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Janus-Nanojet as an efficient
asymmetric photothermal source

Javier Gonzalez-Colsa?, Alfredo Franco?, Fernando Bresme?, Fernando Moreno® &
Pablo Albella*™

The combination of materials with radically different physical properties in the same nanostructure
gives rise to the so-called Janus effects, allowing phenomena of a contrasting nature to occur in the
same architecture. Interesting advantages can be taken from a thermal Janus effect for photoinduced
hyperthermia cancer therapies. Such therapies have limitations associated to the heating control

in terms of temperature stability and energy management. Single-material plasmonic nanoheaters
have been widely used for cancer therapies, however, they are highly homogeneous sources that
heat the surrounding biological medium isotropically, thus equally affecting cancerous and healthy
cells. Here, we propose a prototype of a Janus-Nanojet heating unit based on toroidal shaped
plasmonic nanoparticles able to efficiently generate and release local heat directionally under typical
unpolarized illumination. Based on thermoplasmonic numerical calculations, we demonstrate that
these Janus-based nanoheaters possess superior photothermal conversion features (up to AT =~ 35

K) and unique directional heating capacity, being able to channel up over 90% of the total thermal
energy onto a target. We discuss the relevance of these innovative nanoheaters in thermoplasmonics,
and hyperthermia cancer therapies, which motivate the development of fabrication techniques for
nanomaterials.

Cancer is one of the major causes of mortality worldwide'. Curing cancer is a key priority to society. Scientists
have developed a variety of approaches to fight cancer?. Radiation therapy, chemotherapy or surgery are regarded
as the main clinical treatments, but they suffer from many limitations, such as surgical complications and the
serious side effects associated to radio and chemotherapy. Moreover, the efficacy of these three treatments is
masked by metastasis phenomena® which render cancer cells hard to be completely eradicated, leading to a
poor patient survival rate. Thus, novel side-effect free therapies with higher effectivity are pressingly sought as
an alternative to treat cancer patients. Within the alternative treatments, localized hyperthermia has flourished
as a remarkable curative modality in which thermal agents are used to transfer heat to cancer cells, promoting
their necrosis*®. In particular, nanomaterials-based Photothermal Therapy (PTT) is appealing, since the ability
to generate highly focused temperature spots diminishes the damage of surrounding healthy tissues. PTT relies
on nanomaterials as photothermal agents and near infrared (NIR) laser irradiation to increase their temperature.
Unlike conventional cancer therapies, PTT is a minimally invasive technique that may potentially allow a fast
patient recovery with controllable, high selective and favourable biosafety features®’. One of the main difficul-
ties in the implementation of PTT, is the necessity to deliver a high amount of energy to the cancer cells, often
located deep into the tissue. However, PPT can be combined with other therapeutical strategies such as surgery
or chemotherapy®™'2, thus increasing their efficacy, and overcoming the weaknesses.

The effectiveness of PTT often comes from the efficiency of the local heating source, i.e., its optical absorption
and its biofunctionalization'?, which is required to recognize the carcinogenic cells, for selective targeting. Vari-
ous types of photothermal agents have been investigated for PTT applications, including bovine serum albumin
heterojunctions', graphene-based nanostructures', but the PTT agents based on Localized Surface Plasmon
(LSP) resonances are more widespread and promising'®. These nanoheaters generate heat via resistive losses
associated to light absorption at the plasma eigenfrequency. The absorption wavelength is very sensitive to the
nanoparticle shape, size and composition'”"'°, hence allowing the spectral tunability of the heating. The ability
to control heating at the nanoscale has opened a new research area®, thermoplasmonics, which encompasses
most modern applications of nanoscale heating using plasmonic effects, including PTT. Gold and platinum are
widely extended materials in PTT applications, due to their compatibility with biological systems and chemi-
cal inactivity. Most noble metals usually present LSP resonances in the UV-Vis range. In the cases of gold and
platinum, their plasmonic resonances can be shifted to the first NIR biowindow (NIR-I, 700-900 nm)?', where
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light/heat conversion can be maximized due to a minimization of light absorption by water. Photothermal agents
in the so-called second NIR biowindow (NIR-II, 1000-1400 nm) offer advantages in clinical applications due
to the deeper penetration depth and lower optical absorption compared with NIR-I. Up to now, most of the
LSP-based photothermal agents applied for PTT are mainly restricted to single-metal nanoheaters including
gold nanospheres** %, nanorods®®, nanostars*>?” or nanodisks®. In fact, we have recently compared the thermo-
plasmonic behaviour of these geometries against doughnut-shaped nanoheaters, showing that the latter feature
better thermal performance for photothermal applications®. Despite its high heating efficiency, these single-
metal nanostructures heat up the surrounding environment isotropically leading to a partially uncontrollable
heating effect. This feature does not only carry the potential damage of the targeted cancerous cells, but also the
undesirable damage of the neighboring healthy cells. This is one of the challenges we need to surpass for a suc-
cessful incorporation of PTT in clinical treatments. One important challenge in this context is controlling the
heating approach, as substantial heating often requires collective nanoparticle effects to surpass the limitations
of the incident power density. As a matter of fact, the Maximum Permissible Exposure (MPE) of skin is 1 W/
cm? in the NIR-IT*°), which would result in a modest temperature increment at single particle level. However, the
operation intensity can be optimized by enhancing the light/heat conversion to maximize the energy output at the
single particle level. Fortunately, the development of novel fabrication methods has provided feasible resources
to overcoming this issue, offering novel structures with a superior thermo-optical performance, mainly based
on the use of hybrid nanomaterials®'~%.

Janus Nanoparticles (JNPs) are nanostructures composed by separated regions of different chemical composi-
tions. They have attracted great attention in the area of nanomedicine®* because the combination of materials
with different chemical and physical properties yields unique dual-functional capabilities offering new oppor-
tunities in fields such as imaging or drug delivery*® for biomedical applications. Colloidal JNPs have also been
eventually explored to enhance the thermal performance of heating agents, such as multifunctional ternary
JNPs*, UFO like hybrid cyclodextrin-Pd nanosheets*, silver-silica nanoplatforms*?, gold triangle-mesoporous
silica structures®, hybrid gold nanostars*** or different core-shell geometries**°. So far, although the applica-
tion of multifunctional hybrid particles is growing rapidly in nanomedicine, the design of highly efficient single
JNPs with exceptional directional photothermal conversion abilities is still missing. Nanoheaters commonly show
a remarkable symmetrical temperature distribution (around the main axes of the nanoparticle for anisotropic
geometries) hence heating the environment around them homogeneously. To enable heating in specific direc-
tions, alternative nanostructures must be designed.

