30. Plasmonic Nanomaterials for Nanomedicine

Renat R. Letfullin, Thomas F. George

Plasmonic nanoparticles are being researched as
a noninvasive tool for ultrasensitive diagnostic,
spectroscopic, and, recently, therapeutic tech-
nologies. With particular antibody coatings on
nanoparticles, they attach to abnormal cells of
interest (cancer or otherwise). Once attached,
nanoparticles can be activated/heated with ul-
traviolet (UV)/visible/infrared (IR), radiofrequency
(RF) or x-ray pulses, damaging the surrounding
area of the abnormal cell to the point of death.
Here, we describe an integrated approach to
improved plasmonic therapy composed of nano-
material optimization and the development of
a theory for selective radiation nanophotother-
molysis of abnormal biological cells with gold
nanoparticles and self-assembled nanoclusters.
The theory takes into account radiation-induced
linear and nonlinear synergistic effects in biologi-
cal cells containing nanostructures, with focus on
optical, thermal, bubble formation, and nanopar-
ticle explosion phenomena. On the basis of the
developed models, we discuss new ideas and
new dynamic modes for cancer treatment by
radiation-activated nanoheaters, which involve
nanocluster aggregation in living cells, microbub-
bles overlapping around laser-heated intracellular
nanoparticles/clusters, and the laser thermal ex-
plosion mode of single nanoparticles (nanobombs)
delivered to cells.

30.1 Introduction

In recent years, there has been a tremendous increase in
research at the nanoscale for materials (see, for exam-
ple, [30.1], and references in this handbook). One partic-
ular area is the application of plasmonic nanoparticles to
enhance the diagnostic and treatment methods available
for cancer [30.2-8]. The application of nanotechnol-
ogy for laser thermal-based killing of abnormal cells
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(e.g., cancer cells) targeted with absorbing nanoparticles
(e.g., gold solid nanospheres, nanoshells or nanorods)
is becoming an extensive area of research. Studies have
shown that, by coating the surface of nanoparticles with
a specific protein (a targeting agent, normally an anti-
body), the nanoparticles will bind to a complementary
protein such as found on a cancer cell [30.3, 7-12], as
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shown in Fig. 30.1a. After the nanoparticles are bound
to the cancerous cells, they can be heated with electro-
magnetic radiation (UV/visible/IR, RF or x-ray pulses),
inducing a variety of effects around the particles [30.7,
9, 11, 12], as shown in Fig.30.1b. The heated particle
can cause the cell to experience hyperthermia, result-
ing in surface-protein denaturing [30.13] and chang-
ing membrane permeability [30.14]. Alternatively, the
nanoparticle itself can heat to the point of melting, evap-
oration or explosion [30.5, 6], causing further damage
to cells. These effects can be used to increase the sen-
sitivity of photoacoustic diagnosis or aid in therapy,
such as selective photothermolysis, by selective thermal
killing of tumor cells into which absorbing nanoparti-
cles have been incorporated. The potential advantages
of these new photothermal sensitizers heated with short
laser pulses may include:

® Selective cancer-cell targeting by means of conjuga-
tion of absorbing particles (e.g., gold nanospheres,
nanoshells or nanorods) with specific antibodies
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Fig.30.1a,b Principle
of selective nanopho-
tothermolysis of cancer
cell. (a) Cancer cell
targeted with primary
antibodies (Ab) which
are selectively attached
to secondary antibod-
ies conjugated with
gold nanoparticles.

(b) Schematic of laser-
induced heating effects
around the particles

Gold

® [ocalized tumor damage without harmful effects on
surrounding healthy tissue

® Absorption at longer wavelengths in the trans-
parency window of most biotissues

® No undesired side-effects (e.g., cytotoxicity or cuta-
neous photosensitivity)

® Relatively fast treatment involving potentially just
one or several laser pulses.

Progress towards the development of selective nanopho-
tothermolysis technology requires the investigation of
new physical concepts and new approaches to the study
of short/ultrashort laser pulse interactions with biolog-
ical systems containing nanostructures. In this chapter,
we develop a theory for laser-induced linear and non-
linear synergistic effects in biological cells containing
nanostructures with focus on cluster aggregation, bub-
ble formation, and nanoparticle explosion phenomena.
The theory is based on our experience in theoreti-
cal studies relevant to nanoparticles [30.1, 5,6, 12, 15—
24].

30.2 Nanooptics = Lorenz=Mie Formalism

The optimal wavelength of laser radiation and optimal
size range of nanoparticles for effective laser killing of
cancer cells can be found by using an extended Lorenz—
Mie diffraction theory, taking into account the plasmon-
resonance absorption effect in metal nanoparticles. In
the most general case, calculations based on the Mie
theory are reduced to searching for the scattering matrix
of j particles, S/(0, ¢), consisting of four complex func-
tions, Si/ @,¢) (i=1,...,4),describing the amplitude

and phase of a scattered scalar wave in any direction.
Forward scattering (6 = (0°) contains the attenuation
process of an electromagnetic wave, and for the case
of spherical particles, S; = Si =0. We can limit the
description to a single scattering amplitude function

. . . 1 . .
$10) = 5/ = $}(0) = 5 E(zw D (af +0]) .
(30.1)
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The Mie coefficients a; and b; contain the characteris-
tics of the dispersal medium and are calculated through
the cylindrical Bessel function of the first kind v;(y)
and the Hankel function of the second kind &;(p), both
with half-integral indices

_ YD (p) — () (o)
V(&) —myn(»)E/(p)

b — my;(Ni(p) — yi(y)¥;(p)
(&) = Yi(E (p)

a

(30.2)

Here, m = mqy/m; is the relative value of the refrac-
tive index of the medium; my =ng—ixo and m; =n; —
ix; are the complex refractive indices of the par-
ticle material and the aqueous suspension, respectively;
p =2mrg/A is the Mie parameter; and y = 2mwrong/A,
Vi) = Gru/2)\ 2 IL) . 81) = (ru/2) P HYY) ), and
¥ = dy(u)/du. With knowledge of S/(0), it is pos-
sible to calculate the integrated optical performance
of the particles (i.e., the dimensionless efficiency
coefficients of scattering, Ksjca(p, ) = oda(p, i) /00,
absorption, K7 (p, ) = o (p,i)/0o, and attenua-
tion, K(p, M) = oly(p,)/og, of the radiation at
a given wavelength) as

j - 4 i
Kiu(p. i) = 75 Re[S'O)] .
i 2 = 12 12
Kica(p,ﬁz>=pZ<2l+1)“a,f\ +|#f] } :
=1

Ko (p.11) = Kext(p, i) — Keea(p, ), (30.3)

where k=27 /A is the wavenumber, and olea(p, i),
os(0. M), oly(p,m), and oy are the scattering, ab-
sorption, attenuation, and geometric cross-sections of j
particles, respectively.

In a simulation of electromagnetic wave propaga-
tion in a dispersed medium, our previously developed
effective algorithm [30.25] was used. Here, the cylin-
drical functions of real or imaginary arguments and
their derivatives, which occur in the expressions for the
Mie coefficients a; and b; (30.2), are calculated as the
ratio of the function and its derivative by using the re-
currence relationships for direct and inverse recursions.
Such an approach allows us to make an effective and
accurate determination of the optical properties of a dis-
persal medium over a broad range of Mie parameters,
p =2mrg/A =0.001—1500, below the diffraction limit
simultaneously with small and large values of the real
ng and the imaginary xo parts of the refractive index of
the particle’s and surrounding medium substance.

30.3 Optical Properties of Gold Nanoparticles in Biological Media

The Lorenz—Mie formalism (30.1-30.3) requires the
use of two dimensionless input parameters, p = 2mwrg/A
and 8 = pm, where m is the relative value of the
complex refractive index of the nanoparticles in the sur-
rounding medium at the wavelength A. We examine
the effects of the medium refractive index on the light-
absorbing properties of gold particles in suspension as
well as attached to a surface. Four media are used,
namely water, cytoplasm, cell membrane, and colla-
gen. The refractive indices of the media at the different
wavelengths and the results of the Mie theory calcu-
lations of the maximum light-absorption factor (K aps),
wavelength (Amax), and radius (rmax) for gold particles
in media of different refractive indices are listed in
Table 30.1. Results of computer simulations of the ab-
sorption coefficient Kyps as a function of the wavelength
and radius of gold nanoparticles in various biological
media are plotted in Fig. 30.2. Figure 30.2a shows the
absorption spectrum of the gold particle over the vis-
ible range A =400-700 nm, and Fig.30.2b illustrates

the dependences of Kaps on particle size for different
surrounding biomedia.

As follows from calculations, the optical proper-
ties of the gold nanosphere in low-absorbing biological
media are substantially different from the case of the
surrounding water medium. The maximal peak of the
absorption factor increases continuously with increase
in the refractive index of the surrounding media, and
the color of the incident light changes from green to
red; i.e., there is a red-shift effect of the absorption
maximum with refractive index (Fig. 30.2a). Maximum
absorption by gold nanoparticles is observed for the
surrounding collagen medium, where the absorption
cross-section of the gold nanoparticle exceeds its ge-
ometric cross-section by a factor of 5 for the optimal
wavelength 549 nm. The presence of the low-absorbing
biological surroundings also shifts the optimal ra-
dius of the gold nanoparticle for effective absorption
to a smaller size region from 35nm for the water
medium to 26 nm for the collagen case (Table 30.1).
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Table 30.1 Mie theory optima for the absorption factor (K sps), wavelength (Amax), and radius (rmax) for gold particles in biomedia
of different refractive indices used in the simulations

Surrounding A Refractive  Kjps D TP Surrounding A Refractive  Kaps A s
medium (nm)  index ny (max) (nm) (nm) medium (nm)  index ny (max) (nm) (nm)
Cytoplasm 400 1.35 4.145 540 33 Cell 400 1.54 4.743 547 28
500 1.36 membrane 500 1.5
600 1.365 600 1.46
700 1.367 700 1.4
Blood 400 1.354 4376 542 30 Collagen 400 1.6 4.954 549 26
500 1.4 500 1.55
600 1.39 600 1.5
700 1.383 700 1.45

Table30.2 Example of absorption efficiency values for different nanoparticle shapes and structures at various wave-

lengths
Nanoparticle type Effective radius (nm) Wavelength (nm) Absorption efficiency References
Gold 35 532 3.50
nanospheres 40 550 4.02
Silica—gold 120 1100 35 [30.26]
nanoshells 120 750 3.75
Gold nanorods 114 800 14.0 [30.26]
17.9 825 14.5
a) b)
— Collagen Water
Water 5 --- Cytoplasm
--- Cytoplasm Cell membrane
Cell membrane — Blood
— Blood 4 — Collagen

Kabs

0
400 450 500 550 600 650 700
A (nm)
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Fig.30.2 (a) Absorption spectrum of the gold nanoparticle over the visible range A = 400—700 nm. (b) Absorption
efficiency Kypg, as a function of particle size for different surrounding biomedia

Thus, the absorption efficiency of gold nanoparticles
is considerably higher in the low-absorbing biologi-
cal media in comparison with the surrounding water
medium.

The optical properties of the nanoparticles depend
on the shape and internal structure of the particle as
well. Table 30.2 contains results of calculations for the
absorption efficiency of gold nanospheres, silica—gold

nanoshells, and gold nanorods. For gold nanoparti-
cles, the highest absorption efficiency is observed for
nanorods; however, silica—gold nanoshells are tunable
over the longer wavelengths in the transparency window
of most biotissues. We should note that other mater-
ials can exhibit strong absorption efficiency, e.g., silver
nanospheres, which show strong absorption around
394 nm in the UV range of spectrum.



