction process become more diffacs the number

of addends increasé.More importantly, the triplet quantum yield signifitgndecrease as the

number of pendant increake.

2.1.2 REACTIVEOXYGENSPECIEGENERATION

The application of fullerene in biomedical field régs the preservation of the long-lived triplet
excited state. Thanks to this particular characteritllerene can be used as photosensitizer: upon
UV-Vis irradiation the triplet state can be quenchedtound state molecular oxygen to produce
different reactive oxygen species (RGS)he importance of ROS is bivalent because they can
react with a wide range of biological targets ang e also involved in cellular signaliffCso

can be used to generate cell-damage ROS and carch®txic anticancer/antimicrobial agent.
The unique electron configuration of molecular oxygdmracterized by two single-occupied
antibonding orbitals that contain electrons withatial spins, give rise to three energetically close
electronic statethe 6triplet ground state and the excitéa@nd ' singlet states (Figure 2, right)
The Q((*'y) state, in which both electrons are paired inraylsi orbital has lower energy, but
considerably longer lifetime thaf excited state, and it is identified as the metdst@b species
commonly known as singlet oxygen. Because of theemely high oxidizing ability resulting
from a removal of the spin restriction, singlet oxygksplays significant reactivity in a variety of
chemical and biochemical reactiohs.
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Figure 2. Energy diagram of the photosensitized singlet oxygen proddtion

The common way to produce singlet oxygen is photiion, which consists in the energy
transfer to triplet ground state oxygen from an excigtate molecule (sensitizer), formed by
absorption of light in a specific wavelength regi@ngure 2). Due to the particular electronic
configuration of molecular & singlet oxygen photosensitation is a highly fadopeocess: the
fact that the excitation energy of singlet and ttipbeygen is lower than triplet of the majority of
organic molecule make it easy to find a suitable ifieas® Furthermore, because the transition
between the triplet excited state of the sensitarel the ground state in a spin-forbidden process,
the excited state generally has long lifetime, alilaypthe complete quenching by @ air saturated

solutions.

The efficiency of a photosensitizer is measured bygtrantum yield which consists in the number
of 10, produced per number of photon absorbed. Fullereneexisemely efficient as
photosensitizer, its quantum yield in nonpolar solsés close to the unityln general, fullerenes
show an intense absorption band in the UV and aenadel absorption in visible ran§e\s
mentioned before, singlet excited statg (Sllerenes rapidly convert to the long lived tripitdte
(T1), where it can be efficiently quenched by triplet grdstate molecular oxygen.

However, in the excited state, fullerene is alsoeaoellent electron accept®rThe resulting
reduced fullerene tripletCso F°can transfer one electron to molecular oxygen, forreinggeroxide
anion @ ‘and other reactive species. This mechanism is cotynufaserved in polar solvents

particularly in presence of electron donors (aminesPNAreduced thiolsetc).'® These two
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mechanisms to produce ROS, are classified as Typd Type 2 (Figure 3), to identify electron

transfer and energy transfer processes, respectively.

Type | Type Il
ICso 3Cgo / 60\
hv ( <
1 g "Ceo 3060
Ca'O\_,/CGb e B
o5 o, 102‘/—\ 0,

Figure 3. Schematic representation of Type | (electron transfer) aq Tl (energy transfer) photochemical

mechanisms (* denotes excited states 6f.€

Type | mechanism in biological media can produce differeactive oxygen specids.presence

of electron donors and oxidase enzymes, hydrogerxigerda stable ROS product) is formed
upon superoxide dismutation. In presence of ferrmussi(available in biological environment as
enzyme cofactor), Fenton reaction can occur (4),yxriog the high reactive hydroxyl radical and

superoxide anion reduce the ferric ion (5, Haber-Weiastion) to close the cyci®.

1) Ceo + NADH : 2Cs % NAD* + H'
2) Ceo "+ : Coot+ O ©

3) 20 42H 1 O+ HO

4) H:02+F€" : OH +OH % Fée*
5 FE'+O % FE'+ O

Nowadays, there is still a debate about the meshaoif reactive oxygen species productipn
fullerenes. The most accepted interpretation i¢ tb@h mechanisms can occur, but type |
preferentially occurs in polar media and typésltommonly observed in organic solvehts? It

is also hard to compare the results by literature ,aeibhebecause different approaches were used
to disperse/solubilize fullerenes in water (cherniftanctionalizationt®2123 incorporation in

supramolecular structurés?’ solvent exchange methéti2°long-term stirring®).
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In the last decade, fullerenes have gained consideadiention as potential photosensitizers for
photodynamic therapy (PDT) of various diseases. Saiwantages that fullerene possess over the

traditional photosensitizer used in photodynamic fheie:

i.  Fullerenes are more photostable and demonstrateplegsbleaching compared to the
traditional synthetic dyes and tetrapyrroles;

ii.  Fullerenes demonstrate to follow both the photophysmehanisms while the traditional
dyes show mainly the type Il mechanism (singlet oxygen

iii.  The reactive oxygen species production yield isectosl;

However the use of fullerene in PDT still presentpontant restrictions in their application due

to:

i.  Poor water solubility and low biocompatibility;
ii. Dependency of their properties and toxicity on thgspslogical environment and the

related aggregation phenomena.

Monodispersity of fullerenes is the key feature forteptial application in nanomedicine.
Aggregation phenomena drastically decrease the ligrg- triplet excited state lifetime,
consequently reducing the ROS production efficiency.

Up to date two main approaches are followed to dsgprlerenes monomolecularly in water:

COVALENT. Itis the most used method to preventdidne re-aggregation. The benefits obtained
by functionalization are heavily payed by the deseeaf the photophysical performandés;

NON-COVALENT. It requires the use of supramolecular hosts, thaaamghipathic molecules

able to specifically interact with a single fullerear®l to screen it from the aqueous environment.
Different family of surfactants are capable to intenaith fullerenes but in all the cases yhe
stabilize nanometric clusters of fullerene. The blesst-guest interactions were found for
calixarenes and cyclodextr¥®3? Jcyclodextrin form a supramolecular system with fidles

(cyclodextrin-bicapped &g, Figure 4 dispersing & in water, but it was experimentally observed
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that they cluster into nanoparticles with a sizegmag from tenths to several hundred of

nanometers:33

y-cyclodextrin

Figure 4. Schematic representation dtyclodextrin-bicapped £ supramolecular system.

In our group we recently showed that an alternativeraggh to host-guest interaction for
fullerenes is possible. It was theoretically and expentally demonstrated that proteins are

potential tools to disperse fullerene in water.

2.2 HRSTEVIDENCE 0&o@LYSsozyME:1ADDUCT

The ability of Goto interact with proteins is a very recent subjdcstady. There are different

difficulties in the investigation of their interactions

i.  Because of its insolubility in water, fullerereemainly used in derivative forg(fullerol,
tris-malonate, tris-aminetc);*3458
ii.  The identification of fullerene binding site and sedpsent proteins structural modification
has been investigated only using indirect techrsgue
iii.  Itisnotclear if there is an interaction between the sifiglerene with a protein or between

fullerenes clusters with proteins.

The group where | spent my PhD research activitytHe first time, identified unambiguously in

solution the proteintCso binding pocket, using the NMR chemical shift perttidaanalysis®®
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Lysozyme (LSZ) was used as model protein. It is ondefiéss expensive, well characterized,
stable, simple to crystallize and easy to gendyicabdify protein. Moreover, it is already known
that lysozymeis able to disperse pristine single-wall carbon namesuin watef? A similar
approach was used to produce the@ysozyme hybrid system.

Upon sonication and supernatant collection, the ¥ spectrum revealed feature that belong to
both components of the adduct, showing the charattesissorption band of fullerene at 340 nm,
and the convolution of both lysozyme (280 nm) antkfehe (265 nm) bands, which results in a
sharper band with maximum at 271 nm.

Upon interaction, from circular dichroism (CD) analysiig secondary structure of the protein did
not appear significantly perturbed (Figure 5b) whishans that sonication process and adduct

formation (Figure 5a) did not cause a conformatiohahge in the protein.
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Figure 5. a) Tridimensional representation o§@LSZ hybrid. b) Spectroscopic characterization ef@LSZ
hybrid. UV-visible spectra of monomeric LSZ protein (black line) and purifig@CSZ hybrid (red line). The inset
shows the circular dichroism spectra of monomeric LSZ (black line) ss@LSZ hybrid (red line§?

Two-dimensionaltH->*N NMR experiments were conducted to detect changéiseirchemical
environment of all coupled H and N atoms of thetgroupon formation of protein complexes
(chemical shift perturbation analysis, CSP). Figure Gvshtbe superposition of 2B1-1°N HSQC
spectra of free LSZ ands6@LSZ hybrid. Each crosspeak represents a NH groulpegpitotein
backbone (one per amino acid residue, excludingé&idues) and of a Trp indole ring. Even after
complex formation the spectral resolution remainey Wgh, indicating that the protein retained
its folding. Only a few NH backbone groups underwaghificant change in chemical shift upon
binding to Go, with the majority of them remaining unaffected. Thigling indicated that the

interaction of Go with LSZ is very specific and affects only a few amauids.
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The residues that underwent the largest changesgamiguous in the sequence (Figure,7a)
cluster in a specific region of the three-dimensiatalcture of the protein (Figure 7b). These
residues werenost likely involved in the interaction witheg
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Figure 6. Superposition of 2BH,>N HSQC spectra of samples of free LSZ (blue) apgT.SZ hybrid (red). Black

labels indicate cross-peak assignment of residues undergoing chemigadithiftation upon interaction withsS°

A docking protocdl recently validated to detect fullerepestein binding pockets, identified the

same region of the NMR as the most likely bindihg.s
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Figure 7.NMR chemical shift perturbation analysis of LSZ upon interactiitin @o. a) CSP is given by the weighted

DYHUDJH FKHPLFDO NfiN) W cedstpehksinQiett™ HSQC spectra of free and bound LSZ (see
equation embedded in the figure). b) 3D representation of the residuegaimgehemical shift changes (red region)

upon Gy binding.3®
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Tryptophan quenching analysis showed that fulleienable to completely quench the protein
emission upon interaction with protein, demonstratimgt all the LSZ molecule are present in
solution as hybrid @LSZ, and the stoichiometry of the adduct is 1:1.

For the first time using lysozyme ando@s model systems and NMR chemical shift perturbation
analysis, a protein-CNP binding pocket was identifisdmbiguously in solution and the effect of
the binding, at the level of the single amino aevds characterized by a variety of experimental

and computational approaches.

AIM OF THETUDY

The goal of this study is to achieve a stable andadispersed fullerene@protein hybrid which
can be used as sensitizeiphotodynamic therapy.

The ability of lysozyme to dispersesddn water was already demonstratédut the possible
presence of aggregates, upon the interaction, cdrenekcluded. To evaluate the limits where
Ceo@LSZ can be considered stable in agueous med&tansive characterization about different
ionic strength and pH is required

The monodispersion of fullerene in aqueous media secessary requirement for its use in
photodynamic therapy, but the preservation of thaqptyysical properties of fullerene upon the

interaction with the protein needs to be investidate
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RESULTS ANDISCUSSION

2.3 Go@LYsozYMEHARACTERIZATION

Ceo@LSZ adduct was synthetized and purified following thv®cedure described in the
experimental sectioMhese conditions were optimized to maximize theamof Go@lysozyme

in water and, at the same time, to avoid proteindifitation. Comparing the absorption spectra
of pure LSZ and 6@LSZ (Figure 8), it is possible to identify the prase of Go from its

diagnostic band centered at 340 nm.
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Figure 8. UV-Vis spectra of LSZ (blue) and purifiedsd@LSZ hybrid (orange). Inset: picture of the purified
Cs0@LSZ hybrid solution.

2.3.1 ATOMICFORCHEMICROSCOPY

Atomic Force Microscopy (AFM) analysis (see appehdvere performed to detect the possible

presence of aggregates into theo@LSZ dispersion Comparing the topography of LSZ



38

(reference) and @LSZ (sample) it is possible to affirm that in bitle cases the systems were

well monodispersed (Figurg.9

4.7 nm

0.0 nm

Figure 9. Topographic analysis performed by AFM using tapping-mode. Left: lysozyigiet &.@lysozyme.

The results perfectly matedthe data found in literature in regard of AFM anadyserformed on
lysozyme (average sizes 3 x 3 x 4.5 A slight difference can be found between the two
experiments: because of the introduction of the kigltirophobic fullerene, the hybridé@LSZ
could rearrange its conformation over the hydrophilicfaxe to minimize the repulsive
interactions. As a consequence, an increase of th@meheight occurred, but the average size

was still compatible to the regular sizes obtairedfpure lysozymét

AFM analysis demonstrated that for high diluted sammpbedrying effect were observed. Both the
reference and the hybrid system were monodisperse&luftcertain, but it cannot be excluded,

the involvement of the surface on possibée@LSZ clusters disaggregation.

2.3.2 (RYGTRANSMISSION.ECTROMICROSCOPY

A different approach was used to evaluate the monedigp of Go@LSZ hybrid. Cryo-
Transmission Electron Microscopy sample preparatmmsists in the instantaneous vitrification

of the biological solution over the grid. This proaeel prevents drying effects and surface related
phenomena, allowing 8 FDWFK” DQ LQVWDQWDQHRXY FRQGLWLRQ RI OL
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A representative acquired image, shown in Fidieonfirmed what was previously observed by
AFM: each darker spot represents the singlgdl SZ hybrid and no aggregate was found over
the grid.

Figure 10.Cryo-TEM picture of vitrified Ge@LSZ 100 M, supported on graphene oxide.*
*This measurement were conducted by our collaborator, prof. Nico Sonjknerdiaboratory of Materials and

Interface Chemistry (Eindhoven University of Technology, Netherland).

2.3.3 HGHRESOLUTIORYNCHROTRAMWDERX-RAYDIFFRACTION
ANALYSIS

Ceo fullerene exists as solid crystalline and the uelt of solid Gy is known to be face-centered
cubic (fcc). For most of applications in agueous meddiéerene is used as nanocrystals {gehd
nCr, Figure 1) by means of solvent-exchange methods, surfactasisted stabilization,

supramolecular host-guest systems and mono-derivatizt (see section 2.1.2).
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Figure 11 TEM images of (a and ¢) pEand (b and d) nf, including insets with magnified views depicting crystal
lattice fringes.Inset: high-resolution lattice image of fullerene nanopartiles

X-ray powder diffraction (XRD) is the best technique ethgives information about the possible
presence of fullerene nanoclusters because ovenianom cluster size they show their typical
diffraction pattern.

For aqueous dispersible fullerene nanocrystalsdjrgtoduced by solvent exchange method, the
diffraction pattern perfectly overlap the original diffi@ct pattern of solid € powder. A
broadening effect associated to the nanocrystal pdaghlights the reduced size of crystal
domains respect to the starting material (Figurdei.

For what concernthe supramolecular host-guest system, in particulardyelodextrin, which

is considered the best host molecule fes, @ere is a significant loss of peaks sharpness it
still possible to assign each residual peak tacttsgacteristic diffraction pattern of fullerene solid

crystalline (Figure 12, right)
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Figure 12. Left: Diffraction patterns of € (blue) and ng (black).?® Right: Powder X-ray diffraction patterns of (a)
Csoand (b) Go@ J cyclodextrin?®

In this work, the presence ofed@LSZ aggregates was excluded by different microscopic
techniques. To exclude also the possible preseifa#ierene clusters in solid form, XRD analysis
were performed.

Freeze-drying dehydration was carried out aa@LSZ solution. The resulting powder was
analyzed by high-resolution synchrotron powder Xdgfyaction at a dedicated synchrotron beam
line (HRPXRD, see experimental section).

Comparing the diffraction patterns of theo@LSZ (green), the negative reference of lyophilized
lysozyme (blue) and the positive reference ef @wder it can be observed that the lyophilized
sample does not show any residual peak related/stadline fullerene powder. Both lyophilized
LSZ and Go@LSZ result amorphous, as expected (FidiBe
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Figure 13.HRPXRD patterns of: £@LSZ powder (green), negative reference of lysozyme (blue), posifierence

of Cso powder (red).

HRPXRD characterization demonstrated that:

i.  there are no fullerene aggregates @LSZ hybrid system;

ii. itis possible to store fullerene single molecwdssolid powder.

Freeze-drying dehydration is not a destructive treatm@n the contrary, re-dispersion of the
powder in water was completely reversible. No preatpitwas found upon dissolution and the
standard characterization conducted on re-dispergiedioshr showed the same data (UV-Vis)

obtained before the freeze-drying.
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2.3.4 Go@LYSOzYMSTABILITY IRQUEOUSIEDIA

All the previous analysis were carried out ca@LSZ dispersed in milliQ water. In this section,
a step further has been done, exploring the stabilithe hybrid system at different pH and ionic

strength conditions, to evaluate the limits wheggdll.SZ can be considered stable.

PHEFFECT

To test the ability of lysozyme to dispersg &t different pH, lysozyme solution was prepared and
split in different tubes where each sample was seatudifferent pH (from 2.5 to 13). pH
adjustment were set up using NaOH and HCI, respsgtiin this way it is more difficult to reach

a specific pH value but it is possible to exclulde influence of different buffers ions.

After fullerene powder addition, the adducts wereparred as per protocol. It was immediately
evident that basic conditions destabilized theginptin fact a white coagulation appeared for the
highest pH value (pH 13).

Comparing the different samples by WA/'s analysis (Figur&4) and following the absorbance at
340 nm (where the absorbance is proportional to theré&re concentration) it was found that for
all the acidic range of explored pH, lysozyme wds &b disperse fullerene in water. The amount

of fullerene dispersed was similar to that one oi@diin pure water.
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Figure 14.UV-Vis quantification of Gy dispersed in water by lysozyme at different pH values. Absoebain840

nmis diagnostic for fullerene.
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During the sonication process, proteins undergo sigaificant stress. In the specific case of
lysozyme, which is a very compact and stable pnofgicontains 4 disulfide bridges), it was
already demonstrated that the sonication in milliQtewaG R HV Q 1 WhaD stritta® and
functionality3® A possible explanation to this behavior at differpht values is related to the
colloidal nature of lysozyme: for a pH value closethe isoelectric point of lysozyme (pl~11),
where the net charge is zero, there is the miningdtrestatic repulsion among proteins which

favors aggregation phenomena during the sonication.

To understand in which range of pHo@LSZ hybrid was stable, a single batch of the addast
prepared as per protocol (in milliQ water), it wastdpldifferent aliquots and then, the pH of each
solution was adjusted at different pH values (with ld@tl NaOH), exploring the range from 1.5
to 13

It can be noticed that for most of the pH valuesathsorption spectra ok&@LSZ hybrid resukd
insensitiveto the different environments. The absorption spectgaieed in the range from 1.5 to
9 are perfectly superimposable (Figure .1Bjfferently, for both the pH values 11 and 13,
Ceo@LSZ precipitates immediately after the pH adjustment
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Figure 15.UV-Vis absorption spectra (overlapped) @f@LSZ obtainedtthe following pH values: 1.5, 3, 5.2, 6.5,

8.8. Inset: picture of the analyzed samples.
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The hybrid Go@LSZ stability is governed by LSZ properties. In fabe minimum stability of
the hybrid occurred for pH values close to the isdgtepoint of the protein, where the net charge

is not high enough to prevent the electrostatic repnjsioaggregation took place

ZETAPOTENTIAL

A key feature for CNMs application in biological medsaheir ability to remain well suspended
also in presence of electrolytes. Nowadays, it lobanobtaired a stable aqueous (pure water)
dispersion of CNMs, especially upon chemical derkagton. But, in most of the cases, upon the

addition of an electrolyte, the zeta-potential ddogvn, causing their aggregatitif2

lonic strength dependency ofsd@LSZ was evaluated through zeta potential anal{ste

appendix). A wide range of electrolyte concentratiaas studied, from 1M to 1 M of sodium

chloride (Figure 16)
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Figure 16. lonic strength - zeta potential relation ofo@LSZ, produced using different concentrations electrolyte

(NaCl).

For low concentrations (FM +100 RM), NaCl did not perturb the zeta potential of the hybri

system. For a salt concentration corresponding tedinee (molar) concentration ok@LSZ,
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there was a significant stabilization effect, commdaiown as salting in. In fact, 1 mM of NaCl
was the best compromise fogd@LSZ stabilization.

Ceo@LSZ resulted stable for higher ionic strengthlunti M of NaCl, where a lowering of zeta-
potential occurred. This condition conferred metaBtgbto the hybrid system, showing
aggregation phenomena only after few hours. The tlugit strength causes a decrease of the
solvating power of the salt ions (salting out), indlegn instantaneous precipitation abh@LSZ

occurred in presence of 1 M NacCl.

To compare the zeta potential with a standard referefso@ Jcyclodextrin complex was
prepared. The protocol optimized to produce@LSZ was followed with the only difference
about the stoichiometry (considering that fullerenicapped by cyclodextrin).

Comparing the absorption bands at 340 nm, it is plesgd observe thadcyclodextrinis able to
Solubilize” anamount of fullerene which is about 8 times lowesprect to the lysozyme (Figure
17). Moreover, upon 1 mM of NaCl addition, the supramgal@c system instantaneously
precipitated, preventing the possibility to compdhe zeta-potential characterization with

Ceo@LSZ.
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Figure 17. Absorption spectra of @ LSZ (grey), Go@ Jcyclodextrin (orange) andcyclodextrin (blue). Inset:
magnification of Go@ Jcyclodextrin andJdcyclodextrin absorption spectra.

Evaluating the behavior of eg@lysozyme in different pH and ionic strength conditioihsvas
found that the stability of the hybrid in agueous raedias governed by the protein. Further
investigations were performed to check if fullerepeperties as photosensitizer was still

preserved, also upon binding with the protein.
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2.4 POTENTIAAPPLICATION RHOTODYNAMIECHERAPY

Among reactive oxygen species, hydrogen peroxid®fHis the most important in regards to
mitogenic stimulation or cell cycle regulatidhlt has a relatively long lifetime (seconds to
minutes) compared to the other ROS, whose lifetimegrdyefractions of seconds. Consequently,
H20-is less reactive than the other ROS, and it canyeaaitsformed into water by catalase and
peroxidase, making it an important messenger in R@@&bng cascadé

On the other hand, 3@, can be toxic to the cells because it is able talypce the highly reactive
hydroxyl radical, which can initiate an,8>-generated chain reactions. The relatively long-lived
H20Oo, produced from @ Sact as free radical carrier that can migrate long dists.n

Considering the fundamental role 0f®% as intermediate and as precursor of different ROS at the
same time, and taking into account its long-livéetime, it is commonly used as representative
species for ROS quantification. Moreover, for prelimingsts in buffers and unsupplemented
media, hydrogen peroxide lifetime is even longer, bsea the absence of catalase and oxidase

enzymes.

There are a number of fluorogenic substrates to det€t, which serve as hydrogen donors that
have been used in conjunction with horseradish peéase (HRP) enzyme to produce intensely
fluorescent products. While the list is quite exiteasthe more commonly used substrates include
diacetyldichloro-fluorescein, homovanillic acid aAgnplex® Red. Apart from kD, specific

dyes molecule are available to detect each spaR{iig*®

2.4.1 TMBTEST

A number of colorimetric substrates such as tetramethylidine (TMB) and phenol red have also
been used in conjunction with HRP to measure hydr@geoxide concentrations through UV-Vis
spectroscopy. In general, colorimetric means are lesitise than fluorescent detection methods,

but instrumentation costs are significantly lower thhose required for fluorescence based
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measurements, the results are more reproduciblehaydare particularly suitable for screening

tests.

TMB test was used to study the ability o6o@LSZ to produce hydrogen peroxide upon
irradiation. A specific protocol, based on differenisérg proceduré® was developed (see
experimental section)Jsing an excess of TMB, the absorption bands witkimams at 370 nm
and 650 nm are diagnostic fop®b. Absorption band centered at 650 nm was choseiagsaktic
band, to avoid the overlap with fullerene absorptail (Figurels).
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Figure 18.Absorption spectra of TMB one-electron oxidation product (blue) ap@CSZ complex (orange).

