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Engineering nanostructures with enhanced thermoplasmonic properties for biosensing
and selective targeting applications
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This paper connects the study of thermoplasmonic properties in nanoscale particles with areas of biophysics
involving a cell membrane with or without conductive pores. Using a quasistatic finite element modeling of
the heat transfer equation in three dimensions we simulate the stationary heat generation and temperature field
around several types of gold-based nanostructures. Models were constructed that emphasized the importance
of obtaining precise temperature fields that might subsequently be used for biosensing and selective targeting
applications. By analyzing the observed temperature increase, effective complex permittivity, and electric field
enhancement that result from plasmonic resonance, this theoretical framework provides insight into the role of
the nanoparticle shape in heat generation. To illustrate the usefulness of this approach for biosensing applications,
we consider how the positioning of the nanoantenna affects heating efficiency. Linear response calculations of the
temperature increase reveal that symmetric gold nanosphere dimers are not only suitable for sensing applications,
but can also play the role of heat sources which are more efficient than the case of a single nanosphere. We
also predict that this specific type of nanoantenna allows us to detect the presence and size of a hole in the cell
membrane. These results provide insight into the physics of the cell membrane and provide guidance for more
detailed studies of the nanoscale control of temperature in biological materials.
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I. INTRODUCTION

Over the past few years, many studies of the effect of
geometrical sensitivity of plasmon resonances of metallic and
metallodielectric nanoparticles have shown that these artificial
media structured on the subwavelength scale offer a wide
range of photonic functionalities [1–10]. Some of the most
interesting work in this field has focused on characterizing
the scattering and absorption of electromagnetic radiation
by nanometer-scale objects in the visible and infrared parts
of the energy spectrum, not least in the hope of obtaining
a better understanding of the large electromagnetic field
enhancements on the nanoparticle surfaces [11–13]. High
local-field enhancement in the vicinity of well-defined metal
nanostructures when excited at their plasmon resonance can
be created in a controlled manner by adjusting the physical
parameters characterizing this system and the polarization of
the external harmonic excitations [10,14,15].

In recent years thermoplasmonic properties of nanostruc-
tures have drawn significant interest both from a theoretical
and experimental standpoint due to a myriad of potentially
useful applications, e.g., light-harvesting devices [16,17]. A
lesser-known application appears in the context of biology
such as (selective) optical heating for photothermal therapy
of cancers since gold nanostructures have their optical res-
onances associated with their surface plasmons within the
transparency window of tissues (750–1100 nm), i.e., minimal
absorption of water and hemoglobin, [12,13,18] and bacterial
infections [19], easily conjugated to antibodies or proteins
[12,20,21], minimal damage for the surrounding healthy tis-
sues [21]. Plasmonic nano-objects owe their electromagnetic
characteristics as much to their geometry (size, shape, and
interparticle distance) as from the material from which they
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are composed [10,14,15,22]. There are a limited number
of studies dealing with plasmonic nanoparticle arrays. One
class of such arrays is exemplified by the measurements of
the light concentration and heat generation in self-assembled
plasmonic arrays composed of chains of 12 nm diam crys-
talline gold nanoparticles [23]. Planar clusters of coupled
plasmonic nanoparticles, which support localized electric field
enhancements and coherent effects, e.g., Fano resonances,
have been also considered for their potential use in sensing
applications [24]. Many varied numerical theoretical efforts
have been made to understand the thermo-optical response of
plasmonic nanostructures (see, e.g., Ref. [22]). Discrete dipole
approximation and Mie scattering modeling for particles
with arbitrary shapes have been quite popular [1,25,26].
For example, Florous and co-workers [1] have studied how
thermo-optically plasmonic resonances of a variety of metal
and metallodielectric nanostructures can be tuned by varying
the temperature. Lereu and co-workers [27] investigated the
thermal processes involved in thin plasmonic films and showed
how to obtain the complex index of refraction of the thin
metal films as a function of temperature and wavelength.
Baffou and co-workers [28] argued that the plasmon-assisted
photothermal response of nanoparticle-based systems can be
evaluated by the boundary element method. They found that
for a 100 nm gold sphere placed in water and illuminated by an
incident light irradiance of 1 GW/m2, the absorption power
is ≈1 μW and the temperature increase of the nanoparticle
is ≈50 K. These results were, in a sense, contrasting with
the numerical estimates of several hundred degrees found
in Ref. [29], or the 2200 K found in Refs. [21,30] for
a single laser pulse. In addition, Baffou et al. observed a
highly nonuniform temperature distribution at the nanoscale
for assemblies of nanoparticles. Several authors [31–33] have
studied the transient state of the temperature distribution before
reaching the steady state in order to characterize the thermal
storage properties of the embedding medium, e.g., water. They
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found that pulsed illumination does not necessarily achieve a
much larger increase of temperature in the surrounding of
the plasmonic nanostructure. Other authors [34] have also
discussed the effect of plasmonic heat sources on the fluid
flow, i.e., thermophoresis. Huang et al. [18] have also recently
proposed a mathematical model for heating, heat transfer, and
cellular injury and/or death for a laser-induced heating of gold
nanorods. Based on this experimentally validated model, these
authors were able to predict how selective binding of gold
nanorods to cancer cells can influence the efficacy of extracel-
lular hyperthermia. Since these studies, additional information
has come forth about the design of optimized nanoheaters.
Using the Green’s function approach, Baffou et al. [31] studied
the heat generation in gold nanostructures when illuminated at
their plasmonic resonance. They found that elongated or sharp
nanoparticles lead to much more efficient heaters than spher-
ical nanoparticles. Interestingly, Baffou et al. [31] suggested
that the steady-state temperature increase inside a homoge-
neous nanoparticle can be calculated from σabs (ω) I/4πκre,
where σabs(ω) is the absorption scattering cross section, I is the
irradiance of the exciting light, κ is the thermal conductivity
of the nanoparticle, and re is a shape-dependent effective
radius of the nanoparticle. Using a surface integral equation,
Rodriguez-Oliveros and Sánchez-Gil reported similar results
for gold nanostars (i.e., a nanoparticle with a starlike shape of
various symmetries and tip numbers [35]). These authors found
that a factor of 30 increase in the steady-state temperature can
be obtained compared to that of the equivalent gold nanosphere
having the same volume and the scattering to absorption cross
section ratios can be tuned by varying the number and tip
sharpness [35].