Plasmonic Nanomaterials for Nanomedicine | 30.4 Kinetics of Heating and Cooling of Nanoparticles 1067

30.4 Kinetics of Heating and Cooling of Nanoparticles

30.4.1 Time Dynamics
of the Nanoparticle Temperature

In this section, we use the heat transfer equation
with several simplifying assumptions to calculate the
nanoparticle temperature as a function of time. It has
been shown by Letfullin et al. [30.20] that a one-
temperature model (OTM) is appropriate for plasmonic
nanoparticle heating for lasers of pulse durations in the
femto-, pico-, and nanosecond ranges. The first approx-
imation used in this model is that the electron and lattice
temperatures are equal (due to fast transfer of elec-
tron heat to the phonon subsystem). This provides the
following heat—mass transfer rate equation for a sin-
gle lattice temperature Tg(t, ) that describes the laser
interaction with the particle and surrounding medium

d (@) (. 1)
a D= ey At ey
. 3L  drg
— jp(T)So + (30.4)

roCs(Ty) dr

Here, A = 8%/9x% 4982 /9y> + 82 /927 is the Laplace op-
erator; us(7Ty), C(Ty), L, ps, and rq are, respectively, the
heat conductivity of the surrounding medium and the
specific heat, evaporation heat, density, and radius of the
nanoparticle. The second assumption is that the particle
is heated uniformly across the volume of the particle,
i.e., ATy(t,r) =0, provided that each point inside the
particle volume has the same temperature 7(¢). This ho-
mogeneous heating approximation can be applied if the
heat diffusion time tp is less than the duration of the
laser pulse: tp = r§/4x < 11, Where r is a particle ra-
dius, x is the thermal diffusivity of the particle material,
and 7 is the laser pulse duration. For gold nanoparti-
cles with ro =20nm and y = 1.18 % 10’4m2/s, Tp i8S
about 10~'%s. This is appropriate for heating of metal
nanoparticles by pico- and nanosecond laser pulses and
allows the use of a simplified relationship for the power
density of the energy generated Q(z, ro) in the particle

30.5
4ro ( )

o(t,ro) =
Here, Kabs(ro, A) is the absorption efficiency of the
nanoparticle, f(¢) is the time profile of the laser pulse,
and Iy is the incident intensity of the laser pulse. The
experiments analyzed utilize Gaussian beam profiles in
the form f(r) = e_(‘”_b)z; the coefficients are adjusted
to create a pulse profile with the pulse duration of the
laser used in the experiments. Another approximation

limits heat loss to diffusion from the particle surface
into the surrounding medium, defining the energy flux
density jp(T5) as

in(T,) = Moo T <£>a+1_1
PP G DRCTop | \ T ’

(30.6)

where (oo and T, are, respectively, the heat conduc-
tivity and temperature of the surrounding medium at
equilibrium; « is an exponent set to make the dynam-
ics between the particle and medium more realistic;
a > 1 relates to high thermophysical characteristics of
the surrounding medium, while o < 1 relates to low
thermophysical characteristics such as insulators; « = 1
is a good approximation for biological media, which are
of interest in the present chapter. The last assumption is
that the particle temperature remains below the temper-
ature of evaporation, which sets the last term in (30.4)
to zero. The result (30.7) determines the particle tem-
perature in terms of the energy accumulation from the
incident laser radiation in the first term and energy loss
due to heat diffusion into the medium in the second term

d . _ 3Kaslro. Do 1)

E ) 4ropsCs(Ts)

Moo Ts < T >a+1 1
(a+ 1)r§CS(TS)pS Ty '

(30.7)

30.4.2 Comparison of Single-Pulse
and Multipulse Modes of Heating

The extent of the particle heating by radiation depends
on many factors, divided primarily into three categories:
(1) particle material, size, and shape; (2) laser pulse
wavelength, energy density, duration, pulse shape, and
generation frequency; and (3) properties of the sur-
rounding medium. Even with the many factors involved
in an experimental setup that contribute to the indi-
vidual heating characteristics of a nanoparticle, several
factors stay relatively constant across many experimen-
tal situations. Specifically, spherical gold nanoparticles
are commonly used because they are relatively easy
to fabricate, nontoxic, easily conjugated to antibodies,
and strong absorbers [30.27]. Nanosecond pulse-width
lasers with pulse firing frequencies of 10 Hz are often
used because they are widely available and cheaper than
pico- and femtosecond lasers or lasers with higher firing

4°0€ | D Med
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Reference [30.7] [30.9] [30.12]
Laser Nd:YAG Nd:YAG Nd:YAG
Wavelength (nm) 532 565 532
Pulse energy (J/cm?) 0.5 0.5 0.5
Pulse duration (ns) 12 20 12
Frequency 10! 10! 10!

of generation (Hz)

Particle

Material Gold Gold Gold
Structure Sphere Sphere Sphere
Diameter (nm) 40 30 40
Aspect ratio - - -
Other

Number of pulses 100 100 30
Surrounding medium PBS PBS Water

Table 30.3 Experimental data for multipulse laser nanoparticle heating

[30.28] [30.29] [30.30] [30.31]
Nd:YAG Nd:YAG Ti:sapphire Nd:YAG
532 532 750 1064
0.13 0.03 0.95 0.002
6 7 10 7
10 20 11.8 MHz/ 10

50 MHz
Gold Iron oxide Gold Gold
Sphere Sphere Rod Rod
21/4.9 10 23.6? 22.76?
- - 32 5.9
3000 600 2 10
Water Water Water Water

I HOYA ConBio MedLite C Series and IV Series Nd: YAG lasers have a maximum generating frequency of 10 Hz, so the generation frequency
for lasers when not provided was assumed as 10 Hz.
2 It is common to use an effective radius (refr) when the particle is of nonstandard shape; this is the radius of a sphere that provides the

equivalent volume as an arbitrary shape.

frequencies. Additionally, water or phosphate-buffered
saline (PBS) solution is used as a surrounding medium
due to strong similarities with a biological cell. Sev-
eral experiments that use these factors are studied in our
analysis [30.7,8,12,28-31].

In experiments, Zharov et al. [30.7] used nanoparti-
cle heating for bacterial killing. Spherical gold nanopar-
ticles of diameter 10, 20, and 40 nm were heated with
laser light, and it was determined that, at 3-57J /cmz,
only 1-3pulses are required for harmful effects on
bacteria, while at 0.5-11J /cmz, at least 100 pulses
are required to produce harmful effects. Pitsillides
et al. [30.9] explored micro- and nanoparticles for se-
lective cell therapy, finding that, for 20 nm-diameter
gold nanospheres irradiated by 20 ns, 532 nm pulses at
0.5] /cmz, there is a much greater correlation of the
number of particles attached to the cell than of the
number of pulses when considering cellular damage.
Zharov et al. [30.12] investigated bubble formation from
nanoparticles. Using a smooth distribution of 40 nm-
diameter gold nanospheres on a cell, they found that
that 30 pulses of 0.5J/cm? or one pulse of A 2J/cm?
results in complete cell death. Alternatively, with clus-
ter formation, cell damage occurs after 100 laser pulses
at 80 mJ/cm?. Peng et al. [30.28] focused on the effects
of laser irradiation on particle size and peak absorp-
tion wavelength. They showed, using a Nd:YAG laser
and 21 nm spherical gold nanoparticles, that irradiation
causes the particles to fragment to an average diameter

of 4.9nm, changing the peak absorption wavelengths.
Kalambur et al. [30.29] used iron oxide nanoparticles
to compare RF heating with multipulse laser heating
and determined that multipulse lasers produce a higher
cellular uptake of particles, enabling greater cellular
damage. Hleb and Lapotko [30.30] used gold nanorods
to determine high-energy effects of lasers on nanorods
and nanospheres, such as how long the particles main-
tain photothermal properties (before deterioration) and
the effects of multiple pulses in the form of a pulse train,
determining that very rapid pulse repetition leads to in-
creased bubble effects. Lastly, Takahashi et al. [30.31]
used gold nanorods irradiated with multipulse near-IR
lasers to find that selective cell damage is achievable.

One of the greatest potential benefits from multi-
pulse lasers is accumulative heating in the target. If
multipulse lasers could be used to quickly accumulate
heat in nanoparticles with many consecutive low-energy
pulses, then the laser energy density would not be
a prohibitive aspect of the treatment. Multiple low-
energy-density pulses could be used rather than a single
high-energy-density pulse to achieve the same nanopar-
ticle temperature, sparing healthy cells from excessive
heating as well as ensuring that the energy density re-
quired for treatment is below the medical standard of
100 mJ /em? [30.12].

The focus of this section is to compare and con-
trast the effects of multipulse (set of short pulses) versus
single-pulse laser heating of nanoparticles. The laser
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Table 30.4 Additional input parameters for the theoretical calculations

Reference [30.7] [30.9] [30.12] [30.28] [30.29] [30.30] [30.31]
Particle

Calculated absorp- ~ 2.7225! 0.72! 2.72250 1.29367 1.68663 11.52 15.75%
tion efficiency (A=532nm) (A=565nm) (A=532nm) (A=532nm) (A =532nm) (A=725nm) (A= 860nm)
Specific heat 129 129 129 129 937 129 129
(J/(kgK))

Density (kg/cm?) 0.0193 0.019 0.0193 0.0193 0.00524 0.0193 0.0193
Initial tem- 300 300 300 300 300 300 300
perature (K)

Laser

Energy density 0.5/0.01 0.5/0.1 0.5/0.01 0.13/0.0325 0.03 0.95/0.01 0.002
(J/cm?) (original/

revised)

Medium

Thermal conduc- 0.0075 0.0075 0.0060 0.0060 0.0060 0.0060 0.00604

tivity (W/(cm K))

1 Absorption efficiency values calculated for nanoparticles in water due to difficulty in obtaining refractive index data for PBS solution
2 Estimated absorption efficiency from Jain et al. [30.26] based on the effective radius and aspect ratio of the nanorods, using the closest
values given based on wavelength ¢ and aspect ratio

heating of nanoparticles is very sensitive to the time
structure of the incident pulsed laser radiation, i.e., the
pulse shape and duration, and the number of pulses per
unit time. We limit the maximum temperature of the the-
oretical calculations to the melting point of the material
(Tm ~ 1336 K for bulk gold material and remaining
above 1100K for gold particles larger than 5nm in
diameter [30.32]) so that the particles will not undergo
advanced phenomena of heating (evaporation, melting
or explosion), but require that the nanoparticles surpass
433 K as required for protein denaturing [30.27].

The summary data obtained from experimental pa-
pers [30.7, 8, 12, 28-31] can be found in Table 30.3, el
while the additional input data we use for our cal-
culations are listed in Table 30.4. We modified the 250
energy density when the particle temperature exceeds 0 10 20
the melting point of the material to reduce the particle
temperature into our range of interest.

Peng et al. [30.28] used an incident energy density
(0.13J/cm?) at a wavelength of 532 nm that causes par-
ticles to exceed the melting point, resulting in fragmen-
tation. To make a case for reducing the incident energy
density, we performed calculations to determine how

1500

1250

1000

Temperature (K)

750

Time (ns)

Fig.30.3 Time—temperature profiles for 21 nm-diameter (solid)
and 4.9 nm-diameter (dotted) gold particles in water irradiated by
a 6ns, 0.13T/cm? pulse at 532 nm and a 21 nm-diameter gold par-
ticle irradiated by the same pulse at 0.0325 J/cm? (dashed)

changing the energy density would change the time—
temperature profile of the nanoparticle heating and
cooling. Our calculations show that changing the energy
density has no effect on the time it takes for the par-
ticle to heat to the maximum temperature. Figure 30.3
demonstrates this with three different time—temperature

profiles for: a 21 nm-diameter gold sphere irradiated by
a 0.13J/cm? pulse (solid line) and 0.0325J/cm? pulse
(dashed line), and a 4.9 nm-diameter gold sphere irra-
diated by a 0.13J/cm? pulse (dotted line). Changing
the energy density from a 0.13 pulse to a 0.0325]/ cm?
pulse has no effect on the time required for the particle
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Fig.30.4 Time-temperature profiles for 21nm-diameter nano-
spheres with incident laser pulse duration of 6 ns at energy density
of 0.13 T /cm? (solid) and 0.0325 J/cm? (dotted) and nanorods with
effective diameter of 23.6 nm irradiated by a 10ns, 0.01 J/cm? pulse
(dashed)
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Fig.30.5 Calculated time-temperature profiles for five different
pulse durations used in single-pulse mode heating. Three gold
nanosphere cases: [30.7] — 12ns pulse (dashed); [30.9] — 20 ns
(dash-dot-dotted); and [30.28] — 6 ns (solid). Two gold nanorod
cases: [30.30] — 10 ns (dash-dotted); and [30.31] — 7 ns (dotted)

to reach its maximum temperature, which occurs 9 ns
after the incident pulse in both cases.

The cooling time for the particle is slightly affected
by the magnitude of the maximum temperature and
is thus linked to the energy density. Heating the par-
ticles to 1500 and 800K, respectively, for 0.13 and
0.0325J/cm? pulses, we find that the cooling time is
only slightly longer for the higher-energy-density pulse.
For the 0.13 J/cm? pulse, the particle cools back to am-
bient temperature 11.4ns after the peak, while for the
0.0325J/cm? pulse the particle takes 10.6ns after the
maximum to cool.

Single-Pulse Mode
To analyze the effects due to varying characteristics
of the experiments, in this section we compare the-
oretical calculations for those experiments that have
contrasting characteristics, such as pulse duration, par-
ticle size and shape, and medium in the single-pulse
mode of heating. Considering particle shape — between
gold nanorods and gold nanospheres — we extrapo-
late from Jain et al. [30.26] that changing the particle
shape significantly alters the peak absorption wave-
lengths and the respective coefficients of absorption, but
these can be equated to spherical particles with an ef-
fective radius and aspect ratio, AR = length/diameter.
In [30.30], the gold nanorods with reff = 11.8 nm and
AR = 3.2 have an absorption efficiency around 11.5
when irradiated with 725 nm light [30.26]. Contrasted
with the gold nanospheres in [30.28] (ro = 11.5nm,
Kaps = 1.29 at L = 532 nm), a much lower energy den-
sity can be used to reach the same ablation temperature
for the nanorods due to the extremely high absorption
efficiency. Figure 30.4 shows the time—temperature pro-
files from [30.28] for nanospheres (d =21 nm) under
0.13 and 0.0325 J/cm2 pulses at 532nm, as well as
the temperature profile for the nanorods (reff = 11.8 nm,
AR = 3.2) from [30.30] irradiated by 0.01J/cm?. This
figure demonstrates how a much lower energy den-
sity can result in higher nanorod temperatures when
compared with nanospheres of equivalent radius. The
tunable characteristics of nanorods allow greater adjust-
ment of the wavelength that will result in maximum
absorption efficiency and how high the absorption ef-
ficiency will be, thus making nanorods potentially more
effective for ablative treatments than nanospheres. As
we will show in the next section, in terms of accumu-
lative heating with a multipulse mode of irradiation,
the difference between nanorods and nanospheres is not
significant.

