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The tremendous impact that cardiovascular diseases have in modern society is motivat-
ing the research of novel imaging techniques that would make possible early diagnosis
and, therefore, efficient treatments. Cardiovascular optical coherence tomography
(CV-OCT) emerged as a result of such a demand, and it has already been used at
the clinical level. Full utilization of CV-OCT requires the development of novel con-
trast molecular agents characterized by a large scattering efficiency in the infrared
(800-1400 nm). Gold nanoparticles (GNPs) seem to be the best candidates, but their
scattering properties in the infrared are hardly known. In most of the cases, scatter-
ing properties are extracted from numerical simulations. This knowledge gap here
is covered by providing an experimental evaluation of the infrared scattering prop-
erties of different GNPs (nanoshells, nanostars, and nanorods). These GNPs display
remarkable extinction coefficients in the first and second biological windows, includ-
ing the particular CV-OCT wavelength. We use a unique combination of techniques
(thermal loading experiments, infrared optical coherence tomography, infrared dark
field microscopy, and optoacoustic spectroscopy) to experimentally determine the
scattering efficiency at three different near-infrared wavelengths (808 nm, 980 nm,
and 1280 nm), lying in the first and second biological windows. Consequently, this
work determines experimentally the influence of particle morphology on the infrared
scattering efficiency of GNPs and evidences the existence of remarkable discrep-
ancies between experimental data and numerical simulations. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Cardiovascular diseases remain the main cause of mortality and morbidity in the western world.
In addition to the primary prevention efforts, based on the establishment of healthy life habits, the
fight against cardiovascular disorders requires the development of new diagnostic techniques. Of
note, these diagnostic tools must increase the sensitivity and specificity, surpassing those that are
already being applied at the clinical level. At the same time, new diagnostic techniques should
minimize collateral effects. In this sense, cardiovascular optical imaging is gaining a considerable
attention during the last decade as it could lead to a new generation of cost-effective and flexible
diagnostic tools.' ™ Intravascular imaging by intravascular ultrasound (IVUS), cardiovascular optical
coherence tomography (CV-OCT), and the combination of IVUS and intravascular photoacoustic
(IVPA) provide a detailed comprehensive visualization of coronary anatomy, overcoming many of
the limitations of conventional angiography.> CV-OCT using near infrared light instead of sound
pulses providing a high resolution of 15 yum for CV-OCT is compared to a resolution of 100 um for
IVUS and 35 um for the IVUS/IVPA.® Currently, the main clinical use of CV-OCT is as a diagnostic
tool to guide the optimization of percutaneous coronary interventions.'®!! However, CV-OCT also
encompasses different clinical scenarios, including assessing the natural history of atherosclerosis,
providing unique information about the effects of different cardiovascular therapies, or unraveling
the underlying mechanisms of acute coronary syndromes. '*:!!

Dual imaging systems based on the combination of CV-OCT and ultrasound imaging have
already been developed for intravascular early detection of atherosclerosis.!>!* As for most of the
biomedical imaging techniques, cardiovascular optical imaging requires the use of near infrared light
for clinical use. This light should lie in the first and second biological windows (I-BW and II-BW)
that extend from 700 nm to 980 nm and from 1000 nm to 1400 nm, respectively, where tissues
become partially transparent.'* In fact, the machinery for clinical CV-OCT is based on a scanning
laser operating at around 1.3 ym wavelength (II-BW). Clinical CV-OCT does not use contrast agents,
and its performance is based on the detection of the contrast generated by tissue interfaces. In this
way only, anatomic information of large areas is achieved, and early diagnosis is hampered. Early
detection of atherosclerosis and other damages is crucial for an efficient treatment and survival
rate enhancement. The use of infrared contrast agents enhances the spatial detection limits down to
molecular levels, thus allowing early detection of damaged areas.-!>10

Gold nanoparticles (GNPs) have shown to be excellent contrast agents for a variety of imag-
ing techniques.!”-'® GNPs display a number of advantages for biomedical applications.'? (i) They
are inert, are biocompatible,”’ and can be properly functionalized with specific biological markers,
allowing specific targeting and making possible the so-called “personalized diagnosis.” (ii) GNPs can
be easily synthesized by a variety of methods leading to different shapes (spheres, rod, cages, prisms,
and stars) and sizes,”' > as well as combined core (dielectric)/shell (gold) spherically nanostructures,
usually called gold nanoshells (GNSs). (iii) The morphology of GNPs determines the spectral posi-
tion of their localized surface plasmon resonance (SPR, related to the collective oscillations of free
electrons confined at the dimensions of such nanometric particles). By tuning GNP morphology, their
optical response can be custom-made depending on the application.?* Indeed, it is possible to shift
the SPR of GNPs from the visible to the BWs, to enable in vivo applications. (iv) The scattering and
absorption properties of GNPs can also be tuned depending on the selected NP’s geometry.>>2° Thus,
these advantages enable the use of GNPs as photo-thermal transducers for in in vivo treatments, as
contrast agents for optical imaging (multiphoton excited fluorescence imaging and scattering based
imaging techniques), for optoacoustic (OA) imaging and for X-ray computer tomography,!+!18:27-31

