ISSN 1061-933X, Colloid Journal, 2016, Vol. 78, No. 4, pp. 435—442. © Pleiades Publishing, Ltd., 2016.
Original Russian Text © V.S. Gerasimov, A.E. Ershov, S.V. Karpov, S.P. Polyutov, P.N. Semina, 2016, published in Kolloidnyi Zhurnal, 2016, Vol. 78, No. 4, pp. 417—425.

Optimization of Photothermal Methods for Laser Hyperthermia
of Malignant Cells Using Bioconjugates of Gold Nanoparticles

V. S. Gerasimov,, A. E. Ershov* %<, S. V. Karpov* © 4, S. P. Polyutov‘, and P. N. Semina¢
¢ Siberian Federal University, Svobodnyi pr. 79, Krasnoyarsk, 660041 Russia

b Institute of Computer Simulation, Siberian Branch, Russian Academy of Sciences,
Akademgorodok 50/44, Krasnoyarsk, 660036 Russia

¢ Kirenskii Institute of Physics, Siberian Branch, Russian Academy of Sciences,
Akademgorodok 50/38, Krasnoyarsk, 660036 Russia

d Reshetnev State Siberian State Aerospace University, pr. Gazety “Krasnoyarskii rabochii” 31, Krasnoyarsk, 660037 Russia
e-mail: karpov@iph.krasn.ru, valkrsk @gmail.com
Receqved 6.11.2015

Abstract—Selective action of laser radiation on membranes of malignant cells has been studied in different
regimes using conjugates of gold nanoparticles with oligonucleotides by the example of DNA aptamers.
Under the conditions of a contact between a bioconjugate and a cell surface and the development of substan-
tial and rapidly relaxing temperature gradients near a nanoparticle, the membranes of malignant cells alone
are efficiently damaged due to the local hyperthermia of a cellular membrane. It has been shown that the
localization of the damaging action, which does not involve healthy cells, is realized, provided that pulsed,

rather than continuous, laser radiation is used.
DOI: 10.1134/S1061933X16040050

1. INTRODUCTION

Conjugates of plasmonic nanoparticles with bio-
logical macromolecules are important objects of inter-
disciplinary research, with studies in the fields of bio-
medicine and biotechnologies [1] having the greatest
applied potential among them. The great interest in
the investigation of these objects is due to the fact that
they represent a technological platform for designing
new-generation nanosized biosensors capable of
detecting biomolecular interactions at the level of
individual molecules. Biological complexes based on
plasmonic nanoparticles are multifunctional and can
simultaneously be used for diagnostics and therapy, as
well as for medical visualization and monitoring of
treating malignant neoplasms. Moreover, these bio-
conjugates are low toxicity, which is of special impor-
tance in the case of their application for early diagnos-
tics and complex therapy of oncological diseases.

The photodynamic method for tumor treatment
based on laser irradiation of affected tissues [2, 3] is a
promising approach to solution of these problems. An
alternative to the photodynamic method is a method
that has been developed in the last decade for the
selective thermal action by laser radiation on malig-
nant-tumor-affected tissues labeled with plasmon-
resonant nanoparticles. This method has been named
“plasmon-resonant photothermal therapy” (PRPTT)
[4—6].

When using these methods, it is of importance to
properly select the radiation wavelength that must

coincide with both the minimum absorption by hemo-
globin, which ensures the deepest penetration of the
radiation, and the plasmon absorption band of nano-
particles. However, when biological tissues are irradi-
ated with a laser beam in a real situation, it is also nec-
essary to take into account the strong scattering caused
by the optical heterogeneity of these tissues. Allow-
ance for these factors is necessary to ensure that the
radiation reaches the required depth [7] and control
the temperature of the local heating of the biological
tissues with plasmonic nanoparticles to provide irre-
versible damage of malignant cells. Hence, tuning of
laser radiation parameters is an important condition
for the photothermal treatment methods. The depen-
dence of the spectral position of the plasmon absorp-
tion of gold nanoparticles on their sizes, shapes, and
composition makes it possible to select a radiation
wavelength that is optimum for the therapeutic effect
in a range of 530—1100 nm [8, 9].