Another characteristic of the experimental se-
tups [30.7,9, 12, 28-31] is a laser pulse duration of
roughly 10 ns. Figure 30.5 shows time—temperature pro-
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files for five different pulse durations ranging from 6
to 20 ns. It follows from our calculations that, during
the laser pulse, the transfer of heat from the nanoparti-
cle into the surrounding media is slight, and the particle
rapidly reaches its maximum temperature. The heating
rate is about 10% K/s, depending on the pulse duration
and incident energy density. The temperature of the par-
ticle continues to rise even after the end of the laser
pulse. Using [30.30] as an example, the highest tem-
perature of 1048.6K for a 10ns pulse is observed at
a heating time of 15.2ns, when the laser pulse has al-
ready degraded. After then, the transfer of heat from
the particle to the surrounding medium becomes criti-
cal, since the energy source is no longer present in the
system. The temperature of the particle and surrounding
medium remains high (above 425 K) up to 24.6 ns after
the pulse is fired, exceeding the laser pulse duration by
2.5 times. The total time for one cycle (heating from
the initial temperature of 300K to a maximum temper-
ature and then cooling back to the initial temperature)
is 32.8 ns, over thrice the pulse duration. Varying the
pulse duration changes the maximum temperature of the
particle as well as the time span of heating and cooling.

Due to the nature of the experiments and the in-
tended application of the method for treatment of cancer
inside the human body, the medium characteristics can-
not be changed. Furthermore, the ability to change the
material of the nanoparticle is also limited due to toxi-
city, but in the case of metal nanoparticles, they should
all exhibit similar heating and cooling kinetics to those
seen in gold and iron(IIl) oxide (Fe3O4). As we have
shown above, the particle size, particle shape, and laser
energy density do not significantly change the temporal
behavior of nanoparticle heating and cooling, but just
the magnitude of the maximum temperature reached.
The laser pulse duration changes the maximum particle
temperature as well as the temporal span of heating and
cooling, following relatively predictable multiplicative
values with respect to the pulse duration: the maximum
temperature is at 1.46 times the pulse duration; the tem-
perature remains above 425 K until 2.2 times the pulse
duration; and the entire heating and cooling cycle takes
about 3.23 times the pulse duration. These aspects could
be useful for further single-pulse investigations, but they
do not come into play when considering the multipulse
heating of nanoparticles discussed below.

Multipulse Mode
Using the scaled-down energy density values deter-
mined in previous sections and a function to simulate
multiple pulses, we have calculated the time profile

600
<
g
=
g 450
]
I

300

0 20 40 60
Time (ns)

Fig.30.6 Multipulse time—-temperature profiles for [30.7] (solid),
[30.12] (dotted), and [30.29] (dashed) with modified pulse genera-

tion frequencies

of the nanoparticle temperature in a multipulse heat-
ing mode to determine what would enable accumulative
heating of nanoparticles. To simulate multiple pulses,
we use the same function as in the single-pulse simula-
tions, but with the addition of several values of b to shift
each consecutive pulse

f(t) — e—(at—b1)2 + e—(al‘—bz)z + e—(tlt—b3)2 .

Three multipulse cases are shown in Fig. 30.6, demon-
strating particle heating and cooling over time for the
conditions of [30.7,12,29] as listed in Table 30.3. These
simulations utilize a 37 and 62.5 MHz generation fre-
quency due to the large time gap (relative to the pulse
width) between each incident pulse when using the
10 Hz generation frequency specified in the references.
These profiles demonstrate visually that, even at rela-
tively high generation frequencies, multiple pulses do
not produce any accumulative heating effect over time.
The particle reaches the peak temperature and falls to
equilibrium (300K) in roughly three times the pulse
duration, but the time delay between the pulses in exper-
iments exceeds the pulse duration by five to ten million
times.

Several of the experimental papers show effects
from multipulse laser heating that are not present in the
single-pulse laser mode, even though the pulse gener-
ation frequency for the multipulse mode is well below
the MHz generation frequency. Zharov et al. [30.7] dis-
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Table30.5 Experimental data for healthy and tumor cells

Source Cancer Organelle Healthy
diameter
(nm)
[30.33] Hepatocellular Nucleus 7.5
carcinoma
[30.33] Hepatocellular Mitochondria 1.1
carcinoma
[30.34] Colorectal Nucleus 5.2
adenocarcinoma
Source Cancer Organelle Benign
diameter
(wm)
[30.35] Ductal breast Nucleus 7
carcinoma
[30.36] Intraductal Nucleus 8.58
breast cancer
[30.37] Breast cancer Nucleus 5.6
1100
1000
900
¥ 800
5
= 700
g
E) 600
500
400
300 -

Time (ns)

Fig.30.7 Time—temperature profile for multipulse laser heating of
gold nanorods (reff = 11.8nm, AR =3.2, Ky,s = 11.5 at 725 nm)
irradiated by 0.01J/cm?/10ns pulses at repetition rate of 50 MHz
(dashed), 66.6 MHz (solid), and 80 MHz (dotted)

cussed bacterial killing and find that, at 3—51J/ cm?, only
1-3 pulses are required for bacterial damage, while at
0.5—1J/cm? more than 100 pulses are required. We
feel the reason for these effects are that at 3—5J/cm?
the particles undergo phenomena beyond simple heating
and ablation of the surrounding cell due to the extremely

Well diffe- Moderately Poorly dif-
rentiated differentiated ferentiated
diameter diameter diameter
(wm) (um) (om)

8.5 8.8 10.3

0.9 0.9 0.66

7.2 - -

In situ diameter Invasive diameter

(wm) (m)
11.6 8.33
- 8.97
- 5.8

high temperature of the nanoparticle, and thus have
a large area of effect. In the case of 0.5—1J/cm? pulses,
the nanoparticles can still surpass the melting thresh-
old, but without extreme particle phenomena (such as
explosion) being observed. In either case, each pulse is
incident on ambient-temperature particles, raising their
temperature to the critical temperature for cell death.
Additionally, the energy densities involved are well
above the medical standard of 100 mJ/ cm?, so such re-
sults are helpful to show the high-energy phenomena
and potential treatment options. However, the methods
of implementing treatment require refinement before di-
rect medical applications can be developed. Our current
investigation to determine the potential of accumulative
heating effects in metal nanoparticles is an attempt at
localizing damage to cancer cells by using low-energy
density lasers while still killing the cancer cells.

After determining that most other experimental
characteristics (such as pulse duration, particle size,
etc.) have no ability to create an accumulative heat-
ing phenomenon of interest in metal nanoparticles, the
pulse generation frequency used in multipulse scenar-
ios was tested with a high-pulse generation frequency
experiment by Hleb and Lapotko [30.30]. This ex-
periment uses two pulses of 10ns duration that are
separated by 20 and 150ns time intervals (50 and
6.67 MHz, respectively). Figure 30.7 shows three differ-
ent multipulse calculations based on the experimental
setup used in [30.30] for gold nanorods (reff = 11.8 nm,
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Table30.6 Computational input data for OTM calculations

Source  Cancer Organelle Organelle state Diameter Absorption efficiency
(wm) (at A = 700 nm)!
[30.33] Hepatocellular carcinoma Nucleus Healthy 7.5 0.944183362
Well differentiated 8.5 0.964865712
Moderately differentiated 8.8 0.969903343
Poorly differentiated 10.3 0.989209877
[30.33]  Hepatocellular carcinoma Mitochondria ~ Healthy 1.1 0.134234082
Well differentiated 0.9 0.110949860
Moderately differentiated 0.9 0.110949860
Poorly differentiated 0.66 0.082130836
[30.35] Ductal breast carcinoma Nucleus Benign 7.0 0.930908259
In situ 11.6 1.000194442
Invasive 8.33 0.961677234
[30.36] Intraductal breast cancer Nucleus Benign 8.58 0.966255375
Invasive 8.97 0.972557278
[30.37] Breast cancer Nucleus Benign 5.6 0.880181004
Invasive 5.8 0.889019082

1700 nm was chosen because it is the wavelength with the greatest absorption efficiency difference between cancerous and healthy organelles

at a wavelength in the range of 400— 1000 nm

Table30.7 Organelle and cytoplasm properties

Organelle Diameter d (pm) Specific heat ¢ Thermal Density p
J/(kgK)) conductivity u (kg/ms)
(W/(mK))
Nucleus 5 [30.38], 5-10 [30.39], 7.5-10 [30.40], 3000 [30.41] 0.3 [30.41] 1050 [30.41], 1400 [30.42]
5-10 [30.42]
Mitochondria 0.85-1.15 [30.38], 1-3.57 [30.39], 3000 [30.41] 0.3 [30.41] 1050 [30.41], 1100 [30.42]
0.87-3.57 [30.40], 1-2 [30.42]
Ribosome 0.025 [30.4], 0.025 [30.40], 0.02 [30.42] 3000 [30.41] 0.3 [30.41] 1050 [30.41], 1600 [30.42]
Microtubules 0.025 [30.38], 0.028 [30.39], 3000 [30.41] 0.3 [30.41] 1050 [30.41], 1100 [30.42]
0.02 [30.40], 1-2 [30.42]
Cytoplasm - 4180 [30.41] 0.59 [30.41]

AR =3.2, Kaps = 11.5 at 725nm) in water irradiated
by 0.01J/cm? using 10ns pulses with generation fre-
quency of 50, 66.6, and 80 MHz. We exclude the case
with pulse separation of 150ns due to the previously
shown rapid cooling of metal nanoparticles (32.8 ns for
a 10ns pulse in [30.30]) as well as the experimental
result by Hleb and Lapotko [30.30] that there are no
additional effects from two pulses separated by 150 ns
over a single pulse. Even at the high pulse generation
frequencies shown, the 10ns pulse does not create an
accumulative heating effect in the metal nanoparticles.
Furthermore, changing the pulse duration concurrently
with high-frequency pulse generation simulations only
changes the magnitude of the maximum particle tem-

perature but does not enable the accumulative heating
effect in the metal nanoparticles of interest to our
investigation.

Multipulse Heating

of Healthy and Cancerous Cell Organelles
Using the multipulse form described above, we also
tested the heating and cooling kinetics of biological cell
organelles to determine the ability to selectively destroy
cancer cells. Acquiring data for organelles (nucleus, mi-
tochondrion, and ribosome) is difficult due to the wide
variety of situations under which they must act; the
added complexity of the large number of cancers makes
finding very specific data difficult. Using a variety of
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Fig.30.8 Ribosomal time—temperature profiles at
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cited dimensions and organelle properties (Tables 30.5—
30.7), we have calculated the average organelle size to
determine the theoretical effects of the multipulse mode
of laser irradiation on the organelle temperature with the
same procedure as detailed above.

The cell organelles demonstrate the heat accumu-
lation effect due to the multipulse mode of heating as
shown in Figs. 30.8 and 30.9. The ribosomal heating in
Fig. 30.8 contrasts with heating for the nuclei and mito-
chondria in Fig. 30.9; the ribosomes do not experience
accumulative heating to the extent that nuclei or mito-

chondria do, based primarily on the much smaller size.
Even with the small size, within the first few pulses the
accumulative heating effect is apparent, which contrasts
with any nanoparticle simulations previously discussed.
The much higher values of specific heat in the or-
ganelles and the thermal conductivity of the medium
is what causes the organelles to undergo accumulative
heating, whereas metal nanoparticles do not experience
accumulative heating, even at high-frequency pulse
generation rates. This gives an advantage for organelles
in using the multipulse versus single-pulse mode, since
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Fig.30.10 Multipulse mode of heat-
ing of bone tissue. A representative
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the laser energy density per pulse can be reduced dra-
matically below the safety standard for medical usage of
lasers. In this case, any desired final temperature of the
organelle can be reached easily by adjusting the number
of pulses at low-energy density per pulse.