Preliminary tests were carried out using the high paiggle light sourceTo evaluate a possible
contribution of the dissolved oxygen, one set ofeeipents was performed saturating the
solutions with oxygen gas. Lysozyme and sonicagsdZyme solutions were used as refences.
Comparing the absorbance at 650 nm it was pos®bled the best conditions to perform the

next experiments (Figurk9).
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Figure 19. a) concentration of kD2 produced upon irradiation of LSZ (blue), sonicat&lZL(orange) and &@LSZ (grey)
estimatedy the absorbance of the oxidized TMB (at 650 nm). Ta®ns were irradiated by a visible lamp with (+) antheut
(-) Oz saturationb) picture of the samples (without oxygen saturation) aftadiation. From left to right: LSZ, sonicated LSZ,
Ceo@LSZ

Some consideration can be deduced from the results:

i.  The solution of G@LSZ produced kD only after irradiation;
ii.  Oxygen saturated solutions did not enhance the antt@» produced,;
iii.  Sonicated lysozyme showed a moderate amount of hgdrpgroxide;

iv. lrradiated lysozyme produced a negligible amount g{close to the limit of detection).

Investigating the unexpected results abop®Hproduction observed for sonicated LSZ samples,
it was possible to understand the nature of this\nehaHydrogen peroxide production did not
significantly dependby the protein itself but it can be ascribed to th@cation process. This effect
was also confirmed carrying out the same TMB tessamicated water (positive control) and not
sonicated water (negative control).

To exclude this nonspecific contribution of:®, centrifugal filtration washing step was
performed upon sonication process. It comslsdf successive washes of native and hybrid
proteins using a 3 kDa size pores membrane, to selectivehpves HO,. Upon the3 washes
TMB test performeanthe recovered protein solutions demonstrated thamore HO, was still

detectable.
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Following the optimized procedure, the productidfigO, was evaluated asfunction of the time
for which Go@LSZ was irradiatedd20. production were measured following the absorbance at
650 nm (Figure 20

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Relative absorbance (650 nm)

0.00
0 30 60 90 120

Irradiation time / minutes

Figure 20.H,0, production upon irradiation ofg@LSZ solution, followed by mono-oxidized TMB absorption band
(650 nm).

Based on the extinction coefficient of the mono-oxidiZ&B species at 650 nffi,an estimated
concentration of KO, produced by @0 RV of Ceo@LSZ in water, after 2 hours of irradiation,

corresponds$o 15 RM.

Taking into account the stability of thed@LSZ hybrid in a wide explored range of pH;(®d
productionat different buffered pH conditions was also investigatedre, a closer range was
explored, from acidic to physiological pH. As wall the previous experiment,® produced
after the irradiation was evaluated comparing the daswe of the mono-oxidized TMB at 650

nm (Figure 2).
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Figure 21.H,0O, production upon irradiation ofsg@LSZ solution at different pH values, followed by mono-oxidized
TMB absorption (650 nm). Buffers: glycine pH 4, sodium citradépsodium malonate pH 6, HEPES pH 6.5, HEPES
pH7.5.

An essential role of pH conditions was identifigctlhis characterization. Lower pH values showed
a net decrease of hydrogen peroxide concentratibihe for pH closer to the neutrality (HEPES)
the HO> detected were significantly higher

The pH-dependency of J@ production is still not completely understood. Hoegvthis
characterization showed that in physiological condgi and (only) upon irradiation,s6@LSZ

hybrid was able to produce:6..

H20; is an intermediate for most of the ROS speciesnlvigs quantification underestimate the
effective amount of ROS produced, it is useful to us@@&d how different experimental setups
can influence the ROS production efficiency.

We selected &JV-Vis quantification method because it is the mossatie and reproducible
approach. In addition, TMB tesG R H 8@ W significant background signal and gives the
opportunity to use a wide range of absorption spectouamtify the HO,.
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2.4.2 SNGLE OXYGENEMISSION

Singlet oxygen detection can be performed using diffeapproaches (fluorescent probes, EPR,
NIR emission). Near infrared fluorescence of singlet @xygas the main advantage to be a direct
measurement (it does not require chemical reactiathsspecific probes) and it is not sensitive to
the other ROS.

Compared to 6 dispersed in toluene, the emission band @f@.SZ (Figure22) was slightly
red-shifted (~5 nm) and its relative intensity resdl7.5 times lower. Different polarity of the
solvents (and consequently, the relative solubditynolecular oxygensignificantly affected the
fluorescence intensity

However, this qualitative analysis showed that t{ljpmmechanism of ROS production is also
involved, demonstrating one more time that protesiséesd dispersion ofdgin aqueous solution

preserves the photosensitizing actiwofyfullerene.
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Figure 22.Corrected NIR emission of singlet oxygen produced upon excitafdsrb(4 nm) of G in toluene (lef}
and Go@LSZ in water (right).
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2.4.3 INVITRCSTUDIES

PHOTODYNAMIC TREATMENTS

To evaluate the efficacy ofse@LSZ hybrid system and its potential applicationghotodynamic
therapy,in vitro tests were performed (in collaboration with prof. Raginoup). Human cervical

adenocarcinoma (HeLa) cell line was usethastro model to perform the experiments.

Exploring the range between 0.1 to 10M (final concentration) of €@LSZ and LSZ as
reference, after one hour of irradiation with a low msi¢y visible light source (Figure 23), it was
found that:

i. irradiated cells with @LSZ showed a mortality level significantly highemaththe
analogues kept in dark;

ii. lysozyme (reference) did not affect the normal vitatityhe cells, demonstrating that the

protein itself is nontoxic in this range of concentias;

iii.  the half maximal inhibitory concentration @€ value was identified for 3.79M of
irradiated Go@LSZ;
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Figure 23. Concentration dependency 0§(@LSZ cytotoxicity in dark (blue) and under one hour of irradiation

(orange), with a low power light source. Each value representsnéla® value + standard deviation of three
experiments.
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The choose of a low power intensity light source asstine neutral effect of the lamp during the
irradiation. The potential application ofsd@LSZ hybrid system as photosensitizer in
photodynamic therapy was better represebiedn high power visible light, which permitted to

be efficacy in a shorter irradiation time.

One sample withoutg@LSZ was used as control to monitor the possiblie teffect induced by

the high intensity of irradiation, while in the otheample, 5V of Ceo@LSZ was incubated. The

cell viability in WKH FRQWURO GLGQfW VKRZ D@\ L DWIDIBLDRQ XG ZE
presence 6@LSZ, after the same exposure time, a significantedese of the cells viability was

observed (Figure 24), corresponding to an average \wl37% (Figure5).

Figure 24.Phase contrast images of HelLa cells in absence (left) gar@sence (right) of 3M of Ceo@LSZ upon
10 min of irradiation. (Scale bar: 2.Bn).*
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Figure 25. Effect on cell viability upon short time irradiation with high-power seu@amples are either in absence

(cyan) or in presence (orange) ofBl of Ceo@LSZ. Each value represents the mean value * standard oleéti
three experiments.*
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Longer exposure times were also explored but thesemiriive time points showed a decrease of
the cell viability also for the untreated cells. Nekieless, the cell viability gap between the control

and the Go@LSZ treated cells progressively increased for lotigeg of exposure.

MEASUREMENT OFREACTIVE OXYGEN SPECIES

The measurement of intracellular ROS was based axitlation of 2,7 -dichlorohydrofluoroscein
diacetate (DCFH-DA). BM of Ceo@LSZ sensitizer and LSZ (reference) were incubatedtimeo
cells, which were then irradiated for 10 minutes wita high power light source, as well as for
the untreated cells (blankfhe same conditions were used for tlogrirradiated samples (dark).
The resulting fluorescence intensites estimateaii@unt of intracellular ROS produced. Among
the explored conditions, the oxidative stress preduzy Go@LSZ to the cells upon irradiation
was significantly higher than all the relative caoigr (Figure26). As mentioned before, ROS

sensitive fluorescent probes usually show a sicgnifi background signal.
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Figure 26.Fluorescence intensity of DCF acquired by fluorescence micro§¢®p@&m excitation, 518 nm emission
filter) on treated (6@LSZ and LSZ) and untreated (Blank) cells. Each condition were performed imdankder

irradiation.*

*Thanks to Dr. Alice Solda fan vitro tests
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A positive control was obtained incubatid@0 PM of H>O- with the cells for 0.5, 1.5 and 3 hours
(see experimental section, Figure S2). Comparinduleedscence intensities, it was observed that
the oxidative stress induced byo@LSZ to the HelLa cells upon irradiation was comparatble

the effect obtained after 2 hours from thgklincubation.

Performing then vitro experiments it can be unambigously affedthat Go@LSZ hybrid system

is an efficient sensitizer for photodynamic therapy toxic effect resulted highly selective since
Ceo@LSZ showed an high production of reactive oxygeecges only after the irradiatioihe
negative results showed by the uncomplexed pratdeimonstrated that the ROS production

activity of the hybrids ascribed to 6s.

2.5 NEWFULLEREN® FRROTEINHYBRIDS

Further improvements to fullerene@protein systemsiader investigation. The goal is to obtain
a new hybrid photosensitizer which is able to absoré wider range of visible lighDifferent

approaches could be used for this scope:

i.  Substituting Go with other fullerenes which have a wider absorpspactra in the visible
range;
ii.  Functionalizing proteins with dyes acting as ansnior fullerene;
iii.  Using fullerene@hemeproteins hybrid systems, thegadly contains a strong visible
absorber (prosthetic heme group) and which could éeded as electron donor for

fullerene.

Preliminary experimestcarried out to produce new fullerene@protein hybridtpkensitizers

will be briefly reported.
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2.5.1 Go@LysozymME

C7o shape as a rugby ball with a diameter included bEtweand 9 nanometers, so very similar to
Ceo. Nevertheless, their optical propertige alightly different: Go shows an higher absorption
coefficient in all the visible spectral range.

The same protocol was used to disperaeb§ lysozyme. The resultant UV-Vis spectrum (Figure
27) showeda similar behavior to @LSZ, with the main advantage to absorb the lighhost

of the visible spectral range.
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Figure 27.Absorption spectrum of g@lysozyme.

2.5.2 Gso DISPERSION BYTERNATIMEROTEINS

A computational study carried out by Calvaresi éf alsed a validated reverse docking protocol
to identify the best protein target candidates fey linding, picked up among the full list of the
protein data bank (PDB

An experimental screening test was performed on fawetop 10% listed proteins, choosing the
most abundant, easy to purify and well characterizetems. The preliminary screening was
performed using the standard sonication and putifinaprotocol, followed by the UV-Vis
characterization to detect the possible presenceqdi€persed in water.

The subsequent proteins were tested as potentigrcaf Cso:



58

Trypsin
Thrombin

Pepsin

© ©O© O o

Human serum albumin

©o

Myoglobin
9 Cytochrome C

- Lipase

- Papain

All the tested protein succeeded to disperse éXcept for lipase and papain. Observing the
diagnostic band of fullerene (340 nm) it is clear thatpng the first group, all the proteins slealwv
a better tendency to bindsgthan lysozyme, except for thrombin (Fig@®.
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Figure 28. Absorption spectra of gg@HSA (blue), Go@thrombin (orange), &@trypsin (grey), @ pepsin (green),

Cso@lysozyme (brown).
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Myoglobin and cytochrome C are hemeproteins, so ity an intense absorption band (Soret

band) around 420 nm (Figu2®). Both the proteins were able to disperse fulleiarnveater.
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Figure 29. Absorption spectra of gg@cytochrome C (yellow) andsg@myoglobin (blue).

Subtracting the protein contribution to the absorpspectra, it is possible to compare the ability
of each protein to assistedispersion of g in water (Figure0). Compared todcyclodextrin, all

the tested proteins resulted much more efficient gpetdise fullerene. The subtracted spectra of a
representative group of proteins angd@ Jcyclodextrin perfectly overlaghowing the contribute

to the absorption spectdd the Go.
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Figure 30. Cso absorption spectra obtained subtracting the protein contribution froroothplexes: @@HSA

(orange), Go@ myoglobin (grey), G@trypsin (yellow). Go@ Jcyclodextrin is shown as reference (blue).
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CONCLUSIONS

The unique photophysical, chemical and electrochalhproperties of €, the most representative
member of fullerenes category, made it a promisinglickate for possible uses in different fields
of biomedicine, in particular for photodynamic therafyhe lack of solubility in biological
environmentis the main obstacle in the development in this figdpecially because fullerene
properties and toxicity are strongly dependent tatjgregation phenomena.

In this work, non-covalent approach was used to dsgp&o in water by means of lysozyme.
AFM, cryo-TEM and diffraction analysis demonstrateaktGo@LSZ hybridis dispersed in water
in monomolecular formThe stability of the adduct at different pH and iosiicengthis governed

by the protein. However, the fullerene propertiephotosensitizer were still preserved alpon
protein binding. Colorimetric and fluorimetric analysiere carried out to detect the production
of reactive oxygen species (in particular, hydrogemwxde and singlet oxygen) generated upon
irradiation of Go@LSZ.

To demonstrate the potential application @@LSZ as sensitizer for photodynamic therapy,
vitro tests were performed on HelLa cells. The half maxinfabitory concentration (163) value
was identified for 3.75RVI of irradiated Go@LSZ, while in dark conditions the toxicity resulted
much lower.

Lysozyme was used as model protein to understam@ehavior of an hybrid fullerene@protein
in agueous media and to proof its ability to prod&€S upon light irradiation. New hybrids
constituted by different fullerenes and different prageane now under investigation to improve
the sensitizing properties of theg@LSZ model.

The possibility to functionalize the protein witkgis for cancer targeting (folate, RGD sequence),
for imaging (fluorescent or MRI active tags) and for pahetration (cell penetrating peptides),
make the fullerene@protein bioconjugatpromising theranostic platform to detect, image and

kill selectively cancer cells.
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EXPERIMENTAECTION

Ceo@lysozyme synthesi€so@lysozyme hybrid was prepared by mixingo @owder (Sigma-
Aldrich, used without further purifications) in excessljZespect to the stoichiometric ratio, to 1
mL of 1 mM (14,4 mg/mL) solution of LSZ (Sigma-Adrichurity 90%, used without further
purification) in milliQ water.

The solution was sonicated using a probe tip stmigilielsher UP200St, 200W, 26kHz), for 60
minutes at 30% of the maximum amplitude, refrige@tmth an external ice bath.

The dark-brow turbid solution was then centrifugaaed 0,000 rpm at 15°C (Eppendorf 5417R
centrifuge supported by Eppendorf Fixed-angle Rotet5830-11) to remove the excess of

uncomplexed fullerene and possible aggregates.

Atomic Force Microscopy analysi8FM images were collected with a Multimode VIII (Bruker,
Santa Barbara,CA, US) equipped with a Nanoscope Mrelecs and operated in PeakForce
Tapping mode. The cantilever used were ScanAsystBkuker, Santa Barbara, CA, US) with a
nominal curvature radius of 5 nm and a nominal spcmgstant k=0.4 N/m.

To prevent aggregation phenomena induced by dryingtsffthe starting solution ofeel@LSZ
was diluted 10,000 time before the drop depositieer ohe mica surface. The solution was then

dried fluxing nitrogen gas and analyzed.

High-Resolution Powder X-ray DiffractiortHRPXRD analysis @s carried out on the 1D22
beamline of the European Synchrotron Radiation Fadi©SRF) in Grenoble. Powder samples
were investigated at a wavelength of 0.39970(8)A .sathples were measured in borosilicate 1

mm glass capillaries.

H20O> detection by colorimetric (TMB) tesT.MB test is a standard colorimetric test used feDH
guantification. Horseradish peroxidase catalyze thiedabon of a wide variety of substrates,
including benzidine and other aromatic amines. { -teframethylbenzidine is much less
hazardous than benzidine itself and even moretdamais an analytical reagetit.

Horseradish peroxidase, is capable of both one eleetnd two-electron oxidations, depending

on the substrate employed. The blue oxidation proaii€EMB is either its one-electron oxidation
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product (cation free-radical) or a complex of its twoetten oxidation product (diimine) with the
parent diamine. This product can undergo further oxidawvhich produce the yellow colored
diimine. According to the literatur®the UV chromophore of 3,5,3',5'-tetramethylbenzidir@ak

= 285 nm) decreases to zero during the reaction, andew UV peaks appear. In the visible
region, two new bands appear initially, at 370 an?l . These bands grow to a maximum and
then decay, replaced by the band at 450 nm (figliyel®ing an excess of TMB, only the mono-
oxidation reaction occurs. The absorption bands maximums at 370 and 652 nm are diagnhostic

for hydrogen peroxide concentration.

Figure S1 Schematic representation of two-step TMB oxidation reaction.

Quantification of HO. produced by &@LSZ irradiation.Stock solutions were prepared as
follow:
i. 10 mg of TMB powder were dissolved in 1 mL DMSO imldeondition(it is insoluble in
water and photosensitive);
ii. 1 mg of HRP was dissolved in 1 mL of PBS (pH 7.4);
iii.  Ceo@LSZ 1 mM was prepared using the standard protoa/eti before.
The reagents was added in the following order, toiobke relative final concentration:
i. Ceso@LSZ 100RM
i. TMB 200 AV
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ii.  HRP 100 ng/mL

Each solution was prepared using PMMA semi-micepdsable cuvette (spectral range 280-800
nm) and irradiated for 30 minutes, using the same expetah conditions. The cuvettes were

placed at a distance of 13 cm from the lamp. Ablsampspectra were recorded by Agilent Cary

60 UV-Vis spectrophotometer supplemented by multitellder and using a fast spectral

acquisition. The kD, quantification were monitored following the absorbtarof the mono-

oxidized species at 650 nm.

Singlet oxygen detectiol.he luminescence spectra were recorded with a rgflecrimeter
Edinburgh FLS920 equipped with a photomultiplier Hamagésu R928P for the visible region and

a a Ge detector for emission in the NIR spectral regimrrection of the emission spectra for
GHWHFWRU VHQVLWLYLW\ LQ WKE@ ZDV SHD&RNEreBAWWIIHDO UHJ
optical path length of 1 cm were used (Halm

Singlet oxygen production ofed@LSZ (in water) and & dispersed in toluene was measured. The
emission spectra were acquired between 1200-140Qupom excitation at 514 nfi. The
absorbance of each solution was previously nornmélaes14 nm, to compare the fluorescence

intensity.

Light Sources

Low-power energy sourcéight-emission diode (LED) bulb (6W Non-Dimmable \Walogen
equivalent). The LED 6W fluence rate is around 0.884/cn¥ in 400 - 750 nm wavelength range.
To have a homogeneous area of irradiation, the sann@es placed under the LED source at
distance of 25 cm during treatment.

High-power energy sourc& SANOLUX HRC 300-280 E27 lamp operating in the 4056 nm
wavelength range purchased from Osram was used. Boaha@mogeneous area of irradiation the
samples were placed under the light sources at dgtendie of 50 cm from the lamp providing a

fluence rate of 1.6 mWcfon the samples during treatment.

Cell Culture
Human cervical adenocarcinoma (HelLa) cell line waslwes in vitro model. Cells were cultured
in Dulbecco's Modified Eagle's Medium (DMEM) supplensehivith 10% fetal bovine serum



64

(FBS) South-America, 2mM L-glutamine and 50 U/mL péinestreptomycin and sterilized by
means of 0.45m filters (Millipore). Cells were kept in incubator&i°C, 10% CQ, 21% Q and
were passed upon trypsin digestion every four daysywssplitting ratio of 1:10 avoiding cells to

reach full confluence.

Photodynamic treatment3.o measure the photodynamic activity ofo@LSZ complex, HelLa
cells were plated at a density of 4 x3&6lls per well in 24-well plates. After growing oveght,
the cells were incubated in free-serum and free-redn@l medium containing various
concentrations of the photosensitizer. Then, somelssnaere exposed to the light source, while
others were incubated in absence of any expostuightqdark). Cell viability was conducted after

24 h of incubation upon photo-irradiation.

Cell viability studiesCell viability was assessed by using erythrosinexBlusion assay. Cell
survival was expressed as the percentage ratio detrezells in comparison with untreated
controls. For statistical elaboration andsdCalculation, OriginPro Software was used. Data

corresponded to mean value * standard deviation (SB) dtdeast three different experiments.

Measurement of Reactive Oxygen Spedibes. measurement of intracellular ROS was based on
the oxidation of 2,7-dichlorohydrofluoroscein diacettDbCFH-DA). DCFH-DA passively enters
the cells and then reacts with ROS to form a highlgréscent compound dichlorofluorescein
(DCF).

Ceo@LSZ treatment DCFDA - Cellular reactive oxygen species detectiosapsvas tested on

HelLa cells. HelLa cells were plated at a density af B cells per well in 35 mm Petri dishes.
After growing overnight, the cells were washed WMBS buffer and incubated with 10BM of
DCFH-DA in PBS for 30 min, washed and overlaid withmplete medium under strictly
conditions for 30 min to avoid any nonspecific artifad hen, the cells were treated wittHgl of
Ceo@LSZ in free-serum and free-red phenol medium andiatad 10 min with the high-power
energy light source. Cells were kept in incubatimnother 30 min and then washed three times

with PBS before analysis.
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H.O, treatment. HelLa cells were plated at a densi/»ofL& cells per well in 35 mm Petri dishes.

After growing overnight, the cells were washed WRBS buffer and incubated with a solution
containing 200MV of hydrogen peroxide foBO min, 1,5 h, and 3h. Then, the cells were washed
with PBS buffer and incubated with 10® of DCFH-DA in PBS for 30 min, washed and overlaid
with complete medium under strictly conditions for 3thrto avoid any nonspecific artifacts
(Chakravarty et al, 2008). Cells were washed three timitbsPBS before analysis.

The fluorescence of DCF was observed using 494 niitaéra and 518 nm emission filter sets.
The fluorescence images of the treated cells werteiepusing a Qlmaging Retiga-2000RV CCD
digital camera. The mean values of fluorescencengitie were estimated by using the histogram
intensity profiles of the images, obtained with Hzame exposure settings, from at least thirty
different cells (Figure S2). Statistical significareas established using one-way ANOVA test. P

values < 0.05 (*), < 0.01 (**), < 0.001 (***) were ceidlered as statistically significant.
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Figure S2.Fluorescence intensity of DCF acquired by fluorescence microscoperd&4citation, 518 nm emission

filter) on cells treated with 208M of H,O, for 3 hours (positive controls).



66

REFERENCES

1. Markovic, Z. & Trajkovic, V. Biomedical potentiaF the reactive oxygen species generation and
guenching by fullerenes (C6MBiomaterials29, 356173 (2008).

2. Mroz, P.et al.in Fullerenes as Photosensitizers in Photodynamic Therpy06 (2008).
doi:10.1007/978-1-4020-6845-4
Calvaresi, M. & Zerbetto, F. Baiting proteins WIi60. ACS Nangt, 228399 (2010).

Yang, S.-Tet al. Interaction of fullerenol with lysozyme investigdtby experimental and
computational approachdd$anotechnology9, 395101 (2008).

5. &KDXGKXUL 3 3DUDVNDU $9$%$ 6REHQBXSWIDVKHOQXNOOHYHQROIi&)\
Conjugates for Cancer ChemotherafpZ.S Nan@, 25052514 (2009).

6. Bolskar, R. D. in 15880 (2008). doi:10.1007/978-1-4020-68458

7. Da Ros, T. infwenty Years of Promises: Fullerene in Medicinal Cheynisi21 (2008).
doi:10.1007/978-1-4020-684%6-1

8. Guldi*, D. M. & Prato, M. Excited-State Properti@isC60 Fullerene Derivatives. (2000).
doi:10.1021/AR990144M

9. Jaesang Lee, John D. Fortner, Joseph B. Hughes, Hmi*&J.-H. Photochemical Production of
Reactive Oxygen Species by C60 in the Aqueous Hbaseg UV Irradiation. (2007).
doi:10.1021/ES062066L

10. Zeng, Y., Biczok, L. & Linschitz, H. External hgiaatom induced phosphorescence emission of
fullerenes: the energy of triplet Cal.Phys. Chen®6, 523745239 (1992).

11. Yanilkin, V. V.et al. Electrochemistry of Fullerenes and Their DerivatiV@sss. J. Electrochem.
39,11474165 (2003).

12.  Guldi, D. M., Hungerbuhler, H., Janata, E. & Asini.-D. Radical-induced redox and addition
reactions with Go studied by pulse radiolysid. Chem. Soc., Chem. Commg86 (1993).
doi:10.1039/C39930000084

13. *XOGL ' 0 &DSSHG )XOOHU H@Hdluble BuléEzEelMDhdrievs ARSpudied :
by Flash Photolysis and Pulse Radiolysis. (19931)16.1021/JP9702863

14.  Boudon, Cet al. Electrochemistry of Mono- through Hexakis-addudt€®0. Helv. Chim. Acta
78,13344.344 (1995).

15.  Wudl, F. The chemical properties of buckminstégfene (C60) and the birth and infancy of
fulleroids. Acc. Chem. Re&5,157#61 (1992).