However, little focus has been paid to the interaction
of thermoplasmonic nanostructures with biological cells and
tissues. Two notable exceptions are Refs. [36,37]. In their
study of photothermal destruction of murine macrophage
cells by nanorods, Pissuwan and co-workers [36] pointed
out that the effective temperature increase on the cells at
a laser fluence of 30 J/cm2 is of the order of 10 K.
Interestingly, their finding suggests that heat stress instead
of local melting of its membrane is the main cause of cell
death. A theoretical investigation of the main effects during the
interaction of a laser pulse with gold nanoparticles embedded
in a liquid environment was also pioneered by Pustovalov
and co-workers [21]. Pustovalov et al. argued that there
could be several phenomena arising around the nanoparticle,
i.e., thermal denaturation of proteins (323–433 K, depend-
ing on the laser time exposure), explosive evaporation of
liquid accompanied by bubble formation and acoustic wave
generation (373–1300 K), melting (1300–3000 K), explosion,
and fragmentation. Another study by Tong et al. [37] of the
photothermolysis mechanism showed that the laser energy
used to destroy the cells when the nanoparticles are located on
the cytoplasm membrane is one order of magnitude lower than
that required when the nanoparticles are inside the cytoplasm.
These authors have also suggested that the cell death is initiated
by the disruption of the plasma membrane. A subsequent influx
of Ca ions induces membrane blebbing and damage of the actin
filaments, leading eventually to apoptosis. The importance of
understanding how infrared light is absorbed by the cytoplasm
lies primarily in determining the produced local heating and

its effect on the physicochemical properties of the cell’s
membrane.

