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ABSTRACT: Anisotropic hybrid nanostructures stand out as promising  106&nm "

. . . . I e
therapeutic agents in photothermal conversion-based treatments. Accordingly, g 23
understanding local heat generation mediated by light-to-heat conversion of é Eé] +%%+
absorbing multicomponent nanoparticles at the single-particle level has g < 47

. . s Frequency (Hz) ~ i L

forthwith become a subject of broad and current interest. Nonetheless, o 4 > b
evaluating reliable temperature profiles around a single trapped nanoparticle is 2 oe 808 nm
challenging from all of the experimental, computational, and fundamental 2 éﬁil 1064 nn
viewpoints. Committed to filling this gap, the heat generation of an anisotropic il P bs (MW)

hybrid nanostructure is explored by means of two different experimental Wavelength (nm)

approaches from which the local temperature is measured in a direct or

indirect way, all in the context of hot Brownian motion theory. The results were compared with analytical results supported by
the numerical computation of the wavelength-dependent absorption efficiencies in the discrete dipole approximation for
scattering calculations, which has been extended to inhomogeneous nanostructures. Overall, we provide a consistent and
comprehensive view of the heat generation in optical traps of highly absorbing particles from the viewpoint of the hot

Brownian motion theory.
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1. INTRODUCTION measuring temperatures at the nanoscale and understanding
the photothermal conversion of light-absorbing hybrid nano-
particles at the single-particle level have become central issues
in applied physics and materials engineering.

A captivating approach to manipulate, control, and measure

Multicomponent nanoparticles (MCNPs) can be defined as
single structures that combine the properties of at least two
different materials at the nanoscale.'”* A myriad of
applications of a la carte MCNPs have occupied the limelight

of different research fields throughout the last years because of properties of isolated nanostructures is embodied by the
the virtually endless material combinations that confer specific continuously upgraded technology of optical tweezers.” Even
features designed for each potential purpose.5 For instance, if challenging, trapping absorbing nanoparticles, in particular
their relevance in biomedical applications has taken off due to those made of noble metals that feature plasmonic resonances,
their ability to act both as a dual agent for multimodal contrast has been recently optimized.'®™"” Particularly, optical tweezers
and/or for combined/synergic therapies.”” In this context, constitute an alternative route toward the microscopic
materials engineering has developed specific routes for comprehension of heat generation by isolated nanoparticles
costuming a wide plethora of on-demand nanocomposites by monitoring Changes in the properties of the heating
whose shape, functionalization, and spectroscopic attributes of source?®?! or its surroundings.22 Some previous works were
the surface plasmon resonance (SPR) provide distinctive devoted to evaluating the local temperature in optically

physical and biocompatibility features that are key for real-
world applications in nanomedicine.”” The so-called inductive
synthesis has emerged in this field as an intriguing branch of
nanoscience that fosters the adaptation of the morphology of
nanoparticles to achieve specific biological responses.'” In
particular, MCNPs comprised of a light-absorbing material
(i.e, gold) and magnetic moieties can be conceived as agents
for hyperthermia treatments by dint of their efficient heat-
conversion effect under both alternating magnetic fields and =
near-infrared light.''~'* It then becomes apparent that

trapped nanoparticles using viscosity variations of the
surrounding media upon laser heating®*~>* or by the indirect
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Figure 1. Physicochemical characterization of the hybrid nanoparticles. (a) TEM image of the synthesized nanoflowers. (b) Extinction
spectrum of a diluted suspension of the nanoflower suspensions. The inset represents a schematic model of the composition of the
nanoflowers. (c) Theoretical models for the calculation of the scattering profiles of the nanoflowers: models of the whole nanoflowers with 4
(left column) and 3 (right column) petals, for § = 1.5 (T1, t1), f = 2.5 (T2, t2), and f = 5 (T3, t3). (d) Extinction efficiencies for all the

structures calculated with DDA.

monitorization of the temperature-dependent emission of a
nanoprobe.”® In the last case, the eventual influence of the
neighboring nanothermometers on the absorption, the center
of mass motions, and the light-to-heat conversion efficiency of
the trapped particle is a question that should be considered.
But a word of caution: temperature is a many-particle property,
and therefore it is a blurry-defined concept from statistical
mechanics grounds in single-particle systems far from
equilibrium, jeopardizing the validity of traditional Brownian
motion prescriptions. In consequence, another point of interest
is whether the measured “temperature” resembles the classic
interpretation of surface or internal temperatures or if it is just
a value that averages local thermal fluctuations of the solvent
bath within the trap volume enabling the description of the
particle dynamics within the so-called hot Brownian motion
(HBM) theory.”” > To address these points, experimental
and theoretical results on the heat generation and local
temperature of a light-absorbing multicomponent nanoparticle
under optical trapping conditions are accomplished here.

