NANOMATERIALSFOR BIO-MEDICINE

Stefano Bellucci, PhD, Habil. Prof., First Researcher, Head of NEXT Group

INSPYRE LNF 1 APRIL 2020




_~ Istituto Nazionale
di Fisica Nucleare
aboratori aAzZig ali di c =)

The National Institute of Nuclear Physics ( INFN - Istituto Nazionale di Fisica Nucleare ) is an organization for research in

nuclear physics. There are different divisions in Italy. The  Frascati National Laboratories  ( LNF) is the largest and one of
the most important ones. The research here is primarly concentrated on particle physics.
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(APPLICATIONS OF NANOPARTICLES |
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Nanotechnology

- |!e science of manipulating matter at the atomic and molecular level to obtain materials with specifically enhanced

chemical and physical properties.

Energy

AMore efficient and cost effective technologies
for energy production

Information Technoloqgy

ASmaller, faster, more energy : ﬁg('jl‘rc‘;‘lelgs
efficient and powerful computing I Batteries
and other IT-based systems i Bio fuels

Medicine Consumer Goods

ACancer treatment
ABone treatment
ADrug delivery
AAppetite control

= AFoods and beverages

: I Advanced packaging materials, sensors, and lab-
- ﬁ—""on-chips for food quality testing

_ AAppliances and textiles
= T Stain proof, water proof and wrinkle free textiles
ADrug development "a. AHousehold and cosmetics

AM_edlcaI t_00|5 TR Y & I 1 Self-cleaning and scratch free products, paints,
ADiagnostic tests and better cosmetics

Almaging




THE BASICS OF NANOTECHNOLOGIES

AYou work at the atomic, molecular, and supramolecular
levels...

A The scale of lengths involved is approximately between 1
and 100 nm

A The aim is the creation and use of materials, devices,
systems with fundamentally innovative properties and
functions, due to their very small ( nanoscopic ) structure.

e-mail: bellucci@Inf.infn.it INFN - Laboratori Nazionali di Frascati



Physical-chemical properties

1. Surface to volume ratio: extremely large
surface area;

2. High number of surface atoms (a particle of
300 nm has 5% of the surface atoms, one of 30
nm has got 50%).




New Properties of Matter Based on
Size and Surface Area
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NANOSCOPIC SCALE

ANanometer =1 million-th of millimeter
A One Nanometer is as big as a layer of 3-5 atoms
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Lecture Notes in Nanoscale Scence and Technology 12

Stefano Bellucci Editor

Self-Assembly
of Nanostructures

The INFN Lectures, Vol. Il

e-mail: bellucci@Inf.infn.it

A A concept introduced by Eric Drexler

oBOTT-OMO

APPRO

A Process of costructing systems atom by atom, to the aim of

- minimizing waste
- Increasing reactivity

Stefano Bellucal Editor

Physical Properties
of Ceramic and

Carbon Nanoscale
Structures

4 ThelNFN Lectures, Vol. Il




Lycurgus Cup

(IV sec. CE,
British Museum)

It has a different coloration
when observedn refiection,
or in transmMission—owi

the presencef nanoparticles
of gold andsilver.
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nalogplogy

Metal nanoparticles of different species
In the stained glass windows of medieval churches.

INFN - Laboratori Nazionali di Frascati
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Mlmm;soopy chamxteez atronon

In 1931, Max Knoll and Ernst Ruska
invented the transmission electron
microscope (TEM),

nearly 34 years after the discovery of
the electron by J. J. Thomson. _
M. Von Ardenna built the first protopy

of Scanning Electron Microscope in

1938, followed soon by the first
commercial TEM, built by Siemens in
1939. The first commercial SEM was
commercialized by Cambridge
Instrument Company Inc.in 1965.

bnali di Frascati

e-mail: bellucci@Inf.infn.it



sracterization N

1 nickel (110) surface at ultralow
vell “IBM” with the aid of an STM
up at the IBM Almaden Research
'k 22 hours to complete. The image
zine in 1990 and formally ushered

.
.
.

erd Binnig and

Heinrich Rohrer a i
Introduceda new |

scope that is not g
wavelength: Scan
Microscope(STM)

