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Abstract

In principle, biocompatible, wireless nanotransducers might be useful for many in vivo biomedical applications such as hyperthermia, thermal
ablation, targeted drug delivery, and in vivo monitoring of physiological parameters. In this article, we theoretically study the possibility of applying
ring-shaped wireless Joule nanoheaters as possible nanovectors for targeted drug delivery, hyperthermia, and thermal ablation. This examination

may offer an approach for guiding practical experiments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nanotechnology opens the way to a new generation of nano-
sized transducers for in vivo biomedical applications, such as
targeted drug delivery, hyperthermia, thermal ablation, and in
vivo monitoring of physiological parameters. In most cases
transducers are physically connected to electronic circuits by
wires; this, however, may not be the best strategy for biomedi-
cal applications which require very small devices. We recently
observed that, in these cases, a wireless approach might be more
convenient and should be systematically explored [1]; in fact,
only a few wireless nanoactuators have been proposed. In par-
ticular, wireless nanoheaters can selectively damage target cells
by heating (hyperthermia, or thermal ablation if the tempera-
ture is so high that cells are destroyed); based on this principle,
magnetic nanoparticles [2—4] and gold nanoshells [5] have been
used for killing cancer cells by thermal ablation. The potential of
both magnetic nanoparticles (transducing the magnetic field into
position) [4,6,7] and of gold nanoshells [8,9] for targeted drug
delivery has also been investigated. Furthermore, there might be
many other opportunities for wireless nanotransducers [1].

As to hyperthermia or thermal ablation, other wireless
nanoheaters might be used; as to drug delivery, nanotransducers
and therapeutics may be included in a special coating which
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should be broken-perforated-dissolved-melt upon excitation,
thus releasing drugs in a selective, controlled, and accurate man-
ner [1] (this is a generalization of the “photothermally induced”
targeted drug delivery reported in [8,9]). In all cases, the selectiv-
ity (i.e. the ability to selectively deliver drugs or to heat only the
target cells) may be obtained by focusing the exciting waves only
in specific regions of the body and/or by properly functionaliz-
ing the coating so that it will preferentially bind to specific cells
(for instance, attaching antibodies which only bind to specific
molecules present on the surface of cancer cells). As an example,
in this paper we study ring-shaped nanostructures which can be
wirelessly excited by means of an electromagnetic field (wireless
Joule nanoheater); as other wireless nanoheaters, these nanos-
tructures could be useful for hyperthermia, thermal ablation, or
targeted drug delivery. As a second example, an electromagnetic
field may induce mechanical vibrations in piezoelectric nanos-
tructures (nanopumps, nanoscissors, vibration nanoheaters, etc.)
which could be useful in medical applications [1].

Wireless nanotransducers could also be used for in vivo
monitoring of physiological parameters [1]. As an example, if
we again consider an electromagnetically excited ring-shaped
nanostructure, after the excitation is removed, the current in the
ring will decay and re-irradiate an electromagnetic wave, even-
tually with characteristics related to a measurand [1]. In the same
manner, if we again consider an electromagnetically excited
piezoelectric nanostructure, after the excitation is removed,
the mechanical vibrations will decay, re-irradiating an elec-
tromagnetic wave, eventually with characteristics related to a
measurand [1] (viscosity, flow, etc.). Obviously, in the case of
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these “wireless nanosensors”, obtaining a reasonable accuracy
would require an accurate detection of the re-irradiated elec-
tromagnetic fields (we mention that the waves re-irradiated by
different nanostructures, even with a random orientation, would
still add along the direction of the linearly polarized exciting
electromagnetic radiation); although different wireless sensors
(e.g. see [10]) are being considered for other applications, the
proposed wireless nanosensors might be best suited for in vivo
monitoring of physiological parameters.

Beside wireless nanotransducers, different methods for
applying nanotechnology to medicine are also being explored
[11-17]; as an example, nanocells with a diameter smaller than
200nm have been used as drug delivery systems in a suc-
cessful attempt for combining traditional chemotherapy with
anti-angiogenesis [17]. In general, a fundamental concern is
the patient safety even after long-term exposure to the thera-
peutic nanoparticles (especially with reference to toxicity and
to the risk of undesired aggregation and obstruction of blood
vessels).

