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Nanotheranostics
anatomy of a nanotheranostic agent

A retrospective analysis showing Phase Il clinical trial of
Intratumoural drug dose painting by MRI with that tumour uptake can define a ThermoDox for
liposomes containing Dox and Mn (REF. 38) set of patients who would benefit hepatocellular
from nanotherapy*® carcinoma treatment??
Liposomal doxorubicin (Doxil) [ |
approved by the FDA First human clinical trial of Cornell dots® Nanoreporter PET-MRI
predicts the efficacy
Bevacizumab enhanced 1|n-labelled HPMA copolymer-Dox of anti-cancer
Abraxane delivery in patients™" formulation tested in a phase Il trial"’ nanomedicines?>2*

1995 1999 2001 2004 2005 2007 2008 2009 2011 2012 2014 2015 2016

9mTc-labelled Abraxane approved by the FDA Ferumoxytol as an imaging
Doxil evaluated in agent to predict efficacy of
a phase | study®® nanotherapy?

Clinical trial of targeted siRNA- [
delivering nanoparticles (CALAA-01)

"1|n-labelled, PEGylated zirbsj;‘::\:\s;nr:&g:;géng of
liposome tgstedmm Phase | clinical trial of active-targeting %Ga-labelled truncated EB6
human patients polymeric nanoparticles (BIND-014)
|
In-depth analysis of the impact of size on micelle Phase Il trial of **"Tc-PEGylated

accumulation in tumours of varied permeability*? liposomal doxorubicin in combination
| with cisplatin for malignant pleural

Adjuvant-loaded nanoparticles conjugated on mesothelioma therapy*®
T cells for adoptive cell therapy***

Chen, H. et al. Nat Rev Mater, 2017, 2, 17024.



Nanotheranostics
the EPR effect
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the average tumour uptake of nanoparticles is only 0.7% of the injected dose

Wilhelm, S. e al. Nat. Rev. Mater. 2016, 1, 16014.
Chen, H. et al. Nat Rev Mater, 2017, 2, 17024.



Nanotheranostics
enhancement of the EPR effect

engineering nanoparticles

small NPs NP shrinkage : NP expansion magnetic guidance

1

I o
1

O > @® | 0= <
! 7
stimulus : stimulus
I
tumor penetration : tumor retention

modulating tumor microenvironment

PDT/ultrasound radiotherapy/immunotherapy

@
/
\

increase blood vessel leakiness kill perivascular cancer cells

Chen, H. et al. Nat Rev Mater, 2017, 2, 17024.



liposomes

Nanotheranostics
anatomy of a nanotheranostic agent

polymers

inorganic materials

©® Fluorophore

@ Radioisotope

© MRI mediator

Chen, H. et al. Nat Rev Mater, 2017, 2, 17024.




Nanotheranostics
anatomy of a nanotheranostic agent

Therapeutic agent

Diagnostic agent

Targeting ligand

Diagnostic agents Therapeutic agents
m Positron emission tomography: $4Cu and %8Ga m Chemotherapy: doxorubicin and paclitaxel
®m Magnetic resonance imaging: Gd3*, Mn?*, m Radiation therapy: Au, Hf, and Gd

and iron oxide nanoparticles ® Immunotherapy: cancer vaccines and
B Ultrasound imaging: microbubbles immune checkpoint inhibitors
® Computed tomography: | and Au m Photodynamic therapy: indocyanine green
B Optical imaging: quantum dots and fluorophores m Photothermal therapy: Au nanostructures

B Single-photon emission computed tomography: *°™Tc and 2>l m Gene therapy: small interfering RNA, plasmids,

B Photoacoustic imaging: Au nanostructures and porphyrin and CRISPR

Chen, H. et al. Nat Rev Mater, 2017, 2, 17024.