2. RESULTS AND DISCUSSION

2.1. Characterization of the MCNPs. 2.1.1. Physico-
chemical Characterization. In this work, we faced thermo-
metric measurements on hybrid nanoflowers (NFs) synthe-
sized by the multinucleation of magnetite globular petals on
spherical gold seeds, as reported in reference’’ and detailed in
the Experimental Section. Transmission electron microscopy
(TEM) was employed to characterize the MCNP morphology
and the size distribution of the moieties of each component.
The characteristic shapes are presented in the micrography of
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Figure 1a. The diameter of the different inorganic counterparts
was ~12 nm for both the Au core and Fe;O, petals,
respectively, as shown in the size histograms shown in Figure
S1. Overall, and assuming an effective spherical shape, the TEM
diameter of the whole nanoflower was ~33 nm. After a
PEGylation procedure, the colloidal stability of the aqueous
suspension was confirmed by both the constancy of the
hydrodynamic diameter (~58 nm) for 1 month and the
negative value of the nanoparticle {-potential of —14 mV that,
according to DLVO theory, was expected to lead to stable
suspensions.”” The extinction spectrum of a diluted
suspension, shown in Figure 1b, presented a broad band
with a maximum extinction wavelength of ~535 nm because of
the SPR of the gold core perturbed by the interaction with the
magnetite globules. The light extinction increases in the NIR
from ~800 nm on. This behavior has been reported before in
both experiments and Mie calculations and is ascribed to a
charge-transfer absorption band in the magnetic moiety.”” The
behavior of the long-tail extinction of the particles in the NIR
envelops both the first and second biological windows™* that,
together with their watery stability, enable their fundamental
optical exploration as hyperthermia agents.”> From a purely
optical viewpoint, these nanostructures combine the pene-
tration depth and absorption of magnetite with the reflecting,
heating, and trapping advantages of gold.

2.1.2. Evaluation of the Absorption Cross Section from
DDA Simulations. The synthesized nanoflowers were simu-
lated by using parametric computer-aided design (CAD)
modeling. To define the nanoflower geometry, the petals have
been modeled using a piriform curve, which is parametrized
just by one single parameter /3 (see Figure S2 in the Supporting
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Information). Sweeping the value of § from 1.5 to 6 with 0.5
step size, we developed parametric curves of the profiles of the
petals, which were revolved in three dimensions to obtain the
shapes of the petals, as shown in Figure S2. The flower shape
has been conceived by the assignment of the petals around the
core in both planar triangular and tetrahedral arrays for three
selected shapes of petals having f values of 1.5, 2.5, and S.
Since the rise in f leads to a concomitant increase in the height
of the petals, a scaling factor has been introduced to keep the
size ratio of the core and petal within the limits of the
experimental size range as shown by the histogram in Figure
S1. The diameters of the core gold and the magnetite caps are
set to 10 and 11.5 nm, respectively. Corresponding models for
the triangular and tetrahedral arrays are shown in Figure lc.
Models T1 and tl are the tetrahedral and triangular
nanoflowers for f = 1.5. Similarly, models T2 and t2 show
the tetrahedral and triangular nanoflower for f = 2.5, and
models T3 and t3 show the tetrahedral and triangular
nanoflower for f = 5, respectively. The composition assign-
ment of the models for the particles synthesized in the present
work has been modeled using a home-built Python code.*® In
view of the symmetric structure of the composite nanoflower,
the design of the code involves the superposition of magnetite
petals with a gold core seeded inside. The interface between
the two materials has been set to the dipole distance between
the dipolar lattice considered for the scattering simulation
considering the discrete dipole approximation (DDA) for gold
core and magnetite petals. The scattering simulation has been
performed using DDSCAT code to calculate scattering,
absorption, and extinction cross-section at different wave-
lengths with corresponding near-field calculations within +2
nm from the gold core in both x- and y-axes.”” The result
illustrates a strong electromagnetic field appearing at the
interface between the gold core and magnetite petals, as shown
in Figure S3 for model T3. The appearance of a strong electric
field indicates strong confinement of hot electrons at the
material boundary, leading to processes like hot electron
transfer and plasmon—phonon coupling, among others, which
could be a future prospect of study. Finally, a plot of DDA-
calculated extinction efficiencies for the six models is shown in
Figure 1d). The patterns show a sharp peak at around 500 nm
and a shoulder tail at around 1100 nm, depicting the inclusion
of both gold and magnetite in the nanoflower, in agreement
with the experimental extinction spectra shown in Figure 1b.

In order to relate the simulation information with the
experiments performed at 1064 and 808 nm discussed below,
we evaluated the average absorption cross-section, (0,,), from
the simulated absorption efficiency values obtained for the
different i structures, g\, as (G,p,) = {qhps) Tacm Where a g is the
effective radius of scatterers.” This information is given in
Table 1. This approach accounts for the sample size and shape
heterogeneity in an effective way.

2.2. Nanothermometry of Trapped MCNPs. 2.2.1. Cor-
ner Frequency-Based Nanothermometry. The first set of
optical trapping and nanothermometry experiments were
performed with a commercial optical tweezers setup described
in the Experimental Section and schematically represented in
Figure 2a. Briefly, a single particle is trapped close to the beam
waist of a tightly focused laser beam (4 = 1064 nm). The
forward scattered light carries information about the Brownian
fluctuations of the particle around the trapping position, and it
is collected and guided to a quadrant photodetector (QPD)
that provides a voltage signal proportional to such fluctuations.