When using tumor hyperthermia induced by the
local superheating of oncological cells conjugated with
nanoparticles, it is of special importance to ensure the
selective action of laser radiation on an affected region
without involving a healthy tissue. Note that the meth-
ods currently available for photodynamic treatment of
tumors encounter complications and consequences
that are destructive for healthy tissues. Therefore, the
development of a very unintrusive and efficient
method for treatment of malignant tumors is a major
problem of oncology.
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Antibodies are prevalent among compounds that
are capable of selective binding and, therefore, used in
biomedical practice for the functionalization of nano-
particles. Their application in PRPTT has appeared to
be efficient [10, 11]. However, a rather large size of
antibody molecules (of nearly 25—30 nm) diminishes
the efficacy of the photothermal action and its local-
ization in a pulsed regime of irradiation because of a
large gap between a nanoparticle and a cellular mem-
brane surface.

In this connection, DNA aptamers are of indepen-
dent interest owing to a number their advantages [12—
14]. Relatively small sizes (of 2—3 nm) are among the
most significant of them, because they make it possible
to provide an optimum regime of heating oncological
cells at a low intensity of laser pulses. Moreover, the
contemporary methods for the synthesis of aptamers
allow one to finely tune the properties of resulting
conjugates, thus ensuring their selective binding with
membrane surfaces of certain malignant cells.

The possibility of the targeted action of radiation
on tumor cells alone without damaging healthy tissues
is realized by introducing aptamer—nanoparticle bio-
conjugates into organism [12, 13]. Such bioconju-
gates, in the form of plasmonic nanoparticles with
synthetic  oligonucleotides—DNA  aptamers—
adsorbed on their surface provide functionalization of
these complexes and, as a consequence, precisely
addressed delivery of the conjugates to a biological tar-
get. Therefore, the PRPTT process involving conju-
gates of gold nanoparticles with DNA aptamers is
studied in this work.

The plasmonic nanoparticles most widely used for
PRPTT include gold nanorods [15, 16], nanospheres
[9, 17, 18], and nanoshells [19—21]. Nanoparticles
may be selectively attached to tumor cells via the func-
tionalization of the nanoparticles with DNA aptamers
in the cases of both passive [22] and active [12—14]
delivery.

The aforementioned selective action is based on
the ability of the aptamers to specifically bind comple-
mentary epitopes, i.e., regions of oncomarker proteins
located on the membranes of malignant cells alone,
while healthy cells do not interact with Au nanoparti-
cles in this case. Gold nanoparticles bound to DNA
aptamers absorb resonance laser radiation, are heated,
and heat regions of a tumor via heat transfer. Elevation
of their temperature to 42—43°C and above causes the
apoptosis (controlled death) of malignant cells [2].

Review [5] reports results of a comparison of the
photothermal actions of continuous and pulsed laser
radiations on malignant cells under the conditions of
the specific bonding of nanoparticles to the cells via
antibodies. The approach based on the use of contin-
uous laser radiation encounters a problem relevant to
the low selectivity of the action on malignant cells, at
which nanoparticles heated for a long time generate an
isotropic temperature field with low radial gradients in
an ambient medium. In this situation, both tumor cells
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directly adjacent to nanoparticles and healthy cells
located at a rather large distance from the heat source
undergo heating followed by necrosis. Thus, the long-
term action of a continuous radiation leads to heating
of the medium due to the heat transfer with the gener-
ation of a uniform temperature field, which covers the
entire macroscopic region of the irradiated tissue.
Under the conditions of a pulsed radiation in the
absence of the specific binding, the main mechanism
of cell damage is the mechanical action caused by the
rapid appearance and disappearance of vapor cavities
near nanoparticles. However, this mechanism requires
a rather intense pulsed laser radiation [6, 23]. Our cal-
culations (see Section 3) show that, when using
aptamers (taking into account their small sizes) to
bind nanoparticles to a cellular membrane, a thermal
action sufficient for it to be damaged is reached at a
temperature of the particle surface much lower than
the threshold of water vaporization. This, in turn,
makes it possible to use pulsed laser radiation with a
significantly lower intensity.