Plasmonic Nanoparticles
geometric vs optical cross-section

Oabs = Ogeom Oabs = Ogeom

light source light source

sSmonic resonan

black body metal nanosphere



Outline

Theranostics
Definitions
The EPR effect

Most common theranostic agents

Plasmonic Resonance

History
Absorption cross-section

Plasmonic resonance as a function of shape, size,
aggregation, and composition

Plasmonic Gold Nanoparticles in vivo
Development of a theranostic in vivo model

Plasmonic nanobubble-guided surgery




Plasmonic Nanoparticles
history

8th century BC

4th century 17th century 19th century

Amendola, V. et al. J. Phys.: Condens. Matter. 2017, 29, 48.



Plasmonic Nanoparticles
history

1852: ‘Experimental Relations of Gold (and Other Metals) to Light’

described the Au colloid solutions as
‘a beautiful ruby fluid’,
and attributed the effect to
‘a mere variation in the size of particles’

Michael Faraday

Amendola, V. et al. J. Phys.: Condens. Matter. 2017, 29, 48.



Plasmonic Nanoparticles
history

1908. N 3.

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 25.

1. Beitrdge zur Optik triiber Medien, 8peziell
kolloidaler Metallésungen;
von Gustav Mie.

Gustav Mie

Mie theory is an exact analytic solution to Maxwell’s equations
for spheres with an arbitrary size

Amendola, V. et al. J. Phys.: Condens. Matter. 2017, 29, 48.



Plasmonic Nanoparticles
electronic interaction with electromagnetic field
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A T electron cloud

electric field

bulk gold metal nanospheres

Second reference - if needed Kobayashi, S. e al. Tetrahedron 1993, 1761.
First reference Cotte, M. et al. Acc. Chem. Res. 2010, 43, 705.




Plasmonic Nanoparticles
dielectric constant of noble metals

Drude’s free electron model

2
w
ew) =1— P
w(w +iyy)
’y(l ) =y ﬁ damping constant
. b lotr related to mean free path
4V/S
for noble metals:
2
i W
g(w) = () +1— P
@) @ w|w + iy (lg)]

N

interband contribution (E > 55 kcal/mol)

Dielectric constant

20

N
S
1

A
e

>
b
L

-80-

-100

Hartland, G. Acc. Chem. Rev. 2011, 111, 3858.




Plasmonic Nanoparticles
dielectric constant of noble metals

separating into imaginary and real components
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Hartland, G. Acc. Chem. Rev. 2011, 111, 3858.




Plasmonic Nanoparticles
absorption cross-section of GNPs

Mie theory
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Hartland, G. Acc. Chem. Rev. 2011, 111, 3858.



Plasmonic Nanoparticles
shape and composition

Nanospheres | Nanotriangles/prisms
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Amendola, V. et. al. J. Phys.: Condens. Matter. 2017, 29, 48.



Plasmonic Nanoparticles
shape and composition
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Amendola, V. et. al. J. Phys.: Condens. Matter. 2017, 29, 48.



Extinction

Plasmonic Nanoparticles
shape and composition

Nanotriangles/prisms
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Amendola, V. et. al. J. Phys.: Condens. Matter. 2017, 29, 48.



Plasmonic Nanoparticles
plasmon-plasmon coupling
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Guo, L. et al. Nano Today 2015, 2, 213.



Plasmonic Nanoparticles
plasmon excitation timeline

e-h pair excitations e—e scattering e—-ph scattering ph-ph scattering

non-equilibrium quasi-equilibrium thermal
A distribution distribution A equilibrium
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® Hot e~
Hot h*
. »>
Population Population Population
plasmon excitation Landau damping carrier relaxation thermal dissipation
t=0s t=1-100 fs t=100fs to 1 ps t =100 ps to 10 ns

Brongersma, M. et al. Nat. Nanotechnol. 2015, 10, 25.



Plasmonic Nanoparticles
energy dissipation and the medium

PARTICLE MEDIUM
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Hashimoto, S. et al. Photochem. Photobiol. 2012, 1, 28.



Plasmonic Nanoparticles

photothermal ablation
MEDIUM
hv
\ SiO,
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gold-silica nanoshell heat transfer
EPR effect
¥ \
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cavitation generation

Rastinehad, A. et al. PNAS 2019, 116, 18590.