In this work, we present an exhaustive numerical thermoplasmonic study of a novel and effective prototype of
a Janus heating nanojet (called J-Nanojet from now on) that offers improved photothermal conversion features
together with remarkable directional heating capacity, thus, overcoming the aforementioned main challenge in
PTT: reduce healthy tissue damage. The nanostructure proposed in this work is capable to channel up to 91%
of the total heat in one direction, i.e., towards the cancerous tissue. The J-Nanojet is made by a metallic toroidal
nanoheater unit embedded in a Janus capsule built of two different biocompatible materials, one acting as heat
insulator and the other as heat conductor. We propose the use of fully biocompatible plasmonic materials such
as gold or platinum® as heating agents to tune the working wavelength of this J-Nanojet from NIR-I to NIR-
II depending on the specific needs of applications. As it is usual in personalized cancer treatments such as in
plasmonic photothermal therapies, the nanoparticles acting as nanoheaters are biofunctionalized to increase
their selectivity towards specific targets®. In our theoretical proof of concept, we also propose that the J-Nanojet
should be functionalized along the highly thermally conductive surface only. This would allow for a directional
local heat delivery towards the cancer tissue preventing or reducing the damage of the healthy one. Finally, we
numerically tested the heating performance of the J-Nanojet under dynamic flow conditions, i.e. considering the
thermal behaviour stability to J-Nanojet random rotations when illuminated with unpolarized light, as expected
to happen in a practical situation. We introduce here an accurate numerical model to test the performance of
the proposed nanostructures. We demonstrate that the combination of metallic nanoparticles with diamond or
PDMS provides a route to optimize the heat transferred from the nanoparticles to the medium, as well as ensuring
optimal light absorption in the relevant 1st and 2nd biological windows. Hence, we believe that our work will
motivate the fabrication of JNPs, opening a route to incorporate these nanostructures in photothermal therapies.

Methods

Noble metal nanoparticles are highly effective heat generators when correctly illuminated. If light interacts with
metallic nanoparticles, their free electron density starts to oscillate following the incident electric field, heating
the metal via Joule effect. Then, the structure acts as a thermal source, heating up its surroundings. This process
is commonly described by the well-known heat equation in spherical coordinates:

p(Mec(M)dT(r,t)/9t =V - (k(r)VT(r,t)) + Q(r,t) (1)

where the variables r and t are the radial position and time, T(r,t) is the local temperature and the material
parameters p(r), c(r) and k(r) are the mass density, specific heat and thermal conductivity, respectively. Q(r,t)
is the heating source determined by the resistive losses in the metal. Therefore, for a fully characterized system
(well-known nanoparticle and surrounding thermo-optical properties), the electromagnetic problem must be
solved to obtain these losses. To do so, the system of Maxwell’s equations, and subsequently, the heat equation
with appropriate boundary conditions have been solved by means of finite element simulations. For conveni-
ence and reliability of the solution, we have used Comsol Multiphysics 5.6, which provides with robust and solid
numerical methods to solve partial differential equations. In our optical modelling, particles are supposed to
be immersed in water and illuminated with circularly polarized light instead of unpolarized. Although this last
polarization state could be simulated by just solving two different situations with orthogonal incident electric
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Figure 1. Illustration of spherical nanoparticles and abstract hybrid nanonheaters flowing inside a blood vessel
in colloid under infrared laser beam illumination. Inset: abstract J-Nanojet structure reacting to the incident
light, heating up a target cancerous cell. Feature Background Image Credit: “Blood cells” by gimono. CCO Public
Domain via Pixabay.

fields, this would double the simulation time. Thus, circular illumination is computationally more efficient,
allowing the solution of the problem in just one step. We have considered the electromagnetic losses as the only
heat source and the thermo-optical properties have been taken from Comsol database. A heat flux boundary
condition has been imposed at the outer simulation frontiers together with a heat transfer coefficient to include
the heat dissipation in our modelling. Therefore, we estimated the heat transfer coefficient by simply dividing
the surrounding fluid thermal conductivity by the simulation region length scale.

Results

First steps: Hybrid nanoparticle designs. Most experiments focused on photothermal biomedical
applications consider specifically biofunctionalized metallic nanoparticles in a fluid, which eventually binds
to the target cells®>. These nanoparticles, under an adequate illumination, become an LSPR-assisted heating
source. In the specific case of PTT against cancer, the local temperature of the tissues must reach 42-48 degrees
centigrade”?’, a temperature increment of approximately 10 °C above the average temperature of the biological
medium. However, a precise control of the temperature increases is required to avoid uncontrollably damage
of the healthy surrounding tissue, as it would happen with a continuous wave laser. Tissues can be affected in
different ways: photochemical damage, photo-thermal damage, photoablation or photodisruption, depending
on the power density and the light exposure time®. Pulsed lasers are widely used to control the energy delivery
circumventing these issues, allowing high thermal responses at low power densities. In the context of photo-
thermal therapies, this could be achieved by designing more efficient single nanoheaters by optimizing light/
heat conversion and energy delivery (local directionality). Specifically, PTT also requires the delivery of optical
energy to a target sometimes localized deep into the tissues. This can be achieved by illuminating at the right
biological window (NIR I-II) where the tissue penetration depth can be few microns up to 10 cm>-%. As illus-
trated in Fig. 1, the temperature spatial distribution generated by single nanoparticles immersed in a fluid has
strong symmetries, as is the case of the gold nanospheres, resulting in a radial stationary isotropic thermal flux.
This spatial uniformity leads to a dramatic reduction in the heat transfer control since the thermal energy flows
in all directions, i.e. only a portion of the generated heat reaches the target cells, with the rest of the heat diffusing
towards surrounding tissues. Consequently, a great part of the available thermal energy is wasted.