Table 1. Calculated Values of Absorption Cross-Section and
Absorption Efficiencies of the Selected Particle Models at
the Wavelengths of Interest

A = 1064 nm A = 808 nm
model g X 107 0y X 10° pm?® g X 102 oy X 10° pm?
Tl 3.02 9.22 1.66 5.09
tl 2.74 8.93 1.48 4.82
T2 3.40 11.1 1.93 6.30
t2 3.14 11.5 1.79 6.58
T3 3.66 12.2 2.16 721
t3 3.38 13.5 1.95 7.73

Typically, that signal is analyzed in terms of the power spectral
density (PSD), i.e., the Fourier transform of its autocorrelation
function.” For an overdamped system where a particle is in
equilibrium with a thermal bath at absolute temperature T and
trapped in a parabolic potential well, the PSD depends on the
frequency, f, following a Lorentzian function

D

227 + f7) (1)
characterized by the diffusion coefficient of the particle D =
kgT/y and the corner frequency of the particle in the trap f, =
Kk/y, where kg is the Boltzmann constant and y = 6anRy is the
Stokes friction coeflicient for a sphere with hydrodynamic
radius Ry immersed in a fluid of viscosity #. Finally, f, is
proportional to the stiffness of the trap, k, which in turn is
proportional to the power of the trapping laser, P. Therefore,
one typically finds f, P in the case of nonabsorbing particles.
It should be remarked that experiments with trapped particles
were performed at distances larger than 10 um, ensuring that
no corrections to Faxen’s law are needed.’

In our case, since the temperature of the liquid is unknown
due to light absorption of the NPs, the standard calibration of
displacement based on PSD cannot be used."”” However, we
can evaluate the effects of heating via f, which can be
determined without calibration since its measurement only
depends on the internal clock of the electronic system.
Therefore, the PSD of the Brownian fluctuations is fitted to a
Lorentzian function, from which f. can be evaluated (see
Figure 2b). From a classical perspective, the laser power-to-
corner frequency ratio, P/f, should be proportional to the
solvent viscosity, #(T), that depends on the temperature T in a
nontrivial but well-known way. In the case of nonabsorbing
particles, the temperature stays constant, and the same would
occur for the ratio P/f.. However, as is clearly seen in Figure
2¢, this is not the case in our experiments, where we notice a
decrease in the ratio P/f, as the laser power increases. We
interpret this as a reduction of the solvent viscosity due to the
rise of the temperature of the trapped particle, which
consequently heats up the surrounding liquid. Accepting that
the temperature can be linearly related to the laser power in
the trap P as T = T, + BP,”"*" where T, is the chamber
temperature before laser heating, the experimental data are
nonlinearly fitted to the function

PSD(f) =

P

— = Cn(T, + BP)

S, (2)
where B and C are fitting parameters. The shear viscosity was

assume to follow a Vogel—Fulcher—Tammann (VFT) depend-
ence on temperature, i.e,
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Figure 2. Corner frequency-based nanothermometry. (a) Schematic representation of the experimental setup. See Experimental Section for
details. (b) Variation of the PSD with P. The black, dark gray, and light gray curves stand for the PSD of a trapped MCNP at laser powers of
74, 111, and 167 mW, respectively. The Lorentzian fits required to evaluate f_ are shown to exemplify the experimental procedure to estimate
AT upon laser heating. See the main text for details. (c) Experimental values of the laser power-to-corner frequency ratio versus laser power.
Error bars stand for the propagated error calculated from the standard deviation values evaluated over ten replicate measurements. The
dashed lines denote the fit of the experimental data to eq 2 (violet line) and to the HBM theory (red line), respectively. (d) Temperature
increments as a function of the laser power. Symbols stand for the experimental data obtained from eq 2 (violet squares), the surface
temperature from HBM theory (yellow triangles), and the effective HBM theory (red circles), respectively. The continuous yellow and violet
lines denote the results from the fittings, i.e., BP for AT as obtained from the VFT expression for 5 (violet) and B.P for AT, (yellow). The
red continuous line results from the analytical value of ATy, evaluated from T, and T following the prescriptions in ref 27. Results of
A(T,,) at 34 nm and AT, calculated with the Laplace equation are represented as a dashed yellow line for AT, and as a dotted blue line for

A(T,,). See the main text for details.

n(T) = n, explAve/(T — Tip)] 3)
where the coefficients Ayg, 7, and Tyg are obained from ref 41.
After this procedure, experimental results for the classical
Brownian temperature are shown in Figure 2d as violet
symbols, together with the fitting curve (R* = 0.92, 7 = 0.34).
The obtained heating coeflicient, B, was 368 + 51 K wL
which is of the same order of magnitude as those previously
obtained for different gold nanostructures.””** With this
procedure, a straight line of slope BP is expected (see the
violet continuous line in Figure 2d). To obtain experimental
values of AT (shown as violet squares in Figure 2d), we
applied eq 2 to the experimental value of P/f. From these
values, a temperature increment for the liquid around the
particle is obtained that can be as high as AT ~ 50 K, as shown
in Figure 2d.