Recently, nanostructures which seem ideally suited for fab-
ricating wireless nanotransducers for biomedical applications
have been reported [18-21]: almost defect-free, self-assembled
monocrystals of zinc oxide (ZnO). In fact, as to signal conver-
sion, the geometries of these nanostructures (rings [19], helixes
[20], etc.) permit an efficient electromagnetic wireless interac-
tion; moreover, zinc oxide is piezoelectric. Additionally, these
single-crystal nanostructures have excellent mechanical prop-
erties. Other advantages concerning the patient safety are also
likely: zinc oxide is biocompatible and biosafe (i.e. non-toxic);
besides, the unique geometries of zinc oxide nanostructures
should, hopefully, prevent the obstruction of blood vessels;
finally, once immersed in water, zinc oxide nanostructures are
automatically dissolved after a few hours. As a possible appli-
cation of the unique properties of these self-assembled ZnO
nanostructures, wirelessly excited ZnO nanohelixes could selec-
tively damage the target cells [1] (by heating or by inertial
cavitation [22]) and could be automatically dissolved into the
body after use (these are ideal characteristics for in vivo biomed-
ical applications as zinc oxide is not toxic and there would be
no self-aggregation risks).

In this paper we focus on wireless Joule nanoheaters. Since
the electromagnetic-to-heat transduction process does not rely
on the optical properties of the nanostructures, the addition of
non-transparent coating layers does not necessarily degrade the

signal conversion efficiency. In Section 2 we discuss some sim-
plifying assumptions which will be used throughout this paper
and we discuss an electrical model for wireless Joule heaters;
this model is employed in Section 3 in order, first, to maximize
the temperature difference between the nanoheater and the sur-
roundings and, second, to estimate the extinction cross-section.
Since heat transfer at nanoscale is extremely complex [23-29]
an accurate, quantitative evaluation of the thermal resistance
between a nanoring and the surroundings is, practically, impossi-
ble; however, in Section 4 we discuss a qualitative analysis which
provides insight for the design of effective wireless Joule heaters.
In Section 5 we discuss the potential use of wireless Joule
nanoheaters for in vivo biomedical applications; although vari-
ous techniques can be used for fabricating nanorings [31-33], in
Section 6, as an example, we apply our analysis to the design of
multi-shell (two layers) wireless Joule nanoheaters based on zinc
oxide nanorings [19,21]. Preliminary conclusions are drawn in
Section 7.

2. Electrical model for wireless Joule heaters

According to Faraday’s law, alternating electromagnetic
fields generate alternating electrical currents inside loop-shaped
structures, as schematically shown in Fig. 1. Electrical currents
produce heat due to the Joule effect (wireless Joule heaters); this
wideband transduction mechanism does not require an exciting
radiation with a high spectral purity. Although we are mainly
interested in nanosized heaters, in this section we discuss an
electrical model for toroidal wireless Joule heaters.

2.1. Toroidal geometry

We consider a simplified toroidal geometry characterized by
ro, radius of the tube, and R, radius of the torus (see Fig. 1 for
a section of the toroidal ring). This choice allows to find very
simple analytical relations and to focus on the very important
role of the dimensionless aspect ratio ¢ (see, for instance, the
conclusions), which is defined as follows

ey

Fig. 1. Wireless generation of alternating currents in a nanoring and section of the simplified toroidal geometry.
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Fig. 2. Electrical model for the nanoring.

2.2. Wavelength assumption

We assume that the wavelength of the exciting radiation is
much bigger than the diameter of the torus (2R). As a result, the
magnetic field is approximately constant through the loop area;
moreover, there is no need for distributed constant models. In
practice, this assumption limits the maximum frequency of the
exciting electromagnetic radiation.

2.3. Electrical insulation assumption

We assume that the nanoring is electrically insulated from
the environment; in fact, even if the nanoring is surrounded by
a relatively conducting material such as blood, at the frequen-
cies of the electromagnetic excitation, blood is, in practice, an
insulator.

