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ARTICLE INFO ABSTRACT

Article history: This review describes the fundamental aspects of pulsed laser interaction with plasmonic nanostruc-
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plasmonics and begins with a short review of the basic theory of plasmon excitation and optical proper-
ties of nanoscale metallic structures. Fundamentals of short and ultrashort laser pulse interaction with
plasmonic nanostructures in a water environment are then discussed. Special emphasis is put on the con-
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ﬁ?; vc\)/;;ﬁ;cles sequences of the irradiation on the surrounding environment of the nanostructure, including heating,
Nanophotonics low-density plasma generation, pressure wave release and formation of vapor bubbles. The paper is con-
Plasmonic nanobubbles cluded with a review of different applications of pulsed-laser interaction with plasmonic nanostructures
Ultrafast laser for cell nanosurgery, including photothermal therapy, plasmonic enhanced cell transfection, molecular
Biomedical applications surgery and drug delivery.

© 2013 Elsevier B.V. All rights reserved.

Contents

B 015 oo 1E T 5 ) o 27
2. Optical properties of PlasmMONIC MANOSIIUCLUIES ... ... uuu.tettee ettt e ettt e et te e et aee e et aee e e aae e e e aeesaneeeaaneeeenaeessnaeeeennneeees 28
b2/ DR o F: T 03 To) o L U Ua 0] =1 0 ) o 10 (kY] 5 T 1o Lol 28

2.2. Size and geometry dependence of plasmon resonance 29
2.2.1. NanOPartiCles......oeeuuieeiiiie et 29

222, Nanoshells........oouuiiiiiii e 29

223, Nanorods...........eevviineneeeanns 29

2.2.4. Other types of nanostructures...... 29

3.  Optical excitation of plasmonic nanostructures... 30
3.1. Plasmon excitation and decay.............. 30

3.2, Thermalization Of the @lECIIONS . . ...ttt ettt ettt ettt ettt ettt e e ettt et ettt e e e e e et e e ettt e e e e eeeaaaes 31

3.3. Thermalization of the electrons with the phonons in the NANOSIIUCIUIE . ... ...ttt e ee et iee e ie e e eeaaeaeas 31

3.4. Energy transfer t0 the @NVITONMIMIEIIT. ... ...ttt ettt ettt ettt et e e et e et e ettt e e et e e e e e e e an e e et e e e atnseeanneeennnnns 31

4. Fundamentals of short and ultrashort laser pulse interaction with plasmonic nanostructures in Water.............eeeeeereeeeeereennnnnnnnnnnn. 32
4.1. Heating of NANOPArtiCle and Watlr . ... ..outt ettt ittt ittt ittt et et e e et e e e e ee e et e e e e ee e e e ee e aaeeeaaeeeaaaaeeas 32
0 O Y 1o o 510} Y8 (< 4 10 3 = 32

5 0 1 = T 1 1o w51 E ) Y8 (< 24§03 (< 32

SV 10 To ol o 1015] o) (3 N Tl (=T (o) o 00 I ) P 33
4.2.1. Heat-mediated bubble NUCIEAtION. . ......coiii ittt et e ettt et e ettt es 33

4.2.2. Plasma-mediated bubble NUCIEAtION . ..ottt ettt ettt ettt 34

e JO 5 8151 0] (I |40 T U 0 (o3 37

4.4, Experimental methods for DUDDIe deteCtion. ... ... .iiiiu ittt ittt ittt ettt e ettt et e ettt ee e e e e e ee e e iaeeeannnns 38

4.5. Characterization of nanobubbles induced by ShOrt 1aser PUISES. . ........iiiiii ittt et et e e iee e ieeeeeanns 39
4.5.1. Geometry dependence of the bubble formation threshold ..............ooiiiiiiiiiii i e et 39

* Corresponding author. Tel.: +1 514 340 4711x4971; fax: +1 514 340 3218.
E-mail addresses: etienne.boulais@polymtl.ca (E. Boulais), remi.lachaine@polymtl.ca (R. Lachaine), ali.hatef@polymtl.ca (A. Hatef), michel.meunier@polymtl.ca
(M. Meunier).

1389-5567/$20.00 © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jphotochemrev.2013.06.001


dx.doi.org/10.1016/j.jphotochemrev.2013.06.001
http://www.sciencedirect.com/science/journal/13895567
http://www.elsevier.com/locate/jphotochemrev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochemrev.2013.06.001&domain=pdf
mailto:etienne.boulais@polymtl.ca
mailto:remi.lachaine@polymtl.ca
mailto:ali.hatef@polymtl.ca
mailto:michel.meunier@polymtl.ca
dx.doi.org/10.1016/j.jphotochemrev.2013.06.001

E. Boulais et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 17 (2013) 26-49 27

4.5.2. Pulse width dependence of the bubble formation threshold........... ... e 39

4.5.3. Impact of the vapor bubble on the NPs environment 39

454,  Comparison With theoretiCal TESUILS ... ...ttt ettt ittt ettt ettt e e e e e e et e e ee e e e e e e aeeaaannnas 40

4.6. Characterization of nanobubbles induced by Ultrashort Iaser PUISES .. .......ieiuie ettt e iee e e eaiaaaas 40

4.7. Melting and fragmentation Of the NANOSIIUCLULE . ... ...\ttt ettt ettt et ettt et e et e ettt e e e et ae e et aae e e eaaneeeanaeeeannneenes 40

5.  Plasmonic enhanced pulsed-1aser Cell MANMOSUIZEIY . .. .. .uu. ettt ettt ettt ettt ettt et e e et e et ae e et e e e aae e e et s e aenneeennnnns 40
5.1.  Plasmonic Photothermal theraDY ... .ou ittt ittt ettt ettt et et ettt et e et e e e e, 41