However, the meaning of the temperature obtained using eq
2 is not clear, since the trapped particle is hotter than the
surrounding liquid, and a gradient of temperature is expected
to develop,”” which can even be complicated by anomalies in
the structure of water that may appear in this temperature
range.” The temperature gradient, together with a concom-
itant viscosity one, affects the Brownian dynamics in the trap,
whose evaluation can help us interpret the obtained results in a
more reliable way. In this case, a system composed of a particle
that is hotter than the environment due to a continuous energy
input reaches a nonequilibrium steady state where the surface
temperature of the particle T, gets a constant value that is
higher than the surrounding liquid, and a temperature gradient
close to it relaxes this value toward that of the thermal bath far
from it. The theory of HBM shows that the dynamics of a
particle in such a situation can be described by an effective
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diffusion coefficient Dygy = kpTypy/6yppRy given by an
effective temperature Ty, and an effective viscosity 7y that
would return the measured diffusion coefficient of the very
same particle placed in an equilibrium bath with those
properties.27

We applied the HBM theory to account for the out-of-
equilibrium nature of the system by exploiting eq 2 but
employing the expression for #yy, from ref 27 instead, which
we reproduce here for the sake of completeness

T T
7](0)21+£1n77(0)9
Mapm 486 Mo
s6 . n(T) 12563 5 () |,
—In — In 0
243 N 118098 ., (4)
with 0 = (T, — T,)/(Ty — Tyg), T, being the solvent

temperature at the hydrodynamic boundary or surface
temperature. Since #ypy incorporates the driving force
responsible for the heat flux, 8, T is obtained at each laser
power by fitting the data in Figure 2c. In a first approximation,
the relation T; = T, + B,P should also hold, so this way we
obtain the equivalent heating coeflicient at the surface, B, =
830 + 110 K W according to the fitting (R* = 0.92, y; =
0.41). Similarly, the expected straight line of slope B,P is shown
as a continuous yellow line in Figure 2d, while experimental
data obtained from the measured P/f, values are plotted as full
yellow triangles. Notably, values of T, above 100 °C are
observed at moderate and high laser powers without any
manifestation of cavitation during the experiments. This effect
has been previously reported and explained from different

< 23,4445 : :
perspectives, from which the more plausible one under
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Figure 3. Emission-based nanothermometry. (a) Scheme of the trapping setup for emission-based nanothermometry. (b) Experimental
variation of the photoluminescence spectra of an Ag,S NC suspension with the temperature. (c) Calibration curve of the experimental
normalized photoluminescence spectral area of the Ag,S NC suspension versus the externally controlled temperature. Error bars are smaller
than the symbol size. The fitting line is included as a dashed line. (d) Normalized photoluminescence spectral area as a function of the laser
power (808 nm) as measured in the trapping experiments. The inset shows an example of the raw detected spectra at the lowest (initial) and
highest (final) laser powers. Error bars are calculated from the standard deviation of, at least, triplicate experiments. (e) Experimental A(T;,)
temperature obtained from the combination of the experimental data in bulk Ag,S NCs suspensions in (c) with the linear calibration in (d)
(gray symbols). Error bars are propagated from those of (d) and the determination error of the calibration in (d). Theoretical results
obtained for A(T,,) to a radial distance r of 34 nm are also included as a dashed blue line. The continuous yellow line stands for A(T,) as
obtained from eqs 3 and 4. From T, the HBM temperature is evaluated and included as a red continuous line. Finally, considering the water
and nanothermometers heating rate at 808 nm was set at B,, = 42 K W ! according to the blank experiments detailed in the Experimental
Section, ATygy has been corrected with B, the results being shown as a dashed orange line. See the main text for details.

our experimental conditions is the formation of a surface-
tension-induced metastable and locally stretched fluid that
prevents the formation of nano-/microbubbles.**

In a second step, the effective HBM temperature can be
obtained”” using ATypy =~ AT/2 — [1 — In(17o/ne) AT/
(24T,). The data (shown as red circles in Figure 2d) are
systematically higher (~25% at the higher laser power value)
than the classical Brownian temperature increments derived
above. In other words, the effective temperature governing the
dynamics of the trapped particle is higher than what is
expected from the presumption that the dynamics follow
classical Brownian motion, this effect being more apparent as
the laser power increases. This happens because of the
development of viscosity and temperature gradients within the
nanoparticle boundaries and its surroundings. This observation
may, at least partly, explain the discrepancies observed for
different thermometric methods in ref 23, where the effects
derived from the HBM were ignored. The confirmation that,
under strong heating conditions, assuming a constant temper-
ature provokes the underestimation of the center-of-mass
motion of the particle sets traditional thermometric
estimations and interpretations aside when manipulating
efficient light-to-heat conversion nanomaterials.

A quick look at the so-obtained values of the temperature
increments with P allows one to observe that the expected
linear trend is not fulfilled above intermediate laser powers. In
principle, this outcome may suggest non-Fourier steady-state
behavior at energy fluxes in the trap of the order of 10> W
m~2. Monte Carlo simulations of heating nanoparticles have
reported positive deviations of the surface temperature from
the predictions of the heat transport constitutive equation,
which are ascribed to noncontinuous thermal conductivity and