2.4. Electrical model for wireless Joule heaters

Fig. 2 shows the resulting electrical model of the nanoring.
Under the wavelength and the electrical insulation assumptions,
the nanoring can be considered as an electrically small circular
loop antenna in receiving mode [34]. According to Faraday’s
law,

ddg(r)
de |’

@

[vrRING(D)] = ‘

For simplicity, let us first consider a linearly polarized plane
wave. At any given time instant, the intensity of the magnetic
flux density is almost constant over all the loop area, Ay oop
(wavelength assumption); therefore, considering a sinusoidal
magnetic flux density, B, we may write

Pp(1) = / B() dS = By sin(27fot) ALoop cos(p)
SRING

= wHy sin2mfot) ALoop cos(@), 3

where p is the magnetic permeability of the material in which
the nanoring is immersed, fy the frequency, ¢ the angle between
the axis of the ring and the direction of the linearly polarized
magnetic field, and By and H are the intensities of, respectively,
the magnetic flux density and the magnetic field.

Substituting (3) into (2), we find

dog(r) d[wHo sin(2mfot) ALoop cos()]
[vRING ()| = =
dt dt
= 2nfouHoALoop |cos(2rfot) cos()] . @

In the case of an incident plane wave, the voltage vring becomes
[34]

[vrRiING(D| = 27 fop Hzo ALoop |cosLrfot)| )

where Hyz is the component of the magnetic field normal to the
plane of the loop.

Taking into account the electrical equivalent circuit shown in
Fig. 2, we find the fundamental relations for the average Joule
power dissipated in the nanoring, PjouLE, and the temperature
difference between the nanoheater and the surroundings, AT

2[mfou HzoAroop]*

R2nG + CrfoLring)*
2 forHzoALoop)?
R]%ING + (2nf0LRING)§6’

PjouLE = RRrING

AT = RtuPjouLeE = RTHRRING

where Rty is the thermal resistance between the nanoring and
the surrounding environment. Although we only consider the
Joule effect, other absorption mechanisms and, more in general,
all dissipation processes which selectively heat the nanoring are
favorable.

If we neglect the radiation resistance (loop antennas with
electrically small perimeters generally have radiation resistances
much smaller than their loss resistances [34]), in the fundamen-
tal relations (6), the loop area, the electrical resistance and the
inductance of the toroidal ring may be approximated as follows

21

A ~ nR2, —
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)
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RRrING = 2p— = 2pE
o

7
Lring = UR {ln(S{) — 4:| . @)

3. Frequency, electrical resistivity, and extinction
cross-section

In this section, assuming that parasitic capacitances are neg-
ligible, we determine the frequency and the electrical resistivity
which maximize AT; afterwards, we compute the extinction
cross-section of wireless Joule heaters.

3.1. Frequency
Assuming that parasitic capacitances are negligible, we have

found the expression for AT (6); we may now consider the
following three possibilities

()RRING > 27 foLRING, (il) RrRING = 27foLRING,

(i) RrING K 27foLRING.- (8

Correspondently, we may simplify the expression for AT as
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follows
2[7fou HzoALoop]
RriNG

2 forHzoALoop)?
2RRING

(i) AT ~ Rty o [fol?,

o [fol%,

]2

(i1)) AT >~ Rty

2[ruHzoALooP
Q2rLriNG )

In conclusion, in the first two cases AT is proportional to foz,
while in the third case it does not depend on fy. In general, it
is therefore convenient to use the maximum possible fy; if we
consider the limit imposed by the wavelength assumption, this
corresponds to use

(iii) AT ~ RruRRrING o< [ fol°. )

fo= fomax = a <1, (10)

ac
2R’
where the dimensionless constant a is the ratio between the
diameter of the ring and the wavelength.

3.2. Resistivity

In theory changing the electrical resistivity corresponds to,
somehow, changing the material (including its thermal proper-
ties) so that there may be some correlation between the resistivity
and the thermal resistance in (6). Although an accurate thermal
analysis is virtually impossible (see later), we expect that the ring
resistance depends on the electrical resistivity much more than
the thermal resistance; it is therefore appropriate to neglect the
dependence of the thermal resistance on the electrical resistivity.