16. Hamano, Tet al. Singlet oxygen production from fullerene derivagveffect of sequential
functionalization of the fullerene coréhem. Commur2l 22 (1997). doi:10.1039/a606335¢g



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

67

Dickinson, B. C. & Chang, C. J. Chemistry aruldaly of reactive oxygen species in signaling or
stress responsdsat. Chem. Biol7, (2011).

Hu, B.et al. Surface plasmon-photosensitizer resonance couglmgnhanced singlet oxygen
production platform for broad-spectrum photodynamaxtivation of bacterial. Mater. Chem. B
2,7073#081 (2014).

<RNR <D P D N&alKttive Qxygen Species Generated from Photoex€it¢ldrene (C60)
DV SBRWHQWLDOIOMBUVFKYHEY x 2 GRL -$

Sharma, S. K., Chiang, L. Y. & Hamblin, M. Ro&fdynamic therapy with fullerenes in vivo:
reality or a dream? doi:10.2217/nnm.11.144

Da Ros, T., Prato, M., Novello, F., Maggini, &Banfi, E. Easy Access to Water-Soluble
Fullerene Derivatives via 1,3-Dipolar Cycloaddisarf Azomethine Ylides to C(60). Org.
Chem61,90709072 (1996).

Prato, M. Medicinal chemistry with fullerenexldullerene derivatives. 66869 (1999).

6 XV D Q Q DettalRe¢molytic Effects of Water-Soluble Fullerene Detivas. (2004).
doi:10.1021/IM0497489

Sundahl, M., Andersson, T., Nilsson, K., Wernméns, O. & Westman, G. Clusters of C60-
IXOOHUHQH LQ D ZD W Hayclatdrx@ix, W hhietQohiys @) Bty Q. @18t56,
325288257 (1993).

Zhang, Wet al. Water-soluble inclusion complex of fullerene witttyclodextrin polymer for
photodynamic therapy. doi:10.1039/c4tb00560k

Marconi, G., Mayer, B., Klein, C. T. & K6hlgs,. The structure of higher order C60-fullerene-
cyclodextrin complexeChem. Phys. Let260,5894594 (1996).

lkeda, Aet al.Cyclodextrin Complexed [60]Fullerene DerivativeshvwHigh Levels of
Photodynamic Activity by Long Wavelength ExcitatiégkCS Med. Chem. Let, 752756
(2013).

Shigeru Deguchi, *, Rossitza G. Alargova, &nibsujii, K. Stable Dispersions of Fullerenes, C60
and C70, in Water. Preparation and Characterizafg®91). doi:10.1021/LA0106510

Moor, K. J., Snow, S. D. & Kim, J.-H. DiffereaitiPhotoactivity of Aqueous [C 60 ] and [C 70 ]
Fullerene Aggregates. doi:10.1021/acs.est.5b00100

Oberdorster, E., Zhu, S., Blickley, T. M., Mcli@a-Green, P. & Haasch, M. L. Ecotoxicology of
carbon-based engineered nanoparticles: Effectdlefdne (C60) on aquatic organisn@arbon
N. Y.44,11124120 (2006).

Deguchi, S., Mukai, S., Tsudome, M. & Horikogki Facile Generation of Fullerene
Nanoparticles by Hand-Grindingdv. Mater.18, 729432 (2006).



68

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

Makha, M., Purich, A., Raston, C. L. & Sobol@vN. Structural Diversity of HosGuest and
Intercalation Complexesof Fullerene C&ur. J. Inorg. Chem2006,507:517 (2006).
Konstantaki, Met al. Optical limiting behaviour of the watev-R O X E Odycl&dextrin
complex.Chem. Phys. LetB18,488#95 (2000).

Ratnikova, T. A., Nedumpully Govindan, P., $alo, E. & Ke, P. C. In Vitro Polymerization of
Microtubules with a Fullerene DerivativACS Nand, 63066314 (2011).

Mashino, Tet al. Human immunodeficiency virus-reverse transcriptase itibiband hepatitis C
virus RNA-dependent RNA polymerase inhibition activitiéslierene derivativeBioorganic &
Medicinal Chemistry Letter5, (2005).

Wolff, D. J., Barbieri, C. M., Richardson, C, Schuster, D. |. & Wilson, S. R. Trisamine C60-
Fullerene Adducts Inhibit Neuronal Nitric Oxide Slyase by Acting as Highly Potent Calmodulin
AntagonistsArch. Biochem. Biophy899,130#41 (2002).

Pastorin, Get al. Design and activity of cationic fullerene deriva as inhibitors of
acetylcholinesteras@rg. Biomol. Cherm, 2556 (2006).

Belgorodsky, Beta. )RUPDWLRQ DQG &KDUDFWHULRDBWIEX® LFKYi 8 WIDVEOH

malonic Acid [Ceo JFullerene ComplexBioconjug. Chenil6, 10584062 (2005).
Calvaresi, Met al. C60@Lysozyme: direct observation by nuclear magmetonance ofa 1:1
fullerene protein adducACS Nand, 1871 (2014).
Nepal, D. & Geckeler, K. E. pH-Sensitive Dispatsand Debundling of Single-Walled Carbon
Nanotubes: Lysozyme as a ToBmall2, 406412 (2006).
David T. Kim, Harvey W. Blanch, and & Radke*, ICDirect Imaging of Lysozyme Adsorption
onto Mica by Atomic Force Microscopy. (2002). d6i:1021/LA0256331
Li, D., Muller, M. B., Gilje, S., Kaner, R. B. @allace, G. G. Processable aqueous dispersions of
graphene nanosheel¢at. Nanotechnol3, 10145 (2008).
Fang, C.-Yet al. The exocytosis of fluorescent nanodiamond andsgsas a long-term cell
tracker.Small7, 336370 (2011).
Markov, M.Electromagnetic fields in biology and medici(2015).
Gomes, A., Fernandes, E. & Lima, J. L. F. Cofdscence probes used for detection of reactive
oxygen speciesl. Biochem. Biophys. Methofs, 4580 (2005).
Josephy, P. D., Eling, T. & Mason, R. P. The hadish peroxidase-catalyzed oxidation of

1 -teframethylbenzidine. Free radical and chargestesrtomplex intermediate3. Biol.
Chem257,366945 (1982).
Calvaresi, M. & Zerbetto, F. Baiting Protein$hnwC s0. ACS Nanat, 22832299 (2010).



69

HAPTER

NANODIAMONDS FOR BIOLOGICAL APPLICABUOMNSY OF THE
INTERACTION WITH COMPLEX BIOLOGICAL FLUIDS

INTRODUCTION

3.1 NANODIAMONDS ABRUORESCERROBE FORI VIVOIMAGINGAPPLICATIONS

Fluorescence bioimaging is a powerful technique Herihvestigation of the complex structure
and functions of living organism in real time anédep and, being poorly invasive, it is suitable
for long-term observation of biological processes.

The main limit showed by standard fluorescent prolf@s long-term detectionis the
photobleaching that usually occurs upon long exposureradiation From the photophysical
point of view, inorganic nanoparticles can overcofie limit: this is the case of quantum dots
(QDs). They are ultrastable, fluorescent contrast agkatectable even at the single nanopaeticl
level. QDs emission wavelength is size dependedtreamoprobes emitting in the near infrared
(NIR) region are ideal for low backgroumdvivoimaging. However, due to their intrinsic toxicity,
their usein vivoiis still controversiaf.

Recent safety concerns enforced the search for a vadichative for luminescent nanoprobes.
Recent results demonstrated that fluorescent nanod@dsndFNDs) show almost no
photobleaching in a physiological environmémiloreoverin vitro andin vivo toxicity studies
demonstrated their unique biocompatibility. FNDs laeace ideal diagnostic tools and promising

non-toxic vectors for the delivery of therapeuticgues?!
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3.1.1 SYNTHESIS GEUORESCENRNODIAMONDS

NDs show photoluminescence (PL) suitable for bigimg onlyif they contain defects (color
centers) in the structure that produce localizedteastates upon light absorption. In most of the
cases, emission of light arises from the presencérofyen atom$,as dopants, in the carbor®sp
structure.
Nitrogen atoms originate structurally and electronicdifferent local defectthat absorb incident
light and emit at characteristic wavelendtiNitrogen (N) content is a key parameter in the ahoic
of the diamond precursors for FND preparation, simdamits the maximum density of color
centers achievable in the nanomaterials, and coesdguheir potential brightness, as well as the
probability of having defects containing two or moreaaent N atoms.
Based on the relative abundance of nitrogen atotostiwe crystal lattice, NDs can be classified
as8

i. typel, if diamonds contain nitrogen impurities;

ii. type ll, if they do not contain measurable trace abgien.

Only type | diamonds hence are suitable for producimginescent probes. Moreover, type |
diamonds are sub-classified into:
i. type la, containing N atoms up to 3000 ppm mainltheform of aggregates (most natural
diamonds belong to this category);
ii. type Ib containing less nitrogen and in the formisdlated atoms (most artificial

diamonds).

High-energy ball milling of high-pressure high-temgtare (HPHT) diamond microcrystdlss
the most used technique to prepare NDs for imagimicgpions. The general approach to the
production of FNDs compatible with a physiologicaVegonmentand suitable for bioconjugation

is schematized in Figure 1
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Figure 1. Schematic representation of the two main strategies for gpanation of aqueous dispersions of FNDs.
Micro-sized diamonds (Ds) are reduced in size (from left to right) and &m bdamaged and then thermally treated
to create color centers in the activated NDs (ANDs). Theamaéaling produces a surface graphitic layer which is
eliminated by oxidation producing surface carboxylic groups togetherothier functions (anhydride and hydroxyl
groups, not shown). In the alternative approach (from right to Mftrodiamonds are first activated to produce
fluorescent diamonds (FDs) which are then reduced in size and oxidated.

As prepared NDs show a weak fluorescence intensigedew color centers are present at this
stage. Color centers (or defects) production involiiesuse of ion beam sources in high vacuum
and can be hence accomplished only on dry matéfidlswadays, the N-V defect centers (better
discussed in the next section) in diamonds are mexiby medium-energy (40 keV) Hbeam
radiation. This is a convenient alternative to thevipus approaches (high-energy electron beam
from a van de Graalff accelerator or a proton) sincentdiyces high concentration of color centers
in a setup that can be installed and operated safelylinary laboratorie$t One further advantage
of helium ions is their chemically inertness. Asomsequence they do not alter the photophysical
properties of the produced FNDs.

Independently of the ion source utilized, the expd$Pd need to undergo thermal annealing to
induce vacancy migration and actual color center ftonaAs a side effect, thermal annealing
(800°C) causes surface degradation, mostly in the &rgnaphitization. Surface graphite layers
are detrimental to the photophysical properties ofRfN®s and they have to be eliminated by
oxidation in oxygen, air, ozone or nitric acid miaun order to obtain bright materials and to
enhance the ND water dispersibility, thanks to thenftion of surface carboxylate groups.

An alternative approach consists in the activatiorigoered directly on the microsized diamonds

followed by pulverization and purification
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Separation techniques allow to obtain monodispeds&shond nanopowders but the size of the
commercial products at the current stage can beyhexdliced below 10 nrs.

Bottom up approach is required to obtain smaller NDefonation processes yield aggregates of

NDs with sizes of 45 nm, embedded in a detonation soot composed of o#ibon allotropes

and impurities:? An explosive mixture (typically trinitrotoluene aheéxogen) having an overall

negative oxygen balance provides both a source rboaand energy for the conversion. The

detonation chamber reaches temperature as high &t48WD °C and pressure of 280 GPa.

Graphite is the most stable allotropic form of carbbambient temperature and pressure, hence,
the fast cooling of the detonation products is @i avoid transformation of the diamond into
graphitic phase. Formation of graphite (and other caatiotropes) cannot be completely avoided,
aswell as the presence in the crude detonatsmot” of metals and oxide residuals.

The real challenge in producing FNDs is to obtastable aqueous colloidal suspension because
of their strong propensity to aggregate. This laclswoface chemistry control might limit their
application in bioimaging. Compatibility with an @&pus environment is in part favored by the

modification occurring at the NDs surface during thefmation process.

3.1.2 PHOTOPHYSICRROPERTIES BRUORESCENRNODIAMONDS
INTENDED FAROIMAGING

Although the FNDs can present different kinds of stefeermination, including reconstruction to
give sp graphitic like shells (see chapter I), this shelids directly involved in originating light
emission.

As for analogous doped materials, the brightness @fd=id dependent on the average number of
emitting centers per particle. This parameter camubed by creating artificially the color sites in
the synthetic or natural diamonds by radiation danmggvith ion beams followed by thermal
annealing. The former process produces stationary vasaof carbon atoms in the lattice which,

at 600 °C or above, become mobile and are trappegitiggen atoms to form color centers.
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Vacancies in diamonds migrate primarily in their m@utharge state, while the color centers can
exist either in the negatively charged state or énrtautral stat&®

Defect related transitions in diamonds show charatiezsro phonon lines (ZPL) both in the
absorption and luminescence spectra that give irdtom about their nature and energies.

In the absence of nitrogen atoms indeed, simple wa&es0f carbon atoms in the diamond lattice
are non-paramagnetic color centers that adsorb igtita NIR region (ZPL = 741.2 nm). When
excited these sites deactivate mainly via non-radigiathways showing a PL quantum vyield of
~1% (t = 2.55 ns) which makes them suitable for phetotial and photoacoustapplications:*
Indeed, starting from materials doped with a suitéddbel of nitrogen atoms (type 1), it becomes
possible to prepare FNDs emitting in the specificcgpéregion spanning from the NIR to green
or blue depending on the nature of the formed caater.

From the biomedical imaging point of view, the magéeresting FNDs are those whose emission
spectrum belongs to the red-NIR range (Figure 2a,b)s@ lkelor centers consist on negatively
charged nitrogen-vacang¢i-V * centers), produced by ion beam damaging followethbymal
annealing, in type Ib diamonds together with theutral counterpart N¥£° As shown in Figure
2a, these centers correspond to the presence oftedidisal nitrogen atom adjacent to a carbon
atom vacancy and show distinct ZPL at 637.6 nm&&itd4 nm for the negative and neutral defects
respectively. Because of their NIR component, ‘Nafmission matches well the transparency

windows of living organism and it is hence well sdifer in vivo optical imaging (Figure 218°

a) b)

Figure 2. a) Normalized PL spectra of single N\and N\? curve color centers in NDs. The zero-phonon line (*)
symbols of NVE(637 nm), NV (575 nm). The inset shows the atomic structure of the N\tfeafensisting of a
substitutional nitrogen atom N associated with a vacancy V iadfacent lattice site of the diamond crystalline
matrix1° b) Comparison of the fluorescence spectrum (red curve) cfdditers in FNDs with the near-infrared (NIR)
window of biological tissues. The black, dark gray, and light gray curves aabsbeption spectra of B, oxygen-

bound hemoglobin (Hb£), and hemoglobin (Hb), respectivéfy.
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Negative centers are dominating in oxidized NDsigenore than 80% of the total ones in type Ib
NDs with diameters larger than 20 NNV *centers show a unitary quantum yield, an excitatkst
lifetime of ~12 ns. The electronic transition invalvia the emission is the spin-allow#g: SA;
one. The associated absorption band shows a btaatbp sideband at ~560 rifn.

Other nitrogen based defects can be produced in N&sending by the nature of the starting
microcrystals and/or the irradiating conditions. Gregr blue emitting nanodiamonds were
produced and characterized. The first emission casseciated to the N-V-N defects, commonly

produced in la type NDs while the second is origindtg® nitrogen atom clusters.

The extreme photostability of the FNDs was demoretirlly comparing their emission with the

one of 100 nm red fluorescent polystyrene carboxgllagnospheres under continuous excitation
with a Hg lamp as shown in Figure8o sign of photobleaching was observed for FNDs, even
after 8 hours of excitation; by contrast, the polyimbeads photobleached within 0.5 h under the

same excitation conditiods

Figure 3. Photostability tests of FND (red) and fluorescent polystyrear®spheres (blue) excited under the same
conditions. The fluorescence intensity was obtained by integratingrevemvelength range of 59800 nm for each

samplée?

Kuo et al. demonstrated that it is possible to enbaheNV * fluorescence lifetime to 20 AS.
Performingin vivo imaging, the lifetime is consistent with the picttinat the fluorescent centers
are embedded deep in the crystal and therefore tlugtiree relaxation dynamics is insensitive to
environmental change and surface modification. Aigh photostability of FNDs, combined with

their high compatibility allows to use time gatingchniques (fluorescence lifetime imaging
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microscopy) for long termin vivo imaging, with the main advantage to isolate theDEN

fluorescence from the cell components autofluonasbackground.

Diamond has the highest refractive index of all transpt mineralsn = 2.42. This peculiar

properties suggest to use ND also as optical scajtbramarker. It was theoretically estimated
WKDW WKH HODVWLFDOO\ VKQWWH\$DBG VOLHsBOMGHidd Rdh thatVL QJOH
from a cell organelle of similar siZ& Compared with metal-based scattering labels sugolals

and silver particles, ND is advantageous in thatllitws imaging of cellular events with less

photodamage, thanks to the high optical transpar&ncy

3.1.3 HNDs INPHYSIOLOGICENVIRONMENTIMITATIONS AND
STABILIZATIOSIRATEGIES

Beside of the graphitic surface removal, as said befotelation processes play a key role on
FNDs stability. Carboxylate functional groups ara@ntyaproduced on the NPs surface during the
purification. The hydrophilic nature and the negatoharges of these functional groups (for pH
values > 3.5, see Figure!#3)confer stability and improve the dispersibility oN[Fs in water,

making them suitable for functionalization.

Figure 4. Zeta potential of oxidative-acid-treated diamonds (nominal size 100 nm) &sfuaicsolution pHZ°

It is important to stress that, while these surfaxieived FND particles are prone to precipitation

in biological media such as phosphate-buffered sg&S) as shown in Figure 5, the particle
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aggregation does not significantly change the flsceace properties of FND sinantrary to
the common organic emitting dyes, the light emittidy centers are embedded deep in the

diamond matrix°

Figure 5. Characterization of the sizes (a) and fluorescence spectod D particles in double distilled water
(DDW) and PBS. The particles show good dispersibility in DDWh&itmean size of 98 nm but form aggregates in
PBS with size increasing to 255 nm. No significant differences between thesgrediound for particles suspended

in DDW and PBS (concentration: 0.1 mg/mL). * in (b) denotes the residual excitatioat!Eg2 nn?°

Oxidation induced functionalization does not sufficestabilize the particles in physiological
conditions?® The major difficulty using FNDs for bioimaging is tead their aggregation in a
physiological environment. Two approaches are comynoséd to overcome this limitation:

i.  Covalent functionalization

il Non-covalent functionalization

In the first approach, the main advantage consistave a well characterized surface, whichsdoe
not change its chemical composition overtime. Tremback is the use of a multistep synthesis
which usually entails the use of (toxic) organic solts, therefore requiring an accurate
purification before applications vitro andin vivo.

A representative workn covalent functionalization of FNDs for targeted daliumaging were
realized by Weng et 8l.In this work, covalent conjugation of transferrin te ttarboxylate surface
groups of 100 nm diameter red emitting diamond NPscaaried out. Chemical functionalization
of FNDs with transferrirhad a dual role: it preverd the re-aggregation of the particles and

promoted the internalization, via receptor-mediatedkgmechanism, into the HelLa cells (where
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transferrin receptors are over-expressed). They dematstiat functionalized NDs were stable
in physiological conditions and that transferrin reoeptplay a fundamental role in the ng

membrane permeation of the FNBs.

In the latter approach (non-covalent functional@a)j simple adsorption of water soluble
molecules overcomes the limitations for the covatentnterpart but, at the same tintemakes
more difficult the understanding of the surface cosmpan in different physiological
environments.

In general, polymeric surfactant and biopolymers arenafised to enhance the colloidal stability
of NPs?2 The amphipathic nature and the high surface chewgéer them the ability to interact,
and make more stable hydrophobic objects in w&i@rexample, core-shell Fe/Au nanoparticles
are sufficiently charged to be stable against flocmrain low ionic strength media, but they
require surface modification to be stably dispersectlevated ionic strength media that are
appropriate for biotechnological applicaticidNevertheless, aggregation phenomena could be
completely prevented by using different syntheticfattants (Pluonic F127 and F68), bovine
serum albumin (BSA) and dextran to disperse the NPssf{adsby sonication)and then
transferring the bioconjugate in high strength ionidmaethe resulting colloidal system is stable

for several days (Figure &).
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Figure 6. Intensity weighted DLS size distributions for Pluronic F127-, F68A-BRd dextran-coated Fe/Au NPs in
PBS?2

Nowadays, the use of adsorbed biomolecules oveNbe surface to enhance their stability in
physiological condition is becoming a necessary $te performin vitro test, to prevent the
aggregation. Because of the high biocompatibilihe abundance in plasma fluids and their
surfactant-like behavior, proteins resulted the msstd stabilizing agent for ND$232°

Using BSA andDlactalbumin (a -LA) Tzeng et &t.showed that in both the cases it is possible to
obtain a narrow distribution of the NDs size, allowitagperform high resolution imaging by
confocal and stimulated emission depletion (STED) osicopy. The optimization of FND®

protein concentration ratio, resulted a crucial parametereserve the particles monodispersity
(Figure 9.
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Figure 7. Size distribution of 30-nm FNDs measured with dynamic ligattedng before and after noncovalent
FROMXJIJDWLRDOWIGNKIHUHQW ZAENKIMWDDVDANIABE. The mean diameters of the particles
with the size distributions from left to right are 30.0, 35.1, 35.4, 74.6, 93.0, 752.7 nm, respéttively.

Chang et at? carried outn vitro experiments using FND noncovalently coated witltgfyroteins

or neoglycoproteins, in particular with BSA chemicallgdified with carbohydrate for targeting
hepatocytes via carbohydrate receptors. Simple adsorpfi these proteins on NDs surface,
showed a potential applicability of the neoglycopiptenated FND for hepatic targeting, as
demonstrated by the tests performed on HepG2 cell More in general, they demonstrated the
dual ability of the adsorbed biomolecule to enhatm@eNDs stability and, at the same time, to
address the FNDs toward a specific target.

Among the high number of works in this field, few megentative and promising methods were
reported. Very frequently, BSA was used to enhanceNbes stabilization in physiological
conditions Apart from the stabilization effect of BS#he behavior of NDs in a complex media
(e.g. serum) cannot be exhaustively understood simpbstigating the interaction witasingle
kind of protein. Proteins size, tridimensional stuet protein-protein interaction and tendency to
unfold upon adsorption, surface coverage and espgcihé isoelectric poift are parameters

which collectively affect the nanoparticle-protein agbsion processes.