a mismatch between the solvent and the solid nanoparticle
surface.”® Other similar effects have been experimentally
observed with trapped nanoparticles, reporting a higher-than-
expected variance of the instantaneous velocity of trapped
Brownian particles due to a phase change in the water
structure.” Negative departure from linearity has also been
previously observed in some experimental setups.”” However,
we are not aware of theoretical treatments for describing these
phenomena under the optical trapping conditions. Further-
more, temperature-dependent hydration/dehydration of the
polymeric PEG coating® might affect the local mass transport
and heat exchange between the solvent layers, and water
anomalies also occur within the accessed temperature range.*’
Whether the captured experimental anomaly is due to either of
these contemplated or unreported effects or even to a
numerical artifact provoked by the strong variation of the
viscosity with the temperature, which is more dramatically
reflected in the high-energy regime, is on the table now.
Additional insights into the experimental data can be
provided from the analytical temperature profiles that were
assessed as follows. The average absorption cross-sections
determined above via the discrete dipole scattering calculations
are employed to evaluate the absorbed power, which is
estimated under the proviso of strong confinement as*’
Pbs — 1<6abs>2 p
2™ (s)

where W, = 1/(aNA) is the waist radius and NA is the
numerical aperture of the objective. The computed absorbed
power was set as a seed for evaluating the temperature profiles,
T(r), outside the nanoparticle surface, s, from the analytical
solution of the Fourier equation around an effective spherical
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heating source at rest in a water bath, ie, the steady-state
Laplace equation

P
AT(r) = — forr > s
4rk - (6)

where k,, = 0.6 WK™ m™" is the thermal conductivity of water
and r the radial distance from the particle center. Some
examples of these profiles are shown in Figure 2e. Since the
experimental value of B implicitly considers the solvent
heating, for comparative purposes this contribution was
added ad hoc according to the rate B, &~ 12 K W' obtained
in ref 51 for water at 1064 nm. The average temperature
increment at a distance R = r — 5, A(T,(r)), is then
analytically obtained from the weighted volume integral:

r_s4ﬂr2AT(r) dr
A(T,(r)) = /s

+ B_P
4 3 3 W
gir(r—s) )

Theoretical results obtained from eq 7 are in excellent
agreement with the experimental data when A(T,,) values
were obtained at a distance r of 34 nm, just 5 nm away of the
hydrodynamic diameter, as shown as light blue dotted lines in
Figure 2d. One may interpret the radial distance at which the
steady-state A(T,,) evaluated from the Laplace equation is
equivalent to ATypy as the point where the average kinetic
energy of the molecules in the solvent bath stops being
influenced by the HBM. This distance roughly coincides with
the thickness of ~70 monolayers of water, from which one may
deduce the solvent volume required to subdue the strong effect
of temperature gradients by thermalization. Moreover,
assuming that the generated heat power needed to increase
the bath temperature to the effective Ty, is wholly absorbed
within this solvent volume, we estimated the time required to
reach the HBM effective temperature is ~200 ns.

2.2.2. Emission-Based Nanothermometry. The second set
of experiments was accomplished by monitoring the NIR
emission of a dispersion of nanothermometers, in which the
NFs are embedded. The schematic representation of the
trapping and photoluminescence (PL) detection setup is
sketched in Figure 3a and detailed in the Experimental Section.
In previously published results, it was shown that the intensity
of the NIR emission at ~1200 nm of Ag,S nanocrystals (NCs)
can act as reversible nanothermometers’”* and are here used
for nanothermometry purposes in optical trapping. Briefly, we
employed a commercial suspension of Ag,S-PEG-COOH
nanothermometers that prior to the trapping experiments
were calibrated following a procedure in which the temper-
ature dependence of the emission of an NCs dispersion is
taken as the transduction signal. In Figure 3b this variation is
presented. The changes in the area of the emission band with
temperature were used to determine the thermal sensitivity of
the Ag,S NCs that followed the linear relation A(T)/A(T,) =
1.37, — 0.023,T (R* = 0.96) as shown in Figure 3c, where
A(T)/A(T,) is the ratio of the spectral area at temperature T,
A(T), and that at a reference temperature T,, A(T,). From this
calibration, it can be concluded that using Ag,S NCs for
nanothermometry is restricted to temperatures up to ~60 °C.
Then, an aqueous colloidal suspension of NPs and Ag,S NCs
was placed in a homemade single-beam optical trapping setup,
described in the Experimental Section, which uses an 808 nm
linearly polarized single mode fiber-coupled laser diode. The
laser was used for both trapping the nanoflowers and exciting

the NCs in their closer surroundings. It should be noted that
the presence of a nanoflower in the optical trap diminishes the
NC emission by about ~20%, as extrapolated from the
calibration line in Figure 3d at P — 0. The NC emission was
monitored with a NIR spectrometer fiber coupled to the
system. The normalized photoluminescence area of the NC
dispersion was measured as a function of the laser power (808
nm) in the trapping setup as shown in Figure 3d. The inset
shows an example of the raw detected spectra at the lowest and
highest laser powers. Finally, the spectral data were converted
to temperature data using the calibration line obtained for the
nanothermometer suspension. The final results are collected in
Figure 3e as full symbols.

It must be stressed that our measurement through the
emission changes in the NIR spectra upon heating reflects the
average internal temperature of the Ag,S nanocrystals
contained in a liquid volume around the trapped particle,
(T,,), and this is not a direct observable evincing the trapped
nanoparticle dynamics or the surface temperature from which
Typm can be derived. Particularly, the experimental values of
A(T,) reflect real differences in the average temperature
around the heated nanoparticle due to either the NC or NF
absorption. As shown as a dashed blue line in Figure 3e, we
found that the values of A(T,(r)) obtained from the Laplace
equation at r = 34 nm, including the experimental heating
contribution of the solvent and the nanothermometers, B,
(obtained from external calibration, see Experimental Section),
are in excellent agreement with the A(T;,) data. Therefore, the
question that arises after these results is whether the radial
distance required to obtain an average temperature compatible
with the spectroscopic data is representative of the effective
solvent boundary affected by the HBM. Although the overall
agreement between the experimental A(T;,) data and the
theoretical values of A(T,,(r)) at a radial distance of 34 nm is
consistent with the experiments at 1064 nm, solving this
fundamental issue is cumbersome from any angle. In the next
section, we try to address this issue directly by comparing both
data sets.