While the organelles demonstrate a similarity in
the heat accumulation effect, both the mitochondria
and nuclei respond differently to the pulsed mode of
heating. As shown in Fig. 30.9, healthy and cancerous
mitochondria do not respond differently in a signifi-
cant way to laser heating, while the healthy nucleus
is heated 40 K higher than the cancerous nucleus. The
difference in heating characteristics is due to several
behavioral properties: the size of the nucleus is much
larger than mitochondrion, mitochondrion has been
shown to shrink when in cancerous cells, and the nu-
cleus of cancerous cells is known to grow relative to
their healthy cell size. The dynamics of size on tem-
perature results in the mitochondria being heated to
a higher temperature, but with very little specificity.
Alternatively, nuclei are heated to a lower temperature
at a higher specificity level, though the healthy nuclei
are the first to get damaged. The potential method of
selectively heating cancerous organelles to kill cancer
cells is shown to be ineffective with our calculations
due to the higher heating temperatures of mitochondria
and the lower heating of cancerous nuclei. With that
in mind, the effects of accumulative heating are very
apparent.

1400

The results of the simulation using cell organelles
demonstrate the slow rate of the cooling kinetics of
the biological particles. This allows for accumulation of
heat by a multipulse heating mode for hard tissue, such
as bone and teeth as well, as shown in [30.22,23]. Here,
the bone hydroxyapatite particles were heated by single-
and multipulse laser pulses of 2.12 um wavelength. Fig-
ure 30.10 shows the results for bone tissue temperature
increase by five 0.03J pulses. To reach the same max-
imum temperature in the bone tissue (Tmax = 1460 K)
using a single pulse requires a much higher energy per
pulse of about 0.15J. Thus, the multipulse mode could
be utilized to attain the higher temperatures required
for tissue ablation using many pulses with low individ-
ual energies. This gives a large amount of control over
the individual pulse energies, which is especially im-
portant in medical and dental laser applications where
regulations may limit the maximum pulse energies for
different procedures.

Summary of the Heating Kinetics
We have performed time-dependent simulations and
detailed analyses of different nonstationary laser—
nanoparticle interaction modes to determine the ac-
cumulative heating potential of metal nanoparticles
irradiated by multipulse lasers. Our analysis of the
single-pulse mode of heating of metal nanoparticles in
a biological cell environment has shown that alterations
to the particle size, shape, and material (metal) all have
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effects on the magnitude of the maximum particle tem-
perature. Additionally, modifications to the laser energy
density or wavelength can be used to change the maxi-
mum particle temperature. The most substantial change
within single-pulse heating is the effect of pulse du-
ration on the time dynamics of particle heating and
cooling. By increasing the pulse duration, the maxi-
mum nanoparticle temperature decreases, but heating
and cooling both take longer and allow for a longer time
period when the nanoparticles are above the denaturing
temperature of 433 K. This increased duration of high
particle temperature could prove beneficial to ensure
cellular damage. Alternatively, decreasing the pulse du-
ration increases the maximum temperature reached by
the nanoparticles while decreasing the time for heat-
ing and cooling. Such laser parameter modifications
could allow for easier and more refined treatment than
modification of particle size or shape, while still hav-
ing dramatic implications for the effectiveness of the
treatment.

Our simulations have shown that, at the instant when
the laser pulse stops, the cooling rate reaches almost the
same values as a heating rate due to the large surface

area of the nanoparticle and high thermal conductiv-
ity of the surrounding aqueous medium. This becomes
crucial for the multipulse mode of heating the metal
nanoparticles. From our analysis of multipulse metal
nanoparticle heating, we have determined that the mul-
tipulse mode of heating does not create accumulative
heating effects in metal nanospheres or nanorods (diam-
eters of 5-40nm) due to the rapid cooling kinetics of
metal nanoparticles in an aqueous environment.

However, changing the target material to biological
particles, such as cell organelles or hard tissue particles
with much higher values of specific heat, causes the
biological particles to undergo accumulative heating,
whereas metal nanoparticles do not experience accumu-
lative heating, even at high frequency generation rates.
The accumulative heating effect provides an advantage
for organelles and biological tissue in using the multi-
pulse versus single-pulse mode, since the laser energy
density per pulse can be reduced dramatically below
the safety standard for medical usage of lasers. In this
case, any desired final temperature of the biotissue can
be reached easily by adjusting the number of pulses at
low energy density per pulse.

30.5 Spatial Distribution of Temperature Fields Around the Nanoparticle

30.5.1 Theoretical Model

For simulations of the spatial distribution of temper-
ature in and outside the nanoparticle, we solve the
heat-mass transfer equation (30.4) in a quasistationary
heating approximation, namely d7(r, )/ dt = 0. In this
approximation, we neglect the time required to reach the
maximum temperature (extremum of the 75(7) curve) of
the nanoparticle and solve the heat diffusion equation
for the spatial distribution for that particular temper-
ature. We use here the heat transfer model developed
by Goldenberg and Tranter [30.43] for a uniformly
heated, homogeneous sphere embedded in an infi-
nite homogeneous medium. Consider a homogeneous
sphere of radius ro surrounded by an infinite homoge-
neous medium, with heat produced in the sphere for
time ¢ > 0 at the constant rate A per unit time per unit
volume. Since the surrounding medium is transparent
to the chosen wavelength, we can neglect thermally in-
duced changes in the cellular refractive index during the
action of a nanosecond laser pulse. Both the sphere and
medium are initially at zero temperature. Let the sub-
script “1” refer to the sphere and “2” to the medium, and

T, jt, and x denote the temperature, thermal conductiv-
ity, and diffusivity, respectively. Then, the heat transfer
equations with boundary conditions are

10n _ 19 (200, A
x1 ot _r23r<r Br)+u1’

O0<r<ry,
t>0, (30.8)
19h _ 19 (20D
X2 ot T y20r or ’
r>ro,
T)=T,=0, whent=0, (30.9)
T, =T
R I (30.10)
W17 = K257
T finite as » — 0 and 7> finite as r — oo . (30.11)

Using the Laplace transformation for 7', defined by

o0

T / e P'T(1)dt = LIT(1)] .
0
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Egs. (30.8-30.11) can be reduced to the stationary heat
transfer equations

2
‘)— (rTl)—rqlTl __;:TAP ,0<r<mno,
d—z (rTz) —rq21T2 =0, r>rgy,
(30.12)
T =T
T T forr=rg, (30.13)
ATy AT
M1 or = K2 or

Ty finite as r — 0 and T finite as r — oo, (30.14)

where g7 = p/x1 and g3 = p/x2.
The solution of (30.5-30.7) for the temperature dis-
tribution inside the heated sphere is [30.43]

T =

1pg 1 r2 2r0b
2 1K 2 _r
oA | 3w +3 (1 ,2) f

M1 | exp(=y*t/y1) _ (siny— ycosy)sm(r;/m)

¥? (csin y—y cos y)2+b2y2 sin? y dy
(30.15)
where
2
r
p=F2 [X B2 gy, =0
H1y x2 M1 X1
(30.16)

The temperature at the center of the sphere is

o)
Lt 1 2b  exp(=y*1/y1)
T
r=0 — ’
1751 (sin y—ycos y) sln(r»/ro) d
(csin y—ycos y)24+b2y2 sin y Y
(30.17)

and the temperature outside the sphere is

i

o0 2
lpr 2 / exp(=y7t/y) o
3 y3

(sin y—y cos y)[by sin y cos 0 y—(csin y—y cos y)sinoy] dy

(csin y—y cos y)2+b2y2 sin” y

(30.18)
with b, ¢, and y; as in (30.16) and

o= (i—l) a (30.19)
ro X2

The heat source is characterized here by a constant
rate A per unit time per unit volume as

Eabs _ KapseL S

A= =
Trel V Trel V

(30.20)

where Egps is the energy absorbed by the nanoparti-
cle, er, is the laser pulse energy density, Kaps is the
absorption efficiency of the nanoparticle at the given
wavelength of laser radiation, S and V are the area and
volume of the absorbing center, and ty¢ is the ther-
mal relaxation time in the biological medium. By using
spherical symmetry for the absorbing center of radius
ro, we can reduce (30.20) to

3K aps€
A= 22 (30.21)
Trel’0

The model described above can be used for simulating
the spatial distribution of the temperature for a single or
many heat sources in a cell volume.

30.5.2 Laser Heating
of a Single Nanoparticle in Biomedia

Let us first calculate the laser heating of single gold
nanoparticles with radii ro = 30-35nm in water and
surrounding blood biomedia when the incident laser
pulse has an energy density of E = 5J/cm? and pulse
duration of 7, = 8ns. The laser flux is chosen at the
level of 5J/cm? to provide cell lethality during a single
laser pulse shot, being comparable to the laser fluence
currently used in clinical treatments of pigmented skin
lesions. The results of these simulations are presented
in Figs. 30.11 and 30.12. Figure 30.11 illustrates the
spatial behavior of the temperature inside 30 and 35 nm
gold particles heated and cooled in the surrounding wa-
ter and blood media. Figure 30.12 shows the spatial
distribution of the temperature outside these nanopar-
ticles.

The events that take place after absorption of the
laser pulse energy by small particles depend on the
size of the locally heated region and duration of laser
exposure. Long pulses that exceed the thermal relax-
ation time in biological tissue, 7, = 12 /4y (where x; is
the thermal diffusivity of the biological tissue, and [ is
the minimum size of the locally heated region), cause
heating of both the particle and the surrounding me-
dia. If the size of the locally heated region / is chosen
to be equal to the size of the laser focal spot, which
is about 1 pum, the thermal relaxation time for water is
1.75 ps and for blood is 1.56 pus, which is much longer
than the laser pulse duration (= 10ns) used in our re-
search. For ultrashort laser pulses when 11 < 7, the
absorbed energy can be thermally confined within the
target, causing rapid heating of the absorber itself. The
extreme temperature rise in the absorber can induce ex-
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Fig.30.11a,b One-dimensional distribution of the temper-
ature inside a gold nanoparticle in surrounding water and
blood media irradiated by a single laser pulse of energy
density 5J/cm? and duration 8 ns

plosive vaporization of the nanoparticle, as described in
the final section of this chapter.

Internal Temperature Distribution

in a Single Nanoparticle
The integration of (30.15-30.17) gives the temperature
distribution inside the heated nanoparticle surrounded
by the biomedia. Our numerical simulations of the in-
ternal 30nm gold particle’s temperature distribution
heated by a 5J/cm? laser pulse of 8 ns width in the sur-
rounding water and blood media show that the particle
reaches its maximum temperature Ti.x &~ 5789.5K in
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Fig.30.12a,b Spatial distribution of the temperature out-
side the 30 nm gold particle (a) in surrounding water and
blood media irradiated by a single laser pulse of en-
ergy density 5J/cm? and duration 8 ns and (b) in a blood
medium irradiated by a single laser pulse of energy density
2.5 /cm? (upper curve) and 1J/cm? (lower curve)

water and Tax = 6870 K in blood at the center of the
sphere. Then we observe a small decrease of the inside
temperature by 6 K to the particle’s boundaries, estab-
lishing the stationary surface temperature of 5783.3 K in
water and 6863.6 K in blood (Fig. 30.11). Since the tem-
perature variation inside the nanoparticle occurs over
a small range of 6 K, the internal particle’s temperature
can be assumed to be constant (Fig. 30.11b). Thus, the
quasistationary and homogeneous approach can be ap-
plied to modeling the laser heating and evaporation of
the nanoparticles in the biological media.
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Table 30.8 Material properties of bone

Symbol Property Value Reference
W Thermal conductivity 5.60x 10~ W/(mK) [30.44]

0 Density 1.85x 1073 kg/m? [30.45]

c Specific heat 1.33x1013J /(kg K) [30.46]

X Thermal diffusivity 2.276x 1077 m? /s

Table30.9 Material properties of gold

Symbol Property Value

"W Thermal conductivity 3.18x 1012 W/(mK)
) Density 1.93 x 10T kg/m?

c Specific heat 1.29% 1072 J/(kg K)
X Thermal diffusivity 1.276x10~* m?/s

Outside Temperature Distribution

Around a Single Nanoparticle
As follows from Fig.30.12, there is a significant heat
loss from the surface of a nanoparticle to the surround-
ing medium, suggesting that even lower-energy pulses
are enough to achieve true and large thermal damage
of the biological surroundings. If the temperature of
the surrounding medium exceeds some thermal thresh-
olds, secondary phenomena of cell killing effects may
develop, such as photothermal ablation, sound gener-
ation, bubble formation, and so on. For most cancer
cell killing effects, the threshold temperature is about
150°C (423 K). Calculations show that, at this level of
the threshold temperature, the damage area produced
by a heated 30nm gold particle in blood has a size
of ~ 1 wm in diameter, which exceeds by 16 times the
size of the nanoparticle (Fig. 30.12a). Thus, under cho-
sen conditions, the damage area produced by one 30 nm
particle heated by a single laser pulse of 5J/cm? is
comparable to the size of the laser focal spot.