In our previous works [24, 25], we studied the pro-
cesses of the interaction of a pulsed laser radiation
with spherical silver nanoparticles and their aggre-
gates. Among other things, these studies considered
taking into account the heating of an ambient medium
by the example of water. It was found that the pulsed
irradiation of such particles leads to the generation of
rapidly relaxing thermal fields with high radial tem-
perature gradients in the region directly adjacent to the
particle surface.

Thus, there is reason to believe that the problem of
the nonlocality of the hyperthermia of affected tissues
may be solved by using a pulsed rather than a continu-
ous laser radiation. In this case, a laser pulse acting on
a nanoparticle for nearly 10—°—10~% s also heats the
ambient medium, thus rapidly generating high radial
temperature gradients, which relax in time periods of
nearly 10~°—10-7s. Therewith, only the cells closest to
the nanoparticle appear to be located in the region
heated to temperatures higher than that necessary for
irreversible cell damage. However, traditional lasers
that can be used in biomedicine generate nano-, pico-
, and femtosecond optical pulses with high peak inten-
sities, which can induce irreversible thermal effects
upon a nonselective thermolysis of cells. Therefore,
separate studies are necessary to answer questions
concerning the dependence of the rate of the apoptosis
of malignant cells on the wavelength and intensity of
laser radiation, as well as the pulse duration in a wide
range of values, and their off-duty ratio under the con-
ditions of a multipulse action. It has been experimen-
tally shown [26] that selective laser hyperthermia of
cells may be realized by treating a tumor with nanosec-
ond laser pulses. However, our estimations have shown
that, in this case, the nanoparticle temperature
reaches several hundreds of degrees centigrade.

The goal of this work is to develop and optimize the
photothermal methods for treatment of oncological
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diseases, these methods being based on the selective
damage of malignant cellular membranes by subject-
ing them to laser irradiation at a wavelength of 532 nm
under the conditions of the contact between the cells
and a bioconjugate by the example of an aptamer—Au
nanoparticle conjugate with regard to the characteris-
tic sizes of the components.

2. MODEL

In this work, we consider the interaction of a gold
nanoparticle, which is attached to a cellar membrane
via an aptamer, with resonance pulsed laser radiation
(in the form of a single pulse) at a wavelength of 532
nm. The characteristic sizes of this system, including
the membrane thickness (of nearly 5 nm [27]), are
presented in Fig. 1.

Water is considered as a medium filling the inter-
and intracellular spaces. The particle is irradiated by a
plane electromagnetic wave,

E(r) =Ejexp(ik -r), €Y

where k is the wave vector and E, is the amplitude of
the electric component of the electromagnetic field.
The particle sizes are assumed to be much smaller than
the radiation wavelength. The dipole moment induced
on the particle is described by the following expres-
sion:

d = Sano, (2’)

where d is the vector of the particle dipole moment, o
is the dipole polarizability of the particle, and g is the
electric constant.

In the general case, the particle polarizability with
regard to the self-action [28] is determined as follows:

-1
o = () —%i(R|k|)3 , 3)

where o is the particle polarizability with no regard to
the effect of the self-action [28],

o, = 4nR> E=Em (4)
e+ 2,
Here, Risthe particle radius, € is the dielectric permit-
tivity of the particle material, and g, is the dielectric
permittivity of the interparticle medium. The depen-
dence of dielectric permittivity € on the particle radius
is described by the following formula:

2 2
o u 5)

’ o(0—il,) o(o—il)’

where ¢, denotes the tabulated experimental values
for a macroscopic sample [29];T, is the electron relax-
ation constant for a macroscopic sample; ®,; is the
plasma frequency of the particle material; and I' is the
electron relaxation constant of a particle with regard
its size dependence,

€=¢&wp
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5 nm

Fig. 1. Schematic representation of a nanoparticle and a
cellular membrane: (/) Au nanoparticle, (2) aptamer,
(3) cellular membrane, (4) point of temperature measure-
ment, and (5) intracellular space.