2.2.3. Comparison of the Two Data Sets and Discussion.
In this section, we try to find a connection between the two
types of performed measurements. Some hints can be provided
by pondering that in a first approximation both experiments
should be fully equivalent in terms of heat generation if the
absorbed power is considered a common variable, regardless of
the trapping wavelength. Provided the nice agreement found in
the experiments performed at 1064 nm, we evaluated the
surface temperature from the Laplace equation employing the
(0, value at 808 nm obtained via DDSCAT calculations,
from which Ty, can be derived. The analytical results of both
temperatures are plotted as continuous (yellow for AT, and
red for ATygy,) lines in Figure 3e. There is a nice agreement
between A(T,,(r)) and ATy, singularly considering that no
contributions of the solvent or nanothermometers are
contemplated in the HBM temperature. Under the naive
assumption that this contribution B, is additive to the
theoretical value of ATypy, we obtained the dashed orange
line in Figure 3e (denoted as ATygy corrected), which is in
even closer agreement with A(T,,(r)). This is a manifestation
that A(T,(r)) is closely related with AT}y as evaluated from
the trapped particle heating once the contribution of its
surroundings is accounted for by, in a first approximation,
simple addition.
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Following this reasoning, the plot of the values of AT
coming from both sets of experiments against P, should
overlap if the extracted AT values have some physical
resemblance between them. Note that P, is evaluated
according to eq S for each experimental setup, ie, NA, 4,
and o, In other words, we can disclose if A(T;) is
comparable with ATygy in the whole power regime and,
consequently, whether remote-nontrapped thermometers are
reliable tools to described the HBM dynamics within their
thermal working range. This comparison is presented in Figure
4, where the theoretical value of Ay is also included. Note

80

70 .
- y 0O
60 R
2.7
g 2 L
o O
= 40+ o .7
< 30 -5
e
20{ 8.7 |
L& O AXT;,) (Ag,S emission, 2, = 808 nm)
10 1007 O AT,y (cutoff frequency, X, = 1064 nm)
0 é%g = = - ATy (theoretical)

6 8 10 12 14 16 18 20
Pabs (”’W)

Figure 4. Comparison between the temperatures obtained from the
two methods. ATygy increments obtained with the corner
frequency (light red symbols) and A(T;,) as obtained with the
emission of Ag,S NCs (gray symbols). The continuous red line
represents the theoretical calculation of ATyg,, derived from the
HBM theory assuming a temperature profile as defined in eq 6.

02 4

that one can evaluate the theoretical AT, value from the
Laplace equation independently of the concrete initial
temperature T, but, since Typy is a function of T and our
experimental values are different in ~2 K in each setup, the
continuous line representing the theoretical ATyg); value has
been calculated for the average T,. The agreement between
experimental and theoretical data is such that the RMSE is ~6
K. In addition, the contribution of the nanothermometers has
been subtracted from the experiments at 808 nm for the sake
of comparison. The representation of those sets of data in the
absorbed power range of 0—20 yW indicates that the values of
A(T;,) derived from auxiliary aide-emissive nanothermometers
nicely correlate, within experimental uncertainties, with those
defining the particle dynamics in the framework of the HBM
theory when the laser power was appropriately scaled with the
absorption cross-section of the nanoparticles. This result
indicates both negligible effects of the nanothermometers on
the physical properties of the heat source and vice versa, and
that the Fourier constitutive equation remains applicable in the
low-fluence regime at the nanoscale, even for estimating the
HBM temperature.

Finally, we must point out that given the large temperature
increase we measured, it could be expected that convection
should be driven in the fluid around the trapped particles,
affecting both the temperature gradients around particles and
their dynamics. However, no signatures of convection were
observed in our experiments, which could have been seen as

forced motion of nearby particles or deviations from the low-
frequency plateau in the PSD. This is in agreement with
previous works, where very small velocities were expected to
occur for individual plasmonic nanoparticles,”* but either
collective effects™ or the combination with electric fields is
needed in order to force significant convection.”>>” In fact,
previous experiments involving the trapping of plasmonic
nanoparticles that reported the motion of nearby particles were
explained in terms of thermophoresis and did not involve the
occurrence of convection.’®

3. CONCLUSIONS

To sum up, the temperature and heat generation by absorbing
anisotropic hybrid nanostructures under optical trapping
conditions were experimentally and theoretically achieved on
the basis of the following