If the only parameter which depends on the electrical resis-
tivity is RRiNG, AT is maximum when

maci R[In(8¢) — (7/4)]
272

[RriNG = 27foLrING] = p = . (1D
where we have used (10); we stress that, in practice, the matching
condition (11) must be satisfied by taking into account both the
existence of cracks in very metal thin films and the skin effect
(see Section 6). We may now simplify the maximum AT

[7forHzoArLoop)?

ATmax = RTH
RrING

12)

We observe that, if we keep constant both the resistivity and the
aspect ratio ¢, the ring resistance is inversely proportional to R
(see (7)); however, if we tune the resistivity according to (11),
the ring resistance is (see (10))

7
RrING = 27foLRrING = Tac (M {IH(SO - 4D (13)

which, for a constant aspect ratio ¢ is constant and, in particular,
does not depend on R. This observation will be useful for esti-
mating the dependence of the maximum AT on the geometry of
the torus.

According to (11), the optimal resistivity depends on both
the radius of the torus and the aspect ratio ¢. If, as an example,
we consider free air, Fig. 3 shows that for some geometries of

10° ¢

p, [Q*m]

R, [m]

Fig. 3. Optimum (theoretical) resistivity as a function of the radius for different
aspect ratios: ¢ = 10 (dotted line), ¢ =100 (dashed line), ¢ =1000 (solid line).

the torus, an unrealistic optimal electrical resistivity would be
required (notice that, for simplicity, unrealistic geometries such
as [R=1nm, ¢=1000] are also included in the graph).

3.3. Extinction cross-section

If, for simplicity, we assume that the axis of the nanoring
and the direction of the magnetic field are parallel (see later for
a discussion), the extinction cross-section of a single wireless
Joule heater is

202,242
PiouLe _ 27” fo " A{ oop

= = 14
((1/2)ZHD) ZRrinG (4

Oext

With the design choices (10) and (11), the optimum (i.e. maxi-
mum for a given geometry) extinction cross-section is

B m3acuR?
 2Z[In(82) — (7/4)]

Oext (15)
which, for a constant aspect ratio, is proportional to the area of
the ring, 7R?. Fig. 4 shows in a log—log scale the optimum (theo-
retical) extinction cross-section of a wireless Joule nanoheater as
afunction of the radius for an aspect ratio ¢ = 10 when the dimen-
sionless constant a is equal to 0.28 (though this is an extreme
case, the extinction cross-section for different values of a can be
easily determined from this figure by taking into account the lin-

10° 10° 107 10° 10° 10* 10® 107 10" 10°

R, [m]

Fig. 4. Optimum (theoretical) extinction cross-section of a wireless Joule
nanoheater as a function of the radius for an aspect ratio ¢ =10 for the dimen-
sionless constant a equal to 0.28.
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ear dependence of oex¢ On a). Finally, we observe that, as evident
from (15), the optimum extinction cross-section is only weakly
dependent on the aspect ratio ¢.

4. Thermal resistance

In order to estimate the temperature difference between the
nanoheater and the surroundings when the design rules found in
the previous section are satisfied, we must determine the ther-
mal resistance between the ring-shaped wireless heater and the
surroundings; clearly, for in vivo biomedical applications, only
wireless nanoheaters may be considered. Since at nanoscale the
classic heat transfer theory is no longer valid [23], an accu-
rate heat transfer analysis of even the simplest possible wireless
Joule nanoheaters is far beyond what is today possible. Numeri-
cal simulations would also be problematic; in fact, in molecular
dynamics simulations [24,25] each molecule must be inde-
pendently considered; as a result, among the three modes of
heat transfer, only heat conduction (in very small volumes)
can be investigated. Beside computational difficulties, molec-
ular dynamics also require an accurate knowledge of all the
relevant intermolecular interactions, which would not be easy
for our target application.