The only characterization in this regard were perforiefibre the incubation. Faklaris et?al.
simulated the possible conditions of NDs in supmetad media, incubating the nanoparticle in

DMEM (Dulbecco's Modified Eagle Medium) containing 16BS under sonication. Upon more
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washing, FTIR and zeta potential measurements demtetstiee effective adsorption of protein
RYHU WKH 1 VHeyWErubhBtfated that the addition of FBS cargatiéi the aggregation
phenomena exacerbated by the cell medium DMEM. Afsiieher could be addressed optimizing
a protocol to disperse NDs in serum without the cation assistance, with the aim to preserve the

integrity of the proteins and hence simulate theddmns ofin vitro studies

3.2 NANOMATERIALUSTERACTIONS WIRBLEVANBIOLOGICAH.UIDS
ANEWBIOLOGICAIDENTITY

All the materials show a higher free energy for thdasie than the bulk itself. This behavior is

exhibited independently by the size of the matenglibbecome more important for high surface

to volume ratio objects. For nanosized material, thyh lsiurface energy significantly influences

their behavior. This means that the surface of natiofes will progressively and selectively

adsorb biomolecule exposetb biological milie#”. The biomolecules surrounding the
nanoparticles (the scD O OH G 3 EL R P R QowérXtbel surfaceleéfe@y) ‘promoting their
dispersiort® The biomolecules presented in the biomolecular amrepresent the final biological

identity of the nanomaterial which are likely toteract with the biological machinery and
determine the final fate of the nanomaterial intrutat trafficking (Figure &).22%3°For most of

the particles, a neaRPRQROD\HU RI ELRPROHFXOHV WQDWPHGEWRD LEX'WFF
completely irreversibly, to the surface of nanopagsclOver this layer, there are a more loosely
DVVRFLDWHG DQG UDSLGO\ H[AKD Q@ H!QQ HO® FigurEVe)E3 RRUPRR@MH F X ¢
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a) b)

Figure 8 a) It is the nanopartickeorona complex, rather than the bare nanoparticle, that interactbialitgical

machinery, here with a cell membrane receptan) Relevant processes (arrows), in both directions (on/off), for a
nanoparticle interacting with a receptor. Biomolecules in ther@mvient adsorb strongly to the bare nanoparticle

surface (k), IRUPLQJ D WLJKWO\ ERXQG OD\HU RI ELRRHRLIDMKKD HF\R QW B IF W1 KZD U
QDQRSDUWLFOH 2WKHU ELRPROHFXOHV WKH @R BDW§vddROmR inplé&kD YH D Ut
(primarily to the hard corona itself), but this is much lower, leisé molecules are in rapid exchange with the
environment (K. If sufficiently long-lived in the corona, a biomolecule may lead to ratiogrof the nanopatrticle:

corona complex as a whole by a cell membrane recep)oile same biomolecule alone can also be recognized by

the receptor (8. If present, the bare surface of the nanoparticle may alsadhigith cell surface receptorssjlor

other constituents of the cell membrahe.

It is important to notice that only a few of the bioemlles available in typical biological
environments are found in the hard corona.

Biological media contain thousands of molecules (faneple, human blood plasma has 3,700
identified proteins) and they compete for limited spaa a nanoparticle surf@éeFor a given
nanoparticle, only few tens proteins bind in sigrifitamounts and for long enough time to be
biologically significant®® Furthermore, these tens of proteins rarely corresgonthe most
abundant proteins in plasma, and are not necestaoibg with the highest individual affinity to

the nanoparticle surfacg.
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Hard corona layer is significantly stalBf® so any subsequent exposure of the NPs to a new
environment could lead to a partial displacemenhefdriginal hard corona by new molecufés.

The direct consequence of this behavior is that bleoules which are not replaced would serve

DV FRURQD :PHPRU\" RI Weibus GBvpdrRi8dntU Wheefor, {tYie 8ddona
composition could potentially depend not only oa tirrent environment but on all environment

it has moved through befofé.

In light of all the studies performed on protein caamthe last 10 years,ig necessary to rethink

the previous works which ® VVLILHG WKH VXEVWDQFHV DHUFWR D&V QJ WR
PDWHULDO WKDQ WKH SH[WULQVYLEHRRUPRHSHUWLHY GHILQHG 11U

3.2.1 BIOMOLECULABORONACOMPOSITION ANDRIENTATION
PARAMETERAFFECTING TEELLULARPTAKE

Nanoparticles (NPs) interact with cells (and living arigans in general) in a fundamentally
different manner from small molecules. The latter, aetf diffuse into and around the cell,
partitioning freely according to near-equilibrium miples3®

In contrast, nanoparticles, because of their sizepareessed and taken into the cell by active,
energy-dependent processe8ecause of their size and surface, nanoparickona complexes
can engage with a wide range of endogenous cellptaskka and other processes, and potentially
reach any cellular and organ compartments, interdlttihem, and initiate signalling processes.
The interactions between NP-corona and the biolbgieahinery are mediated by physical forces
common to all molecular systems. It is more usefdistinguish these interactions considering if
they involve non-specific physical interactions oedfic biologic recognition. Such recognition
can, for example, be driven either by the presefspecific peptide sequences (epitopesy it
can be influenced by more subtle structural propersesh as curvature of the compféx.
Recognition is expected to lead to well-regulatexddgical processing and functional impacts. In
contrast, strong non-specific interactions betweetighas and cells could lead to a range of quite
different, but equally complex, outcomes. For examphe several cases, such as carbon

nanotube¥, silica®® and graphene oxide it has been observed that cell damage occursen th
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absence of a protein corona (that is, cells expasedrticles in medium without proteins), but is

mitigated in its presence.

Besides the intrinsic properties of bare nanopartidlesimportant to investigate the main factors

which define the size, shape, structure and composibib protein corona and how this
characteristics can confer a biological function tortheoparticle.

Even if the NPs remain within the same biologicahpartment, the corona biomolecules must

stay long enough on the surface of the nanopartchetbiologically recognized at, for example,

the outer plasma membrane of the cell. Thus, bictdgalevance is determined not only by the

structure and composition of the corona but alsmftlee dynamical exchange processes (Figure

8b). Collectively these particlSURWHLQ FRPSOH[HV FRQVWLWe MW 3ZKDW
exchanging proteins have sufficiently long residetimoes, then the effective biological unit is a
nanoparticulate core and an associated biomolemiena that is so strongly bound that the

particle itself is merely the scaffold for the proteth&or example, endocytosis of nanoparticles

across the plasma membrane occurs within minutescamskequently, a biomolecule must stay

on the nanoparticlsuUIDFH DW OHDVW WKhaM @dRe&dskd VB\Rth& EnddeyiicH Q °
machinery

In the case of the much more rapidly exchanging ad#rcorona, an exchange time of seconds

or less is expected. This separation of timescalggesis that the key biological determinant for
nanoparticles will often be the interface betweenttard and soft corona. WhatthReHO O BVHH YV’

D VIVWHP LQ ZKLFK WKH FRUH E)D RSDWW LFRWRIOW VR UNUGRK A5\
proteins and an outer (weakly interacting, and rapéstishanging) collection of proteiri.

Itis important to relate the structure and compasitibthe hard corona to the nature of the original
nanoparticle surface. This is not an easy task usscdhe corona is not at thermodynamic
equilibrium. Indeed, the molecular dynamical exchaiges of the hard-corona biomolecules can
be many hoursothis means that the composition and structure ofthena are not equilibrated
on a timescale of typical biological experiments, dhd nearly stationary composition and
structure is actually a consequence of the very shashiange. For example, in the absence of rapid

exchange, some biomolecules arriving early to theparticle surface may subsequently either
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be displaced by those arriving later or, if they adlstrengly, may themselves play a role in

determining the next set of proteins adsorbing (Fag)

Figure 9. Formation of the biomolecular corona. From left to right: An initial corona fdrons those biomolecules
(in green) that arrive first to the surface (typically highly abundant mgtedn initially adsorbed molecule with low
affinity (in green) is subsequently displaced by a different cabdewith higher affinity (in blue) arriving later. A
third molecule (in yellow), that initially had a low affinity ftire bare surface, now adsorbs on the nanoparticle surface
owing to favourable interactions with the adsorbed (green and blue) kmuted. A different biomolecule (in red)

does not adsorb at &f.

These processes are affected by the combination ofediffgariables, such &
i.  each biomolecule relative abundance;
ii. diffusion rate;
iii.  affinity for the surface and/or other biomoleculesadigassociated with the surface;
iv.  nanoparticlebiomolecule and biomolecubiomolecule interactions;

v. conditions in which the corona are formed.

Some factors that control the corona are now cleargtample, as with any surface-coverage
phenomenon, the ratio of nanoparticle surface argadtein concentratioft.>* Moreover, he
radius of curvature of the nanoparticle is also a kayameter for several reascris?4! The
surface energy of a bare nanoparticle depends ondhesraf curvature, because a highly curved
surface causes local stresses on the microscopioipagy@n of atoms at the surface. Indeed, the
energy of a particle surface can be much larger ¢hélat surface of the same materialThe
nanoparticle radius of curvature, if sufficiently highjl also affect the corona directly as large
proteins seek to pack around small spd&é¥-or example, one expects radically different coronas

in high-aspect-ratio materials (such as carbon ndr&s), where one of the lengths is typically
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smaller than that of the abundant protéfff€.In this case, biomolecules may align along thglon
axis to fit on the nanoparticle surface. Larger glabhiomolecules, on the other hand, may simply
not fit and hence be excluded from the corona.

Fine details of size, shape and bare-surface phgiséanical properties can lead to different hard
coronas. Therefore, the intrinsic properties of theoparticles may be insufficient to classify them
into groups of similar particles in relation to, foraenple, their biological interactions.

For animal-derived biological media, those coronanpositions known at present are largely
composed of proteifs*3lipids*® and sugar<. Most methods to determine the corona composition
first separate all of the strongly adsorbed biomdksfrom the particles into a single biomolecule
sample, and then use mass spectrometry to idengfyeitovered proteins or other components.
However, this analysis does not address their detailgdnization on the nanoparticle surface,
nor whether the molecules are presented approprietelygtivate specific cellular processes, but
is nevertheless suggestive of such possibilffies.

An exhaustive characterization of nanomaterials ological environment will require a link
between nanoparticle properties, biological miliewl diological pathways, and in particular a
detailed description of the corona structure. For g@anof the biomolecules grafted and adsorbed
to nanoparticles, only a small fraction will have lbgcally relevant peptide sequences facing
externally, away from the nanoparticle surface, makinglifficult to predict how these
nanoparticlecorona complexes might further interact with circuigtimolecules such as
antibodies, scaffolding biopolymers and cell receptdf?

Recently, forefront approaches requiring the use of inofabelling are addressed to detect,
among the proteins composing the corona, the efeectiimber of available epitopes potentially
involved in a bio-recognition event. For examplsjng immunogold label it was possible to
identify and evaluate the spatial organization ef ¢posed epitopes over the transferrin-grafted
silica nanoparticles (SKOPEG8Tf), by means of transmission electron microscopy (Figure
10ab).*8 A different approach was developed, labelling antibodigls quantum dots (QD$}.In

this case, the fluorescence intensity of QDs wad tsguantify the average number of exposed
epitopes per particles, allowing the study of nanaged alsan situin realistic biological milieu
(Figure 10c).
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b)

Figure 10. Left: a) Epitope mapping of Si03(* i7] QDQRSDUWLFOH VXUIDFH 6FKHPDWLF

mechanism of interaction between Tf grafted silica nanopartexhes immunolabels b) Representative TEM
micrographs of Si@i3(* 171 SDUW L F O H Van@bbdy ftapyeats Al kG at saturatibhRight: ¢) QDs
functionalized with specific monoclonal antibodies used for fluoredabptling to map out target relevant epitopes

of the protein coron®’

The hard-corona structure can be studied by isolatiegarticleitorona complexe®,and using
physical characterization methods that are well knfnam colloid and interface sciené@ for
example:

- dynamic light scattering’

- differential centrifugal sedimentation (DC%)38

- zeta-potentiaf®

The first two techniques are used to measure theodydamic radius, and DCS sheds light on the
distributions of suciNP icorona complexes. It is also useful to perform avesige and zeta-

potential measurements to monitor the corona formatitnen nanoparticles are added to
biological media and characterize the quality of tbsulting dispersion of these complexes (see

appendix)
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AIM OF THETUDY

We strongly believe that protein stabilization couylidy a key role for NDs application for
bioimaging, bothn vitro thanin vivo. In vitro tests are (mainly) performed in supplemented media,
which consists in the addition of a percentageeofis (for example fetal bovine serum, FBS),
necessary to promote the cells growth. Up to daéeetis a lack in the literature about the
biomolecular surface coverage of nanodiamonds upgindddition in supplemented media.

The comprehension of the stabilization effect confersegdoum to NDs, require the still-missing
identification of the composition of NDs protein ooa. Moreover, the optimization of NDs
dispersion procedure in physiological conditionsamsimportant prerequisite to use them as a
diagnostic probe for high resolution bioimaging apgiens. In fact, most of the NDs used for

bioimagingin vitro andin vivo are not in the monodisperse form.

RESULTS ANDISCUSSION

3.3 SRUMPROTEINS ANMANODIAMONDBITERACTIONHEBIOLOGICAL
IDENTITY ASANODIAMONDS

In this section, the first part of the work was addesl to the characterization of the commercial
NDs to investigate their properties and limits in pblgical conditions. The interactions with
serum proteins was evaluated and then a suitabieqmidor NDs stabilization in biological media
was optimized. In the second part, the characterizatfddDs protein corona was carried out,

focusing more attention about theomposition and to the orientation of specifictpnos.
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3.3.1 PRELIMINARZHARACTERIZATIONIENDSTABILITY

Commercial fluorescent nanodiamonds provided by Sigidach were used for all the
experiments shown in this chapter. The nominal siZesn the vendor datasheet) of the
nanoparticles were 70 and 120 nm (named ND-70 and RD to distinguish them), having a color
center number of 300 and 1200 NV/particle, respéelgtive
This materialgio not require color centers activation or further purtfma Based on the starting
material and the experimental condition of irradiatiomg kind of color center are contained in
the lattice:

- N-V centers (red-NIR emissigofigure 11a)

- N-V-N center (green emission, Figure 11b)

Figure 11. Emission spectra of ND particles containing N-V centers (a) and Ne®riters (b) dispersed in water at
a concentration of 1 mg/mL. Excitation wavelength is 532nm and 442nmespondingly. Peak at 488nm (b)

corresponds to Raman shift of diamond. (Data provided by the yendor

Preliminary studies about the stability of the comciarproducts were performed. Confocal
microscopy confirmed the photophysical data provitégdthe vendor (Figure 12a,b), but the
dispersion appeared highly aggregated (Fidi2eeb,c).
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Figure 12. Confocal microscopy of ND-120 dispersion in watex)taser excitation atx560 nm. b) laser excitation
at @488 nm. The fluorescence of diamond is based on color centers incorporated into the didicenuit@gen-
vacancy centers (N-V), provide red fluorescence (left) and N-V-N (or htg@Qemit green light (right).

¢) TEM acquisition on ND-120 deposited over the grid by drop casting.*

*Thanks to Diana Hudecz for confocal microscopy and to Luciana Herda Kran&lysis

Size characterizations were performed using both dimbght scattering (DLS) and differential

centrifugal sedimentation (DCS) analysis. DLS charaa#adz confirmed the strong tendency of

FNDs to the aggregation in milliQ water, showinga wide distribution of population. Diluting

the solutios, the medium size and the polydispersi/L GQITW VLJQL ILFubh@rwcde\ FKD QJI
as expected fast coagulation was observed dispersing thécpesin PBS (Figure 13).

Figure 13.DLS analysis of FNDs 5@®/mL (Sigma-AldrichND-120) performed in water and PBS.

Sonication process was conducted on NDs dispersedatar, to evaluate the possibility to
disaggregate the preexisting clusters

It was observed by DCS that after few minutes of treatma significant reduction of the
nanoparticles average size occurred for NI Figure 14) Among 0 to 15 minuteshe average

sizes shikdto smaller values. Longer sonication time did statw further effects on particle size
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reduction. It is important to stress that sonicatimiuced disaggregation is a reversible process,
in fact, after few minutes NDs stick together agaiwdpcing the original colloidal aggregate.
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Figure 14.Sonication time effect on ND-120 average size, analyzed by DCS measelimedt(green), 1 (blue), 3
(grey), 8 (orange),15 (yellow) minutes. Optical density expeedsy relative weight (top) and relative number
(bottom).

Contrary, for the smaller particles (70 nm) it was foundttebstability which made unnecessary
the sonication (Figure 15). However, sonication wadgomed for both the sizes to make the

procedure as equal as possible.
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Figure 15. Sonication time effect on ND-70 average size, analyzed by DCS meastsefar 0, 1, 3, 8, 15 minutes

(overlapped). Optical density

expressed by relative weight (top) atideetamber (bottom).

Using the Nanoparticle Tracking Analysis (NTA), the cemntration of the particle was analyzed.
NTA utilizes the properties of both light scatteriagd Brownian motion in order to obtain the

particle size distribution of samples in liquid susgien and the relative particles number. ND-70

resulted about 2.5 times

more concentrated than ND{2 number of particles) so a consequent

dilution factor was considered in the experimentacpdure.

Before to proceed to the

protein corona characterizaf@onconsideration has to be done.

Both DCS and DLS measurements were performed but, B@&surement will be

preferred as reference technique for size characterizdtemause of the high scattering

properties of NDsSDLS slightly overestimates the NDs size.
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ii.  The incubation of the same volume of each NDs &mufND-70 and ND-120) into the
serum, originates a different ratio between proteins@articles. To compare the data
normalization of the particles was performed.

iii.  Based on NPs geometrical factors, an estimation eftdtal surface area available for
protein saturation was calculated. The main approxamatonsists into consider a
representative protein (serum albuminjpagyid structure adsorbing over the NP surface.
This estimation is useful to understand if the oxfemagnitude of serum concentraticn
high enough to permit a complete coverage of allpdwticles. However, a large excess

respect the calculated value is usually used toym®&IPs protein corona.

3.3.2 NDsPROTEINDORONAPREPARATION

In vivo andin vitro evidences suggest that the interaction betweeraN®blood components is a
determining factor driving the fate and impact of plagticles. Certainly the adsorbed protein layer
influences cellular uptake and may affect traffickindpile in vivo, specific binding of proteins
may affect particle biodistributioff. For this reason, the identification of the serum pnote

composing the hard corona, could give indicatiormiathe possible fate of nanoparticles.

Nanoscale surface curvature strongly affects proteinorptien, so that protein-binding affinities
for NPs surface are different than for their analogue material and the coronas associated with
NPs of the same material but of different size can wargompositior?! For this reason, two
different sizes (70 nm and 120 nm) of NDs were used/aduate a possible surface curvature

effect on proteins adsorption.

A standard procedure developed by the Center for BioNateractions (CBNI) laboratotgan®?
was used to produce and characterize NDs protein apaolapting few conditions for the specific
NPs. Two relevant biological fluids were used for tineeistigation: fetal bovine and human serum

The choice of the biofluid can deeply influence tbenposition of the coron#:>3
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Structural and physical characterization of NDs-protgirona complexes have been performed
on samples prepared following different procedures. Ssotktion ofND-120andND-70 nm
dispersed in milliQ (weighted by number of particlegre sonicated for 15 minute in the bath
sonicator

Taking advantage from the metastability of sonid&®s, immediately after the sonication they
were incubated with serum to evaluate the stabitinagffect originated from protein adsorption
(formation of hard corona). Different serum concentratio®4,150% and 80%) were used,
diluting with PBS to obtain the desired final contration (see experimental section). The protein
concentration in HS (70 mg/mL) is higher than FBS (47mfhyg therefore a dilution was carried
out to normalize the two concentratioEsch sample of resuspended particles were spivton

different aliquots, necessary for the next characteéoizafgel electrophoresis and DCS analysis).

3.3.3 DCSANALYSIS GiIND-ROTEINCORONACOMPLEXES

The NDs-protein corona complex free from serum exaese characterized by DCS, using a PBS
based sucrose gradient (see experimental sect@ach condition was performed in duplicate,
conducing independent experiments in different dalgs.reproducibility is very high for both the
sizes of NDs, in some cases the curve are superifjgo$epresentative peaks are reported in

Figure 16.
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ND-70 ND-120

HS

FBS

Figure 16.DCS experiments of ND-corona complexes free from excesmsand resuspended in PBS. Top: 10%
(grey), 50% (orange), 80% (violet) HS. Bottom: 10% (cyan), 50% (o)jaBg&o (grey) FBS. LefND-70 nm, right
ND-120 nm.

The most evident results that can be deduced by @falysis were that serum concentration play
a key role to prevent NDs aggregation. A similahdgor can be observed for all the explored
conditions: for serum concentration equal or higher B@¥, the stabilizing effeds efficient.

For 50% an 80% of serum, size distribution of NDs-naroomplexes are superimposable.
Higher polydispersity was exhibited by the lowestusn concentration. Even though the minimum
amount of proteins required for NPs saturation was gtegdrusing an excess of serum proteins,
a concentration dependency was still observed. lldhme kept in mind that for most of thre
vitro experiments, supplemented media consists on tthé@d10% of serum proteins. For these
sizes of NDs the use of an increased serum concemtrafil prevent the aggregation of the

particles.
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3.3.4 DSPAGERNALYSIS dPROTEINDORONA

Immediately after the last centrifugation step the sdaiquots oND-protein corona pellet was
re-suspended in protein loading buffer to perform SDSsEAanalysis (see experimental section).
In these denaturing conditions, the proteins get richfikDs, and are able to run into the gel.

The same samples obtained by the two independestiexents analyzed by DCS were also used
for SDS-PAGE characterization. Also in this case, thetggol resulted highly reproducible
Representative pictures of the gels, are showngarEiL7 (HS) and Figurd 8 (FBS).

|

7z~ I' \I

Figure 17.SDS-PAGE gel of human serum (HS) proteins obtained from ND-70 and ND-1p@okir complexes
free from excess serum. The control is used to detect possible proteic résidutbe excess serum. The Mw of the

proteins in the standard ladder are reported on the left for reference.
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Figure 18. SDS-PAGE gel of fetal bovine serum (FBS) proteins obtaingm ND-70 and ND-120 NP-protein
complexes free from excess serum. The control is used to detectegpssibin residues from the excess serum. The

Mw of the proteins in the standard ladder are reported on the left for reference.

Considering the large number of biomolecules compaiagerum, it is not easy to identify the
proteins by observing the electrophoretic patterraiabd upon gel running. However some
information can be provided by the relative comparigorong the different samples (Figure 25
and 26). For example, for NDs corona obtained at higlaama concentration the gel pattern and
the relative intensity are almost equal. IndeediHe lowest concentration (10%) it can be noticed
that some bands appeared, respect to the otherspare other band changed in the intensity.
Among the conditions, the different behavior of thedst serum concentration was already shown
by DCS analysis. Two possible explanations can bgested:
I.  There is a lack of the minimum amount of proteinabhnore specifically bind NDs.
To complete the surface coverage, less specific iriteralbetween proteins and NDs
can occur.
ii.  During the incubation, the kinetics of protein adsomp on NDs surface and NDs
aggregation compete. In the case of lower protercentration, the latter process is

favored. The slight differences observed by SDS-PA@&lysis could be associated
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to the different geometrical characteristics of NDs (othspersed vs aggregates)
which promotes a different proteins affinity for NDs. Anakogues behavior was

demonstrated using particles composed by the saneriatdiut with different sizes

(and curvature}?

3.3.5 PROTEINCORONADENTIFICATION BMASSSPECTROMETRY

To understand which proteins constitute most tathezall protein coronas, collective results were

classified calculating the normalized spectral ceNISpC, see experimental section) on proteins
and plotting the relative abundance as function of:

i.  Molecular weight

Figure 19. Distribution of molecular weight in FBS (top) and HS (botjaorona, foND-70 (left) aND-120 (right), analyzed by

LC-MS/MS. The abundance of protein groups is express@dadein mass percentage of the total corona proteins.
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ii.  Classes of proteins

Figure 20. Distribution of protein groups in FBS (top) and HS (bottom) coron&70 (left) and\ND-120 (right),
analyzed by LC-MS/MS. The abundance of protein groups is expressedeats mags percentage of the total corona

proteins.

Distribution of molecular weight is a helpful visuation for the SDS-PAGE analysis

interpretation. However, for these analysis, sligl@nges in protein relative abundance belonging
to the different ranges of molecular weight are withia éxperimental error and no trends can be
observed among the different plasma concentrations& hesults are obtained by single

measurement for each condition (no replicates) so quiyitative considerations can be done.
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Comparing the two sizes of nanodiamonds, it is evidest this parameter does not affect the
molecular weight distribution of the proteins. ND& g@roduced grinding microcrystals, so the
particles shape is highly irregular. Not being rounsieabed, it is realistic to think that thadius’

of the particles does not have a particular roleh@ngrotein corona composition (for the sizes

under investigation).

More interesting is to observe the protein groupgkionfer the biological identity to the NDs.
In fetal bovine serum proteins, hemoglobin abundameegis respect to all others. It was found
a relative concentration higher than 20% for all thda@eg conditions. High concentration can
be detected also for coagulation proteins and fipigns. The sum of these groups of protein
represent about 50% of the proteins composing theneor

By the HS protein corona, more than 50% of the totateins results composed by coagulation
proteins and lipoprotein to the same extent. Exalgidiemoglobin (which is absent in HS), the
main components of protein corona are the sameRB&) but more concentrated. The sum of
complement, immunoglobulins, albumin and histidired glycoprotein compose more than 10%

of the total proteins.