(i) The evaluation of the balance of the optical forces on the
confining trap as a function of the laser power. The experimental
temperature data were extracted from the expected depend-
ence of the power-to-corner frequency ratio with the effective
medium viscosity, as established in the HBM theory. The order
of magnitude of the obtained heating parameter in the classical
Brownian approximation is in agreement with previously
reported data. In contrast, the HBM method led to
temperature increments systematically higher than those
obtained from the classical Brownian motion theory for a
particle immersed in a thermal bath. This fact points to the
necessity of applying the sparingly employed HBM theory to
extract valid information from thermometric measurements
when handling highly absorbing particles and questions the
traditional meaning of temperature as far as single-particle
nanothermometry is concerned. It was also verified that at low
energy fluxes, the Fourier equation remains applicable to
obtain the HBM temperature from the directly estimated value
of T,

(ii) The calibration of a colloidal suspension of NIR emissive
nanothermometers embedding the trapped nanoparticles. Average
internal temperature increments within the trapping volume
have been accessed directly by the near-infrared emission of
Ag,S NCs acting as NIR nanothermometers. The values
obtained within this approach constitute a sort of average
temperature, and it was found that it might be resembling the
HBM temperature after correcting the heating contribution of
the environment. This asseveration was demonstrated by
proving that by merging the experimental data coming from
both sets of results for the dependence of AT with P, obtained
in two different laboratories and with two different trapping
setups operating at different trapping wavelengths, they
collapsed when plotted against the absorbed power.

These findings represent a robust viewpoint of the
temperature measurements in single-particle systems in
relation to the experimental route from which the heating
properties are derived. That said, while experimental pieces of
evidence indicate that the internal temperature determined
from the appropriate calibration of NIR-emissive nano-
thermometers capture that dictating the particle dynamics
(i.e., the HBM temperature), no rigorous theoretical validation
of such conclusion has been reported to date. Further
applications of the protocol initiated in this work might yield
a reinterpretation or validation of the trapping experiments on
self-emissive nanothermometers.”” On a final note, in light of
the importance of the HBM theory to elucidate nano-
thermometric data coming from optical trapping setups, it
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seems urgent to generalize it to incorporate the local heating
contribution of both the nearbgr particles and solvent and the
effects of the particle softness'’ into the formalism.

4. EXPERIMENTAL SECTION

4.1. Chemical Reagents. Gold(IIl) acetate, iron(III) chloride,
sodium oleate, oleic acid 99%, oleylamine, 1,2-hexadecanediol, gallic
acid, polyethylene glycol (PEG) 3000 Da, l-octadecene, triethyl-
amine, 4-dimethylaminopyridine (DMAP), and ethanol 99% were
obtained from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), toluene,
acetone, hexane, chloroform, dichloromethane (DCM), and tetrahy-
drofuran (THF) were supplied by Acros Organics. All reagents were
used as received without further purification. Milli-Q water (18.2 MQ
cm) was obtained from a Millipore system. Ag,S NCs were obtained
from NIR Optics Technology (average size ~9 nm).

4.2. Seed-Growth Synthesis of Au@Fe;O, Nanoflowers.
4.2.1. Synthesis of Iron(lll) Oleate. The synthesis was done following
ref 60. Briefly, a mixture of 10.8 g of iron(III) chloride (40 mmol) and
36.5 g of sodium oleate (120 mmol) was dissolved in a solvent
mixture with 80 mL of ethanol, 60 mL of distilled water, and 140 mL
of hexane. The resulting solution was heated to 60 °C for 4 h in
hexane reflux under an inert atmosphere. The reaction mixture was
then cooled to room temperature. The organic phase was washed 3
times with distilled water, and the hexane was evaporated in a rotavap.

4.2.2. Synthesis of the Gold Seeds. The synthesis was done
following ref 12 with some modifications. S0 mg of gold(III) acetate
was dissolved in a mixture of 0.8 mL of oleic acid, 0.6 mL of
oleylamine, 100 mg of 1,2-hexadecanodiol, and 5 mL of 1-octadecene.
The mixture was heated under vacuum to 120 °C with a heating rate
of 5 °C min™" and kept at this temperature for 30 min. After cooling
down, it was washed twice with 36 mL of an ethanol/acetone mixture
(1:1, v:v) and centrifuged at 8000 rpm for 20 min. Then, the gold
NPs were dispersed in 10 mL of hexane.

4.2.3. Synthesis of Au—Fes0, Nanoflowers. The synthesis was
conducted as previously described by some of us.*' 1 mL of Au NPs
was mixed with 0.63 mL of oleylamine, 0.66 mL of oleic acid, 0.645
mL of 1,2-hexadecanodiol, 10 mL of 1-octadecene, and 0.125 g of
iron(III) oleate. The mixture was heated under vacuum to 120 °C and
kept under this condition for 20 min. Then, the temperature was
raised to 200 °C and the mixture kept at this temperature for 120 min.
The temperature was raised again to 315 °C with a heating rate of 5
°C min~" and the mixture kept at this temperature for 30 min (growth
of iron). After cooling, it was washed with a mixture of ethanol/
acetone (1:1) and centrifuged. This step was done twice. Then, the
gold NPs were dispersed in 10 mL of hexane.

4.3. Functionalization of the Au—Fe Nanoflowers. The
synthesis of the appropriate PEGylated ligand and the subsequent
ligand exchange process were conducted as described previously by
some of us in ref 61. In the following, we provide the most important
information.