Theoretical studies of the dielectric properties of biological
cells and tissues also have a long history, as reviewed
in, e.g., Refs. [38–41]. In most of this body of works, a
quasistatic field has been applied to the standard core-shell
(CS) representation of a biological cell which has been the
foundation on which our understanding of the dielectric
properties of cells has been built [41]. While real cells have a
highly heterogeneous structure, containing many constituents,
i.e., salts, proteins, nucleic acids, reliable theoretical studies
are difficult to implement for the complex models needed
for these materials without making simplifying assumptions.
Hence, we have not represented such details in our simulations
which would enable a full comparison of the theoretical
predictions with experimental data. A cell can be considered
as a shelled particle with the inner medium exhibiting the
same dielectric properties of the extracellular medium [38,39].
The surface of the cell is negatively charged for nearly all
cells because of the predominance there of negatively charged
groups, e.g., carboxylates, phosphates. This results in positive
ions being attracted from the extracellular medium to the
surface to form double layers [42]. The cytoplasm can be
approximated as a highly conducting salt solution with a
large concentration of dissolved organic material. From a
physicochemical point of view, the cell membrane constitutes
a region of low polarizability that can act as either a barrier to
the passage of ions between two aqueous solutions, or, more
likely, can act to slow down diffusion near cell boundaries
by trapping diffusing particles. The membrane surrounding
the cell has a lipid bilayer structure. It is very thin, typically
4–10 nm in thickness, and has incorporated into it large
amounts of proteins. The induced potential drop, caused
by low membrane permittivity and conductivity, as well as
the rearrangement of interfacial charges, gives rise to field
changes on the order of 1 kV cm−1 across the membrane
thickness, for a 1 V cm−1 field strength. Here, we will assume
electrically passive membranes, with no ion channels, ion
pumps, or any change in the membrane conductance. Progress
has been made in calculating and measuring the induced
transmembrane voltage which is controlled by the shape
membrane and charges at the cell membrane, the polarization,
and the frequency of the exogenous electric field. All of
this work has contributed significantly to a rich conceptual
framework in correlating the morphological changes in cell
transformations, e.g., mitosis, endocytosis, apoptosis, with
their dielectric response [41,43–45].

Along with its fundamental importance, understanding the
interactions of biological cells with nano-objects has important
implications for medical imaging and for the development
of biosensors. Here, due to the separation of scales between
the sizes of the cell and the nanoantenna, we follow the
spirit but not the letter of these approaches, by introducing a
different three-dimensional (3D) multiphysics approach [46].
Inspired by these examples, we have looked anew at the
heat generation by gold-based nanoparticles and its impact
on nanoscale control of temperature for a cellular medium.
The present study aims to contribute to an understanding of
the plasmonic properties of nanoantennas inside or in the
vicinity of a biological cell. A localized excitation, close to
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the cell’s membrane, could be used to probe for properties
such as the surface charge distribution, topological defects,
and mechanical stress. Here, we explore this question by
using a numerical simulation of the heating efficiency of
several kinds of nanostructures. The contributions of this study
are twofold. First, we report on a set of calculations of the
steady-state temperature field of gold-based nanoantennas.
The paper quantifies the temperature increase broadenings
and shifts with wavelength of the electromagnetic excitation
and concludes that the anisotropy and symmetry of the
nanoantenna are important factors to consider in selecting the
type of nanoantenna used for heat efficiency. Temperature was
obtained by considering the electromagnetic to heat conversion
as a source term in the diffusive heat equation and solving
Maxwell’s equations by finite element simulations. Second,
our results show that the temperature field is sensitive to
variations in membrane characteristics, e.g., a hole in the
membrane. We analyze this issue by using numerical examples
with conductive pores in the membrane since it is well
established that they lead to the interruption and saturation
of the membrane charging process [47].

The paper is laid out in the following manner. In Sec. II we
detail the method and the computational framework. The main
results are presented in Sec. III. To illustrate the usefulness of
this approach for biosensing applications, we consider several
aspects of this study. First, we explore the geometric factors of
the nanoantenna that control the temperature field. Second, we
go on to discuss the influence of a hole in the cell’s membrane
on the temperature field. We also discuss some of the wider
implications of these results. Section IV provides a final set of
summary conclusions, and gives an outlook.

II. THEORETICAL MODEL AND
COMPUTATIONAL DETAILS

To launch our topic, the particular implementation of the
multiphysics approach is described as follows. For particles
whose size R is much smaller than the wavelength λ of incident
continuous-wave external illumination of the particle, the opti-
cal properties can be described within the quasistatic (dipole)
approximation. Classical radiation theory [48] predicts that
the ratio of the absorption to scattering cross sections varies as
(λ/R)3 for an incident monochromatic light interacting with a
metal particle. Here the nanoparticle will be treated as a perfect
absorber. That is, it is considered as an efficient converter
of light to oscillatory energy of the electron plasma. Hence,
scattering is not considered here.