To find the lowest energy level of the laser pulse re-
quired to achieve thermal thresholds for cell death, we
have conducted calculations of the temperature spatial
distribution of gold nanoparticles irradiated by differ-
ent laser fluxes. The results of these simulations are
illustrated in Fig.30.12b. As follows from these cal-
culations, a single 8ns laser pulse of energy density
2.5J/cm? provides heating of the 30 nm gold particle
in the surrounding blood up to the boiling point of
gold, ~ 3400 K. The melting point of gold ~ 1400 K
is reached for a lower energy pulse density of 1J/cm?
for 8 ns laser pulse duration. Decreasing the energy den-
sity of the incident single laser pulse leads to a smaller
damage volume around the nanoparticle. Using the
threshold temperature of 423 K for cell death, we can

Table 30.10 Material properties of silver

Symbol Property Value

w Thermal conductivity ~ 4.29x 1072 W/(m K)
) Density 1.05x 10+ kg/m?

c Specific heat 2.35%x 1012 J/(kg K)
X Thermal diffusivity 1.74x10~*m?/s

determine the size of cell damage produced by the
heated 30nm gold particle. For the 8ns single laser
pulse with energy density of 2.5J/cm?, the damage
volume around the nanoparticle has 0.5 um diameter,
which is smaller than but still comparable to the fo-
cal spot of the incident laser pulse. In the case of
a 1J/cm? single laser pulse, the damage area is 180 nm
in diameter, which is only thrice the diameter of the
nanoparticle. Thus, for experimental realization of se-
lective nanophotothermolysis of cancer cells by a single
30 nm gold particle, we recommend use of a laser pulse
with energy density 2.5 J/cm? for 8 ns width.

30.5.3 Bone Tissue Ablation
by Plasmonic Nanoparticles

Both thermal and optical properties affect the behavior
of the thermal field. The thermal properties of the ma-
terial govern how easily a material can dissipate heat
to the surrounding medium, while the optical properties
govern how much heat is generated when exposed to
an energy source. In these simulations we wish to ex-
amine the photothermal effect of a strongly absorbing
nanoparticle in hard tissue for applications to medical
procedures. For this reason, the material properties of
bone and various nanoparticles are listed in Tables 30.8—
30.10.

The optical properties of nanoparticles can be much
more varied, however, as the absorption efficiency of
the particles is affected by the material, size, and geom-
etry of the nanoparticle. To achieve sufficient heating
with pulses of lower energy densities, it is important
to find absorption efficiency peaks. These peaks oc-
cur due to the plasmon resonance of the nanoparticle
at that particular wavelength. To determine the ab-
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Fig.30.13 Absorption efficiency for

0.030 5Snm aminothiophenol-conjugated
4atp-AuNP gold nanoparticles (4atp-AuNP) and
0.025 —— F-4atp-AuNP folate-aminothiophenol-conjugated
gold nanoparticles (F-4atp-AuNP).
The values are calculated with Mie
§ 0.020 theory using complex index of refrac-
2 tion data for gold from Shakeri-Zadeh
% et al. [30.47]
S 0015
g
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sorption characteristics of spherical particles in various
biomedia, generalized Lorenz—Mie diffraction theory is
used (Sect. 30.2), which takes into account the plasmon-
resonance absorption effect. Using the complex indices
of refraction for the medium and particle (which depend
on the wavelength as well as particle size), the the-
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Fig.30.14 Absorption efficiency for 30 nm-diameter gold, silver,
and copper nanoparticles (AuNP, AgNP, CuNP) surrounded by wa-
ter medium. These values are calculated with Mie theory using
complex index of refraction data from Johnson and Christy [30.48]

ory allows us to determine the absorption efficiency of
spherical particles at any wavelength within the bounds
of the refractive index values provided. The results of
these calculations for the absorption efficiency of AuNP,
AgNP, and CuNP are shown in Figs. 30.13 and 30.14
and are listed in Tables 30.1 and 30.2.

Reduction in the size of the spherical nanoparti-
cles lowers the absorption efficiency, as seen when
comparing 30 to 5nm AuNP, where K,ns loses an
entire order of magnitude. Moving into the IR and

Table30.11 Parameters for AuNP heating simulation
achieving the critical heat of vaporization for bone at the
nanoparticle edge

Symbol Property Value

d Nanoparticle diameter 30 nm

E Pulse energy density 0.788J/cm?
A Wavelength 520 nm

Kps Absorption efficiency 2.1

Table30.12 Parameters for AgNP heating simulation
achieving the critical heat of vaporization for bone at the
nanoparticle edge

Symbol Property Value

d Nanoparticle diameter 30 nm

E Pulse energy density 0.119J/cm?
A Wavelength 394 nm
IRt Absorption efficiency 13.9
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30.5 Spatial Distribution of Temperature Fields Around the Nanoparticle

Fig.30.15 The spatial distribution of the temperature for
a 30 nm-diameter Au nanoparticle heated up to the critical
temperature of bone vaporization. The simulation parame-
ters are listed in Table 30.11

longer wavelengths, the absorption efficiency decreases
continuously and without any noticeable peaks upon
which to capitalize. This means that larger energy den-
sities would be required to heat the nanospheres to
the critical temperature. Thus, utilization of silica—
gold nanoshells and/or gold nanorods, which absorb IR
wavelengths much better than solid nanospheres, is rec-
ommended for selective nanothermolysis of bone tissue
when working in the longer-wavelength range of the
spectrum.

The choices of nanoparticle material, size, and
shape used in the model are listed in Tables 30.11
and 30.12 along with the choice of wavelength and cor-
responding absorption efficiency for that wavelength.
The energy densities were chosen to bring the nanopar-
ticle to the melting temperature of hydroxyapatite
(1843 K) [30.48] as it is the main constituent of bone tis-
sues. This was considered an appropriate choice for the
ablation temperature, as Fried et al. showed thermal ab-

Fig.30.17 Heat profiles for a 30 nm-diameter AgNP (solid
curve) heated by a A = 394 nm pulse, and a 30 nm-diameter
AuNP (dotted curve) heated by A = 520nm. Both pulses
have equivalent energy densities, and both spheres are
within an infinite medium with steady-state temperature
300K »
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Fig.30.16 The spatial distribution of the temperature for
a 30 nm-diameter Ag nanoparticle heated up to the critical
temperature of bone vaporization. The simulation parame-
ters are listed in Table 30.12

lation and expulsion of molten drops in the temperature
range of 1473-2273 K [30.49].

The temperature distribution is mainly dependent
upon two factors: the thermal conductivities, which
affect the slopes of the curves, and the absorption
efficiency, which affects the maximum temperature
difference reached. In the case of noble-metal nanopar-
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Fig.30.18a,b Spatial distribution of the temperature fields pro-
duced in the blood medium (a) by many heat sources irradiated by
a single laser pulse with energy density of 2.5 J/cm? and pulse dura-
tion 8 ns, and (b) inside a cluster consisting of 30 nm gold particles
irradiated by a 8 ns single laser pulse of energy density 0.42 J/cm?

ticles, the thermal conductivities of the metals are more
than two orders of magnitude greater than that of bone.
This leads to an essentially homogeneous temperature
distribution within the nanoparticle, with an exponential
cooling outside the particle as shown in Figs. 30.15—
30.17.

In Fig.30.17, it is clear that temperature is essen-
tially the same within the nanoparticle radius, with
significant cooling outside the radius. Closer inspection
shows that the temperature distribution on the plateau
varies slightly from the hottest point at the center, to the
coolest temperature at the nanoparticle edge. For AgNP
this is a variance from 628.1 to 627.8 K, and for AuNP
it varies from 349.6 to 349.5K. Both show less than
0.1% variance from the maximum temperature, and thus
the plateau regions can be considered homogeneously
heated.

Outside the nanoparticle, the temperatures drop rel-
atively rapidly. In Figs. 30.15 and 30.16 for example,
hard-tissue temperatures at the edge of the nanopar-
ticle are at the hydroxyapatite melting temperature
(1843 K) and maintain a temperature above 1473 K at
a distance 1.05 times the radius of the nanoparticle
(i.e., a 31.5 nm-diameter area is heated to this level by
the 30 nm nanoparticle). This temperature is the lower
bound (1473-2273 K) shown by Fried et al. to pro-
duce hydroxyapatite ablation and expulsion of molten
drops. The temperature for delayed thermal necrosis of
osteocytes (320 K) is maintained for all the tissue up to
75 times the radius, making the cell damage area on the
same order of magnitude as the focal spot size.

Thus, we have discussed the method of selective
nanophotothermolysis for application to bone tissue
cancers. Our simulations for three-dimensional (3-D)
thermal fields of plasmonic nanoparticles surrounded by
bone medium have shown that alterations to the par-
ticle size, particle shape, and material all have effects
on the magnitude of the maximum temperature reached
in the particle; For example, in the UV and visible
ranges of the spectrum, silver and gold solid spheri-
cal nanoparticles exhibit a strong plasmonic effect in
laser heating of nanoparticles. For longer wavelengths
in the transparency window of most biotissues, we rec-
ommend utilization of silica—gold nanoshells and/or
gold nanorods for selective nanothermolysis of the
bone tissue. Additionally, heat loss from the surface of
a nanoparticle to the surrounding medium is observed,
creating a large thermal damage area in the bone tissue
up to 75 times the nanoparticle radius.

30.5.4 Temperature Simulations
for Many Heat Sources

The model of (30.15-30.21) can be used for simulations
of the spatial distribution of the temperature produced
by many heat sources. Figure 30.18a illustrates the tem-
perature fields around closely located nanoparticles in
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30.6 New Dynamic Modes in Selective Plasmonic Nanotherapy

the surrounding blood medium irradiated by a single
laser pulse with energy density of 2.5J/cm? and pulse
duration of 8 ns. As follows from these calculations, to
provide the threshold temperature 423 K between the
particles everywhere in the cell volume (i.e., thermal
damage in the cell), the interparticle distance / (i. e., be-
tween the centers of neighboring nanoparticles) should
not exceed [ < 480 nm.

This criterion can be reached by varying [ and
the energy density of the incident laser pulse. To find
the optimal distance [, where the minimal tempera-
ture between the nanoparticles is equal to 423K, we
have conducted calculations of the interparticle tem-
perature distribution for different values of the laser
energy density. Results of these simulations, presented
in Fig.30.19, show that an optimum / does not exist
in the framework of the thermal calculations: / linearly
increases with the energy density of the incident laser
pulse. The interparticle distance [ sets the lower limit
for the nanoparticle concentration n required for cell
death (i.e., the number of particles per unit volume)

as
1

Let us estimate n and the absolute number N of
nanoparticles to provide the high-temperature distribu-
tion inside the cancer cell volume. For [/ = 480 nm, the
concentration of 7 = 9.0x 10'? cm~3 is homogeneously
distributed throughout the cell volume. N can be found
as N = nVge, where Ve is the cell volume. In the
case of the 10 um-diameter cells of the MDA-MB-231
breast cancer line, the number of 30 nm gold particles
needed to provide the threshold temperature everywhere

(30.22)
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Fig.30.19 Interparticle distance for different values of the laser

energy density

in the cell volume (thermal damage) is N &~ 4710. This
is a relatively large number of particles per cell, requir-
ing a long incubation time to collect them in the cell or
cell membrane. As shown in our experiments [30.12],
during this incubation time, the nanoparticles collide
with each other, stick together, and form nanoparticle
clusters. The temperature distribution inside a cluster
is expected to be significantly higher than the thresh-
old temperature 423 K, since the particles in the cluster
are compacted much closer to each other. The spatial
distribution of the temperature field inside and outside
the cluster formed by 30 nm particles conjugated with
antibodies is shown in Fig. 30.18.

30.6 New Dynamic Modes in Selective Plasmonic Nanotherapy

30.6.1 Nanocluster Aggregation Mode

Under certain delivery and particle-accumulation con-
ditions, nanoparticles can form clusters in the cancer
cell volume or cell membrane surface, as shown in
Fig.30.20. A cluster is a group of closely located
nanoparticles (10-30nm each) separated by the thick-
ness of antibodies with total cluster size of 200—400 nm,
which depends on the radii of the nanoparticles and du-
ration of incubation time. This is the time required to
collect the appropriate number of nanoparticles in the
cell or cell membrane. The presence of nanoclusters

may provide further synergistic enhancement of selec-
tive nanophotothermolysis due to:

® Increase of the nanocluster’s average local absorp-
tion

® Red-shifting of absorption to the near-IR range
(window of transparency of most biotissues [30.26])
that may be achieved with conventional gold solid
nanospheres, which are simpler to prepare, sta-
ble, and nontoxic, and cheaper compared with
nanoparticles with special design (e.g., rods, shells,
etc.)

600
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Fig.30.20 Principle of the nanoclus-
ter aggregation mode in selective
nanophotothermolysis of cancer
Cluster
Bubble
® Better heating efficiency achieved dent laser pulse energy with the same efficiency of cell
® Decrease in threshold energy for bubble formation death.
and cell damage. To find the lowest energy level of the incident sin-
gle laser pulse, we have conducted calculations of the
In this section, we describe theoretically the damage  spatial distribution of the temperature inside a cluster

of abnormal cells produced by nanoclusters and then
compare this with the single-particle case. Two basic
mechanisms of killing of cancer cells in the cluster ag-
gregation mode (CAM) corresponding to a nanosecond
laser pulse duration are studied here: thermal damage
of abnormal cells by a laser-heated cluster, and bubble
generation and their overlapping around the nanoparti-
cles/nanocluster, as shown in Fig. 30.20.