4.3.1. Synthesis of the PEGylated Ligand. First, we proceeded
with a dropwise addition of DCC (1 g in S mL of THF) to a solution
of 3 g of PEG, 170 mg of gallic acid, and 24 mg of DMAP in 100 mL
of THF and 10 mL of DCM. The resulting mixture was stirred
overnight at room temperature, and finally, it was filtered through a
filter paper and the solvents were rotavaporated.

4.3.2. Ligand Exchange. The ligand exchange procedure was
performed following ref 61. In short, in a glass vial was placed a
solution containing 1 mL of NPs (10 g/L of Fe), 1 mL of gallol-PEG,-
OH in a concentration of 0.1 M in CHCl;, and 50 uL of
triethylamine. The mixture was ultrasonicated for 1 h and kept for
4 h at 50 °C. At this point, it was diluted with S mL of toluene, S mL
of Milli-Q water, and 10 mL of acetone. Then, it was shaken and the
nanoparticles were transferred to the aqueous phase. After that, the
aqueous phase was collected in a round-bottom flask and the residual
organic solvents were rotavaporated. Then, the gallol-derived NPs
were purified in centrifuge filters with a molecular weight cutoff of 100
kDa at 450 rcf. In each centrifugation, the functionalized NPs were
resuspended with Milli-Q water. The purification step was repeated

several times until the filtered solution was clear. After the
purification, the gallol-derived NPs were resuspended in PBS buffer.
Finally, to improve the monodispersity and remove aggregates, this
solution was centrifuged at 150 rcf for 5 min and it was placed onto a
permanent magnet (0.6 T) for S min.

4.4. Physicochemical Characterization of the Au—Fe Nano-
flowers. The size distribution was obtained by TEM imaging a
carbon-coated copper grid in which a sample suspension of ~1 g/L
(Fe + Au) was deposited dropwise. The images were acquired on an
FEI Tecnai G2 Twin microscope working at 100 kV. Size histograms
were then calculated by averaging the characteristic dimensions of 100
nanoparticles with the aid of the free Image]J software. The extinction
spectra were recorded on a Jenway Series 67 spectrophotometer. The
measurements were performed in a very dilute suspension to avoid
potential collective effects affecting the scattering contribution due to
the potential aggregation of the nanoparticles.

4.5. Piriform Curve for Particle Modeling. The geometry used
to implement the simulations is based on the revolution of the
piriform curve, which depends on only the value of a parameter # and
is given in parametric form by the expression

B = (x2 + 981 + 2 + Sa” + 6x° + 6xF + 4x® + 4% — 37
- 2xy2 + 8x2y2 + 8x3y2 + 3x4y2 + 2y4 + 4xy4 + 3x2y4
6
+57) (8)

4.6. Optical Trapping at 1064 nm. The experiments at 1064 nm
were performed in a NanoTracker-1I optical tweezers (JPK-Bruker)
device. In this setup, the infrared laser was tightly focused by a high
numerical aperture objective (63 X , NA, = 1.2) to a diffraction-
limited spot where trapping occurs. The forward-scattered light is
collected by a second objective and guided to a QPD instrument to
record the X-Y traces that generate a voltage signal sampled at a
frequency of 50 kHz. This voltage is proportional to the displacement
of the particles inside the optical trap. Spurious bright flashes in the
video were assumed to be a consequence of a multiple trapping event
and, in such cases, the PSD and the corresponding f. were discarded.

4.7. Optical Trapping at 808 nm. The optical trapping
experiments were performed in a homemade single-beam optical
trapping setup. Drops of aqueous suspensions of MCNPs and NCs,
previously stirred to avoid clusters, were pipetted into a 120 um
height and 13 mm diameter microchamber that was placed in the
optical tweezer setup. A linearly polarized 808 nm single-mode fiber-
coupled laser diode was focused into the chamber containing the
sample by using an LCPLN 100X IR Olympus microscope objective
with a numerical aperture of 0.85 that led to a spot size of ~0.63 ym.
The tightly focused laser beam was used for both trapping the
nanoflowers and exciting the NCs in their closer surroundings. Real-
time optical imaging of the NCs was achieved by coupling a white
LED, focused on the sample by a 40X objective lens, and using a
CMOS camera incorporated into the system. The lower objective lens
was used as a light condenser but also served as a collector lens to
focus the NCs emission into an Oceanlnsight NIR spectrometer,
fiber-coupled to the system.

4.8. External and Internal Ag,S NC Calibration. For the
external calibration of the Ag,S in bulk dispersions, the temperature of
the sample was controlled by a Linkam PE120 stage (+0.1 °C). The
NC dispersion was excited with a fiber-coupled 808 nm single-mode
diode laser, while the NIR emission spectra were collected with an
Oceanlnsight high-performance NIR spectrometer (900—1700 nm).
A high-quality long-pass filter (750 nm) was placed in the detection
path so that the noise level registered by the camera did not exceed
0.5% of the signal generated by the Ag,S NCs. While the heating
contribution of water in the trap might be set to B, = 3 K W1 the
contribution of the Ag,S NCs is unknown. To evaluate their
contribution, a set of experiments on the colloidal suspension under
trapping conditions (but without trapped MCNPs) were performed.
The temperature increments were evaluated from the internal
calibration curve, and the solvent plus NC heating coeflicient, B,
was determined from the slope of AT against laser power
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measurements. The calibration curve is shown in Figure S4. The
outcome of these experiments was B, ~ 42 K W™,
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