3innig, Quate andGerber
itomic force microscope
le specific purpose of
rfacesn the atomicscale
Jucting, 1985

surface
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Eigler, Schweizer. Nature 1990
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CARBODNNANODUBEES

ADiscoveredn 1991 by Sumio lijima , aresearcheat Nec Labs in
TsukubaJapan

AHollow cylinders,long andthin; they canbe thoughtof a sheetof
graphite (a hexagonallattice of carbon atoms) rolled up into a
cylinder,closedby two fullereneemispheres

v i
—_— - e
S

graphene sheet SWNT

SWNT

#=163 nm
(Single wall Nanotubes) L= 0.5810* pm
We can distinguish:
MW¥IWTT #=56200 nmm
(Multi wall Nanotubes) L= 0.56200 prm
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WHATG SO SHEETAMLINAACINANOTTUBEE?

High aspect ratio
(L/z) Y one-
dimensional

structure

High elastic
modulus (up to 1
Tpa) and high
tensile strength
(150 Gpa).

Ability to carry high
currents, without
overheating (current
density 10° A/cm ?2).

High thermal
50000 times conductivity both at
thinner than a high and at room
human hair temperature (1800-
6000W/m*K ).

e-mail: bellucci@Inf.infn.it INFN- Laboratori Nazionali di Frascati


http://it.wikipedia.org/wiki/File:Kohlenstoffnanoroehre_Animation.gif
http://it.wikipedia.org/wiki/File:Kohlenstoffnanoroehre_Animation.gif

V Laser ablation:

=

Pros

cons

Very simple process.

CNTs of high quality and
purity, with few defects.

Dispersion in CNTs size.
Low amount of CNTs
achievable

Need for purification from
unwanted forms of C
(onions, amorphous)

Long CNTs.

Controllable pipe
diameters.

Low amount of CNTs
achievable

V Chemical vapour depositiorf:

© Preheater

Mass flow relief
controller

ccccccc

e-mail: bellucci@Inf.infn.it

Possibility to grow CNTs
oriented and according to
predefined geometries.

High amount of CNTs.

Need for a catalyst for
decomposition of
hydrocarbons.

High density of both local
and topological

defects.
INEN
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Synthesis

Fatodo . Anodo

D1=19.26 nm

150.000x




A La Ferrari F200%vasa
concentrate of
nanotechnology

A Carbonnanotubebrakes

A Car body madef ultra-
light material obtained
using carbomanotubes

A Specialtyre compound
usingC nanotubes
composites
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Symbiosis Car: Symbiosis Vehicle Runson
Solar Piezoelectric Energy

Samsung Flexible Mobile: display technology

known as an OLED (organic light emitting diode)
(active matrix light emitting diode) screen. As

the OLED pixels create their own light  source,

they dondt need a backcreéni ght
technology , but the circuitry to control the pixels

Is fused into glass.

INFN - Laboratori Nazionali di Frascati



Namateebhologygn Re8tesaboation!

Calcium hydroxide nanodispersions used for nanocleaning ; TEMImages of two
nano -sized particles in suspension
Ca(OH)2 hexagonal (A),
CaCO3 prismatic (B)

Beato An g e | ifresoodas San Ma r ¢ @AlBbsey in Florence
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Wake Forest
University's Center
for Nanotechnology
and Molecular
Materials

nlype semiconducior

Il Power Felt & in grado di

di un At di 17°C.
ir‘(' remen [’1["'1(' 1

notubi di carboni

\

Power Felit Lyyer

' Fover Foit Layer

At la

\ § s
gl strati) del

or

Powes Felt Layer "

produrre 01

superncie \o I1a

ncrementare 'energia prodotta

.
f
' '
prtype semi condocter | e
. ' ' Al
' L] '
' v o
r

rhrrx ensio

"
.