Temperature Distribution
Inside the Nanocluster
Our experiments [30.12] show that the distance be-
tween the centers of neighboring particles in a cluster is
80nm, i.e., 20 nm between the surfaces of 30 nm par-
ticles. The interparticle distance in the cluster cannot
be less than 20 nm, since the particles are covered by
antibodies with thickness of about 10 nm. The model
described in Sect. 30.4 is used to calculate the tempera-
ture distribution inside the cluster consisting of separate
gold nanoparticles with radius ro = 30nm in the sur-
rounding blood medium irradiated by a single laser
pulse of energy density E =2.5J/cm? and pulse du-
ration 71, = 8ns. As follows from these calculations,
the 2.5J/cm? single laser pulse provides an extremely
high minimal temperature of 2574 K inside the cluster
(minimal temperature between the nanoparticles). The
surface temperature of the nanoheaters is 3432 K. So,
at the same energy level of the incident laser radiation
used for laser heating of the single nanoparticle, the
minimal temperature inside the cluster exceeds by six
times the threshold temperature for cell killing. Thus,
the aggregation of the nanoparticles in clusters gives us
a unique possibility to dramatically decrease the inci-

consisting of 30nm gold particles for different laser
fluxes. The size of the cluster is chosen to be smaller
than that of the laser focal spot. The results of these
simulations for the lowest energy providing the thresh-
old temperature of not less than 423 K inside the cluster
(between nanoparticles) are illustrated in Fig.30.18b.
As follows from these calculations, an 8 ns single laser
pulse with energy density of 0.42J/cm? is enough to
heat the 30 nm gold particles inside the cluster up to
577K and to reach the minimal temperature of 432 K in
the cluster volume. There is evidence that specific prop-
erties of gold nanoparticles may be the reason for the
remarkably low melting temperature (573 K) [30.50].
Thus, clusters aggregated from small nanoparticles can
provide thermal damage of cancer cells at the signifi-
cantly low energy level of 0.42J/cm? of the incident
single laser pulse.

Temperature Distribution

Outside the Nanocluster
We assume that the cluster is aggregated from 30 nm
gold particles with 20 nm interparticle distances, homo-
geneously compacted in a cylinder of length 380 nm.
The cluster is located along the r-axis and surrounded
by blood. It is irradiated by a single laser pulse of energy
density 1J/cm? and pulse duration of 8 ns at full-width
at half-maximum (FWHM). Results of the simulations
for the spatial distribution of the temperature field in-
side and outside the cluster in the surrounding blood
medium are displayed in Fig. 30.21a. As follows from
these calculations, the temperature inside the cluster os-
cillates in the range of 1374—1056K along its length.
So, the cluster heated by a single laser pulse of energy
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density 1J/cm? has a high inside temperature which
exceeds by thrice the threshold temperature for cell
death. The outside temperature distribution shows us
that the cluster provides a large thermal damage area
of ~ (0.5 um within the cell volume at the threshold
temperature level of 423 K. To reach the same thermal
damage area with a single nanoparticle, a laser pulse
with energy density 2.5 times higher than for the cluster
case is required.

We note that, since the cluster is treated here as
a discrete medium (each particle considered separately),
the results obtained above for the cluster temperature
and thermal damage area have their lowest values. The
upper limit for these values can be found for a homo-
geneous (continuous) distribution of the medium in the
cluster. To keep our notations here the same, we label
such a continuously distributed medium as a homoge-
neous cluster. There are two reasons in support of the
homogeneous distribution in the cluster.

The first is the optical area. The size of nanoparticles
in a cluster is much smaller than the wavelength of the
laser radiation, ro < 1. As shown in [30.1], according to
the Lorenz—Mie scattering theory, the cross-section of
absorption exceeds by four times the geometric cross-
section of the gold nanoparticle, o.ps > 0¢. Hence,
cross-sections of absorption of each nanoparticle are
overlapping in the cluster. Because of this, the light
does not distinguish the separate nanoparticles inside
the cluster, and the laser energy is distributed homoge-
neously among the particles.

The second reason is the heat transfer frame. Since
the temperature variation inside the nanocluster oc-
curs over a relatively small temperature range of 318 K
(45°C), we can assume that the internal cluster temper-
ature is homogeneous and constant. This means that,
from a thermal calculations point of view, the cluster
can be treated as homogeneous (continuous) gold par-
ticles with the same size.

Let us evaluate the damage area produced by
continuous gold clusters in the blood medium. The
temperature distribution for gold particles of radius
190 nm (cluster diameter 380 nm) in blood irradiated by
a single laser pulse of energy density 1J/cm? is illus-
trated in Fig. 30.21b. As follows from these simulations,
the upper limit of temperature inside the homoge-
neous cluster is 2384 K, and the thermal damage area
is 2.13um in diameter at the threshold temperature
level of 423 K. Thus, the 380nm cluster provides
a huge thermal damage area with minimum size of
0.5um (for a discrete cluster) up to a maximal size
of 2um (for a homogeneous cluster) in a cell vol-
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Fig.30.21a,b One-dimensional distribution of the temperature field
inside and outside a discrete cluster (a) and continuous clus-
ter (b) consisting of 30nm gold particles in the surrounding
blood medium irradiated by a single laser pulse of energy density

1J/cm?

ume irradiated by a single laser pulse of energy density
1J/cm?2.

On the basis of our theoretical modeling, we can
conclude that the aggregation of nanoparticles in a clus-
ter mode of nanophotothermolysis raises the efficiency
of cancer cell treatment due to the large damage area at
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Fig.30.22 Two-dimensional distribution of the temperature inside
and outside a 30nm gold nanoparticle in surrounding water and
blood media irradiated by a single laser pulse of energy density
0.33J/cm? and duration 8 ns

relatively low energy density of the incident single laser
pulse. This conclusion is supported by the following
results:

® The same laser energy density used for heating
a single nanoparticle to the minimal temperature
for thermal cell damage provides a temperature six
times greater inside the cluster.

® C(Clusters can produce thermal damage of cancer
cells at a significantly lower energy density level
of 0.42J/cm? of the incident single laser pulse in
comparison with a single particle.

® C(Clusters provides a larger thermal damage area with
minimal size of 0.5 pum (for the discrete cluster case)
up to maximal size of 2 wm (for a continuous clus-
ter) in a cell volume irradiated by a single laser
pulse of energy density 1J/cm? and duration of 8 ns.
To reach the same thermal damage area of 0.5 um
by a single nanoparticle, a laser pulse with energy
density 2.5 times higher than for the cluster case is
required.

We should note that the damage area is estimated
here by using the threshold temperature required for
the initiation of cell killing effects, i.e., thermal dam-
age. However, the actual damage area is expected
to be significantly larger since the damage can oc-
cur on the cellular level, for example, due to bubble

formation around the nano-absorbers and its expan-
sion in the cell volume. Section 30.5.2 is devoted to
the investigation of the microbubble dynamics around
nanoparticles/nanoclusters in biological media.

30.6.2 Microbubble Overlapping Mode

As shown in Sect.30.5.1, significant heat conduction
away from a heated nanoparticle requires timescales
of the order of microseconds (1.75 us for water and
1.56 s for blood). Because of this, for nanosecond laser
pulses, most of the pulse energy remains localized at
the absorbing nanoparticles/cluster, whose temperature
rises high enough to cause vaporization of the immedi-
ate surrounding medium. This creates a bubble that then
expands outward from the nanoparticle. We now inves-
tigate the bubble dynamics resulting from laser pulses
with duration of 8 ns at FWHM.

Experiments [30.12] show that it is enough to heat
the strongly absorbing nanoparticles above the boil-
ing temperature of water only, or above the critical
temperature of the phase transition in water, to gen-
erate bubbles around the particles. So, for a relatively
low laser flux, the nanoparticle will be surrounded by
a rapidly expanding layer of vapor. Let us calculate the
threshold energy density of laser pulse deposited into
the nanoparticle which is required to raise its surface
temperature to the level of the critical temperature for
bubble generation.

An experimental nucleation temperature of i, =
150°C (423 K) for heterogeneous bubble generation
on the melanosome’s surface was determined by
Kelly [30.51]. Our calculations (Fig.30.22) show that
a threshold energy density of 0.33J/cm? for the single
8 ns laser pulse is required to reach a surface tempera-
ture of 450 K for the 30 nm gold nanoparticles in blood
medium. Thus, the bubble mode of photothermolysis
can provide a larger damage area at the relatively low
optical flux of 0.33 J/cm? (71 = 8 ns) due to the rapidly
expanding nanobubbles around the nanoparticles.

Spherical Bubble Dynamics
Consider a spherical bubble of radius R(#) (where ¢ is
time) in an infinite domain of liquid whose temperature
and pressure far from the bubble are T, and po(?), re-
spectively. We will assume that the liquid density pr,
and dynamic viscosity np, are constant and uniform. It
will also be assumed that the contents of the bubble
are homogeneous, and that the temperature 7(¢) and
pressure p(t) within the bubble are always uniform.
The radius of the bubble will be one of the primary
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results of the analysis. In the absence of mass trans-
port across the boundary (evaporation or condensation)
and with the above assumptions, the bubble dynamics
can be described by the generalized Rayleigh—Plesset
equation [30.52]

Pv(Teo) — Poo(?) n PV(T) = poo(Teo) i

AL oL oL
d®R 3 (dR\? 45 dR 28
=R—+=(— —
dz 2\ dr pLR dt = pLR
(30.23)

where py(T) is the saturated vapor density, and pg is
the partial pressure of the contaminant gas contained in
the bubble. The first term on the left side of this equation
is the instantaneous tension, or driving term, determined
by the conditions far from the bubble. We refer to the
second as the thermal term. It will be assumed here that
the behavior of the gas in the bubble is polytropic, so
that
7o

3k
PG = PG <E) , (30.24)

where pg, is the partial pressure of the contaminant gas
contained in the bubble at some reference size R = ry,
with k as approximately constant. Clearly, k = 1 implies
a constant bubble temperature, and k = y would model
adiabatic behavior, where y is the ratio of the specific
heat of the vapor at constant pressure to the specific heat
at constant volume.

Equation (30.23) can be readily integrated numer-
ically to find R(#) and the rate of bubble growth
v=dR/dr given the input poo(f), the temperature
Too, and the other constants. Initial conditions are also
required and, in the context of cavitating flows, it is ap-
propriate to assume that a nanobubble of radius R = rg
is in equilibrium at # = 0 in the fluid at a pressure ps.(0),
so that

28
PGy = Poo(0) — pv(Teo) + . (30.25)
and (dR/dt);=0 = 0.

Overlapping Microbubbles
As discussed above, under certain delivery and particle-
accumulation conditions, the particles can locate on
the membrane surface very close to each other, as
shown in Fig.30.20. In this mode, we can expect
the optical, thermal, acoustic, and bubble formation
phenomena initiated by laser radiation around each
particle to overlap and create some synergistic ef-
fects [30.12]; For example, the characteristic radii for

these overlapping effects can be defined by an opti-
cal radius Rope = (0abs /n)l/ 2 thermal diffusion length
Rt = (kt)l/ 2 sound transfer distance R, = csf, and
microbubble radius Rpupple = Ubf, Where oapg is the
cross-section of absorption, k is the heat diffusion
coefficient, ¢s is the speed of sound, and vy is the
bubble growth velocity. Since for a certain range of
gold nanoparticle sizes the optical radius can exceed
the geometrical particle radius r, at the given wave-
length of laser radiation, a plasmon—plasmon resonance
at Ropt > L (where L is the distance between particles)
can be achieved. This resonance leads not only to the
known red-shifting of maximum absorption [30.53], but
also increases the integrated absorption coefficient of
the particle cluster. The overlapping thermal fields at
Rt > L (during or after the laser pulse #,) lead to a dra-
matic increase in thermal and accompanying effects
(e.g., to sudden appearance of different nonlinear effects
such as phase transitions). The interaction of acoustic
waves at R, > L/2 significantly changes the local re-
fractive index, which might be crucial for diagnostic
purposes. Finally, the interaction of growing bubbles
(initially of nanoscale sizes) at Rpupble > L/2 leads to
a substantial increase in the average bubble size, with
a decrease in the bubble-formation threshold (which, for
single nanoparticles, is relatively high), and probably an
increase in the bubble growth velocity. All of these phe-
nomena are crucial when changing the distance between
nanoparticles, and they are important for both highly
sensitive diagnostics and efficient therapy.

We focus here on therapeutic application of this
technology. Indeed, laser-induced overheating effects
around nanoparticles may create many therapeutic
actions through the microbubble formation phenom-
ena, accompanied by acoustic and cavitation effects,
mechanical stress, and laser-induced hydrodynamic
pressure arising from the rapid bubble expansion
and collapse. In this section, we discuss a dynamic
mode for selective cancer treatment by laser-activated
nanoheaters, involving the situation where the bubbles
are overlapping inside the cell volume. The bubble
overlapping mode (BOM) may dramatically increase
the efficiency of the cancer treatment by laser-heated
nanoparticles as a result of the large damage range.