The generic prescription for computing the temperature
increase �T of the nanoantenna is different from that used
by Baffou et al. [31], which is based on the boundary
element method. At the large wavelength limit, the for-
mulation simplifies to a set of two linear coupled partial
differential equations for the potential and temperature pro-
files in the medium. By dint of the model developed in
Refs. [14,15,48], we calculate the local electric field by
solving self-consistently Laplace’s equation, incorporating a
position-dependent permittivity ε (r) = ε′ (r) − jε′′ (r). This
approach allows us to determine the electrostatic resonance,
i.e., light absorption resonant with the nanoantenna plasmon
energy. A more complete discussion of the derivation of the

effective permittivity is given in Refs. [14,15]. Our model is
completed by the standard conductive heat transfer equation
(steady state) with the source supplied by light absorp-
tion [49], ∇ · [K (r) ∇T (r)] = −h = −ωε′′ (r) ε0 |E (r)|2 /2,
where K (r) is the local thermal conductivity, T (r) denotes
the temperature distribution, ω is the angular frequency of the
light, and ε0 ≈ 8.85 × 10−12 A2 s4 kg−1 m−3. This equation
describes the thermal dissipation of the light energy, i.e.,
Joule dissipation produced by the free electrons inside the
particle [50]. The large length scales of the nanostructures
(100–200 nm) and the small electron mean free path (in bulk
Au ≈ 38 nm) suggest that electrons behave classically and
transport is predominantly classical (Drude’s model). We have
verified that a finite-size correction has little effect on the
analysis, and thus will be inconsequential for this range of
frequencies [51].

We have solved our numerical problem by considering the
following set of conditions: (i) The reference temperature is
T0 = 37 ◦C (body temperature); and (ii) the continuity of the
normal component of heat flux at the boundaries, adiabatic
boundaries of the computational domain, and the calculations
use homogeneous Dirichlet-Neumann boundary conditions
(see Refs. [14,15]) for the electrical potential. We have checked
that our results are not sensitive to the particular value of the
size L of the computational domain, as long as it satisfies
the requirement that the nanoantenna sizes are sufficiently
small compared to the wavelength of the incident wave
(infinite wavelength framework) [52,53]. The calculations in
this work were performed using the finite element method
as implemented in the COMSOL MULTIPHYSICS code [54].
To reduce the cost of the computations, we used a cube
computational domain and the nanoantenna was positioned
at its center. Here L = 1000 nm. Table I lists the properties of
the various phases considered in this study. For these parameter
values, our model with a single gold nanosphere predicts that
the effective complex permittivity is in quantitative agreement
(not shown) with the Maxwell-Garnett mixing law, as expected
due to the small volume fraction of the nanoantenna [52,55].
Before studying a complex system, it is instructive to consider
a simple system for which �T can be solved exactly in the
stationary state. Our numerical test addresses the situation
considered by Govorov and co-workers [50], that is, a single
gold spherical nanoparticle in water. Results for �T with
respect to T0 can be visualized when plotted as a function
of the incident light irradiance I = cnε0 |E|2 /2 for different
values of R, or as function of R for different values of I , where
c is the speed of light in vacuum, and n is the refraction index of
the external medium. The calculated �T agrees with previous
analytical work showing that �T ∝ ωε′′ (ω) R2I [50]. An R2

dependence is typical of the surface exchange of heat. As
illustrated in Fig. 1, a good fitting to the data is obtained. Our
results are also consistent with Baffou et al.’s observation that
the heat generation can be strongly nonuniform [28]. These
results compare also fairly well with similar calculations of
Rodriguez-Oliveros and Sánchez-Gil [35].

The cell geometry that we consider in the following
examples is composed of a perfectly flat insulating membrane
of thickness e = 5 nm and a refractive index of 1.47. As
mentioned earlier, the membrane thickness is so thin compared
to the cell size that one can consider the membrane as flat.
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TABLE I. Summary of the physical parameters used in our simulations.