Elpctnca
Chage Ot

vimq In presenza

1. IL POWER FELT




Hi gh UV protection through
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S - OF NANOTECHNOLOGIES

APervasive and enabling technology
A Utilization of Nanotechnology is  found everywhere ( ubiquitous technology)

A Solar energy, batteries, weapons, instrumentation design and manufacture...
In any application area, = nano -technologies could play a role in the future

A Given the multiplicity of their uses, we must necessarily be concerned about
their impact on the environment and human health , In particular on
professionally exposed workers.

e-mail: bellucci@Inf.infn.it INFN - Laboratori Nazionali di Frascati



IMPACT OF NANO

ON HEALTHAND

ENVIRONMENT



RONMENT AND HEALTH
Possible instability of certain nanostructures

AE. g. potential problem from ofu
can bind to DNA, hence affecting structure, stability and biological
functions of DNA molecules

INQIL
WHITE BOOK

EXPOSURE TO ENGINEERED
NANOMATERIALS
AND

OCCUPATIONAL
- "‘Q:." o e z 2 :;E,gLTH
o::g.:éé Nan SAFETY EFFECTS
v~ and

Nanodevices .

in Biological

Applications

The INFN Lectures — Vol | sl

The Notional Network

for the dentification of

preventve and protective

measures related 1o the occupational
oxposure 10 nanomaterals (NanQSH Itala)

Springer

Research Edtion 2011




GRAND CHALLENGES OF
NANOTECHNOLOGY

AThe materials are difficult to handle and it is
difficult to keep them stable.

AUnderstanding the characteristics of nano
materials

AA single particle of silicon does not
behave like bulk silicon

ADependence on size, shape, and
surroundings of the particle (e.g.  bio
corona )

e-mail: bellucci@Inf.infn.it INFN - Laboratori Nazionali di Frascati
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NANOPARTICLES PRODUCED DURING
COMBUSTION PROCESSES

A Epidemiology

A Toxicology

Nanoparticles inusein Industry \‘/
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Oh 24h 72h
||:| CTRL OCNTs 0.001 mg/ml ECNTs 0.01 mg/ml BCNTs 0.1 mg/ml|

Effects of MWCNTs on the proliferation of the human arterial smooth muscle cells (hSMCs). The cells
were treated with  MWCNTs at concentrations from 0.001 to 0.1 mg ml I for 24 and 72 h. Cell
proliferation was determined by a count performed by a particle count and size analyzer . Each
column represents the mean value * SD of three separate experiments performed in duplicate .z p <

0.01 versus CTRL

Carbon nanotubes toxicology and effects on metabolism and immunological modification in vitro and in vivo

M Chiaretti, G Mazzanti, SBosco, SBellucci, A Cucina, FLe Foche, GA Carru, S Mastrangelo, A Di Sotto, R Masciangelo, AM Chiaretti, C
Balasubramanian , G De Bellis F Micciulla, N Porta, G Deriu, A Tiberia - Journal of Physics.: Condensed Matter Volume 20 Number 47 ,
26Nov . 2008
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uman and
was carried out on
human colorectal, breast and
leukemic cancer cell lines in vitro,
while having no effect on proliferation
and viability of normal human arterial
smooth muscle cells and human
dermal fibroblasts in vitro.
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Growth inhibition , cell -cycle alteration and apoptosis in stimulated human peripheral blood lymphocytes by multiwalled carbon nanotube buckypaper |,

O Zeni, A Sannino, SRomeo, FMicciulla, SBellucci, MR Scarfi Nanomedicine
Cytotoxicity of Multiwalled Carbon Nanotube Buckypaper in Human LymphocytesO Zeni, A Sannino, S Romeo, MR Scarfi, L Coderoni , F Micciulla,

Sacco, ...
Sensorsand Microsystems , 489-493 (2011)

, 1-10 (2014)

SBellucci

Toxicological and biological in vitro and in vivo effects of carbon nanotubes buckypaper
Semiconductor Conference, 2009. CAS 2009. International 1, 107-116



Nanomedicine(§/totoxicity

Nanomedicines the preservatiorandimprovement
of human health using molecular tools and
moleculaknowledgefthehumanbody

Sinceovertwo decadeghe potentialenvironmental
and occupationalimpact is studied of carbon

nanotubeswhichexistin manydifferentformsand

can be chemicallymodified and/or functionalized
withbiomolecules

INFN - Laboratori Nazionali di Frascati



«Trraffic jams, LA California»