In light of this, to increase the heating efficiency and to maintain its biosafety, it is vital to improve the thermal
capabilities of the nanoheaters in terms of temperature generation but more important, in thermal flow control.
A clear step forward from the existing single-material structures is to consider asymmetric nanoparticles made
of two different materials, a typical JNP, where each half of the particle volume is occupied by one of them, we
call this a “hybrid nanoheater”. Both materials must be selected with radically opposite thermal conductivities.
We propose a hybrid nanoheater composed by polydimethylsiloxane (PDMS) and gold or platinum, acting the
first one as an efficient heat insulator and the second one as the heating source.

Figure 2 shows a comparison of the heating spectral response of a single material nanoparticle with a hybrid
Janus one. Two different shapes are considered: sphere and toroid. In Fig. 2a the particles are made of gold and
in (b) made of platinum. The dimensions of the nanoparticles acting as nanoheater units were selected from the
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Figure 2. Thermal spectrum comparison of the studied single-material and hybrid nanoheaters for gold (a)
and platinum (b) irradiated with a power density of 0.1 mW/um? solid and dotted lines correspond to single
material and hybrid nanostructures respectively. The reddish and blue shadowed regions represent the first and
second biological windows (NIR I-II) respectively. The temperature is taken at the point T, inside the metal
material for all structures. (c) Temperature maps for the optimal wavelength in (a) for the single material and

hybrid toroids immersed in water.

optimal ones reported in?’: the optimal sphere has a radius of 40 nm while the toroid has a 50 nm main radius
and 10 nm secondary radius.

In the single-material sphere case, the maximum achievable temperature increment (AT) increases when
the isolating material is added for both, Au and Pt, and their thermal response is also redshifted, approaching
the NIR-I. However, both maxima show a poor temperature increment for the fixed incident power density (0.1
mW/pum?) and are located out of the NIR biowindow, becoming inadequate for biomedical applications. On the
other hand, the toroidal-shaped nanoheaters display superior heating performances with respect to the spherical
cases. It is noteworthy the effect of the particle materials.

The spectrum of the Au toroid lies out of the NIR-II when PDMS is added. Although that response can be

tuned back to the NIR-II by reducing the dimensions of the toroid, the maximum AT is also decreased (see
Figure S1 of the supplementary material). This dramatically reduces its heating potential and consequently, the
applicability in biomedical applications. The Pt toroid spectrum is also redshifted with respect to the single-
material nanoheater, remaining at the threshold of the NIR-II. Despite this hybrid nanoparticle offers a favorable
temperature increase, particles able to respond to excitation wavelengths further in the NIR-II are more desirable
since the tissue penetration length is larger in that region. In Fig. 2¢ the temperature maps of single material
and hybrid nanodoughnuts are shown. It can be clearly seen that both architectures exhibit a similar tempera-
ture distribution, but the hybrid one is slightly asymmetrical. Thus, the typical Janus nanoparticle, called here
hybrid nanoheater, presents a low degree of anisotropy, suggesting a poor achievable directional transfer. These
temperature distributions remark the necessity of improving the nanoheater thermal directivity while preserv-
ing its power generation efficiency. However, although some insights can be obtained from the temperature
spatial distribution to estimate the thermal directional capabilities of nanoparticles, it is necessary to quantify
their anisotropy degree to select the best candidate depending on the specific biological application. This can be
achieved by calculating the resulting thermal flux in a fluid. We assume that radiation heating can be neglected
regarding the magnitude of the temperatures we are considering (biological medium temperature).

The convective heating can also be neglected since surrounding fluid is supposed to be stationary, being the
system analysed only half micron far from the nanoheater. Therefore, we are considering that the heat transfer
in a complex biological fluid is expected to be mainly owing to conduction®. To properly characterize the direc-
tional capabilities of nanoheaters, i.e., the ability to drive directionally the heating power, two magnitudes must
be analyzed: the relative power flowing through the upper and bottom half-spaces (Q,) and the total generated
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Figure 3. Comparative of the relative conductive heat power (Q,) flowing through the upper half-space

(in blue) and lower half-space (in orange) for single material and hybrid nanoparticles irradiated with a
power density of 0.1 mW/um? at the resonance. The grey bars correspond to the total heating power for each
architecture. Inset: Scheme of the conductive thermal power calculation method applied to the nanoheaters
where S, y S, are the upper and bottom half-spaces respectively. n,, n, and n, are the canonical basis vectors.

power (P). The followed strategy to calculate these magnitudes is illustrated in the inset of Fig. 3. A cubic surface
surrounding the nanoheater and centered at its geometrical center has been considered. This geometry has been
selected for convenience in the data management of the simulation software (Comsol Multiphysics). Then, the
temperature gradient is integrated along the upper (S,) and bottom (S,) half-spaces (integration domain) to
obtain the ratio of heating power going through them.

The results of the estimated relative heat power for each nanoheater flowing through the upper media are
shown in Fig. 3. It can be seen that spherical nanostructures reach a maximum value of 68%, while toroidal
nanostructures offer 56%, in contrast with the single-material particles which as expected, are totally symmetric
displaying a relative integrated flux of 50%. Nevertheless, although hybrid spheres display higher directional capa-
bilities, they generate the lowest thermal powers when compared to toroidal geometries. Therefore, the hybrid
nanoheater geometries clearly show an improved heat directional transfer with respect to the single-material
structures while keeping the achievable maximum temperature (Fig. 2) and the generated total power (Fig. 3)
almost constant. Even though this is already an interesting result, we take this one step further to magnify both,
the directional capabilities and the total generated heating power for each architecture.