Gold nanoantenna Cellular membrane Intracellular medium Extracellular medium

Index of refraction Johnson-Christy 1.47 1.36 1.33
[59] [38–40] [38–40] [38–40]

Thermal conductivity [57] (W/m3) 318 0.209 0.6 0.6

Performing such calculations would be very expensive in
computational time and resources. In the following, the sur-
rounding biological (extracellular and intracellular) medium
will be described by an incompressible fluid (water) of
negligible inertia and negligible absorption of radiation in
the near-IR spectral range [26,48,50]. We shall assume that
the nanoantenna is perfectly embedded in the intracellular
(or extracellular) medium. Imperfect wetting and molecular
coating at the gold-water interface are known to perturb
the heat release [56]. The average computational time of
a typical simulation for calculating �T corresponding to
a configuration without cell is about 15 min, while 12 h
are needed when a cell is present in the computational
domain.

III. SIMULATIONS AND DISCUSSION

A. Quantifying the nanoantenna shape effect
on the temperature increase

We are first interested in understanding how alternatives
to the heavily studied spherical nanoantenna affect the wave-
length shift and broadening of the �T spectrum. In this section,
we investigate such nanostructures with gold volume held
constant to 6 × 10−22 m3. The simulations are performed with
a typical 1 GW/m2 of incident light irradiance. Results are
shown in Fig. 2 for different shapes of the single particle
and dimers, either symmetric or asymmetric, with a fixed gap
distance d between particle surfaces. These spectral functions
have other interesting features. Overall, one can conclude from
those results that the shape anisotropy of the nanoantenna
can significantly impact the temperature field along with
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FIG. 1. (Color online) The temperature increase at the surface of
a spherical gold nanoparticle in water as a function of wavelength of
the incident light. The radius of the particle is set to R = 50 nm and
the incident light irradiance is fixed at I = 109 W/m2. The solid line
designates Govorov’s results [50] while square symbols designate our
numerical data.

the electric characteristics. We have been able to find that
among the four types of nanoantennas considered in Fig. 2,
the symmetric dimer leads to a maximum temperature of
229 ◦C at 582 nm. The peak of the temperature increase is
significantly redshifted and amplified by a factor of more
than 2 by comparison to the case of a single sphere. We
have confirmed that �T can be tuned by disymmetrizing the
dimer [Fig. 2(d)]. Qualitatively similar results were obtained
for sphere dimers [24,28,35,57,58] which can play the role of a
much more efficient nanoheater than the sphere since they have
larger absorption cross sections. It is also interesting to note
that the larger �T [Fig. 2(d)] corresponds to the larger value of
ε′′ [Fig. 2(a)]. In addition, Fig. 2(b) shows that the anisotropic
shape of the nanoantenna with an elongated tip has a large
electric field enhancement (EFE) due to the tip plasmons, i.e., a
factor of 10, but is associated with the smallest value of �T . In
Fig. 2(d) we further compare the radius of an equivalent sphere
Req obtained by using Govorov’s dependence �T ∝ R2

eq [50]
for the different shapes of the nanoantennas. It should be
emphasized that the value Req for the symmetric dimer (75 nm)
is larger than the radius of an equivalent nanosphere (65 nm)
corresponding to the sum of two identical nanospheres of
radius 46 nm. Thus, these calculations of the temperature
increase reveal that symmetric gold nanosphere dimers are
not only suitable for sensing applications, but can also play
the role of heat sources which are more efficient than the case
of a single nanosphere.

In addition, simulations were performed to investigate the
influence of the gap distance d on the maximum temperature
increase �Tmax corresponding to the peak of �T (λ), ε′′

max
which is the maximum value of ε′′, and wavelength λmax

corresponding to ε′′
max. These simulations were conducted for

symmetric and asymmetric dimers (Fig. 3). The temperature
increase for the symmetric dimer is reduced by a factor of
4 when the gap distance is increased by a factor of 100.
Disymmetrizing the dimer greatly decreases �Tmax of the
smallest nanosphere whereas the corresponding value for the
largest nanosphere is weakly affected [Fig. 3(c)]. It is further
shown that ε′′