Accidental
Exposure to
NP originating &
In combustion
processes

NP diesel, soldering fume,
termodegradation of plastics

Accidental
Exposure to
newly
synthetized
and modified/
functionalized
NP

Carbon nanotubes

e-mail: bellucci@Inf.infn.it

Accidental
Exposure to
newly
synthetized
materials

Deliberate
Esposure
deliberata
to NM in
biomedicine
Dendrimers,
fullerenes,

guantum dots

INFN - Laboratori Nazionali di Frascati
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Nanomedicine as a
single cell medicine

N

Robert A, Freitas Jr,

Nanomedicine

Volume |: Basic Capabilities

é orrdingefpirimsg e rd ]pdaiym



Drug,
oligonucleotides

(treatment)

Chromophore

(monitoring, imaging)

e e

PNT-SS-ASO

Antibody
(targeting, treatment)

Contrast agent
(monitoring, imaging)

m'G LLRL RN L R L R A A AAAA

X RNaseH
G-

T-lymphocyte

Nanotubes as seen by a
physicist / chemist

Modified by a
pharmacologist

Studied by a biologist

Seen by a physician



NANOMATERIALS CAN BE ALSO MADE BY
ORGANI C AND | NORGANI

Fluorescent



MULTIFUNCTIONAL NANOPARTICLE:

- CAPABILITY TO CARRY ONE OR MORI
THERAPEUTIC AGENT:

Core constituent
material

- MOLECULES FOR TARGETIN:!

(CONJUGATED ANTIBODIES OR OTHEI | imsgine pavioaa  meditier
AGENTS FOR RECOGNITION) 2 z:zg %9?:;;”9 -

Contrast enhancer
- ELEMENTS FOR SIGNAL AMPLIFYING AN | =< Permeation enhancer

FOR RECOGNITION;

- ELEMENTS FOR STABILIZATION
(CONSERVATION IN CIRCLE) AND FOR
ENHANCING CAPABILITY TO PENETRATE



Synthesis and characterization

T

a ' | b

500nm

Fig 1: Multi-walled carbon nanotubes before (a)
and after (b) oxidation in nitric acid.

The oxidized CNT (CNT-COOH) were shorter and
straighter (Fig. 1b).

e-mail: bellucci@Inf.infn.it
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Synthesis and characterization

CNT-COOH

+
HzN(CH,);Si (OCH,CHy)y

CNT-APTEOS

0 o
4 /
: \ ; \
OH NH (CH;):Si (OCH.CHy)
+
DCC

| — s £ A

Fig. 2: Scheme for preparing the
CNTT1 nanoparticle composite.

(a) Oxidation and preparation of the
CNT-APTEQOS precursor.

(b) Formation of silica nanobeads in
reverse micelles in a water-in-oll
microemulsion. Nanobeads are
covalently linked to the CNT only at
locations functionalized with triethoxy-
silane groups (dots inside the micelles),
while the bare graphitic wall of the
pristine CNT did not associate with
reverse micelles.

Their carboxylic acid groups greatly facilitated their dispersion in
aqueous solutions, as well as their further functionalization (Fig. 2a).

e-mail: bellucci@Inf.infn.it
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Synthesis and characterization

Using these procedures, we obtained new CNTI nanocomposites
with covalently attached silica nano-beads. Non-oxidized CNT (with
negligible COOH content) do not support any composite formation.

b . .':(D,‘- 4 -

Fig. 3: Transmission electron
microscopic images of the
CNTT nanocomposites
prepared using conditions for
small (ar c) or large (di i) silica
nanobeads.

The arrow in panel (a)
Indicates a nanobead at the
tip of the CNT.

The arrow in panel (i)
indicates a polymerized silica
inside a CNT.