F:F0+A%, (6)

where vy is the Fermi electron velocity. Factor A is
taken to be equal to unity in the majority of model
optical calculations. However, in the general case,
relaxation processes at a particle surface depend on the
state of the surface and a number of other factors.

Absorption cross-section G, is described by the fol-
lowing expressions [30]:

d2

Ga :@ya | |2!
k™ [E|

1\ 2%’

=Im(—]—=—.
Ya m(oc) 3

When describing the thermodynamic processes rel-
evant to heating of a particle material and an ambient
medium at exposure times longer than 10~? s, the dif-
ference between the temperatures of the electronic
and ionic components of the particle material may be
ignored. This is because they are at thermodynamic
equilibrium with each other, and the term “tempera-
ture” means the weight-average temperature of the
ionic (crystal lattice) and electronic components of
the particle. For the power of radiation absorbed by a
particle, we have

W=o0,, (7)
where [/ is laser radiation intensity.
The heating of an ambient medium by a particle

may be described by the following equation for ther-
mal conductivity:

% —a®V’T(x,1) = f(1), ®)

where a(r) is the coordinate-depending thermal diffu-
sivity of the medium
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Fig. 2. Profiles of temperature increment A7 near a parti-
cle being heated at different times elapsed after the pulse is
switched on: (/) 107°, (2) 1.008 x 107, (3) 1.02 x 107°,
and (4) 1.2 x 10~%s. Pulse duration and wavelength are T =
100 sand A =532 nm, respectively.

a,, at [r| < R,

a,, at D<x<D+h,
i, atx > D+ h,

a(r) = )

a.,, otherwise.

Here, r = (x, y, 2) is the radius vector for a point of the
system within the space being heated, a,, is the thermal
diffusivity of the particle material, a,, is the thermal
diffusivity of a cellular membrane (the value for an
adipose tissue of 9.8 x 107¥ m? s7! [31] is used),a;,, is
the thermal diffusivity of an intercellular liquid, a., is
the thermal diffusivity of the intracellular substance
(in this work, the difference between the thermal dif-
fusivities of the media outside and inside a cell is
ignored because of the high water content in them), D
is the distance between the particle center and the
external surface of the membrane, and /4 is the mem-
brane thickness. The heat exchange between the parti-
cle and the ambient medium is described using the
heat source function

K, at |r| < R,

fr)y=3V

0, otherwise,

(10)

where Vis the particle volume.

In our problem, the following initial and boundary
conditions have been specified: at initial time moment
t =0, the temperature is taken to be the same through-
out the system, 7{(r, t = 0) = T, and, at a distance
equal to nearly half of the average interparticle dis-
tance (of about 1 pum) in the directions tangential to
the membrane surface, symmetry condition
OT/0r| =1 ym = 0 is met.
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Since the aptamer size is substantially smaller than
the nanoparticle size, the thermodynamic model
ignores the difference between the thermal diffusivities
of the aptamer and the intercellular medium.

3. RESULTS AND DISCUSSION

Bioconjugates of spherical gold nanoparticles with
a plasmon absorption band maximum at 520 nm,
which are most frequently applied in practice, were
used in this work as model objects. Laser pulse dura-
tion is of importance for the selection of an optimum
regime of irradiation, because, at an overly high radia-
tion intensity, which is inherent in nanosecond pulses,
the macroscopic processes of the local heating of tis-
sues may be accompanied by photochemical decom-
position and ionization of molecules with the forma-
tion of decomposition products.