J-Nanojet design: Thermal response optimization. In sight of the previous results, designs that allow
to enhance the heating performance asymmetry while improving the maximum achievable temperature and
power are sought. To achieve this aim, we have designed and optimized nanostructures, “heating nanojets’,
which provide heating in one direction, reducing the heating of the opposite direction. The illustrations in
Fig. 4a-b, show the proposed basic scheme of the two different J-Nanojet designs, so-called binary and ternary.
While the ternary structure allows for a slightly better control of the local heating, it is more challenging to
achieve from the fabrication point of view. Conversely, the secondary architecture can be manufactured using
state of art fabrication techniques®®. We have considered a cubic geometry to facilitate the numerical modelling
of the thermoplasmonic response. We note however that the ideas presented here apply to other geometries too,
which incidentally are less demanding from the fabrication point of view (see Figure S2 in the supplementary
material). The first design (Fig. 4a) consists of a doughnut-shaped metallic nanoparticle embedded in a Poly-
dimethylsiloxane (PDMS) capsule (binary J-Nanojet), touching the upper boundary of the polymer in contact
with the surrounding fluid. The second one (shown in Fig. 4b), is an extension of the binary nanojet, by just add-
ing a thin diamond cap on top of the toroid to force the heat to flow in the upper direction (ternary J-Nanojet).
PDMS is an effective thermal insulator and diamond a good thermal conductor, with thermal conductivities
of ~0.15 W/mK?®” and 2200 W/mK?, respectively. Furthermore, considering its good thermal performance, the
optimal toroid from® has been selected as the heating unit. This selection guarantees the maximum achievable
temperature increase for excitation wavelengths in the NIR biowindow. This is essential in real PTT applications
where nanostructures are randomly oriented and human tissues induce a partial depolarization of light with an
exponential decay of its intensity. Hence, the J-Nanojets are always analyzed under unpolarized illumination
with a pumping power density of 0.1 mW/um? Furthermore, in PTT, nanoheaters would circulate through
thin capillaries, thus, the size of the agent acting as nanoheater must be controlled and below a certain allowed
value. This condition has been satisfied considering nanojet designs with all dimensions around a therapeutically
allowed of 150 nm"”.

A previous optimization of the capsule geometrical parameters has been performed to visualize their effect
in the J-Nanojet thermal response. Different values of the conductor and insulator thicknesses (8, k) were con-
sidered, ranging from 10 to 30 nm and 20 to 50 nm, respectively (see Figure S3 in the supplementary material),
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Figure 4. Tllustration of the J-Nanojet architectures: a metallic toroid embedded in a PDMS block (a), covered
with a thin squared diamond layer (b). An illustrative section has been made in the nanoparticles to visualize
the metallic heating unit. The variables 4, § and L represent the capsule parameters: PDMS thickness, diamond
thickness and the size of the capsule base respectively. (c) Thermal spectrum comparison of the structures
shown in (a) and (b): an isolated metallic toroid (dotted line), a toroid embedded in a 125x 125 x 50 nm block
of PDMS (dashed line) and the ternary J-Nanojet structure (solid line). The blue and reddish shadowed regions
represent the first and second biological windows respectively.

reporting a notorious maximum temperature increase stabilization for § =10 nm and /> 50 nm. The block base
(L) of the nanojet has been considered to be 125 nm side to allow the torus to be fully embedded in the PDMS
block while allowing for compactness.

Figure 4c), shows the results obtained after that optimization, comparing the J-Nanojet designs with the
isolated heating unit. This allows to select the best design in terms of potential heating capability, i.e., maximum
temperature increase and spectral location of the thermal response. Notice also that, although similar trends are
found for both heating unit materials (Au and Pt) in both J-Nanojets (binary and ternary), the platinum thermal
response is broader, thermally weaker, and its effective response is located at the NIR-I. On the other hand, the
gold core gives higher temperatures but at the NIR-IL. This fact opens the possibility to extend the use of this
nanostructure to other biomedical applications, where the tissue penetration length is not a critical parameter
and gives the platinum structure more tolerance to fabrication imperfections. However, it can be clearly seen
that in terms of the maximum temperature achievable, the binary design outperforms the ternary one, reaching
increments of 53-58% while equivalent values are obtained compared with the isolated doughnut (see Figure
$4 to visualize the thermal response of the ternary design covered with sapphire as an alternative to diamond).
For a better understanding of the J-Nanojet thermal response and to show why they can suppose a significant
advance in certain photothermal applications, such as PTT, the previous results are complemented with their
spatial temperature distributions.

Before analyzing the spatial thermal distribution that these nanojets can offer, an illustration of the working
principle is shown in Fig. 5a). As can be seen, the heat flows preferentially through the material with higher
thermal conductivity, while PDMS introduces a resistance to heat flow. The heterogeneous structure of the mate-
rial induces a noticeable asymmetry in the temperature profiles along the z axis (binary nanojet), which can
be enhanced by adding a thin diamond layer (ternary nanojet). Thus, the asymmetrical z-profiles suggest that
both architectures may present a high temperature contrast between the front (A for ternary and B for binary
J-Nanojets) and rear boundaries (C). This induced thermal Janus effect, enables the possibility of affecting the
target cells while protecting the rest of healthy tissue.

Figure 5b shows the temperature maps for the optimal binary and ternary J-nanoheaters, where the afore-
mentioned thermal distribution asymmetry is demonstrated. Although the binary nanojet presents the highest
temperature increase, the corresponding temperature map evidences how this temperature is confined inside
thermal insulator, resulting in heat inefficiently transmitted to the surrounding fluid. Furthermore, both J-Nano-
jets show comparable spatial thermal distributions, that tend to be almost isotropic at large distances from the
heating device. However, in the case of PTT, the tumor cells would be located at a distance of around 10-30 nm
from the J-Nanojet surface due to the biofuntionalization agents® (see Fig. 1), so that the short distance heat-
ing performance needs to be analyzed in detail. Moreover, one of the most important aspects to consider is the
precision in the thermal control.