100nm

e-mail: bellucci@Inf.infn.it 50



Cytotoxicity of MWNT: apoptosis on PBL

A. Jurkat
Hoechst annexinV
o - -
1ng CNTs/cell
A.
o - -
75 Jurkat ‘
= dene
> 604 /’J.
8 10 ng/cell .~
S ¥ ~
a r”
3 » *A//
o .
3t 154 1 ngl/cel
il e S ~_ control
) ——p— \
0 25 50 75

O

% apoptotic cells

Jurkat

Immunofluorescence images of untreated
Jurkat cells (upper panels) and cells treated

24 h with oxidized MWNT.

e PBL e
10 ng.'cel!_ A
,/’ »
2)- > A
o~
i -
15+ o 1 nglcell_5
s—:—"“!‘ ———
- o ~o
F"_ —F
—~—  —
J | L} \V - L}
Q 25 50 T3

CNTs induce apoptosis of human T cells.

B. At higher magnification annexin V positive
Jurkat cells show pyknotic nuclear DNA
condensation and membrane blebbing,

two typical features of apoptotic cell
death.

Time course of Jurkat cell
apoptosis after treatment
with 1ng/cell (open
triangles) or 10 ng/cell
(filled triangles) of
oxidized MWNT.

Time course of human
peripheral blood
lymphocytes (PBL)
apoptosis after treatment
with 1ng/cell (open) or 10
ng/cell (filled) of pristine
(squares) or oxidized
(triangles) MWNT.
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SAFE USE O

NANOTECH g

IN HEALTH



EXAMPLEBIOCEMENT4 BONES

Microfractures : skull, vertebrae

Balloon Inserted info Balloon inflated
fractured vertebra inside damaged
vertebra
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Iron oxide nanoparticles, with diameters
10,000 times smaller than that of a human hair, g
can easily penetrate cancer cells and wreak
significant damage once inside, to

fight a particularly aggressive form of brain
cancer called glioblastoma, but which can
be used to treat other forms of the disease.

The image shows nanoparticles surrounding cancer cells.

The procedure involves coating the tiny iron oxide particles
with an organic substance, such as the sugar glucose, and
Injecting them into a malignant tumor. The tumor, which has a
fast metabolism and correspondingly high energy needs,
greedily sucks up the little particles masquerading as sugar
pellets of a sort. Healthy cells, instead, show little interest.

INFN - Laboratori Nazionali di Frascati



NANOTECH FOR TUMOR HERAPY

A The magnetic field heats up nanoparticles in the
malignant tissue to temperatures up to 45 degrees
Celsius. Heat destroys many of the cancer cells in and
around the tumor or weakens them to a point that they are
more effectively treated with radiation or chemotherapy.

The treatment is automatically recorded.

Herein the temperature of the tumor (red) - fam e
and other body -temperatures are registered Y STE—

e-mail: bellucci@Iinf.infn.it INFN - Laboratori Nazionali di Frascati



In many pre-clinical tests the characteristics of nano-
particles were optimized. Here: Accumulation of nano-

particles in tumor tissue (RG-2 glioblastoma of the rat).

A The treatment, known as magnetic fluid hyperthermia,
was successfully used in 2003 for extending the lives of
laboratory rats which were implanted with malignant brain
tumors. The rats receiving the nanotherapy lived four
times as long as rats receiving no treatment.

Images source: MFH Hyperthermiesysteme GmbH and MagForce Applications
GmbH, Berlin, Germany

-mail: bellucci@Inf.infn.it . . . .
e-mail: bellucci@In.infn. INFN - Laboratori Nazionali di Frascati



e-mail: bellucci@Inf.infn.it

A Subsequently the new technique was applied on 15 patients
suffering from Glioblastoma multiforme, the most common
primary brain tumor and the most aggressive form of brain
cancer (life expectancy prognosis in humans: 6-12 months).

precise thermotherapy of target areas in almost every

2gion of the body is possible (here: Thermotherapy of
he orbita up to a maximum temperature of 49°C).

| &\“\g&.

A The treatment is particularly attractive to doctors working with
tumors in the brain since the nanoparticles are placed in the
malignant tissue by means of an extremely precise electronic
navigation system. So they can reach tumors that lie outside the
reach of conventional surgical treatment, such as those situated
deep in the brain or in regions that are responsible for essential
tasks like speech or motor functions.

INFN - Laboratori Nazionali di Frascati
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