max [Fig. 3(b)] and λmax [Fig. 3(a)] decrease as d is
increased, although it is noticed that these parameters become
constant upon a further increase of d above 100 nm. Such
a result follows from the fact that, in the large gap distance
(d > diameter of the nanosphere ≈100 nm), the coupling
of the surface plasmons of each individual nanostructure
becomes weak. In contrast, for closely spaced nanospheres,
the plasmonic response of two same-sized nanospheres shows
a different coupling behavior than one sees in the heterodimer
case. This is consistent with several recent works on the role
played by symmetry breaking in nanoparticle systems on their
plasmonic response [24].
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FIG. 2. (Color online) (a) shows the imaginary part of the effective permittivity for different types of gold nanoantennas immersed in water
as a function of the wavelength of the incident light. In the inset, we see the nanoantenna shape. The electric field orientation is indicated by the
arrow. In all systems, we considered a gold volume fraction set to 5.5 × 10−4. The gap distance between particle surfaces is set to d = 5 nm.
(b) shows the corresponding square of electric field enhancement (EFE). (c) shows the corresponding temperature increase. (d) shows the
equivalent radius Req obtained by using Govorov’s dependence �T ∝ R2

eq [50] for the different shapes of nanoantennas. In all results given
here, the incident light irradiance is fixed at I = 109 W/m2.
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FIG. 3. (Color online) (a) shows the calculated wavelength
corresponding to the maximum of ε′′ as function of the gap distance d

for the symmetric (two same-sized nanospheres of radius R = 41 nm)
and asymmetric (the radii of the small and large spheres are,
respectively, 22 and 50 nm) dimers shown in the inset. In both
cases, the gold volume held constant to 6 × 10−22 m3. (b) shows
the corresponding maximum of ε′′. (c) shows the corresponding
maximum temperature increase. In all results given here, the incident
light irradiance is fixed at I = 109 W/m2. Symbols Ti indicate points
at the surface of the nanoparticles such as described in the inset of (a)
and (b).

B. Characterizing the positioning of the nanoantenna
with respect to the membrane

We now turn to our main objective of investigating the
coupling between the nanoantenna and the cell membrane.
The simulations are performed with a typical 10−2 GW/m2 of
incident light irradiance. We reproduced the same simulations
as above with different situations with the nanoantenna inside
or outside the cellular medium, and with the two nanospheres
on both sides of the membrane in the case of a symmetric
dimer with the gap distance d between the two nanospheres
set to 7 nm. In Figs. 4(a) and 4(b) we compare the permittivity
frequency and �T profiles for three representative cases.
Two interesting features are noticed. First, when the two
nanospheres are either inside [case “in” displayed in Figs. 4(a)
and 4(b)] or outside [case “ex” displayed in Figs. 4(a) and
4(b)] the cytoplasm, the plasmon resonance, and the extracted
�T are only weakly affected. Second, the interesting case
corresponds to the situation where the two nanospheres are
on both sides of the membrane [case “ex-in” displayed in
Figs. 4(a) and 4(b)] and in close proximity to it. Here, the peak
of �T is significantly larger compared to the other cases. As
a consequence, the primary conclusion from these data is that
tracking the cell’s membrane can be quantified by an adiabatic
temperature change that occurs when an external field excites
the plasmonic resonance of a nanosphere dimer configuration.

C. Perforating the membrane

Next, we use our model to quantitatively analyze the case
of punctured membranes using the simplest model of the
hole, described as a cylindrical opening in the flat membrane.
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FIG. 4. (Color online) (a) The imaginary part of the effective
permittivity as a function of the wavelength of the incident light
for three situations considered: two nanospheres placed within
the extracellular medium (ex), one nanosphere is placed in the
extracellular medium while the other is in the intracellular medium
(ex-in), and two nanospheres placed within the intracellular medium
(in). In all results given here R = 41 nm, d = 7 nm, and the incident
light irradiance is fixed at I = 107 W/m2. (b) Same as in (a) for the
temperature increase.

Figures 5(a) and 5(b) are a plot of ε′′ and �T against the
wavelength of the incident light for the symmetric gold sphere
dimer and a membrane containing a hole of dimension l. A
number of remarks are in order. First, a significant blueshift is
evidenced as the hole size is increased. Second, the larger is the
hole, the smaller are the peaks of ε′′ and �T . Interestingly, in
Fig. 6(a) we show the electric field enhancement (EFE), with a
corresponding heat source density [Fig. 6(b)] and temperature
increase [Fig. 6(c)] for a gold dimer placed in the vicinity
of a cell membrane with a single hole of size 	 = 100 nm.
The selected wavelength, 565 nm, of light exciting the gold
nanosphere dimer corresponds to the peak of �T shown
in Fig. 5. Altogether, these numerical calculations provide
estimates of the maximum EFE ≈ 100 which is localized
inside the hole, whereas the hot spots related to the maximum
value of the heat source density h ≈ 4 nW/nm3 are localized
respectively in the near vicinity of the south and north poles
in the inner parts of the nanospheres.