In photothermal applications, the temperature increase is sought to be stable and controllable, so tempera-
ture gradient-free structures are desirable since they allow for a high temperature decay control along a great
surrounding volume. In order to get deeper insights of an optimal thermal agent prototype, it is necessary to
analyze how the temperature decays with respect to the distance from the front and back nanoheater surfaces.
Figures 5c-d show the thermal profiles of the binary and ternary J-Nanojet excited at their most efficient wave-
lengths, 1180 nm and 1275 nm, respectively (extracted from Fig. 4c). It can be seen that the binary design shows
higher temperature increments than the ternary, being comparable for thinner insulator layers. Equivalent results
were obtained for the platinum heating unit (see Figure S5 in the supplementary document). An interesting
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Figure 5. (a) Illustration of the typical thermal profile taken along the z axis for the J-Nanojet architectures
where A and B are the PDMS boundaries, and C is the boundary of the diamond. (b) Temperature spatial
distribution of the different J-Nanojets in water excited at A=1180 nm (binary) and A =1275 nm (ternary).
Comparison of thermal profiles along the z-axis for a set of insulator thicknesses ranging from 20 to 100 nm in
20 nm steps for the binary (c) and ternary (d) J-Nanojets.

situation appears for the 20 nm-thickness case, where the binary design offers a totally symmetric z-profile, lead-
ing to an absence of conductive thermal flow control, while the ternary nanojet presents an asymmetrical profile
from the beginning, allowing a certain heat directionality. In that case, the temperature contrast between the front
and the rear of the nanoheater side is converted from 0 to 4.6 K. Thus, the ternary nanojet architecture offers
the possibility to partially propel forward the heat power, highly reducing backward heating, even for smaller
insulator coverage which is favorable given the size limitations inherent to the biological medium of interest.

Also note that the maximum temperature reached along z-axis by both architectures evolves with the insulator
size (see Figs. 5c-d). In the binary design case, this temperature increases as the PDMS is added, being stabilized
for a thickness of around 100 nm. Conversely, the nanojet shows a remarkably stable temperature increment for a
wide range of PDMS thicknesses, remaining its optimal thermal response intact facing fabrication imprecisions.
Therefore, the nanojet structure may offer high tolerance to fabrication imprecisions being capable to direct
heat for all thicknesses. On the other hand, the thermal response of the binary design is more sensitive to thick-
ness variations becoming less tolerant to manufacturing irregularities. However, it presents a higher maximum
temperature becoming more effective in light to heat conversion, so that, both structures offer an outstanding
thermal performance regarding photothermal applications. A highly influential parameter to consider in the
heating control optimization is the temperature gradient between the front and the rear of the nanoheater since
it gives a clear idea about the nanoparticle ability to heat up only in forward direction, insulating backwards. The
tendency of this magnitude is shown in the insets of Fig. 5c-d. For all cases, as the insulator thickness increases,
the temperature contrast grows, leading to a profile asymmetry enlargement. Consequently, both architectures
are more effective directing heat for higher insulator thicknesses, disregarding the core material.
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Figure 6. (a) Comparative of the relative conductive heat power (Q,) flowing through the upper half-space (in
blue) and lower half-space (in orange) as a function of the insulator thickness h for gold and platinum heating
units and both, binary (dashed line) and ternary nanojet (solid line) designs. Inset: Scheme of the conductive
thermal power calculation method applied to the nanojets where S, y S, are the upper and bottom half-spaces
respectively. n,, n, and n, are the vectors of the canonical basis. (b) Comparative of the maximum relative
conductive power for all the considered structures: single-material/hybrid nanoheaters in grey and J-Nanojet
designs in green.

J-Nanojet directionality: Thermal conductive flux. In light of the previous results, the amount of
heating power that J-Nanojets can provide and properly drive is calculated. The approach is similar to that fol-
lowed for the hybrid structures. As illustrated in the inset of Fig. 6a, the heat flow through the faces of a cubic
surface with the J-Nanojet at its center is analyzed. The results are shown in Fig. 6a, where the obtained heating
power for binary and ternary J-Nanojets can be seen. One interesting feature that distinguishes both architec-
tures is the relative heat power discrepancy for thin insulator thicknesses. As seen in the figure, the ternary
J-Nanojet offers certain heating power control even for the thinnest PDMS covering.

Furthermore, as PDMS is added, the relative heating power directivity increases for both architectures since
the insulator material inhibits heat transport through it while the diamond cap in the ternary nanojet promotes
a flow in forward direction. Consequently, the efficacy of the binary and ternary nanojet structures are closer for
larger PDMS sizes being able to direct forwards up to the 87% and 91% of the heating power respectively. These
high directivities outperform the obtained for hybrid nanoparticles as illustrated in Fig. 6b, where a maxi-mum
value of 68% is reached for spherical nanoheaters. The toroidal geometries offer a directivity of 56%, in contrast
with the single-material particles which are totally isotropic. It must be noticed that under a 0.1 mW/um? power
density illumination, spherical nanoparticles show the lowest generated thermal powers for all cases, becoming
inferior compared with toroidal geometries. In contrast, both J-Nanojets designs generate the highest thermal
powers reaching more than 8 uW and 6 uW for gold and platinum cores, respectively. Thus, the J-Nanojet designs
are capable of generate more heating power for similar input conditions resulting in more efficient architectures
that are able to propel the greatest part of that energy forwards.

J-Nanojet in fluid: Thermal dependance with orientation. As reported in?*®, another remarkable
and highly influential aspect to consider in JNP-assisted biomedical applications is the fact that nanoparticles are
immersed in a flowing free biological environment, it makes the nanoparticles to dynamically suffer rotations
that strongly affect their photothermal conversion efficacy. Therefore, the effective temperature obtained in such
a case is the average of temperatures achieved for all possible orientations with respect to the electric field of the
incident light being more favorable those particles with a poor thermal dependence on the electric field orienta-
tion. Furthermore, biological tissues are expected to be absorbing and dispersive, properties that dramatically
reduces the incident light degree of polarization.

To clearly discern the stability of the J-Nanojets under free rotations, we considered a ternary J-Nanojet
immersed in water and calculated how their relative orientation to the incident light direction affects their
thermal response. To do so, the thermal response of the ternary J-Nanojet was calculated for the optimal wave-
lengths taken from Fig. 4c for a set of 3D rotations equally weighted on the sphere®!. Then, the numerical mean
temperature increment is calculated. Figure 7 shows the temperature maps of the nanoparticles for all the studied
3D rotations with respect to the x and y axes, taking their optimal response orientation as the initial position.
The system is analyzed for unpolarized light.