The most abundant proteins in the corona (for both BB&HS)asidentified by MS analysis
based on Normalized spectral counts is reported iteTa@ more detailed list is reported in the

experimental section, Tables S2 and.S3

5.8767  Apolipoprotein A} 15.184 Hemoglobin subunit alpha
30.777  Apolipoprotein A-| 15.859 Hemoglobin fetal subunit beta
36.154 Apolipoprotein E 52.347  Antithrombinill

13.894 Platelet basic 35.979  Apolipoprotein E

52.602 Antithrombinill 70.505 Prothrombin

59.578  Histidine-rich glycoprotein 167.57 Alpha-2-macroglobulin

10.845 Platelet factor 4 69.293 Serum albumin
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187.15 Complement C3 30.276  Apolipoprotein A-l

54.305 Vitronectin 45.296 Plasma serine protease inhibitor

69.366  Serum albumin 34.015 Insulin-like growth factor-bindin
protein 2

45.398 Apolipoprotein AV 22.144  Tetranectin

8.647 Apolipoprotein C-I 140.37 Complement factor H

71.957 Kininogen-1 70.993 Plasma kallikrein

90.568 Plasminogen 248.98 Coagulation factor V

11.237 Ig lambda-3 chain C regions; 38.418 Alpha-2HSglycoprotein

70.036  Prothrombin 41.792  Actin, cytoplasmic 2

70.108 Coagulation factor 50.14 Elongation factor 1-alpha 1

23.742  Peptidyl-prolyl cis-trans isomerase 35.868 Glyceraldehyde-3-phosphate
dehydrogenase

16.55 Angiogenin 187.25 Complement C3

Table 1. Top 20 most abundant proteins identified in the protein corona of NBslalesl respect to FBS and HS

(identified among the most common proteins found for both the sizes of NDs and all thesmeantrations

Noteworthy behavior is shown by the presence of difteagolipoproteins (underlined), which
are found quite abundant on the surface of NDs inegbaith both HS and FBS. For human
serum, in particular, a high affinity of NDs for apolgotein A and apolipoprotein E was
observed. Equally important is the complete absafiapolipoprotein B which is commonly
identified within protein corona of silica nanopeles 3

Considering the ability of apolipoproteins adsorbed®sto promotes their prolonged circulation
time in blood*>* andto interact with specific receptors (depending on dabandance of each
apolipoproteiny® it can be affirmed that the distinguishifeature of NDs is associated to this
class of proteindHowever, specific binding with receptors require pprapriate orientation of
the adsorbed proteins, hence immunoassay analgses earried out to understand the targeting

ability of NDs-protein corona, focusing the interestapolipoproteins.
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3.3.6 BEPITOPMAPPING OAPOLIPOPROTEMISND® COMPLEX

Apolipoproteins are proteins that bind lipids to fdrpoproteins. They transport the lipids through
the lymphatic and circulatory systems. Because aif Surfactant-like properties, apolipoproteins
and other amphipathic molecules (such as phospts)igian surround the lipids, creating the

lipoprotein particle, and can thus be carried throughblb®dstream.

There are two major types of apolipoproteins:

i.  Apolipoproteins B form low-density lipoprotein (LDL) paes. These proteins have
mostly beta-sheet structure and associate with lipidgersibly.

ii.  Most of the other apolipoproteins form high-densipoprotein (HDL) particles and Apo
A-l, in particular, is the main component. These @ired consist of alpha-helices and
associate with lipids reversibly. They stabilize tomplex by associating to the surface
phospholipids. During binding to the lipid particlédsese proteins change their three-

dimensional structure.

In lipid transport, apolipoproteins function as stanat components of lipoprotein particles,
cofactors for enzymes and ligands for cell-surfaceptecs. In particular, apoA-l is the major
protein component of high-density lipoproteins (FigRte and apoE (which composes HDL too)
is a blood plasma protein that mediates the trabhsyat uptake of cholesterol and lipids by way
of its high affinity interaction with different cellulareceptors, including the low-density
lipoprotein (LDL) receptop?

The three-dimensional structure of the LDL receptoding domain of apoE indicates that the
protein forms an unusually elongated four-helix bertlat may be stabilized by a tightly packed
hydrophobic core that includes leucine zipper-typeractions and by numerous salt bridges on
the mostly charged surface. Basic amino acids imaporfor LDL receptor binding are clustered

into a surface patch on one long héfix.
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Figure. 21. Schematic representation of HDL structure. HDL are complex rmatecules formed by phospholipids
and unesterified (free) cholesterol on the surface, and estetifesterol as well as triglycerides in the core. HDL

include a heterogeneous group of lipoproteins, which have in common apo Al as the distotipapeotein®’

From mass spectrometry analysis, a high percentaaggotipoproteins was identified into the hard

corona compositon+RZHYHU WKH RQO\ LGHQWLILFDARYRQ JRY HNV BIDN
information about the organization on the nanopatisurface More in general, of the
biomolecules grafted and adsorbed to nanoparticldg,aosmall fraction will have biologically

relevant peptide sequences facing externally, awany fh@ nanoparticle surface, making difficult

to predict how these nanopartiegmrona complexes might further interact with circulating
molecules such as antibodies, scaffolding biopolgmeell receptors, or key structures in organs

such as the livet?
In this section the epitope availability of apolipoia A-l1 and apolipoprotein E was investigated

using immuno-dot blot and immuno-QD mapping as¥4s proof of concept, we selected only

the ND-corona complexes obtained in human serum.

IMMUNO-DOT BLOT ASSAY

Dot blot assay was used as qualitative test tonasti the relative abundance of available epitopes.
Two independent experiments, showed the same ityensnd. Comparing the spots intensity
(Figure22) of the positive reference (top, right), the higheesity observed for ApoA-l depends
by the higher relative abundance of ApoA-I than ApoEerum.
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Bovine serum albumin (BSA) and transferrin (Tf) spots, usategative references, did not show
detectable fluorescence signals, confirming the §ipagiof the antibody.
The higher intensity signal associated to ApoE coeghéo ApoA-I suggests a higher number of

exposed epitopes for the first.

a) 0)
HS
BSA Tf
ND- ND-
70 120

Figure 22 a) Schematic representation of immune dot blot assay. ND (red), expp#®pes (violet), primary
antibody (blue), Alexa 488-labeled secondary antibody (yellow). b) &aence scanning of dot blot experiments
carried out on ApoE (left) and ApoRAfright). ¢) schematic representation of each spot content, equal for both the

membranes.

This is in accordance to mass spectrometry analysisyevapoE resulted more abundant than
apoA-l (Table 2). It should be stressed that thisespondence cannot be assunaedriori,
because the quantification of the adsorbed protemoisnecessdly associated to the relative

number of accessible epitops.

ApoE 5.00% 3.78%

ApoA-I 4.19% 2.57%
Table 2.Normalized spectral counts of ApoE and ApoA | identified my massapedysis for NDs-corona complexes

obtained upon incubation into 80% HS.

IMMUNO-QD MAPPING ASSAYS

This technique differs from the previous approachabse it only use immunolabelled primary
antibody. Anti-Apolipoprotein A-l and anti-Apolipopeih E monoclonal antibodies were

conjugated with an CdTe quantum dot (QD) fluorescamell (Figure 23a).
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The synthesis of red emitting CdTe quantum dots, aeddhowing conjugation to the antibody,
were carried out at CBNI laboratory by Cristina Lo Giudacel Dt Ester Polo, following their

own developed procedure, recently publisfied.

a)
b) ND70 c) ND120
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1.2E+6
2.0E+5
8.0E+5
1.0E+5
4.0E+5
0.0E+0 L= 4 0.0E+0 A—————/_\N
500 550 600 650 700 500 550 600 650 700
wavelength / nm wavelength / nm

Figure 23. a) Schematic representation of immu@B-assay. ND (red), exposed epitopes (viol€D-labelled
antibody (blue). b,c) Emission spectra of immuno-QDs interactitiy AgpoA-1 (blue) and Apo E (yellow) exposed

epitopes, upon excitation &= 375 nm.

Considering that the stoichiometry antibody : QD.:ik, based on the calibration curve performed
on immuno-QD (see experimental segjithe quantification of the average number of available

epitopes was achieved (Table 3).

NDHS ApoAl ApoE
80%

70nm 156 251

120nm 126 178

Table 3. Average number of accessible epitopes (ApoA-I and ApoE) per particletadbby immuno-QD mapping.

The similar trend suggested by dot blot immunoasgay measured by immuno-QD mapping
method. It confirmed that the smaller particles sbdan higher number of exposed epitopes.
Among the explored conditions, the average humbevaifable epitopes for ApoA-l1 and ApoE

belongs to the same order of magnitude.
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In biological fluids, a high affinity between apolipopeins and ND surface was found, in
particular for ApoA-l and ApoE. Furthermore, upon pnotBiD interaction, a (residual) number

of epitopes involved on cell receptor recognitiorutieesl accessible from the environment.

3.3.7 LONGIERMSTABILITYEST FORI VITROSTUDIES

So far, most of the characterization were addresseidhprove the dispersibility of NDs in
biological fluid a many improvements were achiev&dtep further is required prior to perform
in vitro tests, and concern the evaluation (and the poseitienization) of NDs stability in
biological media, for a timescale which is compaiwith cells culture experiments.

ND-corona complexes were produced with the only diffeeecancerning the use the minimum
essential media (MEM) instead of PBS. Taking intoocact that the minimum serum
concentration needed to prevent aggregation was B08@oncentration was used to carry out the
experiments. In order to simulate the real conditiria vitro experiments, after the last wash (in
PBS), the samples were recovered in MEM, split idehtical tubes e kept incubated at 37 °C in
static conditions (no shaking). The triplicate sangdsure to perforr@CS analysis for each of
them at 3 different times points (0, 4, 24 hours) withtouinterfere with the residual solution,
necessary for the next injection.

Essentially, the first time point consists in thempdiate measurement upon resuspension in
MEM. As expected, the distribution reflects the poeg analysis. Except for one condition (70
nm in FBS) after 4 hours of incubation, a significardrease of the average size occurred and

consequently, after 24 hours NDs are mostly aggred&igd?4).
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Figure 24. DCS experiments of ND-corona complexes free from excesmalagsuspended in MEM and kept
incubated at 37 °C in static conditions for the following times: 0 (cyan), 4 (red), 24 (blus) hour

A possible explanation for this behavior could beriagd to the he high gradient concentration
between the ND surface (protein corona) and the séreenmedia, acting as driving force to

promote proteins desorption. The equilibrium betweetgin corona and the surrounding proteins
plays an important role on hard corona stability emehposition, so in this case that equilibrium
is lost.

Based on this hypothesis, the same experiment wiisated but resuspending the ND-corona
complex in supplemented media (10% and 38%). Single point DCS analysis was performed
after 24 hours of static incubation at 37 °C. For laftthe concentration used to supplement the

media,ND-corona complexes resulted stable after 24 hoursi(€ig5)
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Figure 25.DCS experiments of ND-corona complexes free from excess plasma, resdspengmplemented MEM
(10% HS in red, 50% HS in blue) and kept incubated at 37 °C in static conditions for 24 hours.

The second incubation of the particleQ D 3IUHVK’™ V RaiiMhe RQtiVe RbUBGIEGnce
of protein corona composition since some proteirharge might occur. SDS-PAGE test was

hence performed to check if a significant changesioed.
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Figure 35. SDS-PAGE gel of FBS proteins
obtained from ND-70 and ND-120 NP-protein
complexes free from excess serum, resuspended in
supplemented MEM (10% and 50% FBS) and kept
incubated at 37 °C in static conditions for 24 hours.
The b and a subscripts identify the sample obtained
before and after the second incubatiomo ithe

supplemented medium, respectively.

Figure 36.SDS-PAGE gel of HS proteins obtained
from ND-70 and ND-120 NP-protein complexes
free from excess
supplemented MEM (10% and 50% HS) and kept

incubated at 37 °C in static conditions for 24 hours.

serum, resuspended in

The b and a subscripts identify the sample obtained
before and after the second incubation in the

supplemented medium, respectively.
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Considering the longer time of NDs incubation widtsn (24 hours) respect to the incubation
time usually used to prepare ND-corona complexagthdr equilibration can occur. However,
apart from few isolated variations, upon the secomdbation the overall composition 8ID-

protein corona was preserved.

CGONCLUSIONS

In this work, a protocol for NDs (two sizes: 70 and h2Oof diameter) dispersion in physiological
conditions was set out. DLS and DCS measurements used to detect the final particles size.
The formation of the hard corona, which confers $tgtho ND and prevents their re-aggregation,
was obtained by the incubation of NDs in differem@@ntration of plasma serum (HS and FBS).
Stability tests carried out by ND-corona complexesuspended in supplemented media and
incubated for 24 hours demonstrated that the particies svere preserved step further to the
current literature has already been done because teéoded protocol permits to use NDs in
biological media overcoming the aggregation pherm@amgypically observed duringn vitro
experiments.

In addition, the interacting proteins were identified SDS-PAGE and Mass Spectrometry
analysis and no significant changes in protein amsitjpn related to the different size of the NDs
were observed.

Based on Mass Spectrometry analysis, it can be aftitimat the distinguishing feature of NDs-
protein corona complex is associated to the high eanation of apolipoproteingocusing the
interest on two of the most abundant apolipoproteap®A-1 and apoE, epitopes mapping was
performed, using immune-dot blahéiimmuno-QDs assays. The significant number of esgos
epitopes was detected, suggesting that apolipopsot&intribute to the overall biological identity

of nanodiamonds
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EXPERIMENTAECTION

Differential Centrifugal SedimentatioBath sonicator (Ultrasonic Cleaner ElImasonic PH350EL,
100W, 37 kHz, 100% power) has been used to redwcavbrage size of NDs and the resulting
dispersions were then characterized by DCS, using& @it centrifuge DC24000. Ai

sucrose density gradient (suitable for the nanopadesity range used) in milliQ water was used
ZLWK D GLVN VSHHG R U PV XYKHHGSPRHWZHBRY ZHDK EH
measurement being calibrated with a PVC standardauntbminal size of 483 nm (Analytic Ltd.).

Size distribution of NDs-protein corona complexes wanaracterized by DCS using the same
conditions, but using i VXFURVH GHQi¥ EBg\indtead Gf ImHliQ Water.

NDs-protein corona complexes preparatidiwo sizes of NDs (ND-70 and ND-120, normalized
by number) were incubated with different concentratminserum solutions (FBS and HS, 10%,
50%, 80% v/v, as shown in Table S1) under contiswsiiaking for one hour at 37 °C. The samples
were centrifuged to pellet the particle-protein caemplk and separated from the supernatant. The
SHOOHW ZDV WKHQ WU H\VPRY&H arHu@ed &ain for 15 minutes at 18 &rc
4°C to pellet the particle-protein complexes. Thecpture consists of three successive washing-
steps before resuspension of the final pellet taldsred concentration. This treatment allows to

get rid of the proteins with low affinity for the NRirface (the soft protein corona).

NDs 120 nm NDs70 nm NDs 120 nm NDs 70 nm
100 Ry/mL 40 Ry/mL 100 Ry/mL 40 Ry/mL
10% serum 10% serum 10% serum* 10% serum*
100 Ry/mL 40 Ry/mL 100 Ry/mL 40 Ry/mL
50% serum 50% serum 50% serum* 50% serum*
100 Ry/mL 40 RBy/mL 100 R/mL 40 Ry/mL
80% serum 80% serum 80% serum* 80% serum*

Table S1.Cheat sheet of samples prepare to produce ND-protein corona complexes. *HS camténtrat

normalized to FBS concentration.

SDS-PAGEND-protein corona pellet was re-suspended in protein b(5 mM Tris-HCI pH
6.8, 2% (w/v) SDS, 10% glycerol, 0.04 M DTT and @®{w/v) bromophenol blue), it was then
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boiled for 5 minutes at 100 °C and loaded in 4-12% igradpolyacrylamide gel. Gel
electrophoresis was performed at 120V, 40 mA for 860umninutes each, until the proteins neared
the end of the gel. The gels were stained follovtimgy standard procedure of a silver stain Kkit,
provided by the vendor (CosmoBio). The gels were themrssl using G:Box Chemi XT4
(Syngene).

Mass SpectrometrBands of interest from SDS-PAGE gels (12%) were edasel digested in-
gel with trypsin according to the method of Shevdiuest al®® The resulting peptide mixtures
were re-suspended in 0.1% formic acid and analyzesddmyrospray liquid chromatography mass
spectrometry (LC MS/MS). An HPLC (Surveyor, ThermoFinnig&A) was interfaced with an
LTQ Orbitrap (ThermoFinnigan, CA). Chromatography bufi@usgons (Buffer A, 0.1% formic
acid; Buffer B, 100% acetonitrile and 0.1% formic acigrg/run using a 72 minute gradient. A
IORZ UDWH RI /| PLQ ZDV XVHXWAM WsKSHH FHMOWHF W BHIRIYIS VM B D |
BioworksBrowser 3.3.1 SP1 (ThermoFisher Scientific) uSiaguest Uniprot/Swiss-Prot database
(www.expasy.org).
MS/MS raw files were exported into Microsoft Excelthe same protein identity was detected in
multiple bands from the same sample conditionrt8piCs were summed to get the total protein
anmount. Semi-quantitative analysis was performed cdmge the spectral counts of the most
abundant proteins determined in the NP coronas ormalized spectral counts (NSpC). The SpC
of each protein identity was normalized to the proteass and expressed as the relative protein
guantity by applying the following equation:
ik

O5L% L Wr Hsrr
where NSpkis the percentage normalized spectral count foreprdt, SpC is the spectral count
identified, and M is the molecular weight in kDa for protein k. Thmrrection takes into account
the protein size and evaluates the real contributtbneach protein to the hard corona

compositiors®

Dot-blot immunoassayND-corona (80% HS), negatives (BSA and transferrin) an pesjtiS)

controls were spotted on each of the polyvinylidéneride membranes (PVDF). The blots were
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blocked in 5 % skimmed milk in PBS for 1 hour at romperature, washed three times in PBS
and incubated with 2 pg/mL of the corresponding atyh purchased by Santacruz biotechnology
(Ab mouse monoclonal anti apo A-l sc-13549, Ab moommoclonal anti Apo E sc-393302).
After 1 h incubation with the antibody solution iB® at room temperature, the blots were washed
three times for 10 minutes, and incubated with a/inltgsolution of Alexa 488-labeled secondary
antibody for 1 hour at room temperature. The blots wexghed 5 times, dried and scanned for
fluorescence using a G:Box Chemi XT4 (Syngene) tocti¢te presence of the primary antibody

bound to the spots on the membranes.

Immuno-QD mapping-or the immunolabelling experiments ) of ND-corona complex (ND-
70 and ND120,80% HS) purified by the serum proteins excess, wengbated with an excess of
immuno-QDs in PBS (pH 7.4), at 37 °C, for 1 h under taomsagitation. After the incubation,
the samples were washed by centrifuging at 20,00@ndfre-suspending in fresh PBS twice, to
remove the unbound immunoprobes. The interaction dmtwthe immuno-QDs and the
nanoparticles coated with the proteins was stuthgdsteady-state fluorescence spectroscopy
(Horiba Jobin Yvon Fluorolog-3 fluorimeter using a 45 quartz Ultra-Micro cuvette of 3mm
path length, Hellma Analytics). For each sample,aiméssion spectra were recorded at F60-
nm range (max emission 630 nm), exciting@t 375 nm from a Xenon lamp source.

A set of samples of known QD concentration was medsur¢he spectrofluorimeter to get a

calibration curve for the QD signal in fluorescencecsscopy (Figure S1).

1.0E+9

9.0E+8

8.0E+8 -
S 7.0E48 .
E 6.0E+8
8 5.0E+8
© 4.0E+8 ® .
Q- 3.0E+8

2.0E+8 p—

10E+8 | @

0.0E+0
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Figure S1 Calibration curve of QDs obtained by steady-state fluorescgpetroscopy. In the vertical axes, the

integrated area of the emission bands.



weighted weighted

Protein names counts Protein names counts

ND-70 HS 10% NSpC ND-120 HS 10% NSpC
Apolipoprotein A-I 5.89% Apolipoprotein AH 4.23%
Apolipoprotein AH 5.74% Apolipoprotein A-I 3.74%
Antithrombin-Il| 3.69% 2.44%
3.41% Antithrombin-I1| 2.23%

2.88% Histidine-rich glycoprotein 2.20%

Vitronectin; 2.41% Platelet factor 4 1.87%
Cystatin-A 2.30% Complement C3 1.81%
Histidine-rich glycoprotein 2.12% Vitronectin 1.79%
Complement C3 1.76% 1.73%
‘Sewmalbumin | 170% 1.69%
Prothrombin 1.69% 1.57%
Protein S100A8 1.56% 1.48%
Platelet factor 4 1.56% 1.45%
_ 1.52% Ig lambda-3 chain C regions 1.41%
Dermcidin 1.49% Prothrombin 1.39%
Insulin-like growth factor-binding protein 3  1.45% 1.35%
— 1.41% Peptidyl-prolyl cis-trans isomerase B 1.24%
Clusterin 1.30% Angiogenin 1.23%
ND-70 HS 50% NSpC ND-120 HS 50% NSpC

5.42% Platelet factor 4 17.17%

4.99% 12.51%

Apolipoprotein A-I 4.90% Apolipoprotein A-I 8.07%
Apolipoprotein AH 4.11% Apolipoprotein AH 6.34%
Platelet factor 4 3.34% Vitronectin 4.80%
Antithrombin-IlI 2.92% Complement C3 3.98%
Histidine-rich glycoprotein 2.84% 3.80%
2.35% 3.78%

Vitronectin 2.33% Histidine-rich glycoprotein 3.75%
2.18% 3.01%

2.09% 2.29%

Complement C3 1.98% 2.19%
1.98% Antithrombin-I1| 2.12%

Prothrombin 1.90% 1.97%
1.86% Prothrombin 1.95%

1.37% Clusterin 1.53%

Carboxypeptidase B2 1.30% Ig kappa chain C region 1.45%
Ig kappa chain C region 1.18% 1.23%
Dermcidin 1.07% Complement component C9 1.18%

113
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ND-70 HS 80% ND-120 HS 80%

5.00% 4.70%

Apolipoprotein AH 4.39% 3.78%
Apolipoprotein A-I 4.19% Platelet factor 4 3.08%
3.28% Ig lambda-3 chain C regions 2.57%

Vitronectin 2.90% Apolipoprotein A-I 2.57%
2.73% 2.43%

Antithrombin-III 2.36% Apolipoprotein AH 2.33%
Ig lambda-3 chain C regions 2.07% Antithrombin-III 1.85%
1.94% Vitronectin 1.79%

1.86% Histidine-rich glycoprotein 1.78%

Complement C3 1.78% Prothrombin 1.60%
Histidine-rich glycoprotein 1.56% Complement C3 1.59%
1.52% 1.54%

Clusterin 1.43% 1.20%
Prothrombin 1.29% 1.17%
Alpha-1-antitrypsin 1.22% 1.07%
Platelet factor 4 1.19% 1.05%
— 1.14% Four and a half LIM domains protein 1 1.05%
Angiogenin 1.09% Alpha-1-antitrypsin 1.04%

Table S2 Top 20 most abundant proteins identified on ND-70 (left) and ND-120 (mgbtgin corona (Human
Serum).
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weighted weighted

Protein names counts Protein names counts

ND-70 FBS 10% NSpC ND-120 FBS 10% NSpC

18.03% 10.38%

10.75% 9.44%

Antithrombin-I 6.61% Antithrombin-Il1 6.62%
4.88% 4.49%

Apolipoprotein A-I 4.61% Apolipoprotein A-I 3.77%
3.65% 3.74%

3.27% 3.31%

Alpha-2HSglycoprotein 2.15% Prothrombin 3.19%
2.09% 2.55%

1.97% 1.85%

Alpha-1-antiproteinase 1.68% Histone H2B type 1-K 1.70%
Actin, cytoplasmic 2 1.48% 1.54%
Glyceraldehyde-3-phosphate dehydrogenas 1.44% 1.48%
Gelsolin 1.28% Apolipoprotein AH 1.41%
Histone H2B type 1-K 1.12% Alpha-1-antiproteinase 1.28%
Thrombospondin-1 1.08% Plasma kallikrein 1.28%
Alpha-2-antiplasmin 1.04% _ 1.23%
Prothrombin 1.03% Alpha-2-macroglobulin 1.13%
0.97% Alpha-2HSglycoprotein 1.13%
ND-70 FBS 50% NSpC ND-120 FBS 50% NSpC