To examine the impact of the hole size in the membrane
on the thermal behavior, �Tmax is plotted for different 	

in Fig. 7. The numerical hole size range of this study lies
between typical values reported in the literature [60]; the exact
experimental hole size range is dependent on the kind of cell.
As 	 increases, �Tmax decreases monotonically because more
of the heat diffuses through the cell’s membrane. This result
is of both fundamental, e.g., molecular processes involved
in membrane optoporation, and practical importance, e.g.,
transdermal drug delivery, transport of drugs, oligonucleotides,
antibodies, and plasmids across cell membranes. Even though
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FIG. 5. (Color online) The imaginary part of the effective permit-
tivity as a function of the wavelength of the incident light for a gold
nanosphere dimer placed in the vicinity of a cell membrane containing
a hole of size 	. In all results given here R = 41 nm, d = 7 nm, and
the incident light irradiance is fixed at I = 107 W/m2. (b) Same as in
(a) for the temperature increase. The exciting electric field is oriented
perpendicularly to the membrane’s plane.

the exact mechanisms behind electroporation and optoporation
are still debated, there exists some agreement that, for real
biological cells, multiple and smaller transient (nucleated

FIG. 6. (Color online) (a) Spatial distribution of the electric field
enhancement for a gold nanosphere dimer placed in the vicinity
of a cell membrane. The exciting electric field is oriented perpen-
dicularly to the membrane’s plane. 	 = 100 nm and λ = 565 nm.
(b) Corresponding heat source density h (μW/nm3). (c) Correspond-
ing steady-state temperature increase �T (◦C). In all results given
here, the incident light irradiance is fixed at I = 107 W/m2.
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FIG. 7. Maximum temperature increase as a function of the hole
size for a gold nanosphere (41 nm) dimer placed in the vicinity of a
cell membrane. The exciting electric field is oriented perpendicularly
to the membrane’s plane. In all results given here, the incident light
irradiance is fixed at I = 107 W/m2.

independently) pores are closer to reality than the large pores
in flat membranes we have considered in this model [61].

D. Discussion

Finally, we comment on the implications for selective tar-
geting and biosensing applications of these label-free detection
plasmonic nanoantennas. Prior studies of thermoplasmonic
nanostructures have shown convincingly that they can act
as controlled nanoheaters, i.e., photothermal therapy agents,
and can be used to destruct malignant cells and tissues
[62]. In addition, the toxicity and cellular impact of gold
nanoparticles both in vitro and in vivo were discussed in
many scientific reports (see, e.g., Ref. [63] and references
therein). Our observation here represents a clear-cut case of
an optimized plasmonic nanoantenna where a temperature
increase at specific cell boundaries is predicted. When the
exciting electric field is polarized along the axis connecting the
two nanospheres of the dimer there is a strong surface plasmon
coupling. Thus, the associated temperature increases in the
vicinity of the dimer. However, if the excitation is not polarized
along the dimer axis, we find a much weaker temperature
increase (not shown). This means that the two nanospheres are
decoupled, supporting the experimental observations of Yang
and co-workers [64].

The presented technique has also a great potential for
application in tissue engineering. To this end, we need to
improve multicellular simulations [45]. The results presented
above consider a flat, isotropic, and indeformable membrane
placed perpendicularly to the electric field lines. Since the
local stresses and strains in the cells and their surrounding
environment can be directly numerically determinable, a more
accurate calculation based on electromechanical Maxwell
stresses [61,65] can solve these problems. A crucial feature
common to biological membranes is the phospholipid bilayer.
The expected discontinuous change of the order parameter at
the sol-gel transition involves a large entropy content which is
at the origin of the decrease of mobility in the gel phase. Recent
observations by Urban and co-workers [66] provides direct
evidence that how gold nanoparticles motion can reveal local
information on the dynamics of the reversible sol-gel transition

of phospholipid giant unilamellar vesicles as a model system
for the biological cell membrane. In a related context, Bendix
and co-workers [67] performed direct measurements of the
temperature profile surrounding gold nanoparticles optically
trapped on a lipid bilayer. Both nanoparticle size and optical
irradiance control the particle temperature and heating on a
subwavelength scale.