Plasmonic Nanoparticles

photothermal ablation
MEDIUM
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Plasmonic Nanoparticles

photothermal ablation
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Rastinehad, A. et al. PNAS 2019, 716, 18590.



Plasmonic Nanoparticles
photoacoustic effect
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Mallidi, S. et al. Trends Biotechnol. 2011, 29, 213.



Plasmonic Nanoparticles
photoacoustic effect
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Mallidi, S. et al. Trends Biotechnol. 2011, 29, 213.



Plasmonic Nanoparticles
photoacoustic effect
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GNP as Theranostic Agents

in vivo model

light source

probe radiation
pump laser pulse

- _/\

angle-specific
positive signal

integral negative
detector I \ / signal

Wagner, D. et al. Biomat. 2010, 31, 7567.
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GNP as Theranostic Agents

in vivo model

internalized
NPs

NP membrane internalization single pump ablative PNB
coupling laser pulse
Diagnosis Therapy

Wagner, D. et al. Biomat. 2010, 31, 7567.



GNP as Theranostic Agents

in vivo model

bright field

fluorescence of dye

side-scattering

Photodetector signal (V)
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Wagner, D. et al. Biomat. 2010, 31, 7567.



GNP as Theranostic Agents

in vivo model

Wagner, D. et al. Biomat. 2010, 31, 7567.



GNP as Theranostic Agents

in vivo model

Diagnosis

Therapy

labeled cancer
cells

Wagner, D. et al. Biomat. 2010, 31, 7567.



GNP as Theranostic Agents

in vivo model

bright field

fluorescence of dye
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Wagner, D. et al. Biomat. 2010, 31, 7567.



Plasmonic Nanobubble-Guided Surgery

motivation
microscopic (or minimal) residual disease, MRD often comprises just tens of cancer cells
-
(head and neck squamous cell carcinoma) cause lethal recurrence
palpation and radiographic imaging > not sensitive enough
pathological analysis of surgical margins > slow and often inaccurate
resect large margins of normal tissue > often fails while causing high morbidity
post-operative radiation or chemoradiation therapies > increase morbidity and cost

detect MRD in solid tissue in vivo with single cancer
cell sensitivity and in real time

Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.



Plasmonic Nanobubble-Guided Surgery

in vivo model

Tumour

EPR effect

antibody specific
interactions

Gold
cluster

formation of clustres
of GNPs

three consecutive stages of selectivity

Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.



Plasmonic Nanobubble-Guided Surgery

in vivo model

Laser pulse Acoustic detector
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Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.




Photodetector output (mV)

endoscope

782 nm, 30 ps,
70 mJ/cm?

= control

Plasmonic Nanobubble-Guided Surgery
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Plasmonic Nanobubble-Guided Surgery

in vivo model

endoscope 3 cells, 1 mm
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as little as 3 cancer cells can be acoustically detected upon irradiation

= pefore injection
== GNP-pretreated cells
Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.



ug of Au/g of wet tissue

Plasmonic Nanobubble-Guided Surgery

in vivo model
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NPs accumulated primarily in the tumor and did not display any cytotoxic effects

Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.




Resectable MRD

primary resection
in new location

Unresectable MRD

primary resection
in new location

Plasmonic Nanobubble-Guided Surgery

PNB-qguided surgery: algorithm

negative
apply PNB probe, —
read 1 or 3 signals positive

negative
apply PNB probe, -

positive

read 1 or 3 signals

Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.

resect the probe
footprint 3 x 3 x 1 mm

apply max safe energy
to probe footprint



Plasmonic Nanobubble-Guided Surgery
PNB-guided surgery: Resectable MRDs
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PNB generation allows for real time cancerous cell detection and treatment

Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.
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Plasmonic Nanobubble-Guided Surgery
PNB-guided surgery: Resectable MRDs
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Lukianova-Hleb, E. et al. Nat. Nano. 2016, 11, 525.




Questions?

Wang, G. et. al. ACS Nano, 2016, 2, 1788.