Though the complexity of nanoscale heat transfer impedes a
quantitative estimation of the thermal resistance Rty between
the heater and the surroundings, it is possible to gain insight for
the design of effective wireless Joule nanoheaters. In fact, if we
consider heat conduction perpendicular to an interface, reflec-
tion of thermal energy waves (i.e. phonon backscattering) may
occur, thus limiting heat transfer; equivalently, at the interface
between two materials there is a thermal boundary resistance
(also known as Kapitza resistance) which is inversely propor-
tional to the area of the interface. Although in macroscopic
systems the role of the thermal boundary resistance is generally
negligible, at nanoscale, the Kapitza resistance often dominates
the thermal resistance; as an example, in [26] a nanotube was
heated by a laser beam and an extremely high Kapitza resis-
tance was derived from the exponential decay of the nanotube
temperature; we mention that [26] is one of the very few papers
containing experimental results on the Kapitza resistance at a
solid-liquid interface, which is analogous to our target appli-
cation (the role of the Kapitza resistance at nanoscale is also
discussed in, for instance [27-29]). In practice, at the interface
between two materials X and Y, we may consider a (Kapitza)
conduction thermal resistance

1

RTH,conduction = (16)
KX, yA

where kv is the interface thermal conductivity per unit area and
depends on the two materials X and Y.

For generality, let us consider a multi-shell structure consti-
tuted by the nanoring (Oth layer) and by N coating layers (e.g.
including therapeutics); for simplicity, the surroundings (e.g.
blood) are referred to as the (N + 1)th layer. As an example,
Fig. 5 shows the section of a multi-shell three layers coated
nanoring.

>

Fig. 5. Section of a multi-shell three layers coated nanoring.

The thermal resistance between the (internal) nth layer and
the surroundings (e.g. blood) is

N—1

Vn=0,1.2,....(N—=1) > Rrun = »

i=n

A; = 2nR)(2mr;), a7

1

———— + Rrtu,N,
Kii+14;

where A; is the area of the interface between the ith layer and
the (i + 1)th layer and Rty is the thermal resistance between
the outer coating layer and the surroundings,

RTH,N = < ! > X i AN = (27TR)(27TI‘N). (18)

KN, N+1AN AN’
If we keep constant all the aspect ratios [ =
(r1/ro), ..., My = (ry/ro)l, it is easy to find
1
Vvn=0,1,2,...,N - R, X — 19)

roR’

If we assume that the induced electrical current is flowing in an
inner layer, the maximum AT between the nth coating layer and
the surroundings will be

[7for Ho ALoop |cos(¢)|1?

ATmax,n = RTH,n (20)
RRrING
For fixed aspect ratios ¢ and [N1,. . ., Ry], if we consider that
1 ¢ ac 1
R X — = —, = = — X —,
TH,n r()R R2 fO f(),max R R
Aroop = mR* o« R?, RriNG o R° 21

the maximum AT (20) does not depend on the radius of the torus.
Additionally, if we neglect the weak logarithmic dependence of
the inductance Lring on the aspect ratio ¢, the maximum AT is
proportional to ¢.

In conclusion, assuming that the Kapitza resistance domi-
nates the thermal resistance between the ring-shaped nanoheater
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and the surroundings, and keeping all the aspect ratios constant,
downscaling does not degrade the maximum possible AT (an
important result in view of in vivo biomedical applications which
require very small wireless Joule heaters). Furthermore, ceteris
paribus, nanorings with high aspect ratios ¢ may lead to higher
AT.

5. Wireless Joule nanoheaters as possible nanovectors
for in vivo biomedical applications

In this section we discuss both issues and opportunities con-
cerning the possible use of wireless Joule heaters for in vivo
biomedical applications. We stress that, though we have only
considered the Joule effect, other absorption mechanisms and,
more in general, all dissipation processes which selectively heat
the nanoring are favorable (including, eventually, the absorption
mechanisms described in [31]).

5.1. Dimensions of the transducers

Only nanosized wireless Joule heaters are suitable for in
vivo biomedical applications. In particular, depending on their
dimensions, drug delivery devices may be injected into tis-
sues (<200 wm), inhaled (<100 pm), or released into circulation
(<10 wm) [14]. In the case of wireless Joule nanoheaters it is
also important to selectively heat only the target regions of the
human body; for this reason the wavelength of the exciting radi-
ation should preferably belong to the so called “water window”
(the human body is relatively transparent to radiations within
this bandwidth, approximately from 800 nm to 1200 nm). Since
the wavelength of the exciting radiation should be much big-
ger than the diameter of the torus (2R), only nanorings with a
diameter below a few hundreds nanometers may be considered.