Attending to the Fig. 7, it can be clearly seen a revolution symmetry in the colormap, as the revolution axis
of the nanojet and the z axis (beam direction) match in the initial configuration. Thus, considering the temporal

Scientific Reports |

(2022) 12:14222 | https://doi.org/10.1038/s41598-022-17630-0 nature portfolio



www.nature.com/scientificreports/

180 25
150 20
120
— 15 ~
- |4
10 9
60
30 5
0 0

0 15 30 45 60 75 90 0 15 30 45 60 75 90
0 (°) 0 (°)

Figure 7. Thermal responses of the gold and platinum ternary nanojet to rotations. 6 and ¢ are the rotations
with respect to the x and y axes. The considered unpolarized light (insets) injects a power density of 0.1 mW/

pm?.

evolution of the electric field vector for unpolarized light, rotating the nanojet about the y axis, and subsequently
about the x axis, has the same effect as rotating it about the x axis and then about the y axis. To clarify this figure,
setting 0= 0° and then increasing the rotation in ¢ will mean that eventually the transverse length of the toroi-
dal metallic core and the electric field will be orthogonal, leading to occasional resonances due to alignments
between this transverse length and the rotating electric field, resulting in a fall in temperature increment around
53% and 56% compared to the most favorable configurations (AT =22 K and AT =16 K) for gold and platinum,
respectively. Thus, due to the nanodoughnut symmetry, the nanojet exhibits a more stable thermal response to
rotation for both materials, offering average temperature increments of 14 K and 9 K, accordingly (a similar
investigation for different capsule geometries can be found in Figure S2).

Discussion

We have numerically investigated the photothermal behaviour of different novel Janus nanostructures, showing
that a combination of materials with radically different thermal properties (PDMS/diamond) produces a strong
thermal Janus effect allowing to control the heating direction and improving the efficiency of nanoheaters at
the single particle level, which also boosts the collective thermal performance. The proposed doughnut-based
architectures, the binary and the ternary nanojet designs, outperform simple Janus nanostructures such as the
sphere and toroid geometries in terms of maximum temperature increase and thermal control. They reach tem-
perature increments up to AT = 35 K and Q. = 90% of thermal directivity in contrast with the hybrid toroid
that shows AT = 23K and Q, = 56% of directivity under same illumination intensity. This makes the J-Nanojets
a powerful tool in biomedical applications since it provides larger temperature areas supporting resonances
within the therapeutic windows, also reducing the backward heating. On the one hand, the binary design is
more sensitive to insulator thickness variations, however, it displays a superior maximum temperature increase
and are potentially easier to fabricate. Meanwhile, although the hybrid nanojet structure offers a slightly weaker
thermal response, it provides higher thermal control together with a remarkable tolerance to insulator thickness
imperfections. We have also analyzed the effect that the hybrid nanojet orientation with respect to the source
has on its photothermal performance. This structure features a high average temperature increment also show-
ing a great tolerance to rotation which makes it a promising candidate for biomedical applications. We believe
that the models proposed here provide a direction to manufacture efficient nanoparticles for PTT applications
in a near future, and therefore we expect that our work will motivate experimental studies and the development
of nanofabrication methodologies. In view of the proposed alternative mechanism to the actual photothermal
techniques a natural step forward would be to extend the study to a more general system involving the ligand
proteins that connect the nanojet and the cancerous cell to find its influence on the heat transfer to the cell.

Data availability
The authors declare that all data supporting the findings of this study are available from the corresponding author
upon reasonable request.

Received: 18 March 2022; Accepted: 28 July 2022
Published online: 20 August 2022

References
1. Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185
Countries. CA A Cancer J. Clin. 71, 209-249 (2021).
2. Martin, O. A., Anderson, R. L., Narayan, K. & MacManus, M. P. Does the mobilization of circulating tumour cells during cancer
therapy cause metastasis?. Nat. Rev. Clin. Oncol. 14, 32-44 (2017).

Scientific Reports |

(2022) 12:14222 |

https://doi.org/10.1038/s41598-022-17630-0 nature portfolio



www.nature.com/scientificreports/

3. Fares, ], Fares, M. Y., Khachfe, H. H., Salhab, H. A. & Fares, Y. Molecular principles of metastasis: a hallmark of cancer revisited.
Signal Transduc. Targeted Therapy 5, (2020).

4. Hirsch, L. R. et al. Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance. Proc Natl
Acad Sci U S A 100, 13549-13554 (2003).

5. Pitsillides, C. M., Joe, E. K., Wei, X., Anderson, R. R. & Lin, C. P. Selective cell targeting with light-absorbing microparticles and
nanoparticles. Biophys. J. 84, 4023-4032 (2003).

6. Baffou, G. Thermoplasmonics (Cambridge University, Cambridge, 2018).

7. Fasla, B., Benmouna, R. & Benmouna, M. Modeling of tumor’ tissue heating by nanoparticles. J. Appl. Phys. 108, (2010).

8. Yu, Y. et al. A new NIR-triggered doxorubicin and photosensitizer indocyanine green co-delivery system for enhanced multidrug
resistant cancer treatment through simultaneous chemo/photothermal/photodynamic therapy. Acta Biomater. 59, 170-180 (2017).

9. Xu, W. et al. Hyaluronic Acid-Functionalized Gold Nanorods with pH/NIR Dual-Responsive Drug Release for Synergetic Targeted
Photothermal Chemotherapy of Breast Cancer. ACS Appl. Mater. Interfaces. 9, 36533-36547 (2017).

10. Saneja, A. et al. Recent advances in near-infrared light-responsive nanocarriers for cancer therapy. Drug Discovery Today 23,
1115-1125 (2018).

11. Hou, Y. J. et al. Pathological mechanism of photodynamic therapy and photothermal therapy based on nanoparticles. Int. J.
Nanomed. 15, 6827-6838 (2020).

12. Anand, S, Chan, T. A., Hasan, T. & Maytin, E. V. Current prospects for treatment of solid tumors via photodynamic, photothermal,
or ionizing radiation therapies combined with immune checkpoint inhibition (A review). Pharmaceuticals 14, (2021).