Since bubbles do not all appear simultaneously,
there are few possibilities for bubbles overlapping. The
bubbles can overlap at different nucleation times and
spreading velocities, or simultaneously with the same
spreading velocity when they reach each other midway
between neighboring gold particles. In our calcula-
tions, we choose stronger criteria than overlapping at
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midpoints. Effective overlapping with large damage of
tumor cells can be achieved if each bubble reaches the
neighboring nanoparticles themselves, not just the mid-
points between nanoparticles.

Condition for Concentration of Nanoparticles
The criteria for BOM introduced above impose a re-
quirement on the interparticle distance L, the distance

Fig.30.23a,b Dependences of the scattering Ko (curve 1)
and absorption K,ps (curve 2) coefficients at laser wave-
length of A =450nm on the size ro of gold particles in
water medium (/7 = 1.122—1.4161) (a) and (b) for the case
A =0633nm (m =0.1126-2.57541) <

between two neighboring nanoparticles. Since the bub-
ble must reach the neighboring particles during the
growing time Tgrowh, the integration of the Rayleigh—
Plesset equation (30.23) [30.52] for bubble dynamics at
the nucleation temperature Ty, gives the requirement
for the interparticle distance L as

2 Poyi(Thue) — P,
L=< g %Tgrowth >
V Ploo

where Pgy(Thye) is the saturated vapor pressure at the
nucleation temperature, P is the ambient pressure, and
p(Two) is the water density. This sets the lower limit to
that required for the BOM concentration of nanoparti-
cles, the number of particles per unit volume, as

(30.26)

n=(1/L%. (30.27)

Let us now estimate the interparticle distance, the
nanoparticle concentration, and their absolute num-
ber collected in a tumor cell to provide the BOM by
laser-activated nanoheaters. The interparticle distance L
calculated by (30.26) for the experimentally measured
nucleation temperature of Ty, = 150°C is

L ~ 15.8Tgrowth - (30.28)

The bubble growing time Tyroweh is limited by the bub-
ble nucleation time #,,c and bubble lifetime Tpyppie, 1. €.,
thue < Tgrowth < Thubble- In our experiments [30.12], the
nucleation time of the bubbles around isolated gold
nanoparticles in aqueous suspension and irradiated by
nanosecond laser pulses is ty,c & 100ns. The bubble
lifetime depends on the laser energy and ranges from
100ns to 2us. In the overwhelming majority of ex-
periments, including ours, the bubble lifetime is in the
range Tpupble = 200—400ns. So, we can conclude that
the bubble growing time is close to the nucleation
time, i.e., Tgrowth ~ fnuc- Then, from the rate equation
(30.28), we can estimate the distance between nanopar-
ticles (microbubble radius) required for the BOM as
L = Rpupble ~ 1.6 um, which corresponds to the results
of our experiments. Thus, (30.27) gives the lower limit
of the concentration of nanoparticles to provide the
BOM as n &~ 2.44x 10" cm=3. The absolute number of
particles homogeneously distributed inside a tumor cell
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Table 30.13 Physical properties of blood at 1 atm pressure used in the simulations

Property Notation used in the model Value Units
Density oL 998.2 kg/m?
Viscosity (water) n 1.022x 1074 kg s/m?
Surface tension (water-saturated vapor) St 7.2x1073 kg/m
Thermal conductivity at 7 =273-373 K Lo 0.48-0.6 W/(mK)
Thermal diffusivity 1.6x1077 m?/s
Specific heat at 7 = 273-373 K c 3645-3897 J/(Kkg)
Ratio of specific heats (water/vapor) y 1.33

for this mode can be found as N = n V), where Ve
is the cell volume. For the case of the breast cancer
line MDA-MB-231 of 15 um size, the number of gold
nanoparticles providing BOM is N ~ 430.

Condition on Nanoparticle Sizes
The optimal range of nanoparticle sizes for effective
laser initiation of BOM in tumor cells is governed by
the nanoparticle optics described in [30.1]. The optical
characteristics of spherical nanoparticles dispersed in
a biological medium at a given radiation wavelength A
can be calculated on the basis of Lorenz—Mie diffraction
theory in the single scattering approximation discussed
in Sect.30.2. The Mie formalism requires the use of
two dimensionless input parameters, p = 2mrg/A and
8 = pm, where m is the relative value of the complex
refractive index of the nanoparticles in the surround-
ing medium at the wavelength A. Computer calculations
of the dependences of the absorption K, and scatter-
ing Kca coefficients at the given laser wavelength on
the size of gold nanoparticles in aqueous suspension
are plotted in Fig.30.23. Figure 30.23a shows results
for gold particles in water heated by laser radiation
of wavelength A =450nm (m = 1.122-1.4161), and
Fig.30.23b is for the case of wavelength A = 633 nm
(m =0.1126-2.57541). It is evident from Fig.30.23a
that the absorption coefficient K,ps has a strong max-
imum at the radius of 50nm for the gold particle at
the given wavelength (for 532 nm wavelength, the max-
imum radius is 30 nm).

The width of the absorption maximum at the level
Kaps > 1 corresponds to the particle radii range of
ro = 20—600 nm. This means that, in this size range,
the absorption cross-section of gold particles at the
given wavelength A =450 nm exceeds the particle ge-
ometric cross-section. Light scattering at A =450nm
by gold nanoparticles in aqueous suspension becomes
apparent for particle radii larger than 50 nm. For par-
ticles of radii ro > 150nm, the scattering of laser
radiation predominates over the absorption, and the

considered suspension containing the nanoparticles be-
comes a strongly scattering medium at the given
wavelength.

For the particle radius range ro = 1-50 nm, the ab-
sorption coefficient Kgps is considerably greater than
the scattering coefficient K,; i.e., the efficiency of
laser heating of nanoparticles in this size range is high.
Thus, the optimal range of nanoparticle sizes for effec-
tive laser initiation of BOM in tumor cells is 1-50 nm.
The maximal effect of laser heating of gold particles
can be achieved for particles of radii 20—50 nm, where
Kaps > 1 and K¢y < 1.

Figure 30.23b demonstrates the Kgca(rp) and
Kans(ro) curves for the wavelength of A = 633 nm. We
observe very weak absorption and strong scattering
of the light at this wavelength by the gold nanopar-
ticles. The absorption slightly predominates over the
scattering for a small range of nanoparticle radii when
ro < 35nm. It follows that laser light with wavelength
A =633nm can be recommended for diagnostic pur-
poses only. However, creation of nanoclusters on a cell
surface may lead to shifting the absorption maximum to
the near-IR range [30.53], which can also be used for
therapeutic purposes.

Thus, the proposed theoretical model for the
nanoparticle optics along with bubble dynamics allows
us to find the following conditions for BOM realization:

® The maximal effect of laser heating of gold nanopar-
ticles over the wavelength range A = 450-550 nm
can be achieved for particle radii of 20—50 nm.

® The optimal nanoparticle concentration is n ~
2.44x 10" ¢cm™3, which corresponds to an absolute
number of nanoparticles in a breast cancer cell vol-
ume of 430 (88 on the cell surface).

® The bubble radius providing BOM is Rpubble ~
1.6 pm.

These theoretical predictions of the BOM condi-
tions have been confirmed by our experimental re-

1089

9°0€ | D Med



1090 PartG | Applications and Impact

9°0€ |9 Med

a)

3.0

2.5

2.0

R (um)

1.0

0.5

0.0
0 30 60 90 120 150

Time ¢ (ns)

b)

50

45

40

35

v (m/s)

30

25

20

15
0 30 60 90 120 150

Time ¢ (ns)

Fig.30.24 (a) Bubble expansion around a 30 nm gold par-
ticle in blood irradiated by a laser pulse with energy
density £ =0.33J/cm? and pulse duration 7 = 8ns at
constant bubble temperature (upper curve) and under adia-
batic conditions (lower curve). (b) Bubble expansion rate,
v(t)=dR/dt

sults [30.12], which include the study of nanocluster-
related phenomena as discussed in Sect.30.5.1 and
below.

Microbubble Generation Around Nanoclusters
The model described above has been used to calculate
the bubble growth in time around 30 nm gold particles
and homogeneous clusters with radius of 190nm sur-
rounded by blood biomedium when the incident laser
pulse has energy density of E =0.33J/cm? and pulse

R (um)

0 50 100 150 200

Time ¢ (ns)

Fig.30.25 Adiabatic expansion of the bubble produced by
a single 30nm particle (lower curve) and 190 nm con-
tinuous cluster (upper curve) irradiated by a laser pulse
with energy density E =0.33J/cm? and pulse duration
7, = 8ns

duration of 71, = 8 ns. The physical properties of blood
used in the calculations are listed in Table 30.13. The
results of the simulations are presented in Figs. 30.24
and 30.25. Figure 30.24 illustrates the time behavior
of the radius and its rate for the bubble generated
around the 30 nm particles heated and cooled in blood.
Figure 30.25 demonstrates the difference in the time dy-
namics of bubble growth caused by the single 30 nm
particle and 190 nm homogeneous cluster.

Calculations are performed for both cases at con-
stant bubble temperature (k=1) and for adiabatic
conditions (k =y =4/3). Under such conditions, the
time dependence of the bubble radius R(¢) is a better
fit to our experimental results [30.12]. As follows from
our calculations, the adiabatic expansion of the bubble
provides a final radius of 3.5 um for the bubble life-
time 200 ns, which agrees well with our experimental
observations in [30.12].

The general feature of the simulation results is lin-
ear and smooth growth of the bubbles’ radius with time
when the bubbles’ lifetime exceeds 30 ns. The time dy-
namics of the temperature, as calculated in [30.1] for
30 nm nanoparticles heated by a 8 ns laser pulse, show
that the total time for one cycle (heating of the nanopar-
ticles from an initial temperature 300K to maximum
temperature, and then cooling back to the initial temper-
ature) is about 30 ns. Thus, linear growth of the bubble
radius with time after 30 ns can be explained by the ab-
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sence of an active heat source in the medium. This result
is confirmed also by the rate dynamics v(¢) = dR/dt
for the bubble radius shown in Fig. 30.24b. In the time
range 0—30ns, the curves of both R(#) and v(¢) have
strong nonlinearity due to active heat transfer from the
nanoparticle to the surrounding medium. During the
first several nanoseconds, the bubble rapidly expands
with a high velocity of 40m/s. Then, the expansion
rate drops exponentially and reaches a constant sat-
uration value of 16 m/s for # > 30ns. Since there is
no heating source in the system after 30ns, the mi-
crobubble expands uniformly and linearly at a constant
rate.

It is important to compare the bubble expansion rate
with the thermal conduction rate in the surrounding
medium. Using the thermal properties of blood given
in Table 30.13 and the size of the locally heated re-
gion [ ~ 1 pm as a focal spot of the laser radiation, we
find that the approximate speed for heat conduction is

Vthermal ~ £ ~0.15m/s, (30.29)
pcl

which is more than two orders of magnitude less than
the bubble expansion rate. Here, p, ¢, and po are,
respectively, the density, specific heat, and thermal con-
ductivity of the surrounding medium. So, during a laser
pulse of 71, = 8 ns, thermal damage occurs over a negli-
gible distance from the nanoparticle in comparison with
the bubble damage. Thus, bubble expansion occurs on
a time scale much shorter than heat loss, which justifies
the use of an adiabatic treatment during the expansion.
The thermal relaxation time is 1.75 us for water and
1.56 ps for blood, which is much longer than the bubble
lifetime of about 200 ns. This means that, for cell dam-
age by bubble expansion, it is sufficient to heat only the
nanoparticles up to the critical threshold temperature for
bubble generation (423 K) without having to heat the
surrounding cellular medium. Therefore, the relatively
low optical flux of 0.33J/cm? (z. = 8 ns) is enough for
effective cell killing.

Similar bubble expansion dynamics is observed for
the bubble produced by a homogeneous cluster, as illus-
trated in Fig. 30.25. The cluster’s curve has both linear
and nonlinear parts with notably higher expansion rate
of more than 90 m/s in the first 4 ns. During adiabatic
expansion of the bubble produced by a homogeneous
cluster in blood, the saturated expansion rate is 17 m/s,
and the final radius reaches ~ 5.5 um for bubble life-
time of 200 ns. According to our calculations, the heated
380 nm cluster is able to produce one large bubble in the
cell volume, whose damage area is comparable to the

size of a cancer cell (10—15 wm in diameter). Thus, the
formation of just one large bubble around one large nan-
ocluster aggregated in the cell volume is good enough
for cancer cell killing.

In conclusion, the bubble mode of photothermolysis
decreases the threshold optical flux to 0.33J/ em? (¢, =
8ns) for cancer cell killing and dramatically increases
the damage area due to rapid expanding microbubbles
around the nanoparticles and cluster:

® The expansion of the bubble has a strong non-
linearity in the time range 0—30ns due to active
heat transfer from nanoparticles to the surrounding
medium. During the first several nanoseconds, the
bubble produced around a 30nm particle rapidly
expands with a high velocity of 40m/s. Then,
the expansion rate drops exponentially and reaches
a constant saturation value of 16 m/s for # > 30 ns.
Since there is no heating source in the system af-
ter 30ns, the microbubble expands uniformly and
linearly at a constant rate.