3.1. Action of Microsecond Pulses

In spite of the high energy density, microsecond
laser pulses were selected because of their relatively
low intensity values, which make it possible to avoid
occurrence of photochemical processes.

The pulse duration (from a few tenths of microsec-
ond to one hundred of microseconds) and radiation
intensity were varied in the calculations at a constant
pulse energy density of 2.5 J/cm?.

Figure 2 shows the spatial distributions of temper-
ature in the medium surrounding a particle at the end
of alaser pulse 10~ s long (with a rectangular envelope
curve) and in the course of particle cooling due to the
heat exchange with the ambient medium. These distri-
butions indicate that the thermal excitation relaxes
very rapidly in the studied system. The maximum tem-
perature increment decreases by three times over a
time of nearly 10—® s, and thermodynamic equilibrium
is established in the system in 107 s. Thus, the local
thermal action on the cellular membrane takes place
only upon exposure to a laser pulse.

Figure 3 presents the temperature profiles for dif-
ferent laser pulse durations t (Figs. 3a and 3b differ in
the scale alone). It can be seen that, at short pulse
durations (less than 107 s), a change in the tempera-
ture at a nanoparticle boundary is as high as 100 K. At
the same time, the temperature in the peripheral
regions of the volume under consideration remains
almost unchanged. In other words, only the local
heating of a small region immediately adjacent to
the particle takes place. However, at pulse durations of
10~° s and longer, the thermal energy is distributed
over the entire volume under consideration (Fig. 3b).
Hence, in order to provide the conditions for the local
heating, radiation with a pulse duration of shorter than
1073 s should be used.

Figure 4 illustrates the time dependences of tem-
perature increment A7}, on the internal surface of the
cellular membrane (see Fig. 1) for different laser pulse

COLLOID JOURNAL Vol. 78 No. 4 2016
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Fig. 3. Profiles of temperature increment A7 near a particle at the end of a pulse in (a) large and (b) small scales at different pulse
durations: T = (1) 0.375, (2) 0.5, (3) 1, (4) 2, (5) 10, and (6) 100 ps; A = 532 nm.

durations. It can be seen that the maximum mem-
brane surface temperature, which is reached at the end
of a pulse, rises with a decrease in the pulse duration.
Moreover, the following tendency is observed: as the
pulse duration increases, the heated region substan-
tially enlarges. Hence, localized heating cannot be
realized when continuous laser radiation is used.

The thermal damage of the cellular membrane is
accompanied by dissolution of its lipids in the ambient
aqueous electrolyte medium and conformational
transformations of membrane proteins [32]. This pro-
cess may be described by a simple kinetic equation of
a first-order chemical reaction. The action inducing
the damage of the cellular membrane may be
described using the following formula, which is an
analog of the Arrhenius equation [32]:

_dQ _  —E[RT®

=== Ae 11

B o ; (11)

where parameter A4, characterizes the collision fre-
quency of reacting molecules (at 7'— o), R is the gas
constant, 7(7) is the time dependence of the cellular
membrane temperature, F is the activation energy
[32], and € is a parameter characterizing the degree of
the membrane damage. The degree of membrane
damage may be determined by integrating Eq. (11)
COLLOID JOURNAL Vol. 78
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over the time of the thermal action. As applied to a
group of cells or a tissue, the fraction of damaged cells
may be determined using a simple kinetic model.
Assume that cells occurring in initial state O have been
subjected to a damaging thermal action, which trans-
forms them into damaged state B at rate [3 [32]:

0—L£ B,

dNo _ _,
It B(T(®) No,

where N, is the number of cells in state O. Therewith,

the fraction of the damaged cells is

=1- NO(t) =1-=
No(0)

In this expression, parameter 2 is obtained by solv-
ing Eq. (11) as follows:

-Q(r)

(12)

t
Q) = I A EFIRTOgy
0
Specific calculation of the efficiency of the thermal
action was carried out at 4, = 2.9 x 10’ s7! and E =