Previous experiments and models of membrane pore for-
mation (see, e.g., Ref. [68]) suggested that gold nanoparticles
can be used to selectively deliver molecules into cells. Thermal
fluctuations can cause spontaneous pore formation but are rare
due to their high free-energy barriers [69]. Even for model
lipid bilayer membranes, there is a lack of experimental data to
compare to when validating numerical simulations. Based on a
coarse-grained amphiphilic model, Tolpekina and co-workers
[70] found that the cost of pore formation is ≈15–20kT ,
where k is Boltzmann’s constant. Since plasmon resonance is
strongly dependent on the local environment of the membrane
cell, the functional �T (λ) is particularly suited for sensing
applications of a large variety of cellular processes ranging
from intracellular trafficking, morphological differentiation,
and fusion. Urban and co-workers [71] have reported a detailed
study of an all-optical contactless injection of gold nanopar-
ticles through phospholipid membranes. The combination of
simultaneous optical heating of a gold nanoparticle exposed to
laser light tuned to the plasmon resonance of the nanoparticle
and strong optical forces acting on the nanoparticle to push it
into the vesicle provides a rare opportunity to study the actual
physical mechanisms underlying electroporation of cells, e.g.,
electromechanical instability, and the characteristic time scales
involved in the pore opening. These experimental observations
provide a simple model to quantitatively relate optoporation
of a single cell (and assemblies of cells modeling a tissue) and
the local change of their dielectric and thermal properties.

The essential physics of this system can be further elab-
orated in terms of a related multiphysics effect, i.e., the
electrocaloric effect [72]. Prior studies [72] have shown that
the general form of the temperature change under an adiabatic
electric field variation from the initial value Ei = 0 to final
value Ef = E is �T = − T

CE

∫ E

0 ( ∂P
∂T

)EdE, where CE is the
volume specific heat at constant field, and P is the electric
polarization originating from charge and electric multipole
moments. Ignoring the temperature dependence of CE and
assuming that the entropy change �S = S (P ) − S (P = 0) is
proportional to P 2, one finds that �T ∝ T

CE
P 2 [69]. In our

case, the polarization is tuned with the external field. This
analysis reveals a strong sensitivity of �T to the local electric
field. At the same time, the Govorov mode predicts a maximum
of �T corresponding to the maximum of ε′′ [50]. These
predictions match qualitatively our numerical observations.

IV. SUMMARY AND PERSPECTIVES

We may now summarize our results: We have com-
bined quasistatic calculations of the effective permittivity
and thermostatic calculations of the temperature increase in
gold-based nanostructures in the infrared frequency range.
The extensive numerical simulations presented here showed
that strong electric field enhancement and heat generation
confinement can be achieved even for simple geometries of
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optical nanoantennas. In the particular case studied, that of a
symmetric gold sphere dimer, the computations predict that
it plays the role of a heating amplifier. We predict that this
specific type of nanoantenna allows us to detect the presence
and size of a hole in the cell membrane. As we have seen
from our earlier simulations [14,15], a good diagnostic of the
membrane poration can be obtained by observing the induced
transmembrane voltage (ITV). Indeed, over the past decades
ITV has become an established experimental technique for
probing the electroporation of cells and tissues.

There are a number of ways in which the approach could be
developed further. The route to more sophisticated simulations
of thermoplasmonic properties of nanoantennas is clear. First,
it would be of interest to study the nonstationary temperature
field and measure the typical time scale required to reach
the steady-state regime [26,32,33]. Second, we need to study
the thermoplasmonic response of such nanoantennas when a
surface density of free charges is present at the outer and inner
surface of the membrane as compared with that predicted
with no surface charge. Third, the above calculation is only
valid in the limit of a flat membrane. Lipid membranes are
very flexible, and under thermal perturbations they undergo

surface deformations that are significantly larger than their
thicknesses. These membrane deformations may mediate
interactions between the membrane and nano-objects which
are in its close proximity. The same calculations can be
performed for a membrane with a corrugated surface. There
is also clear interest in looking at specific multifunctional
nanoparticles that combine targeting, therapeutic, and diag-
nostic functionalities [12]. Considering these directions for
future study, it is our hope that the methods investigated here
may establish themselves as an important tool for sensing and
selective targeting applications of cellular media for which the
control of temperature of a few degrees at the nanoscale is
needed.
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