® The adiabatic expansion of the bubble produced
around a single 30 nm particle reaches a final radius
of 3.5 um for bubble lifetime of 200 ns.

® The speed for heat conduction in the cellular
medium (Vthermal = 0.15m/s) is more than two or-
ders of magnitude less than the bubble expansion
rate (Vsaturated = 16 m/s), so that, during a laser
pulse of 7, = 8ns, thermal damage occurs over
a negligible distance from the nanoparticle in com-
parison with the bubble damage.

® A heated 380 nm cluster is able to produce a single
large bubble within the cell volume, whose dam-
age area is comparable to the size of a cancer cell
(10—15 m in diameter).

30.6.3 Laser-Induced Thermal Explosion
Mode - Nanobombs

In this section, we discuss a new mechanism for se-
lective laser killing of abnormal cells by laser thermal
explosion of single nanoparticles — nanobombs — deliv-
ered to the cells. Thermal explosion of the nanoparticles
is realized for ultrashort laser pulses when the heat
is generated within the strongly absorbing target more
rapidly than the heat can diffuse away. Laser-induced
rapid explosive evaporation of gold nanoparticles (GNs)
enables the generation of stress transients, shock waves,
and high local pressure. A schematic picture of these
complex physical effects is provided in Figs. 30.26
and 30.27. There are two main physical mechanisms
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that could lead to the laser-induced explosion of GNs:
the thermal explosion mode through electron—phonon
excitation—relaxation, and the Coulomb explosion mode
through multiphoton ionization.

Thermal Explosion Mode

Under the action of ultrashort laser pulses in the spec-
tral range of the surface plasmon resonances (for a solid
spherical GN, the maximum absorption is &~ 520 nm),
GN atoms are excited to upper electronic states ow-
ing to the absorption of many photons. Through rapid
(picosecond time scale) relaxation, GN atoms decay to
their ground state with effective electron—phonon con-
version of the absorbed photon energy into thermal
energy. Depending on the GN temperature 7', the fol-
lowing scenarios, individually or in combination, can
occur:

1. T < Try, where Tyy is the liquid vaporization tem-
perature (water in many cases), =~ 150-350°C
[30.54]. This is thermal expansion of a single GN

Fig.30.27 Laser-induced thermal
explosion of a gold nanoparticle

Shock waves with

supersonic expansion

Au
Explosion Vs - h
—_—

Au atoms and
clusters with high
velocity

j—.‘: High-pressure

layers

and surrounding thin liquid layer, which is accom-
panied by the generation of linear acoustic waves,
known as the classic photoacoustic effect.

2. Tiv < T < Tonm, where Tgaw is the GN melting
point, & 1063 °C [30.55]. This is bubble formation
with expansion and collapse, which is accom-
panied by the production of acoustic and shock
waves [30.56,57].

3. Tonm < T < TgnB, where Tgnp is the GN boiling
point of ~ 2710 °C [30.55], with GN melting.

4. T > Tgng, which is GN boiling with the formation
of gold vapor around liquid gold drops.

The photothermal process of scenario 3, and espe-
cially scenario 4, may lead to GN fragmentation into
smaller parts — nanobullets — and to the thermal explo-
sion of a GN into single atoms.

Coulomb Explosion Mode
For ultrashort laser pulses (e.g., femtosecond time
scale) comparable to the time scale of electron—electron
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interactions and shorter than the electron—phonon in-
teraction time, a nonphotothermal mechanism of GN
explosion can occur through multiphoton ionization
when the absorbed photon energy is transferred directly
to the electrons, leading to their ejection due to the
Coulomb explosion mechanism [30.58, 59]. High GN
plasmon-resonance absorption may facilitate this effect
due to thermionic electron emission.

Time Scale Approximations
The goal of this theoretical modeling is to estimate the
threshold laser energy density Eexp required for real-
ization of the thermal explosion mode of GNs, and to
compare the calculated data with available experimental
results. This mode is realized through rapid overheating
of a strongly absorbing target during a short laser pulse
when the influence of heat diffusion is minimal. Let us
first estimate the time scale for thermal relaxation due
to heat diffusion from the surface of the nanoparticle.

In the vicinity of GN < 5R, where R is the nanopar-
ticle’s radius, the thermal relaxation time for a spherical
GN can be estimated as 77 = R2/6.75k, where k is the
thermal diffusivity [30.1]. For R = 50, 100, and 200 nm,
estimates of tr (for water, k = 1.44x 1073 cm? /s) are
approximately 2.6, 10, and 41ns, respectively. For
a laser pulse duration #p < 7T, heat is generated within
the GN more rapidly than it can be diffused away, so
that we can neglect heat losses from the surface of the
GN due to heat diffusion into the surrounding medium.
This condition for smaller GNs is valid with picosecond
and femtosecond laser pulses.

Threshold Intensity

for Laser-Induced Thermal Explosion
Consider a nanoparticle selectively delivered to a tar-
geted site (e.g., cancer cell) to be irradiated by a laser of
intensity /. The power of the absorbed electromagnetic
field is P = oapsl, Where oapg is the GN’s cross-section
of absorption. If oy is large enough, thermal explosion
of the GN may occur at certain values of the thresh-
old laser intensity Jexp1, which is less than the threshold
intensity for optical plasma formation in the surround-
ing medium [30.17,18]. Under the thermal explosion of
GNs, we understand the specific case for which the to-
tal energy absorbed by the GN during the time of its
inertial retention in vapor state, Texpl = R/us, exceeds
the energy required for the GN’s complete evaporation,
pqV = Nauq1V. Here, uy is the sound velocity in Au
vapor at the critical temperature 7o ~ TgNB; p is the
volume density of GN; Nay is the number of Au atoms
per unit volume; g and ¢ are the particle’s specific heat

of evaporation per unit mass and per particle, respec-
tively; and V is the GN’s volume. We have a laser pulse
duration of 1, > Texpl = R/us (= 1ps for R~ 10nm),
where Texp is an explosive evaporation time.

To compute Iexpi, we can use the model described
in [30.1]. According to that model, the threshold inten-
sity of the laser radiation for thermal explosion of the
spherical GN can be expressed as

4pTerqus
3Kabs(R) ’

where Kaps is the nanoparticle absorption efficiency.
Thus, the solid nanoparticle in a relatively strong laser
field with intensity I > Iexp during the short time
Texpl & R/ug transforms into a gas (vapor) sphere of ra-
dius &~ R, which has high temperature 7 ~ Tgng and
high pressure Py, > P, Where P is the ambient
pressure.

We assume here that thermal explosion of a GN
is accompanied by the generation of shock waves
that expand with a supersonic velocity us = R/Texpl =
Iexpl/4AH ~ 10°cm/s.  Here, AH = AH300—vap
+ A Hyyp, where A H300-—vap is the enthalpy change per
unit volume for heating the GN from the ambient tem-
perature to the vaporization temperature, and A Hy,p, is
the vaporization enthalpy per unit volume. The shock
waves could be waves of high acoustic or/and water
vapor pressure, which spread out over long distances
around an epicenter of explosion and produce irrepara-
ble mechanical cell damage [30.60-67]. It should be
noted that the pressure produced by vaporization of
a GN itself (e.g., ~ 10~ 2 atm [30.68]) is less than the
water vapor pressure around the hot GNs. Indeed, the
number of atoms vaporized per unit of time and per unit
of particle surface is given by [30.69]

Texpl(R) ~ (30.30)

Nag - (30.31)

For example, the atomic density of bulk gold is
5.9%10%> cm™3, while each GN contains approximately
10° atoms, leading to an average atom density of
10'7 cm~3. Higher gold vapor pressure can only be
reached on the front end of the explosion, where explo-
sion products are localized in a thin layer.

Cell Damage Effects
The therapeutic effect of laser-induced explosion of
GNs for cancer treatments can be achieved due to
one or several phenomena, such as protein inactivation
(e.g., through denaturation or coagulation) around hot
GNs [30.61], bubble formation [30.12], generation of
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acoustic and shock waves [30.62-67], and interaction
with GN fragments and atoms. An important damage-
related factor is not only the temperature but also the
vapor pressure produced by both water and gold va-
pors, accompanied by the cavitations and shock waves,
with local pressure up to gigapascals [30.62-67]. The
damage of specific cellular structures (e.g., plasmatic
membranes, nuclei, cytoskeletons, and organelles) in
the laser explosion mode depends on GN parameters
(composition, size, and shape), their number and lo-
cation, laser parameters (wavelength, fluence, pulse
duration, and number of pulses), and properties of the
surrounding media (e.g., amount of water).

The time required to destroy an abnormal cell of
size d by supersonic expansion of shock waves can be
roughly estimated as tgy & d/us. In the case of 15 pm-
diameter cancer cells [30.12,17,18], this is 7qw ~ 15ns,
which is comparable to the lifetime of sound/pressure
shock waves in an aqueous medium. We can estimate
the lower level of the threshold energy density of a laser
pulse required for thermal explosion of the GN using
Eexpl(R) & Iexp1(R) X Texpl, Where the threshold inten-
sity Iexpi depends on the absorption efficiency of the
nanoparticle. For the particular lasers used in the ex-
periments [30.12, 17, 18] (A =532nm, 71, = 8—10ns),
the threshold energy density for thermal explosion of
a solid gold nanosphere of size R =35nm (absorp-
tion efficiency of Kyps =4.02) is Eexp) = 38.5 mJ/cmz.

This density strongly depends on the types of nanopar-
ticles (e.g., gold solid nanospheres, nanoshells, and
nanorods). For example, gold nanorods have a near-
IR resonance absorption efficiency of approximately
14 for an effective radius of 11.43nm [30.26]. Due
to the higher plasmon-resonance absorption efficiency
of nanorods, the threshold energy density can be re-
duced by using gold nanorods to Eexpl = 25m] /cmz.
It is important to note that the estimated threshold en-
ergy densities for thermal explosion of GNs at the given
wavelength L =532 nm are 2.5-4 times less than the
laser fluence of 100 mJ/cm? established as the safety
standard for medical lasers [30.70].

The estimated values for Ecxp are in good agree-
ment with some available experimental results. Indeed,
for spherical GNs with average size of 45 nm irradiated
with second-harmonic Nd: YAG laser pulses (532 nm for
7ns), the laser fluence threshold for changing the GN
shape and its fragmentation associated with GN melting
and boiling phenomena are 16 and 30 mJ/cm?, respec-
tively [30.55]. The more intense GN fragmentation to
small fragments of mainly 5—10 nm in size has been ob-
served for laser fluences in the range 30—140 mJ/cm?
and higher [30.55]. For a 30ps pulse, 25nm GN
fragmentation has been observed at 23 mJ /cmz, with
a slight effect on changing the GN shape, even at
2-5mJ/cm? [30.28].

Thus, thermal explosion around GNs may make
a significant contribution to cell damage alone or to-
gether with conventional water vapor bubble formation
in nanophotothermolysis, which is characterized by
a higher laser fluence range of 50—500 mJ/cm? [30.1].
As previously mentioned, conventional bubble forma-
tion usually starts at the end of a nanosecond laser
pulse, while the thermal explosion time scale is from
1ps to a few ns [30.17, 18]. A schematic time scale
for shock wave and conventional bubble formation in
the thermal explosion mode is shown in Fig.30.28.
Thus, shock waves appear earlier than bubbles in-
duced by the explosive vaporization of GNs in a liquid
environment.

The laser-induced explosion effect can explain the
experimental results [30.7,16] with notable cancer dam-
age with 1.4 nm GNs inside viruses on a cell membrane
with picosecond laser pulses (30 ps, 50—100 mJ/cm?)
when the probability of classic water bubble formation
is very low. We believe that the explosion mode may
be essential in selective nanophotothermolysis of DNA,
and this mode is definitely becoming dominant in the
absence of a sufficient amount of water around GNs.
This mode can be combined with a bubble overlapping



Plasmonic Nanomaterials for Nanomedicine | References

mode [30.12] as described above, where the explosion
of a few closely located GNs in a gold nanoparticle clus-
ter (GNC) can produce one large bubble with enhanced
killing efficiency. The explosion of GNs on smaller par-
ticles or single gold atoms during a laser pulse may
provide the condition for interaction of the pulse with its
atoms, leading to their ionization and plasma formation.
However, these effects should appear at relatively high
laser fluences that are not safe for normal cells [30.57].

Thus, we have considered a new mechanism for se-
lective laser killing of abnormal cells by laser thermal
explosion of single nanoparticles (nanobombs) deliv-
ered to the cells. Thermal explosion is realized when
heat is generated within a strongly absorbing target
more rapidly than the heat can diffuse away. On the
basis of simple energy balance, it is shown that the
threshold energy density of a single laser pulse required
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