244 kJ/mol, which are considered values typical of
muscular tissue cells [33], with the damage of the cel-
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Fig. 4. Time dependences of maximum temperature incre-
ment AT, at the internal surface of a cellular membrane at
different laser pulse durations: t = (/) 0.25, (2) 0.375,
(3)0.5,(4) 1,and (5) 2 ps; A = 532 nm.

lular membrane being used as a criterion of cell apop-
tosis. Note that the cells of malignant formations are
more sensitive to the thermal action [34]; therefore,
the aforementioned values of parameters A, and F
ensure the selection of conditions for the reliable dam-
age of such cells. The table presents the fractions of the
tissue cells damaged as a result of the thermal action
illustrated in Fig. 4.

As can be seen from the table, the highest efficiency
is inherent in laser radiation with a pulse duration of
0.4—0.25 ps.

3.2. Peculiarities of the Action of Nanosecond Pulses

Lasers with nanosecond pulse duration are most
common and are frequently used in medical practice.
Therefore, the study of the thermal action of radiation
pulses as short as these is of independent interest. We
have calculated the temperature fields and the kinetics
of cellular membrane heating for a 20-ns laser pulse.
Figure 5 illustrates the evolution of the temperature
profile after the end of the pulse and the time depen-
dence of cell surface temperature increment AT,. The

Fraction of damaged cells as depending on the duration
of a laser pulse with a wavelength of 532 nm

1,8 Q k
0.25x 10~ 2645 1
0.375x 107 1.6 0.798
0.5%x 107 0.01795 0.018
1x10°° 6.047 x 107 6.047 x 10~
2x 107° 6.34x 1078 6.34x 108

GERASIMOV et al.

pulse energy density, which was selected in a manner
such that the fraction of damaged cells in the tissue was
almost equal to unity (at Q = 2.76), appeared to be 88
mJ/cm?, which is an order of magnitude lower than
the value characteristic of microsecond radiation. Fig-
ure 5 shows that the temperature near the particle is
higher than that for longer pulses because of a higher
radiation intensity. In addition, the kinetics of varia-
tions in the temperature is distinguished by the follow-
ing features: the temperature near the membrane
decreases much more rapidly after the end of the pulse
and continuously grows during the pulse action with-
out passage to a stationary regime.

CONCLUSIONS

The data obtained confirm the following state-
ments. The selectivity of the laser hyperthermia of
malignant cells with no damage to healthy tissue is
provided by the use of novel gold nanoparticle—DNA
aptamer bioconjugates, in which aptamer sizes are
specially selected. Therewith, the application of
pulsed laser radiation under the conditions of nano-
particle contact with membranes of malignant cells
alone via an aptamer makes a fundamental contribu-
tion to the localization of the action.

Pulses with both micro- and nanosecond durations
are optimum from the point of view of the regime of
thermal action on a cell membrane, provided that the
radiation wavelength coincides with the position of the
plasmon absorption band of nanoparticles.

Microsecond laser pulses are preferred for use in
systems with a larger gap (several tens of nanometers)
between a nanoparticle and a membrane.

The use of continuous laser radiation results in loss
of the localization of the action on a cellular mem-
brane because of the fast temperature relaxation of the
region being heated and the formation of a wide uni-
form temperature field, which covers both malignant
and healthy cells.

It has been established that the deleterious effect of
the continuous laser radiation is aggravated at rela-
tively large gaps (several tens and more of nanometers)
between a nanoparticle and a cellular membrane sur-
face, with such gaps additionally degrading the selec-
tivity of the action on a cellular membrane and leading
to heating of the entire region exposed to the laser
radiation.

To increase the depth of laser radiation penetration
into tissues, one should use biologically inert nanopar-
ticles with plasmon resonance in a range of 600—
800 nm, in which hemoglobin is relatively transparent.
Extended gold ellipsoids and nanorods, core/shell
particles composed of cores with high refractive indi-
ces and gold shells are, in particular, among these
nanoparticles. The results of studying systems based
on such particles will be reported in a separate com-
munication.
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