ST Y/ o) (=T 11 Y Y <) 2 N 42

5.3. Cell membrane optoporation and tranS eCtiON . ... .. ..u. ittt ittt ittt ettt it e ettt 44

ST S B ) 4 U= a 1<) 117 44

L ) ol L) (o o 45
a1 10T (T o v 3 <] 3 46
References 46

Etienne Boulais is currently a postdoctoral fellow in the
Laboratory for Computational Biology and Biophysics at
the Massachusetts Institute of Technology. He received a
Ph.D. in Engineering Physics from Ecole Polytechnique de
Montréal, Canada, working under the supervision of Pr.
Meunier in 2013. His research thesis concerned the devel-
opment of computational methods for the modeling of
the interaction of ultrashort laser pulses with plasmonic
nanoparticles in water and the development of novel laser
cell transfection techniques. His current research interests
focus on DNA nanotechnology and the use of plasmonics
and excitonics for the development of artificial photosyn-
thetic devices.

Remi Lachaine is currently a Ph.D. candidate at Ecole
Polytechnique de Montréal under the supervision of Pr.
Meunier. His research thesis concerns the development
of optical techniques for the detection and characteriza-
tion of plasmonic nanobubbles and the development of
laser-based cell nanosurgery.

Ali Hatef is currently a postdoctoral fellow in the Laser
Processing and Plasmonics Laboratory at Ecole Polytech-
nique de Montréal. He completed an honours bachelor of
science and master degree in Physics at the University
of Shiraz, in Iran. He then completed a Ph.D. in Physics
at the University of Western Ontario, Canada, in 2011.
His current research interests involve the development of
computational tools for the analysis and optimization of
plasmon-based laser cell nanosurgery technology.

Michel Meunier received the B.Ing. and M.A.Sc. degrees
in Engineering physics from the Ecole Polytechnique de
Montréal in 1978 and 1980, respectively, and the Ph.D.
degree from the Massachusetts Institute of Technology in
1984. He is currently the Director of the Laser Processing
and Plasmonics Laboratory, in the Engineering Physics
Department at the Ecole Polytechnique de Montréal. For
33 years, he has been involved in laser processing of
various materials and biological applications, and he has
published over 330 papers in this field. He is a Fellow of
the Society of Photo-Optical Instrumentation Engineers,
Optical Society of America and of the Canadian Academy
of Engineering. He holds a Canadian Research Chairin laser
micro/nanoengineering of materials.

1. Introduction

The past few years have seen the unfolding and rapid evo-
lution of the field of plasmonics and in particular of the field
of nanoplasmonics. The ability to produce and control electric
fields on nanoscale dimensions below the light diffraction limit

[1,2] allows the development of novel science and technology
that find applications in a wide variety of domains. Plasmonic
nanostructures are for instance being involved in the design of
light-harvesting components to enhance the efficiency of solar cells
[3] and photodetectors [4]. They also enter in the development of
new techniques aiming to improve current data storage capabil-
ity [5,6] and are used as nanometric optical tweezers to trap and
manipulate nanoscale objects [7]. Near-field optical spectroscopy
enables optical measurement at dimensions below the diffraction
limits [8]. DNA-based strategies are currently being developed to
self-assemble them into plasmon molecules and tridimensional
complex structures [9,10]. They can be assembled to construct
optical components [11], new sources of coherent highly local-
ized optical fields known as spaser [12,13], or even nanoscale laser
sources [14-16]. Very precise biochemical sensors [17] can also
be realized, with resolution down to the single molecule [18], by
exploiting either the plasmon resonance of nanoparticles arrays
[18-20], the so-called Fano resonance of more complex systems
[21,22] or the localized enhancement of the Raman signal (Surface
Enhanced Raman Spectroscopy, also known as SERS) [23,24].

Nanoplasmonics also offers new therapeutic possibilities, in
particular concerning cancer treatment. Continuous wave laser
interaction with functionalized nanospheres [25-28], nanorods
[29-32] and nanoshells [28,33-36] is used to generate heat [37-39]
and destroy cancer cells. Hybrid structures coupling plasmonic
enhanced cell laser heating to conventional chemotherapy further
increase the efficiency of the hyperthermia treatment [40-44].

This review covers the interaction of short and ultrashort laser
pulses with plasmonic nanostructures. The high intensity optical
fields involved can be exploited to interact very precisely with the
environment. When nanostructures are deposited on solid sur-
faces, irradiation may produce sub-wavelength ablated features
that could provide alternative to current nanolithographic pro-
cesses. When nanostructures are in the vicinity of cells, pulsed laser
irradiation yields to nanoscale vapor bubbles that can be used for
diagnostic and therapeutic purposes. Sub-cellular and molecular
structures can be affected with unrivaled precision. Cell mem-
branes may be disrupted, enabling the transfer of drugs, DNA, or
RNA molecules into the cytoplasm without inducing any perma-
nent damage. More drastically, selective lysis of the cell may also
be induced. Nanoplasmonics hence offers new therapeutic avenues
for cancer and other diseases.

This review is divided into three major parts. It begins with
an overview of the basic theory of plasmon excitation and opti-
cal properties of nanoscale metallic structures. The fundamentals
of short and ultrashort laser pulse interaction with a plasmonic
nanostructure in a water environment are then discussed, with a
special emphasis on the consequences of the irradiation for the
surrounding environment of the nanostructure, including rapid
heating, low-density plasma generation, pressure wave release and
formation of vapor bubbles. The paper is then concluded with
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