13. Riaz, M. K. et al. Surface functionalization and targeting strategies of liposomes in solid tumor therapy: A review. Int. . Molecular
Sci. 19, (2018).

14. Guo, Z. et al. Synthesis of BSA-Coated BiOI@Bi2S3 Semiconductor Heterojunction Nanoparticles and their applications for Radio/
Photodynamic/Photothermal Synergistic Therapy of Tumor. Adv. Mater. 29, 1-12 (2017).

15. Markovic, Z. M. et al. In vitro comparison of the photothermal anticancer activity of graphene nanoparticles and carbon nanotubes.
Biomaterials 32,1121-1129 (2011).

16. Chang, M., Hou, Z., Wang, M., Li, C. & Lin, J. Recent advances in hyperthermia therapy-based synergistic immunotherapy. Adv.
Mater. 33, 1-29 (2021).

17. Halas, N.J, Lal, S., Chang, W. S., Link, S. & Nordlander, P. Plasmons in strongly coupled metallic nanostructures. Chem. Rev. 111,
3913-3961 (2011).

18. Albella, P. et al. Shape matters: Plasmonic nanoparticle shape enhances interaction with dielectric substrate. Nano Lett. 11, 3531-
3537 (2011).

19. Jorgensen, J. T. et al. Single Particle and PET-based platform for identifying optimal plasmonic nano-heaters for photothermal
cancer therapy. Sci. Rep. 6, 1-10 (2016).

20. Baffou, G., Cichos, FE & Quidant, R. Applications and challenges of thermoplasmonics. Nat. Mater. 19, 946-958 (2020).

21. Labrador-Pdez, L. et al. Core-shell rare-earth-doped nanostructures in biomedicine. Nanoscale 10, 12935-12956 (2018).

22. Govorov, A. O. et al. Gold nanoparticle ensembles as heaters and actuators: Melting and collective plasmon resonances. Nanoscale
Res. Lett. 1, 84-90 (2006).

23. Govorov, A. O. & Richardson, H. H. Generating heat with metal nanoparticles. Nano Today 2, 30-38 (2007).

24. Richardson, H. H., Carlson, M. T., Tandler, P. ., Hernandez, P. & Govorov, A. O. Experimental and theoretical studies of light-to-
heat conversion and collective heating effects in metal nanoparticle solutions. Nano Lett. 9, 1139-1146 (2009).

25. Khosravi Khorashad, L., Besteiro, L. V., Wang, Z., Valentine, ]. & Govorov, A. O. Localization of excess temperature using plasmonic
hot spots in metal nanostructures: Combining nano-optical antennas with the fano effect. J. Phys. Chem. C 120, 13215-13226
(2016).

26. Wang, Y. et al. Comparison study of gold nanohexapods, nanorods, and nanocages for photothermal cancer treatment. ACS Nano
7,2068-2077 (2013).

27. Jauffred, L., Samadi, A., Klingberg, H., Bendix, P. M. & Oddershede, L. B. Plasmonic heating of nanostructures. Chem. Rev. 119,
8087-8130 (2019).

28. Baffou, G., Quidant, R. & Garcia De Abajo, F. J. (2010) Nanoscale control of optical heating in complex plasmonic systems. ACS
Nano 4,709-716 .

29. Gonzalez-Colsa, J. et al. Gold nanodoughnut as an outstanding nanoheater for photothermal applications. Opt. Express 30, 125-137
(2021).

30. Li, S. et al. Selective growth synthesis of ternary janus nanoparticles for imaging-guided synergistic chemo- and photothermal
therapy in the second NIR Window. ACS Appl. Mater. Interfaces. 10, 24137-24148 (2018).

31. Jang, H.J. et al. Fabrication of 2D Au nanorings with Pt framework. J. Am. Chem. Soc. 136, 17674-17680 (2014).

32. Steinhaus, A. et al. Confinement assembly of ABC Triblock terpolymers for the high-yield synthesis of janus nanorings. ACS Nano
13, 6269-6278 (2019).

33. Su, H. et al. Janus particles: design, preparation, and biomedical applications. Materials Today Bio 4, (2019).

34. Agrawal, G. & Agrawal, R. Janus nanoparticles: Recent advances in their interfacial and biomedical applications. ACS Appl. Nano
Mater. 2, 1738-1757 (2019).

35. Khoee, S. & Nouri, A. Preparation of Janus nanoparticles and its application in drug delivery. Design and Development of New
Nanocarriers (Elsevier Inc., 2018). https://doi.org/10.1016/b978-0-12-813627-0.00004-1.

36. Zhang, X., Fu, Q., Duan, H,, Song, J. & Yang, H. Janus Nanoparticles: From Fabrication to (Bio)Applications. ACS Nano 15,
6147-6191 (2021).

37. Bucharskaya, A. B. et al. Photothermal and Photodynamic Therapy of Tumors with Plasmonic Nanoparticles: Challenges and
Prospects. Materials. 15 (2022).

38. Bergueiro, J., Glitscher, E. A. & Calderén, M. A hybrid thermoresponsive plasmonic nanogel designed for NIR-mediated chemo-
therapy. Biomater. Adv. 137, 212842 (2022).

39. Lu, S. Y. et al. Janus-like BxC/C Quantum Sheets with Z-Scheme Mechanism Strengthen Tumor Photothermal-Immunotherapy
in NIR-II Biowindow. Small Methods https://doi.org/10.1002/smtd.202101551 (2022).

40. Misra, A. C., Bhaskar, S., Clay, N. & Lahann, J. Multicompartmental particles for combined imaging and siRNA delivery. Adv.
Mater. 24, 3850-3856 (2012).

41. Zhang, L. et al. Tailored Surfaces on 2D Material: UFO-Like Cyclodextrin-Pd Nanosheet/Metal Organic Framework Janus Nano-
particles for Synergistic Cancer Therapy. Adv. Func. Mater. 28, 1-12 (2018).

42. Wang, Z. et al. Janus Silver/Silica Nanoplatforms for Light-Activated Liver Cancer Chemo/Photothermal Therapy. ACS Appl. Mater.
Interfaces. 9, 30306-30317 (2017).