5.2. Internal and outer coating layers

In order to take advantage of wireless Joule nanoheaters for
targeted drug delivery, hyperthermia, or thermal ablation, an
electromagnetic radiation with an acceptable intensity must pro-
duce a significant temperature increase. Clearly, this requires
high thermal resistances between the nanoheaters and the sur-
roundings. As evident from (17), if necessary, high thermal
resistances between an internal layer and the surroundings may
be obtained by using nanolaminates [29] (i.e. alternating layers
constituted by materials which have a very low interface thermal
conductivity); clearly, only biocompatible and biosafe materials
should be considered. However, the AT between the outer layer
and the surroundings only depends on Rty_n (see (18)). In prac-
tice, the outer layer plays a special role as, for hyperthermia, this
layer establishes the AT, and, for drug delivery, it must release
the therapeutics after the nanoheater is activated.

5.3. Orientation of the nanorings
For a linearly polarized magnetic field, in order to estimate

the maximum possible AT, we may consider the magnetic field
almost aligned with the axis of the nanoring. If many exciting

electromagnetic waves can be repeatedly used, this simplifica-
tion may be acceptable; in fact, each nanoring in the blood may
freely move and therefore its axis will, soon or later, be aligned
with the magnetic field. Since the nanoring has a very small ther-
mal time constant (because of its very small mass), the maximum
AT will be reached before the nanoring will further significantly
change its position. Similar considerations apply to the general
case of an incident plane wave.

5.4. Smart self-activated wireless drug delivery nanodevice

The dependence of the Joule power on the ring resis-
tance might, in principle, allow a “smart” self-activation of the
nanoheaters. In fact, if the ring resistance is dominated by the
resistance of the outer coating layer, Ry, a proper variation of
Ryx (e.g. due to the interaction with a target cell) may enable or
disable the nanoheater.

6. Case study: wireless Joule nanoheaters based on zinc
oxide nanorings

Although, as we have discussed, a theoretical estimation of
the performance of wireless Joule nanoheaters is impossible
due to the limited knowledge on nanoscale heat transfer, our
theoretical analysis may be used for designing high efficiency
wireless Joule nanoheaters. As an example, in this section we
describe the design of multi-shell (two layers) wireless Joule
nanoheaters based on ZnO nanorings; in fact, among many
other methods for fabricating nanorings [30-33], these ZnO
nanostructures have interesting properties for in vivo biomedical
applications.

ZnO nanorings are self-assembled single-crystal loop-shaped
nanostructures; Fig. 6 shows the growth process and the corre-
sponding experiment showing the initiation and formation of
the single-crystal nanoring via self-coiling of a polar nanobelt
[19]; the nanoring is initiated by folding a ZnO nanobelt
[18] into a loop with overlapped ends driven by long-range
electrostatic interactions among the polar charges; short-range
chemical bonding stabilizes the coiled ring structure, and the
spontaneous self-coiling of the nanobelt is driven by mini-
mizing the energy contributed by polar charges, surface area,
and elastic deformation [19]. The single-crystal nature of these
nanostructures explains their excellent mechanical properties;
for instance, Fig. 7 shows a series of AFM images which
illustrate the manipulation of a ZnO nanoring with a high
aspect ratio; although the strain stored within the nanoring
is extremely large, no fracture occurs [21]. Additionally zinc
oxide is biosafe (i.e. non-toxic) and biocompatible. Further-
more, ZnO nanorings may have high aspect ratios ¢ (see
Fig. 7), which is beneficial for different reasons: first, ceteris
paribus, AT is proportional to the aspect ratio; second, the
undesired aggregation of nanorings with high aspect ratios
seems unlikely (one of the main concerns for the injection of
nanovectors in the body [15] is their possible aggregation which
might lead, over long time periods, to obstruction of the blood
vessels).
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Fig. 6. Growth process and corresponding experiment showing the initiation and formation of the single-crystal nanoring via self-coiling of a polar nanobelt (see