8.31% 14.54%

7.68% 7.59%

Antithrombin-I| 6.29% Antithrombindll 5.56%
3.94% 4.18%

3.80% 3.77%

Apolipoprotein A-I 3.52% Apolipoprotein Ak 3.15%
Actin, cytoplasmic 2 2.18% Alpha-2HSglycoprotein 3.00%
Histone H2A.J 2.17% 2.32%
Glyceraldehyde-3-phosphate dehydrogenas 1.98% Alpha-1-antiproteinase 1.96%
1.97% 1.92%

Prothrombin 1.87% 1.82%
Histone H2B type 1-K 1.83% Histone H2B type 1-K 1.81%
Alpha-1-antiproteinase 1.65% Histone H4 1.77%
Elongation factor 1-alpha 1 1.62% Prothrombin 1.49%
Ras-related protein RapA 1.45% Elongation factor 1-alpha 1 1.30%
1.37% 1.26%

Histone H4 1.34% 1.13%
1.27% Carboxypeptidase B2 1.13%

Eukaryotic translation initiation factor 5A-1 1.20% Secreted phosphoprotein 24 0.87%
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ND-70 FBS 80%

Antithrombin-IlI

Apolipoprotein A-I
Histone H2A.J
Actin, cytoplasmic 2

Histone H2B type 1-K
Alpha-1-antiproteinase
Ras-related protein RapA
Elongation factor 1-alpha 1
Glyceraldehyde-3-phosphate dehydrogenas
Integrin-linked protein kinase
Cysteine and glycine-rich protein 1
Prothrombin

Flavin reductase (NADPH)
Carboxypeptidase B2

NSpC
9.25%
8.58%
5.60%
3.77%
3.60%
3.59%
2.32%
2.08%
2.04%
1.96%
1.77%
1.55%
1.52%
1.51%
1.37%
1.32%
1.31%
1.23%
1.11%

ND-120 FBS 80%

Antithrombin-I11

Apolipoprotein A-I
Histone H4
Histone H2A.J

Prothrombin

Histone H2B type 1-K
GTP-binding nuclear protein

Alpha-2HSglycoprotein
Alpha-1-antiproteinase

Elongation factor 1-alpha 1

NSpC
11.15%
10.38%
6.38%
4.18%
3.43%
2.95%
2.48%
2.01%
1.97%
1.91%
1.53%
1.49%
1.36%
1.35%
1.35%
1.22%
1.18%
1.13%
1.06%

Table S3.Top 20 most abundant proteins identified on ND-70 (left) and ND-120 (right) protein ¢&etahBovine

Serum).
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HAPTEHR

CALCITE GRAPHENBEIANOCOMPOSITES FTIRCHNOLOGICAL

APPLICATIONS

INTRODUCTION

Among CNMs, because of its distinctive mechanicaluiess (high strength and toughness) and
physicochemical properties (high surface area, mtattand thermal conductivities, low weight),
graphene is a promising material for the fabricationafel carbon-based nanocomposités.
Biominerals formed in the process of biomineralizatoa also nanocomposité$:for example
CaCQ is found as skeletal parts in many organisms suclecesnoderms, mollusks and
crustaceans. The inclusion of biological macromolesulithin the CaCe lattice generates
complex composites with enhanced mechanical aridabptroperties.** These intra-crystalline
organic macromolecules are responsible for the sophiet morphologies and the increased
fracture toughness of these biogenic crystaisThey usually form 2D periodic layers inside the
host crystal$®"®
Taking advantage of the high capability of cal¢denteract with a wide variety of molecules, in
this work, the incorporation of graphene into the ctiistalattice of single crystals of calcite was
performed, following a biological inspired synthgbiocedure. Because of the hydrophobic nature
of graphene, two approachesreesed to disperse it in water:

i.  Covalent: using water dispersible graphene oxiddi(sed.1);

ii.  Non-covalent: exfoliating graphite with tryptophan\bacetyl-D-glucosamine to produce

graphene/biomolecule stable adducts (section 4.2).

In both the cases it was possible to incorporate2tbematerials within a 3D crystal lattice,
producing a new material possessing new opticalnaachanical properties. The morphology of

calcite host resulted altered when the carbon-bdspédnt was introduced into its lattice.
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4.1. BIOINSPIRENANOCOMPOSITESRDEREBDMATERIALS

WITHIN ASDLATTICE

This chapter is based on a peer-reviewed publication
Adv. Funct. Mater., 26: 5568%575. doi:10.1002/adfm.201601318

COPYRIGHT © 2016 JOHN WILEY & SONS, INC.

REPRINTED WITH PERMISSION FROM WILEY & SONS, INC. LICENSE NUMBER: 4062120678412

Matteo Di Giosia, Iryna Polishchuk, Eva Weber, Siméigmani, Luca Pasquini, Nicola M.

Pugno, Francesco Zerbetto, Marco Montalti, Matteo &alsi, Giuseppe Falini*, Boaz Pokroy*

RESULTS ANDISCUSSION

The hybrid GO/calcite crystals that we grew wererabierized structurally, spectroscopically,
and mechanically in order to investigate the medrarfiy which the intercalation of a 2D material
into a 3D lattice alters the chemical and physocaperties of both the host and the guest.

First, we developed an optimal procedure for entrap@y sheets into the single crystals of
calcite (see Experimental Section). Once the hybndtals were successfully grown we used
high-resolution scanning electron microscopy (HRSEM)}tudy their morphologies. Figufe
shows some GO sheets and flakes emerging from tivedhyrystals (see arrows in Figure 1B,D).
This was confirmed by energy-dispersive X-ray speacopy (EDS) performed directly on those
regions that are clearly carbon rich (35.55 + 0.62 wi%arbon as compared to 8.74 + 0.42 wt%
on the regions without GO flakes). In contrast togharp edges of the pure calcite crystals that
serve as a control (Figure 1A), the GO/calcite cigsi@monstrate a layered structure, possibly

indicating a layered distribution of the GO shemtgapped within the crystal (Figure 1B,D).
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Figure 1.Representative HRSEM images of calcite single crystals. A) Pleiteeaaystal grown in the absence of an
additive. The crystal exhibits a stepped surface as a resihi¢ ektensive washing process in deionized water that
gently etches the surface. GO/Calcite hybrid single crisigied at different magnifications on C) the surface and
at BD) the edge regions. Insets show corresponding images at low matjoifi Arrows indicate GO flakes

emerging from the crystal.

The crystal structure of GO/calcite crystals at tteemac scale was further studied by means of
stateef-the-art high-resolution aberration-corrected transmissiectron microscopy (HRTEM).
Our findings indicated that individual calcite crystgrown in the presence of GO are indeed
single crystalline. HRTEM image (Figure 2A) demontgsdattice fringes with d-spacing of 3.9

A, which corresponds to the {012} planes. The insefFigure 2A displays the fast Fourier
transforms (FFT) of the corresponding TEM image. Asliaseen the FFT generated fits that of
a single crystal (inset in Figure 2A). To investighieapparent distribution of occluded GO sheets
on the nanometer scale, we further employed scanfigM(STEM) coupled with a high-angle
annular dark-field imaging (HAADF) detector, thus emadplimaging with chemical contrast.
HAADF-STEM images obtained for the hybrid GO/calaitgstals elegantly revealed a layered

distribution of the GO sheets, imaged here as datkigres owing to their lower atomic number
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(2) than that of the calcite matrix (Figure 2B, arrows).dmg of the control calcite by the same
technique revealed no such contrast (Figure 2C). Thpedtdistribution of GO sheets observed
on the HAADF-STEM images of the GO/calcite sampmleelates well with the layered structure
of the hybrid crystal edges observed on HRSEM (FidDg

Figure 2. A) HRTEM image of GO/calcite thin sample prepared by FIBthadorresponding fast Fourier transform
(FFT) over the entire region. B) HAADF-STEM image of calcite with edaed GO sheets appearing as dark stripes

(see indicating arrows), and of pure calcite showing no C) Z-contrast.

Incorporation of various organic molecules into arrgamic host is widely accepted to lead t
lattice distortions and unique microstructute3herefore, to determine plausible effects of the
inclusion of GO on the calcite crystal lattice wefpaned high-resolution synchrotron powder X-
ray diffraction (HRPXRD) at a dedicated synchrotron beane IfiD22 of the European
Synchrotron Research Facility (ESRF), Grenoble, Flaaica wavelength of 0.39970(8)A. Both
the control and the composite crystals exhibiteduee alcite phase (Figure 3A). Diffraction
patterns revealed considerable structural differendsgelea the lattice parameters of GO/calcite
and those of the pure Ca@Q he observed shift in XRD peak positions towards knal values,
shown here only for the {111} reflection (Figure 3B}ongly supports incorporation of GO into
the calcite crystal lattice. Similar behavior asateml with incorporation phenomena was
previously demonstrated on different synthetic caleytetems occluding various types of organic

matter3.20.21
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Figure 3. A) HRPXRD patterns of pure calcite (solid line) and hybrid Glofea(dashed line) crystals. B) Difference
between the {104} reflection of the hybrid GO/calcite crystal relative tadinérol sample.

Rietveld structure refinement of the experimental @ai@bled us to precisely extract the lattice
parameters and estimate the magnitude of the latistertions produced after entrapment of the
GO sheets. The observed increase inctparameter of the hybrid calcite crystal resulted in
positive lattice distortions of 4.23*#elative to the pure CaGOBY contrast, the slight decrease
in a,b-parameters led to negative lattice distortions vdttsignificantly lower magnitude of
19.32*10° (Table J.

Sample a, bparameter Distortions a,b-  c-parameter [A] Distortions c- Unit cell volume $
Al axes axis A9
Calcite 4.990914(6) + 17.065653(8) + 368.14 2.259
GOl/calcite 4.990449(4) i €05 17.072865(5) 4.23E-04 368.23 1.606

Table 1. Lattice parameters, induced lattice distortions, unit cell volume, and goafriggzarameter

We next investigated the emission properties of G#nuits inclusion within the calcite

crystals. Figure 4A shows the emission spectrum @G calcite hybrid single crystal. The

spectrum fits well to the GO emission reported inemys solvent$?:22 Notice that the emission

spectrum was recorded locally on the crystal coligcthe emission that arises from a section of

8§ PLQ GLDPHWHU DQG WKRLWDLQW G L @ KHQVFROIDHIHVHLG QU R P ¢
the crystal. Using time-correlated single photonntimg (TCSPC), we also investigated the
excited-state decay upon pulsed laser excitatiod0& nm. A multi-exponential decay was

obtained, as shown in Figure B. The trace was fittét a tri-exponential model that derived

lifetimes of 2=1.0 ns (48%),2 = 9.3 ns (13%),2 = 3.8 ns (39%), and hence an average lifetime
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of 3.2 ns. The 9.3 ns component of the decay isiderably longer than that previously observed
for GO, which was in the range of picoseconds to aimax of 2 ns’? Such an increase in the
decay time might result from either the effect of thestal's local polarity or the matrix rigidity

that slows down the non-radiative deactivation rafgs0 22:24

Figure 4. A) Local fluorescence spectrum of GO-doped calcite upon excitation at 405) fixciBed-state decay of

fluorescence in a GO-doped calcite crystal.

Transmission optical and fluorescence images of eadritstals grown in the absence and in the
presence of GO are compatiad-igure 5. In the fluorescence detection mode, pal@te shows
almost no signal (Figure 5D), whereas fluoresceaadarly detectable in the GO/calcite hybrid
single crystal (Figure 5B). We performed these experimetilizing an electron-multiplying
charge coupled device (EMCCD) camera for image acopnsitA steady-state fluorescence
spectroscope and a TCSPC apparatus were couplechwitiptical microscope to record the local

emission spectrum of GO in the crystals.
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Figure 5. Transmission optical images of calcite crystals grown in the presgraredAn the absence C) of GO. On

the right B) and D) are the corresponding transmission fluorescence images upiioexatit405 nm.

These fluorescence imaging experiments again cl@adigate that GO is incorporated into the
single crystal of calcite, and show that GO confengw property on the calcite host. An optical
micrograph and its corresponding crossed polarizercapmicrograph of several calcium
carbonate single crystals precipitated in the preseh&O are observed. This experiment is yet
another proof of the single crystallinity nature of tiybrid crystals.

Finally, we examined the mechanical properties of¢aite single crystals by nanoindentation
testing® and analyzed the findings in comparison to thoseofrol calcite crystals. To determine
the elastic modulu€(r) and hardnessH(t) as functions of the indentation depth, we analyhed
load/depth oscillations superimposed on the loagorgion of the curve. Maximum indentation
depths were measured at 200, 300, or 400 nm. Frerdata reported in Table 2, it appears that

the two samples exhibited different value€afandHr. The presence of GO in the crystalline

lattice produced an average decreadgirof about 12.5% and an increaseHift of about 12.8%.
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This change was not affected by the indentation depimilar trends of decrease in elastic

modulus and increase in hardness have been obdargadartificial biomineral?

E. [GPa] H. [GPa]
Material 200 300 400 200 300 400
GOl/calcite 59.3+45 557134 53.3+3.7 440+0.84 4.12%+0.85 416 £ 0.89
Calcite 67327 63.9%+23 61.2+2.4 3.82+0.42 3.70+£0.49 3.72+0.53
1} i i i 15.0 11.4 11.9

Table 2.EIT and HIT values calculated at indentation depths of 200, 300, or 400 emages over a set of five
different crystals (five control and five hybrid crystal HFRUGHG DUH WKH SHUFH@EWBWHY R1 YDL
in HIT from calcite to GO/calcite at the different indentatabepths. The uncertainty reported in the table is the

standard deviation

The reduction in elastic modulus can be explainethb fact that the GO layers are well oriented
along the interface perpendicular to the directibmdentation (along the cleavage planes). Itis
therefore the outf-plane Young's moduluggs, that has the main influence. Since Hae of
graphite is smaller than that of calcite, and becaheeGO is incorporated in the direction
perpendicular to the indentation, thus forming anradténg series of calcite and GO bundles, a
softening of calcite is indeed expected. Accordmglpplying an inverse rule of mixture for the
Young's modulus, as imposed by our in-series stacklif§caicite/co)= 1/E(calcite) f) +
1/Eco) * f), and assuming a minimum GO contenf 8f0.027 in volume fraction (as deduced
from the TEM image in Figure 2B), we deduce tBaifor GO is 11.2, 9.9, or 9.4 GPa at 200,
300, or 400 nm of indentation, respectively.

On the other hand, the increase in hardness of @fedlcite composite might suggest that both
GO and the strain fields in the surrounding calcitéda provide an obstacle to the motion of
deformation twinning and the dislocation-mediatedppgation of plastic deformation in the
crystalline slip system. Moreover, applying the gehghape/size-effect law for nanoindentation

proposed in Pugno et &F.we obtain (minimum)

H(h) = Hor(L+hol(v+h) @2

whereH is the hardnessiis the indentation depthlpis the macroscopic hardness, diod

andh; are the characteristic lengths. FFarwe find 3.8 GPa for the GO/calcite or 3.6 GPa for the
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calcite. We also derivip = 63.6 nm andh; 0 for GO/calcite oho = 28.8 nm andh 0 R

1) for pure calcite.

CGONCLUSIONS

Our results showed that GO sheets can indeed becmwmgorated into calcite single crystalline

hosts, allowing for the fabrication of graphene-basethposite materials with enhanced

properties. We demonstrated a layered distribution osB€2ts entrapped within the calcite host.
These hybrid single crystals show new optical prapgrin contrast to pure calcite, the hybrid

crystals become fluorescent and are spectroscopichtiracterized by the presence of three
lifetimes, one of which is considerably longer thdmattobserved for bare GO in solution.

Moreover, the mechanical properties of the calcitst labe manipulated upon introduction of a
carbon-based nanomaterial into its lattice. Comp#&vepure calcite, the composite GO/calcite
crystals exhibit lower elastic modulus and highedhass.

This study thus demonstrates that by incorporatingr2ierials within a 3D crystal lattice we can

obtain hybrid crystals possessing several new pr@serti

EXPERIMENTAECTION

Materials Graphene oxide was purchased from Cheap TubedJ8&)(and was used as supplied
(lateral MHQ VLR Q i QP WKLFNQHVV Wi &0Q P/ difacided
this source of GO by X-ray photoelectron spectros¢®5) and found that the carbétmoxygen
ratio is approximately 4:1. The functional compositad the bulk GO was determined as follows:
sp? carbon (71.4%), hydroxyl groups (19.3%), carboxyl gof{®.3%). Dihydrate calcium chloride
and granular anhydrous calcium chloride (for drying) weosen Merck. Ammonium carbonate
was supplied by Sigma-Aldrich. Solutions were preparsihg water of Millipore grade (18.2
0
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Synthesis The pH-controllable dispersion of GO is favoredimha by alkaline conditions.
Whereas the presence of acilitates GO aggregation, the dispersion of GQasgsisted by
ultrasonication. By optimization of these parametirs,optimal dispersion of GO was achieved
in 10 x 102 m CaCk at pH 5.4 under ultrasonication for 60 min at 40%hefmaximum amplitude
RI P WLS GLDPHWHU PP DQG IUHTXHQF\ RI N +]
Calcite single crystals were precipitated at roompenmrature by controlled diffusion of G@nd
NH3 vapors into the 10 x 1®m CaCp solution containing previously dispersed GO in a
concentration of 0.6 mg mt This simple method has the advantage of indusliog nucleation

and growth of calcite single crystals under the laywessaturation conditions that favor the

additive incorporatior®

Scanning Electron MicroscopyA high-resolution scanning electron microscope (8RM,
ULTRA Plus, Zeiss, Oberkochen, Germany) was usedhtiracterize the crystal shape and
morphology. Samples were mounted on carbon tape@ateéd with carbon (Quorum Q150T ES,

East Grinstead, UK). Images were obtained in higluuen mode at 4 kV.

Transmissiorand Scanning Transmission Electron Microscophis was done with a Titan 80
300 FEG-S/TEM (FEI) microscope coupled with a HAADRedtor. The microscope was
operated at 300 kV. The sample analyzed by STEMT& analysis was prepared utilizing an
FEI Strata400S Dual-Beam focused ion beam (FIB).

High-Resolution Powder X-ray DiffractiortHRPXRD analysis was carried out on the 1D22
beamline of the ESRF. Powder samples were investigata wavelength of 0.39970(8)A. All
samples were measured in borosilicate 1 mm glasHiacegs. Crystal lattice parameters were
assessed by the Rietveld refinement method with GS#4®are and the EXPGUI interfaée.

Fluorescence MicroscopyEntrapping of GO within the calcite crystals causkanges in the

spectroscopic properties of the hybrid crystals. Thession properties of GO upon its inclusion
in calcite crystals were investigated by fluoressemmicroscopy using an inverted optical
microscope I1X-71 and a xenon lamp for excitation.efectron multiplying charge coupled device

(EMCCD) camera (Princeton Instruments, PhotonMAX 512) veasl dior imaging acquisition. A
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steady-state fluorescence spectroscope and a timelated single photon counting (TCSPC)
apparatus were coupled to the microscope to red¢mdacal emission spectrum of GO in the

crystals.

Optical MicroscopyLeica transmission optical microscopy was useddeioto obtain images of
CaCQ crystals grown in the presence of GO. Samples waoe@ on a microscope slide beneath
a standard glass coverslip and observed under bigldt-donditions with crossed polarizers.
Images were captured with a CCD digital camera and dedousing the LAS EZ software

supplied by Leica Microsystems.

Nanoindentation AnalysisThe mechanical properties of single crystals afepealcite and of

GOl/calcite were measured with a nanoindentatioritesbdel TTX-NHT (CSM Instruments),

equipped with a Berkovich diamond tip and operatmgantinuous stiffness mode. Measurements

were taken up to a maximum applied load of 30 mbing Oliver and Pharr dynamic analysis of

the loading portion of the curve, we determinedisesumented (IT) values of the elastic Young's

modulus Et) and hardnessH(T) as well as the stiffnessas functions of indentation depth.

Crystals were embedded at room temperature usinguasggccold polymerizing resins based on

methyl methacrylate (Technovit 5071 (Buehler)), and wikea lightly polished using colloid
DOXPLQD DYHUDJH VL]H P 3%@G TH FOGPD@R JV PN ROWVKR \IOHD W

indentation.
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4.2. MORPHOLOGICBHANGES OBALCITANGLERYSTAUSIDUCED BY

GRAPHENBIOMOLECULADDUCTS

This chapter is based on a peer-reviewed publication
Adv. Funct. Mater., 26: 5568%575. doi:10.1002/adfm.201601318

COPYRIGHT © 2017ELSEVIER B.V.

REPRINTED WITH PERMISSION FROM ELSEVIER B.V. LICENSE NUMBER: 4062720108048

Matteo CalvaresiMatteo Di Giosia*, Alessandro laniro, Francesco V@emona Fermani, Iryna

Polishchuk, Boaz Pokroy, Giuseppe Falini

RESULTS AND DISCUSSION

GRAPHENBIOMOLECULES ADDUCTS

Liquid-phase exfoliation (LPE) of graphite is a commecshnique used to obtain exfoliated
graphene sheet8. Graphene/biomolecules adducts were successfullythesized by
ultrasonication of graphite in the presence of trypawpbr N-acetyl-D-glucosamine (Figure. 6)
Among the amino acids, tryptophan possesses thestiglifinity for carbon nanomaterigfss3
while direct exfoliation of graphite was carried outiwghitosan, a polymer constitute by N-acetyl-

D-glucosamine and D-glucosamiffe.
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Figure 6 Molecular structure of a) Tryptophan; b) N-acetyl-D-glucosamine

The dispersion of graphene products in water waseatitdy the color of the dispersion that

appeared grey. This dispersion was stable for sewaaks. In the absence of the biomolecules
no graphite exfoliation was observed. The characterinadidhe dispersion products was carried
out by AFM. The results obtained by the observatbsamples obtained in the presence of N-

acetyl- D-glucosamine or tryptophan are illustrateBigure 7.

Figure 7 AFM image of graphene obtained by exfoliation of graphite in the presence of (a}y2glucosamine
or (c) tryptophan. The corresponding height profile of a single flake of graphene (markebbtbed line) is reported
in (b) and (d), respectively.
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The analysis of the AFM images show that irregulapsid flakes of graphene are produced. The
flakes show a wide varieties of geometry and theikimam length is around 100 nm, in the
presence of both biomolecules. Despite this irregylarishape the thickness of the flakes is quite
regular and is about 0.6 nm for both N-acetyl-D-glacosie and tryptophan, respectively.
Considering that the interplanar distance in grapbite D.33 nm this means that

average each flake of graphene contains 2 layers.

Tip sonication of graphite flakes in the presencéhefbiomolecules led to the exfoliation of the
graphite into graphene flakes. The biomolecules &@sbion the surface of graphene flakes

prevent them from re-stacking.

CALCITEGRAPHENBIOMOLECULE ADDUCTS HYBRID CRYSTALS

The precipitation of calcium carbonate was carrietdoguthe vapor diffusion techniques using a
fixed volume of 2.0 mM, 10.0 mM or 50.0 mM of CaGolution at which was added a fixed
volume of the satated dispersion of the graphene/biomolecule addudiméd using 10 mM
tryptophan or N-acetyl-D-glucosamine solution. Contegperiments in the presence of each
biomolecule were carried out as well. In all precijpita experiments only calcite formed.

In the control experiments the additivefCmolar ratio reduced increasing the?Ceoncentration.
This is reflected on the morphological modificatioduced in the calcite crystals.

In the presence of N-acetyl-D-glucosamine the aalatystals appear almost as prefect
rhombohedra showing {10.4}faces and only when a 240 @a* solution was used the presence
of {18.0}faces were observed together with {10.4}faceég(8). When the graphene/N-acetyl-D-
glucosamine adduct was used, a different morphologmatario was observed. The effect of the
starting C&* concentration was less marked compared with theaamperiment graphene free.
The presence of graphene favors the action of N-aBegilucosamine as crystal morphology
modifier. The graphene/N-acetyl-D-glucosamine adthuared the formation of {hk.0} faces not
observed in the presence of N-acetyl-D-glucosaniihese faces become more and more {10.4}

stepped as the starting concentration of*@areased.
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Figure 8 Scanning electron microscope images of calcite crystals growg a2.0 mM (a. b), 10.0 mM (c, d) and
50.0 mM C&" solution (e, f). In (a), (c) and (e) the crystal are grownhim presence of 10 mM N-acetly-D-

glucosamine. In (b), (d) and (f) the crystals were grown inptiesence of 375 of the graphene/N-acetly-D-
glucosamine adduct added to 3R50f each C# solution. In the inset is shown a high magnification of the crystals

edged and the Miller indexes of the crystalline faces are indicated.
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In the presence of tryptophan a similar scenario veasrved (Fig. 9). The only presence of the
amino acid does not change drastically the morplyotdghe rhombohedral crystals. Indeed, they

show only {10.4} and the face {18.0} appears onlyhee highest aminoacid/€amolar ratio value.