43. Wang, Z. et al. Janus Gold Triangle-Mesoporous Silica Nanoplatforms for Hypoxia-Activated Radio-Chemo-Photothermal Therapy
of Liver Cancer. ACS Appl. Mater. Interfaces. 11, 34755-34765 (2019).

44. Hernandez Montoto, A. et al. janus gold nanostars-mesoporous silica nanoparticles for NIR-light-triggered drug delivery. Chem.
A European Journal 25, 8471-8478 (2019).

45. Yang, P. P. et al. NIR Light Propulsive Janus-like Nanohybrids for Enhanced Photothermal Tumor Therapy. Small 12, 5423-5430
(2016).

Scientific Reports |  (2022) 12:14222 | https://doi.org/10.1038/s41598-022-17630-0 nature portfolio


https://doi.org/10.1016/b978-0-12-813627-0.00004-1
https://doi.org/10.1002/smtd.202101551

www.nature.com/scientificreports/

46. Ayala-Orozco, C. et al. Au nanomatryoshkas as efficient near-infrared photothermal transducers for cancer treatment: Benchmark-
ing against nanoshells. ACS Nano 8, 6372-6381 (2014).

47. Deng, Y. et al. Facile preparation of hybrid core-shell nanorods for photothermal and radiation combined therapy. Nanoscale 8,
3895-3899 (2016).

48. Wei, H., Loeb, S. K., Halas, N. J. & Kim, J. H. Plasmon-enabled degradation of organic micropollutants in water by visible-light
illumination of Janus gold nanorods. Proc Natl Acad Sci U S A 117, 15473-15481 (2020).

49. Canet-Ferrer, J., Albella, P, Ribera, A., Usagre, J. V. & Maier, S. A. Hybrid magnetite-gold nanoparticles as bifunctional magnetic-
plasmonic systems: Three representative cases. Nanoscale Horizons 2, 205-216 (2017).

50. Lee, S. et al. Web-above-a-Ring (WAR) and Web-above-a-Lens (WAL): nanostructures for highly engineered plasmonic-field
tuning and SERS Enhancement. Small 2101262, 1-10 (2021).

51. Bian, W. et al. Review of Functionalized Nanomaterials for Photothermal Therapy of Cancers. ACS Appl. Nano Mater. 4, 11353~
11385 (2021).

52. Dai, X. et al. Controlled synthesis and surface engineering of janus chitosan-gold nanoparticles for photoacoustic imaging-guided
synergistic gene/photothermal therapy. Small 17, 1-14 (2021).

53. Smith, A. M., Mancini, M. C. & Nie, S. Bioimaging: Second window for in vivo imaging. Nat. Nanotechnol. 4, 710-711 (2009).

54. Weissleder, R. A clearer vision for in vivo imaging: Progress continues in the development of smaller, more penetrable probes for
biological imaging. Nat. Biotechnol. 19, 316-317 (2001).

55. Zhou, Z., Song, J., Nie, L. & Chen, X. Reactive oxygen species generating systems meeting challenges of photodynamic cancer
therapy. Chem. Soc. Rev. 45, 6597-6626 (2016).

56. Zhang, X., Fu, Q.,, Duan, H., Song, J. & Yang, H. Janus Nanoparticles: From Fabrication to (Bio)Applications. ACS Nano 15,
6147-6191 (2021).

57. Yi, P, Awang, R. A., Rowe, W. S. T,, Kalantar-Zadeh, K. & Khoshmanesh, K. PDMS nanocomposites for heat transfer enhancement
in microfluidic platforms. Lab Chip 14, 3419-3426 (2014).

58. Kidalov, S. V. & Shakhov, E M. Thermal conductivity of diamond composites. Materials 2, 2467-2495 (2009).

59. Alsager, O. A., Kumar, S., Willmott, G. R., McNatty, K. P. & Hodgkiss, J. M. Small molecule detection in solution via the size
contraction response of aptamer functionalized nanoparticles. Biosens. Bioelectron. 57, 262-268 (2014).

60. Alali, F, Karampelas, I. H., Kim, Y. H. & Furlani, E. P. Photonic and thermofluidic analysis of colloidal plasmonic nanorings and
nanotori for pulsed-laser photothermal applications. J. Phys. Chem. C 117, 20178-20185 (2013).

61. Beltran, C. & Etayo, U. The Diamond ensemble: A constructive set of spherical points with small logarithmic energy. J. Complex.
59, 101471 (2020).

Acknowledgements

Authors would like to thank Profs. O. Muskens and C. R. Crick for the interesting and valuable discussions.
We gratefully acknowledge MICINN for the financial support through the Spanish national project INMU-
NOTERMO (No. PGC2018-096649-B-I), the UK Leverhulme Turst (Grant No. RPG-2018-384), UK-EPSRC
(EP/J003859/1) and Imperial College Europeans Partner Fund grant. J. G-C and P.A. thank MICINN for the FPI
grant and Ramon y Cajal Fellowship (Grant No. RYC-2016-20831), respectively.

Author contributions

P.A. conceived the idea. ]. G.-C. performed the numerical thermoplasmonic calculations. J.G.-C. and P. A. per-
formed the theoretical interpretation. All authors participated in the analysis and discussion of the results. All
the authors contributed to the writing of the manuscript. P. A. supervised the work.

Funding
Ministerio de Economia, Industria y Competitividad, Gobierno de Espafia (PGC2018-096649-B-I), UK Lever-
hulme Turst (Grant No. RPG-2018-384) and UK-EPSRC (EP/J003859/1).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-17630-0.

Correspondence and requests for materials should be addressed to P.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:14222 | https://doi.org/10.1038/s41598-022-17630-0 nature portfolio


https://doi.org/10.1038/s41598-022-17630-0
https://doi.org/10.1038/s41598-022-17630-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Janus-Nanojet as an efficient asymmetric photothermal source
	Methods
	Results
	First steps: Hybrid nanoparticle designs. 
	J-Nanojet design: Thermal response optimization. 
	J-Nanojet directionality: Thermal conductive flux. 
	J-Nanojet in fluid: Thermal dependance with orientation. 

	Discussion
	References
	Acknowledgements