[19D).
6.1. Geometry

So far reported zinc oxide nanorings have typical radii of
~400nm to ~2 pm, thicknesses of ~10nm to ~30nm; the
width of the shell is up to ~1 pm, depending on the number of
loop-by-loop windings of the nanobelt [19]. In order to obtain
an high aspect ratio ¢, it is better to keep as small as possi-
ble the number of windings. In order to use exciting radiations
within the “water window”, only nanorings with extremely small

diameters should be considered; for instance, if we consider a
wavelength equal to 1.2 um and a = 0.15, an acceptable nanor-
ing should have the radius of the torus smaller than 90 nm (the
smallest reported ZnO nanorings have a radius equal to 400 nm
[19]); as it is clear from Fig. 3 very small nanorings have opti-
mal resistivities which are orders of magnitude smaller than the
resistivity of even heavily doped zinc oxide crystals (see [35] for
an extensive discussion of the resistivity of both single crystal
and polycrystalline zinc oxide). However, if we cover the natu-

Nanoring

Z-range: 419.3 nm

3258 3270

Y-range: 25 [um]

3245

-15055 -15042

X-range: 25 [um]

-15030

Fig. 7. Series of AFM images showing the manipulation of a ZnO nanoring with a high aspect ratio (see [21]).
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ral zinc oxide nanoring with a thin metal layer, the equivalent
resistivity of the coated nanoring may be tuned by modifying
the thickness of the coating metal layer.

As an example, let us consider a wavelength equal to 1.2 pm,
a=0.15, and an hypothetical equivalent toroidal nanoring hav-
ing the radius of the torus, R, and the radius of the tube, ry, as
follows

R=90nm, rop=10nm. (22)

If this equivalent toroidal nanoring is immersed in the human
blood (u; =~ 1; at these high frequencies ¢, >~ 5), the optimal
resistivity is equal to 1.1 x 10~7 @ m. If we consider a uniform
gold coating (pau ~ 1.7 x 1078 @ m) and we neglect the con-
tributions of the zinc oxide nanoring to the electrical conduction,
the thickness of the coating layer (zay =71 — o) which gives the
optimal ring resistance is easily determined as follows

PAu Y
T o 2| 7 A
w(ry —ry)  7wrg

=1 <1/pA“ +1—1> ~ 0.74 nm. (23)
0

Such a small thickness is, clearly, an underestimation, as, in prac-
tice, both the presence of cracks in thin metal films and the skin
effect should be considered. The extinction cross-section (with
the design choices (10) and (11)) may be computed according
to (15) as follows

_ 713ac,uR2
~ 2Z[In(8¢) — (7/4)]

Cext =75x 107" m?. (24)
In conclusion, if a metal coating is used, we expect that the self-
assembled zinc oxide nanoring mainly determines the geometry
and the mechanical robustness of the nanoheater, while the metal
layer determines the ring resistance so that the maximum AT may
be achieved. Though, obviously, these results need an experi-
mental confirmation, the proposed analysis might be useful for
afirstdesign of efficient loop-shaped wireless Joule nanoheaters.

6.2. Thermal resistance between the nanoring and the
surroundings

Unfortunately, measured interfacial thermal conductivities
per unit area between solids and liquids have been reported only
for very few cases [26-28] so that even a rough estimation of
the interfacial thermal conductivity is impossible and ad hoc
experiments are required.

7. Conclusion

Here we have theoretically studied the potential of wireless
nanotransducers for biomedical applications such as targeted
drug delivery, hyperthermia, thermal ablation, and in vivo mon-
itoring of physiological parameters. In particular, we have
focused on wireless Joule nanoheaters. Although the limited
knowledge on nanoscale heat transfer make a theoretical charac-
terization of these nanotransducers nearly impossible, we have

found simple rules for the design of effective wireless Joule
nanoheaters. Moreover, we have shown that, if all aspect ratios
are kept constant and the interface thermal conductivities are
enough small, the downscaling of wireless Joule heaters does
not degrade the maximum AT (this is an important result for in
vivo biomedical applications where only very small ring-shaped
structures could be used). Furthermore, we have discussed the
potential use of wireless Joule nanoheaters for targeted drug
delivery and hyperthermia. Finally, as an example, we have
applied the results of our analysis to the design of multi-shell two
layers wireless Joule nanoheaters based on zinc oxide nanorings.
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