Figura 9 Scanning electron microscope images of calcite crystals gisimg a 2.0 mM (a. b), 10.0 mM (c, d) and
50.0 mM C3&" solution. In (a), (c) and (e) the crystal are grown in the presence of 1@ypidphan. In (b), (d) and
(f) the crystals were grown in the presence of BZ6f the graphene/tryptophan adduct added to BR7&f each C&
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solution. In the inset is shown a high magnification of the crystals edged and thanditbe of the crystalline faces

are indicated.

When the tryptophan was adsorbed to the graphenesflake calcite morphological scenario
changed. The stabilization of the {hk.0} occurredilehhe {10.4} faces reduced their exposed
surfaces. Interestingly this effect was more markedthon crystal grown using the highest
concentration of Ca.

These morphological observations, which are a prédxiieadditive/calcite interaction, highlight
some important considerations linked to the capghif graphene to adsorb on its surface the
biomolecules. First the biomolecules has a ministabilization of the {18.0} faces while the
graphene/biomolecules adducts stabilize the {hkdijet. These two families of faces show a
completely different packing of carbonate and calcions. Along the {hk.0} faces there is the
alternation of calcium and carbonate layers, witi&e{18.0} faces are locally less charged.

The stabilization of the {hk.0} requires the presewé locally organized charged regions on the
graphene/biomolecules adduct surfaces. Accordinglgait be supposed specific interaction
between graphene and tryptophan/N-acetyl-D-glucasanTihe relative extent of the stabilized
surfaces, {hk.0} vs {18.0} strongly indicates ththe 2D spatial organization of the biomolecules
on the graphene surface increases the capabibist s crystal morphology modifies, with respect
to when the biomolecules is free in solution.

This observation has relevant implications in biaagmineralization, where structures surfaces

act as mineral inhibitors or nucleators.

GONCLUSIONS

In this research it was shown that graphite can Weliabed by tryptophan or N-acetyl-D-
glucosamine biomolecules under ultrasonication. Alstadispersion of graphene sheets is
obtained by the adsorption of the biomolecules erstirface of graphene flakes that prevent them
from restacking.

The graphene/biomolecules adduct layers have agstayrability to interact with growing crystals

of calcite. Doing this the stabilization of {hk.@ces occurs. Very importantly the only presence
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of tryptophan or N-acetyl-D-glucosamine biomolecwbrost does not affect the morphology of

calcite crystals, which show only the typical {1pP.4

EXPERIMENTAECTION

Preparation of the graphene/biomolecules addutiquid-phase exfoliation (LPE) of graphite

was performed using Misonix XL2020 tip sonicator @3, 20 kHz, standard tip probe 12.7 mm
diameter). In a scintillation vial a water solutiontofptophan (or N-acetyl-D-glucosamine ) 10
mM and insoluble graphite powder (1.5 mg mL-1) wereicaiad for one hour at 40% of the

maximum amplitude.

After sonication the solution was centrifuged for frfinutes at about 5000 g to remove
unsuspended graphite and graphene aggregates. Tleetemlsupernatant was used for the

crystallization process.

Crystallization of calcium carbonate in the presentgraphene/biomolecules adduds30 cmx

30 cm x 50 cm crystallization chamber was used forctlgetallization experiments of calcium
carbonate. Two 25 mL beakers each containing abut @f (NH:).COs (Sigma -Aldrich,) the

source of NH and CQ vapours, and two Petri dishes (d = 8 cm), eachaguing about 10 g of

anhydrous CaGl(Fluka), a hygroscopic agent that controls humidityere placed inside the

chamber. Microplates for cellular culture (Microplate &éll with Lid, IWAKI) containing a
roundJODVYV FRYHU VOLS LQ HDFK ZH®O ZHURIXVHG ,QWRRJ HDFEK
CaCb solution in a 9/1 H2QEtOH mixture were poured. The additive, the gragiieiomolecules

adduct, was dissolved in the CaGblution. The microplate was covered with aluminwihdnd

a hole was made over every well. After 4 days, thtaiaed crystals were washed three times with

the 9/1 H2OELOH mixture, three times with millé ZDWHU ZLWK D UHVLVWLYLW\ |
25°C, ILOWHUHG WKURXJK D P PHKPEHWEQR RDQ @& Repéd WK I?\H ZH
and analyzed. All of the experiments were conduetiecbom temperature. Each crystallization

trial was replicated at least three times.
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Characterization of the calcium carbonate crystéld.eica transmission optical microscope was
used to obtain images of Cag@rystals. A microscope slide containing the samyds placed
beneath a standard glass cover slip and observed bndét-field conditions with crossed
polarizers. Images were captured with a CCD digitalerarand recorded using the software (LAS
EZ) supplied by Leica Microsystems. Image analysis wanducted on the crossed polarized
optical micrographs to obtain info on crystallite limegence. The dried glass cover slips covered
with crystals were glued to the SEM aluminum stubs.

A high-resolution scanning electron microscope (HRVS ULTRA Plus, Zeiss, Oberkochen,
Germany) was used for characterization of crystal shagemorphology of the gold-sputtered
crystals.

The X-ray powder diffraction patterns were obtained uaidilips X'PertPro diffractometer. The

diffraction patterns were collected using a voltagé®kV and a current of 40 mA. A diffraction

UHJLRQ EHWZHHQ f DQG f RDVXZIDHAWP NQWQQAHU H/ kKB W(PH.H G

the microscope slide on which particles were depdsi
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My contribution to this project concerns the mechalhaharacterization of the corals carried out

by means of the nanoindenter.

[EdZK h d/KE

Climate change is among the biggest threats to #wtth of marine ecosystems. Rising
atmospheric carbon dioxide partial pressure (PE@ncreases ocean surface pQiDe to
CQ:. diffusion across the air-water interface, leadingp¢ean acidification (OA&) Since global
warming and OA are coupled and are predicted teyargistically*, the future health of marine

ecosystems and their corresponding long-term econongacts on human coastal populations
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remain uncertaif It is therefore of great interest to understand fiegveasing atmospheric
CQ: concentrations will affect these marine habitats &edspecies that inhabit them.

Since the early 1800s, ocean pH has decreased frorhy&2. x3@nd, if CQ emissions
continue at their current rates, the average sea syface predicted to drop to 7.8 by the year
2100. The Mediterranean Sea, with its closed circutgbatterns and limited water exchange with
the adjacent Atlantic Ocean, has already undergdamger decrease in surface pH compared with
the global averademaking it an ideal site for OA studi&¥!?

Near Panarea Island, off the southwestern coasalyf lies a series of active volcanic vents in
the seabed releasing €@missions that acidify the surrounding seawater,imgetkis location an
ideal natural laboratory for OA studies. The underw&€k emissions generate a stable pH
gradient with levels matching several IntergovernmeRanel on Climate Change (IPCC) sea
surface pH predictions associated with different &pheric CQ emission scenarios for the end
of the centuny.

The present study investigates the effects of enviesah pH on skeletal structures and growth
at multiple length scales in the solitary scleraatintoralBalanophyllia europaedving along the

pH gradient. We studied 74 corals of similar age (nsganof 12 years) that had spent their lives
atthe CQ-pH gradient. Using a combination of scanning etectmicroscopy (SEM), atomic force
microscopy (AFM), small-angle XJ D\ VFDWWHULQJ 6%$;6 PLFUR FRPSXWH
nanoindentation, hydrostatic weight measurementtane-domain nuclear magnetic resonance
(TD-NMR), we document the skeletal mass, bulk volupw@re volume, porosity, biomineral
density, bulk density, hardness, stiffness (ratio betwetastic stress and strain), biometry data,
net calcification rate and linear extension rate foheacal. Weight measurements combined with
TD-NMR data represent a non-destructive technique fantifiying skeletal porosity over length
scales spanning from tens of nanometers to temsapbmetres? > ZKHUHDV &7 DQDO\VLV S
a detailed large-scale quantitative 3D analysiskefetal architecture, including the interseptal
regions.

We show that in response to depressed calcificatidaveer pH, corals increase their skeletal
porosity maintaining constant linear extension rat@ch is important for reaching critical size at
sexual maturity. However, higher skeletal porositd aaduced bulk density and stiffness may
contribute to reduced mechanical strength, incngggamage susceptibility, which could result in

increased mortality in an acidic environment.
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The four sites around the main vent are reportedgarEil. Site 1 (S1) has an average total scale
pH (pHs R HTXLYDOHQW WR WKH DY HRUBIDH V X B | R\6fD.95H URDIJ P R
DOLJQV ZLWK ,3&&TV SUHGLFW LARBSoNK scdharib RRepresgntadwy LY H ¢
Concentration Pathway (RCP6.0)), and the averageq¥.7 for S3 fits the predictions of the
HE X V1a® XWX D @dmi&sipns scenario (RCP8.5). Since no corals were faugd éwithin
the vent crater, pH7.4), only S183, which had growing coral populations andwpthlues ranging
from 8.1 to 7.7, were included in the present st@iythe measured parameters at the three sites
along the pH gradient (p& total alkalinity, temperature and salinity), onbH-s differed
significantly across siteNE1034.10;P<0.001, Kruskatallis $-test). The changing pH was
accompanied by significant shifts in carbondiearbonate equilibria, with aragonite saturation
aag decreasing by >30% from S1 to S3 (Figuye 1
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Figure 1: Study location.Located off the southwestern coast of Italy (ear Panarea Islaniol)(there are underwater
volcanic vents releasing persistent gaseous emission®9%8 CQ without instrumentally detectable toxic
compounds), resulting in a stable pH gradient. Four sites at vatistasmces from the primary vent were initially
selected for study. No temperature difference exists amonguhetudy sites throughout the year) Ranges of
measured pr$ (number of observations]F103 + SHU VL Wdh=98Q03 per site) values at the four sites,
showing consistent increases in bothrl Q Gagfrom the vent crater to its peripherg) (Bathymetric profile of
the sites with associated meanrpHD Q Gagvalues. No corals were found at Site 4, characterized by thetiphe
(mean pHs 7.4). Living specimens d@alanophyllia europaeghotographed at night with expanded tentaeear(d
during the day with contracted tentacles (PDUNHU xPP
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&RPELQHG UHVXOWYV RI 6 (-DMR&Keleta) andlyge§ of7corals growing at each
study site revealed the detailed, multi-scale stmatt organization of the skeletons Bf

europaeaFigure 3.

Figure 2: Skeletal morphology dBalanophyllia europaegrowing under different pH conditions from the
macroscale to the nanoscale. Each row in the figure correspondiféoemnt study site and sample age # D years.
Images are representative of all observed skeletons. (a,&,bagnification SEM images of coral skeletons, marker
xPP EI M ,QWHUQDO VHFWLRQV RURRUDGOPWHVIINRB (0&LZPIPIHMRI BHQ
fibres from fractured septae, roeN H U x P G KO $)0LPDJHV RI PLEUH DX U UIDAHMW RDUWNX

xQP

$W WKH PDFURVFDOH UHODWAIQQHBR H /W XRWH Q. REDPNFHWPY H U
year) did not vary among sites, whereas net caltidicaate \N=44;P<0.01, robust-statistics
test) and skeletal bulk densitj£44,P<0.001, robust-statistics test) significantly declined and

skeletal porosity and macroscale porosity increabed4; P<0.001, robust-statistics test). The
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differences between S1 and S3 weasei IRU QHW FDOF¢ta.liFDWRILR @& XUWDINW H
density,ca+21% for porosity anda+30% for macroscale porosity. The corallite interakpt
YROXPH IUDFWLRQ IURP &7 VKRZMIS=3D;P&0L05,HUaHDKrktkd PR QJ V

Wallis $-tests) but no significant dependence on pH. Thmbtdc data for the corallites did not

vary among sites.

Figure 3: Scatterplots of skeletal parameters, and correlation analygiséseporosity and net calcification rafite
1=blue, Site 2=green, Site 3=red. Straight lines represent thétbiesar regression (mean, solid line), 25% quantile
and 75% quantile (dashed lines).%®) Skeletal parameterg-éixes) plotted against pH(f) Scatterplot of porosity
(P.) versus net calcification rate in corals from Sites 1 tbd.a #,f N=44; foren=122. **P<0.001; **P<0.01;
*P<0.05, robust-statistics test.
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At the micro/macroscale, skeletal stiffness signifisantleclined with decreasing pH
(n=122;P<0.001, robust-statistics test, Figure 3, Figure 4 , Table 1), wherskeletal microscale

porosity did not vary among sites.

Figure 4. (A) Optical micrograph of a typical skeletal section usmdnfanoindentation measurements. The white

ellipse highlights an area with a sequence of five indentationgophight inset displays a higher magnification view

Rl RQH LQGHQWDWLRQYTV UHVLGXDO L P RISQWL F DIOHF R SdiiOnaHFHRAKZH DG V \
fibers. (B) Typical load-depth curve at 50 mN maximum load ésponding to a depth of about 800 nm),
loading/unloading rate = 100 mN/min, hold period at maximum load = 10 s).

Table 1 Skeletal parameters by different techniques for corals froitintbe study sites. N = number of corals; n =
number of observations or tests; se = standard error; d = digtaneters from the vent to the study site; a.u.=arbitrary
units. The values of F-test and KruskdbOOLV $ -oHpbpulatibhdMank tests suggest highly significant
differences among sites only for stiffness. NS = not significant; ***p<0.05.
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At smaller length scales (at the micro and nanosgalEM and AFM showed that the
organization of the aragonite fibre bundles (Figure, RE@nd the morphology and packing of the
constituent mineral grains (Figure 2d,h,l) appearedairamong corals from the three different
sites, confirming that the basic biomineralizatioroqucts were not affected by reduced

pH:: (Figure 2). Skeletal biomineral hardness did not chamgong sites (Figure 5, Table 1)

Figure 5. Scatterplot of skeletal hardness measured by nanoindentation |sfoamathe three study sites. Site 1 =

blue, Site 2 = green, Site 3 = red.

Also, skeletal biomineral density values were sim#a&ross sites and consistent with those
measured in previous stedi*® Similar results were obtained from both SAXS and TRIR
analyses, which revealed that nanoscale porogityal change significantly with changing pH.
The principal component analysis identified thregan components: growth, skeletal porosity
and biomineral density. Only the first two comporseti¢pended significantly on pH.

In summary, skeletal nano and microstructural featuiresarl extension rate, interseptal volume
fraction and corallite biometry @&. europaealid not change significantly with decreasing pH,
despite a clear reduction in net calcification rafdss reduction in net calcification rate was
accompanied by an increase in skeletal porosigufiei 3f,N=44; P<0.001, robust-statistics test)

and a consequent decrease in skeletal bulk dearsitstiffness.
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Results of the present study complement previousnasea B. europaeat this same vent site,
which revealed no changes in skeletal calcium catgopolymorph, organic matrix content,
aragonite fibre thickness and skeletal hardness ifscgrawing along the pH gradieht.There
was, however, a significant reduction in populatii@msity along the pH gradient, decreasing by
a factor of 3 with increasing proximity to the venater centre (that is, from S1 to S8).

Figure 6 summarizes these results at the ocean)gimp) macro, micro and nanoscales Bor
europaeaAt the macroscale, increasing acidity was assatiatth a reduction in net calcification
rate and a parallel increase in skeletal porositypleauwith a decrease in skeletal bulk density.
Linear extension rate and corallite shape (biometdyiaterseptal volume fraction) did not depend
on pH, probably as a result of the compensatioredficed net calcification rate by increased
skeletal porosity. At the micro/macroscale, the idéal skeletal stiffness with decreasing pH
could be coupled to an increased volume fractiorpaes having a size comparable to the
indentation area (that is, at the border between tiseonand macroscales). At the nanoscale,
porosity, biomineral hardness and density were natifetgntly affected by pH. These results,
bolstered by qualitattt 6 (0 DQG $)0 DQDO\VHV VX JBORNF NMID SW R/ X FHE
the biomineralization process are substantially unegtedout the increase in skeletal porosity is
both a gain and a loss for the coral. In fact, in@dia environment, where the net calcification is
depressed, enhanced macroporosity keeps linear sextterate constant, potentially meeting
functional reproductive needs (for example, theitghib reach critical size at sexual maturity);
however, it also reduces the mechanical strengtecgkeletons, increasing damage susceptibility,

which could result in increased mortality and theepbed population density declidé.
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Figure 6: Summary of responses Balanophyllia europaeakeletal parameters as a function of pH from the ocean

to the nanoscaleThe significant decline in population density with pH was measureggreviously published

research13. Net calcification rate and bulk density decredbedetreasing pH, whereas porosity (PA) increases,
SUHVHUYLQJ WKH OLQHDU H[WHQVLRQGJD@W HLYE FWR D D OYROWKH ¥ HDB AWE RF
do not correlate with pH). The increase in porosity is associathdwi¢crease in skeletal stiffness. At the nanoscale,

WKH PEXLOGLQJ EORFNVY WKH IXQGDPHQWB O HWRIX FDVXOUR® IR RSIR U Y ¥
constituent mineral grains) produced by the biomineralization praressubstantially unaffected by increased

acidity. Green boxes denote parameters found to have a direct relatioithipl, blue boxes denote parameters that

have an inverse relationship and red boxes denote parameters fourglno halationship with pH. The significances

of the regression of each parameter (dependent variable) witing¢héndent variable) are indicated; ***P<0.001;

**P<0.01; NS indicates no significance. Micro and nanoscale structuszvaltions by SEM and AFM represent

qualitative data.

While the results reported here Br europaeanay not be representative of the generalized

response of all coral species to OA, they are camdistith field observations made on other reef-
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building scleractinians. For example, while maintagniconstant skeletal linear extension,
decreased rates of calcification and losses in Bktdetal density as a function of reduced
aragonite saturation have been observeMontasraea annulari€ andPorites astreoide®®
While low aragonite saturation as a sole driver for teeoved reduction in coral calcification has
been discusseld,our conclusions regarding a balance between reduetechlcification rate and
increased macroporosity to maintain constant liee#ension can explain the outcomes of those
studiest’*8In fact bulk density depends both on biomineral dgrsd porosity. Our multi-scale
analysis shows that all the skeletal features antdre and microscales, including biomineral
density, are unchanged. The decrease of bulk denghydecreasing pH depends on the increase
of macroporosity, leaving the linear extension ratestamt.

Our findings, together with the well-described detrimaéaffects of heat stress on the scleractinian
zooxanthellate cord®. europaed®?°2® provide several independent and consistent clues
regarding the sensitivity of this species to globahate change predicted for the coming decades.
Together with results from previous studtéswe demonstrate that the almost universally
employed measure of coral biomineralization, nametyratte of linear extension, might not be a
reliable metric for assessing coral health and resgiégma warming and acidifying ocean. Indeed,
DOWKRXJK WKH FRUDOYV D ELOLRD WRWVADD QW DJIUGR D\ (¥ N B D HHWE
conditions of decreasing oceanic pH could allow rielach sexual maturity, it could reduce skeletal

resistance to environmental challenges, affectindgamg-term survivability of the species.

Ddk~»

Study siteOff the southwestern coast of Italy, near the islandaofarea, an area delimited by the

islets of Dattilo, Bottaro, Lisca Nera and Lisca Biar{Eigure 1) is characterized by underwater
volcanicCQ YHQWYV 7KH PDLQ YHQW D FUDMWaEEM B¢ Yonerat€dh xP 1
persistent column of Cubbles that rise from the seabed to the sea surfacehis
hydrothermally stable setting with ambient tempegt@Q emissions establish a pH gradient

that extendsy xP IURP WKH FHQWUH R W KLTVrek Wifes\akbhy WRpH. WV SH
gradient were chosen for study. Distanaddom the main crater centre and mean{ptalues of

the three sites from which corals were collected &fe(the control sitey xP &8.07;
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S2,d xP &%87,S3d xP &+ :DWHU GHSWK YDULHV IURP x P
WR xP DW WKH FUDWHU HGJPDBIJLQYWR 6 xPZBWWHKW KRRX/RIFD O

of the surrounding seawater. The study site hasestalrothermaichemical propertie®.

The coralsB. europaedFigure 1) is a solitary zooxanthellate scleractintaral endemic to the
OHGLWHUUDQHDQ 6HD IRXQG DW ®&ISspatireris ofD uidp&eavered RP W R
randomly collected by SCUBA diving at the three stgdgs along the pH gradient (26 from S1,

26 from S2 and 22 from S3) between November 2010 aryd20ia3. This sample size was chosen

to limit damage on the natural population, whichiiigantly diminishes in the most acidic sités

and was considered suitable for properly describingkieéetal properties, as shown in previous
studies.!314 Biometric data were recorded for the specimens (thawidthio-length, widthto-

height and heighte-length ratios). Nanoindentation, hydrostatic weightasurement, SEM,

$)0 6%;6 &7 D-QKR Ahalyses were performed on a subsample of sgad from

each site.

Coral sample cleaningCoral skeletons were submerged in 1% solution oiusodhypochlorite
IRU GD\V WR GLVVROYH SRO\S WILR/Y X]HH G$ AV MUH Z IDUXKE @G ZIL QWD
4 days, each coral was examined under a binoculansuape to remove fragments of sediment,

rock and encrusting organisrifs.

Weight measuremenf§he buoyant method, usually applied for cofaf was used to measure
the total volume occupied by the coral skeleton ¢chllulk volume\Vg), the bulk densityd, ratio

of the mass t&/g), the biomineral densitydf, ratio of the biomineral mass to biomineral volume,
excluding pore volume connected to the externdaser also called real density or micro-density)
and the apparent porosity (or effective or connectmbgity, PA)%° (ratio of the pore volume
connected to the external surfad) to Vg). This method is based on the Archimedean principle
applied to a specimen after full saturation with shene fluid in which it is submerged (water in
our case). It is worth to underline that the pore volky measured by the buoyant method is
only the volume of the pores that can be saturatdd water, that is, connected with the external
surface. Pores inside the biomineral that are natected to the external surface (occluded pores)

are not measured. An estimate of the occluded pgrgaite a negligible maximum value §8%
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(in porosity units), which was homogeneous among sker coherence with coral literature, for
the apparent porosity we use the term porosity.

The skeletons were weighed with a precision balaacdetermine the dry mass) and then
placed inside a dryer chamber and evacuated wittaayrmechanical pump down to a vacuum of
102 pbar. After 6 hours, water was gently introduced tty fsaturate the samples. The pump was
switched off, the chamber was vented to the ambigmbsphere, and the masses of the fully water -
saturated samplesn) determined. With a hydrostatic balance, the masteaturated samples
fully immersed in waterr() were determined. The skeletal parameters werelaédclby means
of the following operational definitionsh=water densityVa=(msim)/ L; Ve=(msimy)/ ly;
Pa=Va/Ve=(ms im)/(ms imy); do=m/Vs; di=m/(Vs i Va).

After weight measurement, the fully saturated samplere removed from the water container
and rapidly placed on wet paper to remove excess watéhe external surface. Each specimen

was then placed in the bottom of a glass tube, hwvies then sealed for TD-NMR measurements.

TD-NMR method and parameter definitions KLY WHFKQLTXH ZDV DSSOLHG WR R
VLIHY GLVWULEXWLRQV -éontiveuld distGbDtons/df YheRran$vemevrelaxatio

time T. by means of the algorithm UPENimplemented in the UpenWin softwaiie.distributions

for specimens oB. europaeashowed in all cases, that the slope of the digioh presented a

strong increase at a specificvalue, thekutoff’, revealing a sharp boundary between two distinct

pore classes. This point was chosen as the bourisdvyeen smaller (shortdt) and larger

(longerTz) pores. The ratio of the area under the distributionTfdarger than the cutoff to the
totalareaX QGHU WKH GLVWabkctdscal/ poreQoluime e@tigriaditates the fraction

as a percentage of the pore volume in the macr@d0al the basis of the comparison with mercury

intrusion porosimetry data, the sizes of pores ie thacroscale pore volume fraction,
corresponding to the major fraction of pores, are210x P 7KH WDLO LQ WKH GLVWU
3 orders of magnitude long and should corresponchtdlsr pore sizes up to tens of nanometfes.

The distribution withl.  x P V sZDosen to identify the signal corresponding to watehe

smallest pores or siz¢-FDOH ZKLFK ZH UHIHU WR KHUHIDVFWQARQR V KK
UHPDLQLQJ IUDFWLRQ RI WKRVHADMNWH § RXW LYRRD XV HF D QAEL R
and macroscale pore volume fractions multiplied leygkeletal porosity produced the TD-NMR

nano, micro and macroscale porosities, respectively.
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TD-NMR apparatus and data acquisitioA.homebuilt relaxometree DVHG RQ D x7 SHUPI
PDJQHW RSHUDWLQJ DW x0+] ZB\K B WHED (RAY BB VKLYH® D RWVR F
nuclei of water molecules saturating the cleaned aialetons. The relaxometer was equipped
withacoily xFP LQ GLD Pysé\the@ntikeRoRIQII@ Spinmaster console (Skééde,

Pavia, Italy) for automatic pulse sequence transmisaimh data acquisition. The transverse
relaxation data were acquired by using the Gurcell#Meiboom4Gill sequenc®& ZLW K D x V

echo time. Sixteen corals from S1, 16 corals from SPl@ncorals from S3 were analysed.

SEM imagesTo investigate the meso and macroscale organizafitre aragonite fibre bundles,
SEM analyses were performed. The cleaned coral skeletvere mounted (uncoated) to
conductive carbon tape and examined with a Tescaga¥&MU (Czech Republic) variable

pressure scanning electron microscope. Three qoealsite were analysed.

Evaluation of net calcification ratd he age of each coral was determined based on gtuavith
analysis via computerized tomography: The linear extension rate was obtained by dividivay t
length of each sample (maximum axis of the oral)digcits age. The net calcification rate was

calculated as: net calcification rate=bulk densitinear extension rat&:3

KT analysisTo compute the corallite interseptal volume fractjatio of the total pore space
YROXPH LQVLGH WKH FRUDOS®ILMG BN RVWK HF R\URDAOEDA. W R OAOXWPVHHR F
acquiredandtheconvex@O DSSURDFK ZDV IROORZHG ZHUWFPKWI RU FRG
with a GE phoenix Xu D\ 1DQRWRP 6 7KH YR[HO VLHV LQVR KH WFBQV
depending on the actual size of the investigated saraple. All image processing steps in the

analysis were performed with the open source softwhHhe®

Nanoindentation To analyse mechanical properties of the coral skefgtskeletal stiffness
<R X Q thHdulus) and hardness were determined by Oflearr analysis of load-depth
curves’® using a Nanoindentation Tester, model NHT-TTX byMCBistruments, Switzerland,
equipped with a Berkovich diamond tip (opening ani2.3°). On each sample, a minimum of
LQGHQWDWLRQ WHVWYV ZHBR FDIODNK HWGPRRWP X R GMWIWR QB E B

two tests (the total number of tests for each sitepsrted in Table 1). To avoid influence from
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WKH HPEHGGLQJ UHVLQ D PLQLPXWKGLVWBQHWRQ UHYPQIWER

always maintained.

SAXS analysislo obtain information on skeletal porosity at theoscale, SAXS analyses were
performed on three corals per site. Sections werented onto a laboratory SAXS apparatus with
a rotating anode X-ray generator (Bruker, AXS, Karlsruhey@ay) operating with a copper

anode.

AFM analysis To study the morphology and packing of skeletal mahgrains at the nanoscale,
AFM images were acquired. Samples were lightlygb@d using diamond paste, cleaned with
milli-Q water and observed using a Veeco AFM Dimens3100 Nanoscope I, Plainview, NY.
The probe consisted of a cantilever with an integtailicon nitride tip. Samples were imaged at

room temperature and in air using tapping mode pharseast imaging.

Statistical analysisStatistical analyses (analysis of variance, multivariprincipal components
and quantile analysis) were performed using thasfitzdl Package STATA 9.0 (StataCorp LP).
To test the significance of the differences amoressparametric (F) or non-parametric (Kruskal
Wallis $) tests were run. Non-parametric tests were performethfarthat did not assume normal
distributions. Multivariate regression analyses weeeformed to investigate the relationships
between one dependent and one or several indepevatéables, using ordinary least squares

robust to outliers. The model is described by thevahg equation:

where the indexrefers to the-observationy is an independent variablg,is the value of the
dependent variable anfis the corresponding error. The constants (j=1, M) are the best-fit
parameters, to be determined by the best fit. Qecamialysis was performed to study the previous
relationships for homogeneous groups of values ofépemdent variable. This analysis was used
to give a more comprehensive picture of the effect efititdependent variable (pH) on the
dependent variables of Figure 3, as it can show diffezéfects of the independent variable in

different ranges of the dependent variable.
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APPENDIX

M ETHODS AND TECHNIQUES

ATOMICFORCHEMICROSCOPY

Atomic Force Microscopy is a scanning probe techamiqihe main component of the
instrumentation consists in a sharp tip placedagetttremity of the cantilever. The force applied
to the tip from the surface produces a deflectiothefcantilever. Measuring the bending of the
cantilever it is possible to evaluate the tip-sugfatteraction forces.

Different settings of the feedback loop allow to thezpielectric scanner to maintain constant the
tip-sample force or the tip height, to obtain heightascé informations, respectively.

The AFM head includes an optical detection syst#&maser beam is focused and centered on the
rear side of the reflective cantilever. In this way tledlection of the cantilever is monitored,
projecting the reflected beam to a dual element ghotte (Figure 1). The difference between the
two elements gives information about the cantileledftection. Feedback system instantaneously

receives the information and acts to maintain conskenforce (or the height) above the sample.

Figure 1. Schematic representation of the main components of the atomic forceamg@os
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Modes of operation

The dominant interactions at short probe-samplemntistsin the AFM are Van der Waals (VdW)

interactions. However long-range interactions (i.e.illzap, electrostatic, magnetic) are also

relevant further away from the surface. The latterimportant in other SPM modes of operation
and analysis. In contact with the sample, the pledominately experiences repulsive Van der
Waals forces (contact mode). This leads to the cartilpositive deflection. As the tip moves

away from the surface attractive Van der Waals force®rbe dominant (non-contact mode)

Figure 2 and the cantilever deflect in the negatiivection.

Figure 2. The effect of tipto-sample distance on the force interaction between tip and sample.

Contact mode. The tip is in direct contact with sleface. The force of interaction between the
tip and the sample is balanced by the elastic fanmeluced by the cantilever deflection.
Cantilevers used for contact mode require an elastistant relatively small, offering higher

sensibility and reducing the risk of excessive inteéoms between tip and sample.

Non-contact mode. The cantilever oscillate with als@mmplitude (about 1 nanometer). During

the approaching, the cantilever is affected by attradbrces (Van der Waal interactions) applied
by the surface. To detect the amplitude and phasations produced on the cantilever, high

sensitivity and high stability of the electronic ddack system is required.

Tapping mode. It is more common to use the semiambrdr tapping mode. In this case, the
imposed oscillations of the cantilever are tunedelo its resonance frequency, with a resulting
o<illation amplitude which range from 10 to 100 namtens. The cantilever during the oscillation

come in contact with the surface, in the repul$iwee region (Figure 2). During the scanning,
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amplitude and phase variation are measured and tbbdele system compensate the variations

maintaining the oscillation frequency constant.

ZETAPOTENTIAL

Zeta-potential is one of the physical properties leixéd by any particle in suspension. It can be
used for the formulation and study of suspensions emdlsions. The scientists Derjaguin,
Verwey, Overbeek and Landau worked out a theory (DVL@)jich relates the stability of a

particle in suspension with its total potential gyefunction 4.

V1 =Va+Vr+ Vs

Vsis the potential energy due to the interaction wilvent. Generally it is negligible as it involves
very short distances for which its weight on the tptakntial in a colloid is minimum. Much more
important is the balance between the attractivend repulsive ¥ contributions (Figure 3). They

operate over a much larger distance.

Va=-Al(12 D? A Hamaker constant
D particle separation
VRrR=2S &]?exp(-ND) a particle radius

E solvent permeability
function of the ionic composition
(1/ N= double layer thickness)

zeta potential
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Figure 3. Trend of attractive and repulsive potential energy and sum tftheontributions. The presence of a barrier
due to the repulsive forces prevents the aggregation of the martfdlee particles collide with enough energy to

overcome the barrier, the attractive forces prevail, ngusie contact and thus irreversible adhesion between the

particles.

In order to have a stable colloidal system, repel$orces must prevail. Electrostatic or charge
stabilization have the advantage to be modulated meversible manner by varying the ions
concentration in the system. The magnitude of thiasercharge depends on the acidic or basic
strengths of the surface groups and the pH. In chsegatively charged surface (Figure 4), the
net charge can be reduced to zero by decreasingHl{suppressing the surface ionization) and

vice versa
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Figure4 5 HSUHVHQWDWLRQ RI D QHJDWLYHO\ FKDUXH® KSH VWU FIDAHH LMY KWXIVHS H
of positive ions whose thickness have approximately the same dize dlvated cation. The trend of the potential

within the thickness of this "shell" (Stern Layer) linearlyréese (electric double layer). It follows an exponential

decay of the potential in a "shell" consisting of predominantly positive ions @ifiysr). The volume of the sphere

containing the charged species moving together with the negative parbeleveen the center of the particle and the

slipping plane. At this distance it corresponds a specific potential which is, bytidefittie zeta potential.

7KH WKLFNQHVV RI WKH GRXEQRQDRHRQFHGWMSBQYGR ERWWK H
ionic strength, the double layer is more compressethe surface. Even the valence of the ion
influence the thickness of the double layer, for examgdrivalent ion compresses the double layer

more than a monovalent ion. The zeta potential vilatideally separates the stability from the
instability regions of a colloidal system is consete+30 or -30 mV, for positively or negatively

charged particles, respectively.

The existence of the electrical charge over the sarfddhe particles, implies their interaction
with an applied electric field. These effects are cbiMely defined as electrokinetic effects.
Electrophoresis is the effect used to perform zetanfialemeasurements and it measures the

mobility of charged species. The particle is attradi® the electrode having opposite charge.
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Viscous forces acting on the particles tend to opplusemovementWhen equilibrium is reached
between these two opposing forces, the particlessmoth constant velocity. The velocity of a
particle in an unit electric field is defined as @&lephoretic mobility.Zeta potential is related to

the electrophoretic mobility by the Henry equation:

Use=2 H] f( M) / 3K Ue  electrophoretic mobility
] zeta potential

0 dielectric constant
viscosity

f(M) +HQU\TV IXQFWLRQ

The measurements were carried out on Malvern Zetasemeo Series. It uses the combination of
a Doppler analyzer and a phase diode laser veloairf&38 nm) based on light scattering (PALS)

to measure the electrophoretic mobility of the pés. The essence of a classical
microelectrophoresis system is a capillary cell weigctrodes at either end to which a potential is

applied. The system is thermostatically controlled.

DIFFERENTIAENTRIFUGAEDIMENTATION

Differential Centrifugal Sedimentation (or DCS) is a viydesed analysis method that produces
extremely high resolution size distributions of mgcopic to sub-microscopic particles. The
normal measurement range for the method is from aboutah®@meters to about 50 microns,
though it is possible with some types of materialexi@nd the range to below 3 nanometers or up
to 120 microns or more.

The DCS has many advantages over other NP sizingitpeds; for example, respect to the DLS,
it is capable of resolution of multiple peaks iryalisperse samples (where DLS shows only one
broad peak). Another advantage of DCS is its capdoitperform measurements of NPs in
complex biological fluids, where optical methodstsas DLS are affected by high scattering of

the free proteins in the sample.
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The DCS operates by measuring the sedimentation tinaeparticle of known density under

centrifugal force in the sucrose gradient inside oftimagedisc (Figure 5).

Figure 5.a) Schematic of the DCS disk with the sucrose density gradient built on the outef thvaldisk, position
of the light detector and injection point; b) Cross section of the DCS disk.

The nanoparticle diameter is then calculated accgrigirthe formula:

5<@: K E;;
D= : 1
8 0?6 @)
Which can also be expressed as:
D =K/ t?
Where:
D is the particle diameter
P is the fluid viscosity
t Is the measured sedimentation time
Z is the rotational speed
R& R are the starting and final radii of rotation respestyiv

& o are the densities of the particles and the fluspeetively.
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For a centrifuge running at constant speed and temperahe K coefficient does not need to be
theoretically calculated, becausesitdetermined experimentally by the calibration measerém
of the sedimentation time, using standard nanopastai&nown density and diameter. Since all
the measurements are calibrated to the same statldargsults are directly comparable and are
not affected by fluctuations of the measurement comdit{e.g. changes in the gradient density or

temperature).

Sucrose density gradient

The sucrose gradient is prepared injecting a seriggapbse solutions into the DCS spinning disk
in motion The first injection consists in the higher concentratvf sucrose solution. Progressively
lower concentrations of sucrose solutions are injecied by one.

The concentrations range of the gradient depends aeti®@ty of analyzed NPs and is indicated
in the official manual of the manufacturer. The injedlaid portions, under high centrifugal force,
form layers on the outer wall of the disk (Fig. 5alif)e resulting gradient is capped with a thin
layer of dodecane to prevent evaporations during pgadd measurements. An equilibration of the
gradient for 30 minutes is required. During this tirtiee starting differences in the sucrose

concentration (step like trend) between the layezs'smoothed" thank® the sucrose diffusion
(Figure 9.

Figure 6. Equilibration of the sucrose density gradient; A. Scheme of theoretical sucrasstration in the density
gradient at time=0; B. Scheme of theoretical sucrose concentration in tiheededibrated density gradient.

Samples are prepared for analysis by dilution irual fof slightly lower density than the least

dense fluid in the disc (in this work we used watePBSS). The lower density fluid used for the



169

sample reduces initial mixing of the fluid inside @isc with the sample. When a sample is injected
(Figure 5), it strikes the back inside face of thedand forms a thin film, which spreads as it
accelerates radially toward the surface of the flWthen the sample dispersion reaches the fluid
surface, it quickly spreads over the surface, bexdus of lower density (it "floats" on the higher
density fluid). Once a sample is on the fluid suefagedimentation of individual particles begins.
The injection of a sample is rapid (typically <50Iméconds), so the starting time for an analysis
is well defined, and the precision of sedimentatiore is quite good.

As the nanoparticles run through the gradient (theeefocreasing density and viscosity), a
reduction of the sedimentation velocity occurs,wlim a good separation of the nanoparticles
having different sizes. If the NPs are composed bydmee material (same density and refractive
indeX, the big nanoparticles sediment faster than the smalie. The low sedimentation rate
occurring close to the edge of the disc (high sucomseentration) allows to obtain and high
precision and resolution detection of the particieess NPs absorb and scatter the light during

their pass through the detector beam, allowingHeirtdetection based on attenuation of the light.

DCS Samples

The DCS is a powerful NP sizing technique capablenaflyzing different kinds of samples such
as bare NPs or NP/protein corona complexes. In paticDICS has a significant advantage for
analysis of in situ samples, without the néedeparate the NPs from the excess biological fluid
This characteristic provides the opportunity to analyze the nanomdterés they are in
biologically relevant conditions.

The main samples analyzed in this proj@ chapter) were protein-coated NDs "hard corona",
where bareNDs were incubated in biological relevant fluids (lammand bovine serunand
subsequently separated (altogether with biomolectiesgy bound to their surface) from excess
serum (see experimental section, chapjer 3

After the preparation, the NP samples were injestealthe spinning disk of DCS (following the

calibration run of standard polystyrene NPs), and thedimentation time were measured.

DCS results
During the sedimentation, the concentration of parioleeach size is determined by continuous

measurement of the turbidity of the fluid (sucrosedgmat) close to the external edge of the
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transparent rotating disc (Figure 5a,b)sing the equation (1) this raw data is represented as
absorption distribution (light absorbed/scatteredtptbiagainst diameter). Specific algorithms
which consider the physical properties of the partieled geometrical parameters, are used to

convert the raw (optical absorption) signal to weightyume and number distributions of the NPs

SDS-PAGE

A very common method for separating proteins by elptimoesis uses a discontinuous
polyacrylamide gel as a support medium and sodiudtecld sulfate (SDS) to denature the
proteins. The method is called sodium dodecyl selfetlyacrylamide gel electrophoresis (SDS-
PAGE).

The negative charges on SDS destroy most of the leansfructure of proteins, and are strongly
attracted toward an anode (positively-charged eleejrimdan electric field.

Polyacrylamide gels restrain larger molecules from niiggaas fast as smaller molecules.
Because the charge-mass ratio is nearly the same among SDS-denaturgpdgmides, the final
separation of proteins is dependent almost entwelyhe differences in relative molecular mass
of polypeptides. In a gel of uniform density the tigla migration distanc€Ry) of a protein is
negatively proportional to the log of its mass. Iftpins of known mass are run simultaneously
with the unknowns, the relationship betweenaRd mass can be plotted, and the masses of
unknown proteins estimated.

Protein separation by SDS-PAGE can be used to estirekttive molecular mass, to determine
the relative abundance of major proteins in a sanaplé to determine the distribution of proteins
among fractions. The purity of protein samples caagsessed and the progress of a fractionation
or purification procedure can be followed. Differentrstay methods can be used to detect rare

proteins and to learn something about their biochahpimperties.

Polyacrylamide gels for SDS-PAGE
The preparation of the gel consists of the castintyvofdifferent layers of acrylamide between
glass plates. The lower layer (running or resolwyal) is responsible for actually separating

polypeptides by size. The upper layer (stacking gelludes the sample wells. It is designed to
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sweep up proteins in a sample between two movinghtaries so that they are compressed

(stacked) into micrometer thin layers when they rebelseparating gel.

Preparing SDS Gels

A gel of given acrylamide concentration separatesepisteffectively within a characteristic
range. Very large polypeptides cannot penetrate farargel and thus their corresponding bands
may be too compressed for resolution. Polypeptidsiba particular size are not restricted at all
by the gel, and regardless of mass they all motteeagame pace along with the tracking dye. Gel
concentration (%T) should be selected so that theeimoof interest are resolved.

A typical gel of 7% acrylamide composition nicelgpsrates polypeptides with molecular mass
between 45 and 200 kDa. Polypeptides below theffonftaround 45 kDa do not resolve. A denser
gel, say 14%T, usually resolves all of the smalpedypeptides in a mix. A good compromise to
analyze the entire profile of a fraction that consa@avy and light polypeptides, consists of the

use of an average concentration of 10%T.

Running Gel Preparation (10% acrylamide)
Casting stands are used to prepare the mini-slablgedscassettes are staked upright in the stand
with the bottoms of the cassettes tight to thedmotof the stand. The total volume between the
plates of the gel cassettes is 10 mL, so this volahsgparating gel mix per cassette is required
The separating gel components used in this work stsnaf:

i. 3.7mL Tris-HCI 1 M, pH 8.9,

ii. 3.6 mLHO milliQ

ii. 100 R 10% SDS,

iv. 25 mL acrylamidet0%

v. 50 R APS

vii 5 R TEMED

The polymerization is initiated by adding freshlgpared ammonium persulfate (AP S) to the mix
followed by N, N, N', N'-tetramethylethylenediamineE(WIED). Once the catalysts are added,
polymerization occurs quickly. After swirling to mixhe solution is poured into the space

occupied by the cassettes.
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Immediately after pouring the gel mix, it must be oaierwith isopropanol to an additional height
of few mm. The purpose of isopropanol is to produc@maath, completely level surface on top of

the separating gel, so that bands are straight afafmmn

Stacking gel preparation (4% acrylamide)
The stacker is simply designed to perform as airtrough which samples will pass as they are
caught up between moving boundaries. It is not desigor uniform separation of proteins. The
stacking gel components used in this work consifsts o

i. 2.7mL Tris-HCI 0.4 M, pH 6.9,

ii. 2.8 mLHO milliQ

ii. 50 R10% SDS,

iv. 500 R acrylamide

v. 50 RLAPS

vii 5 R TEMED

Before adding the final two components, which willrsfolymerization, the isopropanol should
be poured off the separating gel. After adding APS BBMED the mixis pouted it into the
cassettes to the tops of the plates. The combastatson the top, taking care not to catch bubbles

under the teeth.

Sample denaturation
Denaturation of the sample is obtained incubatingegme (or NPs-protein corona complex) with
commercial SDS-Blue 3x which contains:

i. 187,5mM Tris-HCI pH 6.8

ii. 6% SDS

iii.  30% glycerol

iv.  0.03% bromphenol blue
A reducing agent such as 1,4-dithiothreitol (DTTE)also added to obtain the same final
concentration (3x).
The Tris-HCI acts as a buffer, which is very importantsithe stacking process in discontinuous

electrophoresis requires a specific pH. Glycerol @sathe sample more dense than the sample
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buffer, so the sample will remain in the bottom ofellwather than float out. The dye allows the

investigator to track the progress of the electropsisr

SDS, DTT, and heat are responsible for the actualtdexteon of the sample. SDS breaks up the
two- and three-dimensional structure of the protejnadiling negative charge to the amino acids.
Since like charges repel, the proteins are nuodess straightened out, immediately rendering
them functionless. Many proteins have significantriephobic properties and may be tighly

associated with other molecules, such as lipidsuiih hydrophobic interaction.

Heating the samples to 400 °C under shaking for 5 minutes, allows SDS to bind ia th

hydrophobic regions and complete the denaturatiayu(g 7)

Figure 7. Disruption of secondary, tertiary and quaternary structure upon SO®atilg treatment. Dashed squares

indicate folds caused by disulfide (covalent) bonds.

The amino acid cysteine contains a sulfhydryl (-SKHug@ that spontaneously forms a disulfide
bond (-S-S-) with another sulfhydryl group under nornmdtacellular conditions. Disulfide

bonding is covalent and is not disrupted by SDS. I8Id strong reducing agent. Its specific role
in sample denaturation is to remove the last portiohtertiary and quaternary structure by

reducing disulfide bonds.

Figure 8. Reduction of disulfide bonds by means of DTT.

Assembling, Loading, and Running Gels
Cassettes should be rinsed free of any excess ligpaiding the combs in place. The top of the

cassette must be continuous with an upper buffer caaania the bottom must be continuous with



174

a lower chamber so that current will run through glekitself. Both the upper and lower buffer
compartments have to be filled with an electrode byffienning buffer) consisting of:
i. 3g/L Tris-HCI

ii. 14,4 g/L glycine

ii. 1g/L SDS
The comb has to be removed from the gel beforadilthe upper buffer compartment.
Specific gel loading tips are usually used for logdiamples into the wells. Ideally, the glycerol
in a sample causes it to sink neatly to the botbdmme well, allowing as much as 20 ul or even
more to be loaded.
The anode (+ electrode) must be connected to thherbathamber and the cathode to the top
chamber. The negatively-charged proteins will moweara the anode. Gels are usually run at a
voltage that will run the tracking dye to the bottamquickly as possible without overheating the

gels. We run our gels at 120 volts.

Disassembly and staining
When the dye front is nearly at the bottom of the il ime to stop the run. The plates are then
separated and the gel is dropped into a staininy abataining deionized water. After a quick

rinse, the water is poured off and stain added.

Staining protein gels
For detection of proteins migration by polyacrylamge electrophoresis, silver staining is now
being highlighted as a sensitive staining methode $tandard staining procedure consists of
multistep washes and incubations of the gel in dffersolutions (reagents COSMOBIO)
described as follow:

1. Fixing solution I: 50% MeOH, 10% acetic acid;

2. Fixing solution II: 30% MeOH, 10% acetic acid, 5krig reagent (thiourea);

3. Pretreatment solutio®0% MeOH, 5% pretreatment reagent (DTT, Glutaraldehyde,

Thiourea)
4. Silver staining solutions: 5% solution A (AgNO+ 5% solution B (NHOH, NaOH)
5. Developer: 5% concentrated developer (citric acid, fadefayde, NaOH)

6. Stopper: diluted citric acid solution
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Washing steps with milliQ water and incubation tinae intentionally omitted. The detailed

procedure is available on the website of the vendor (@O O).
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