Because of the previously described advantages, GNPs constitute potential contrast agents for
CV-OCT imaging, provided that their SPR is allocated in the II-BW. Indeed, recent studies have
experimentally demonstrated this possibility by using both high aspect ratio gold nanorods (GNRs)
and GNSs in combination with a clinical CV-OCT.?? These results pointed out the great potential of
GNPs with SPR in the II-BW for advanced CV imaging. The first step for the functional validation of
these nanostructures as contrast agents for CV-OCT is a full understanding of their infrared optical
properties, including the wavelength dependence of their absorption and scattering efficiencies. Such
knowledge is imperative for CV-OCT image analysis, as well as to evaluate the thermal loading
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during intravascular image acquisition. Until now, there are only few experimental studies dealing
with the scattering/absorption efficiency of GNPs in the BWs. Indeed, most of the studies describing
optical properties of GNPs are dealing with their response in the visible domain or in the I-BW.33-3
The geometry dependence of the GNP scattering efficiency has been experimentally determined at
808 nm,*° as this is the working wavelength of OCT systems for ophthalmology.3”-3® There are
numerous predictive models on the optical response of different GNPs in the II-BW. However, an
experimental validation of the wavelength dependence of both scattering and absorption efficiencies
of GNPs in the BWs has not been demonstrated yet. Providing these experimental data is crucial for
the functional validation of GNPs as contrast agents for advanced CV-OCT. In addition, it would help
predict the optically induced heating of gold nanoparticles, which is of particular relevance to assess
the intrinsic heating induced in optically trapped gold nanoparticles.>

In this work, we have experimentally determined the scattering and absorption efficiencies of
different GNPs with their SPR extending (totally or partially) across the I and II-BWs. We have
experimentally determined the scattering efficiency of three types of GNPs [gold nanorods, gold
nanoshells, and gold nanostars (GNSTs)] displaying SPR with significant extinction at around 1.3 um
(the operating wavelength of the clinical CV-OCT apparatus). By means of a well-established photo-
thermal method, 94! the wavelength dependence of the scattering efficiency has been elucidated
by measuring it at 808 nm, 980 nm, and 1280 nm. Multi-wavelength experimental data have been
compared with numerical simulations that failed to reproduce reliable values at long wavelengths.
This fact stands out from the importance of an experimental determination of the scattering and
absorption efficiencies. The scattering efficiency determined by the photo-thermal method has been
corroborated by the combination of CV-OCT, infrared dark field microscopy (IR-DFM), and infrared
OA spectroscopy (IR-OAS). The optimum GNP morphology for CV-OCT contrast enhancement has
been determined, and the importance of the experimental determination of the spectral dependence
of infrared scattering efficiency has been clearly evidenced.

Il. EXPERIMENTAL SECTION
A. GNPs and TEM measurements

The GNRs, which are quasi-cylindrical nanoparticles, were purchased from Nanopartz, Inc.
For extinction measurements, these nanoparticles [coated with polyethylene glycol (PEG) for
water dispersibility] were diluted in 18 MEG de-ionized (DI) water, with a mass concentration of
0.05 mg/ml. Figure 1 shows representative transmission electron microscopy (TEM) images of these
nanorods, showing a diameter of 11 + 2 nm and a length of 90 + 20 nm. GNSs were purchased
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FIG. 1. (a) TEM images of the GNSs, GNSTs, and GNRs used along this work. (b) Extinction spectra obtained from colloidal
suspensions of GNSs, GNSTs, and GNRs.
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from nanoComposix. They consist in a dielectric (silica) core surrounded by a thin gold shell, hav-
ing a core diameter of 16 nm and a total average diameter of 220 + 23 nm (see the TEM image
in Fig. 1 and size distribution in Fig. S1 of the supplementary material). These nanoparticles were
coated with polyvinylpyrrolidone (PVP) (40 kDa) for water dispersibility. For extinction measure-
ments, they were diluted in Milli-Q water, with mass concentration (0.053 mg/ml), i.e., similar to that
used for GNRs. GNSTs (surfactant-free) were specifically synthesized for this work following a seed-
mediated growth protocol, as previously reported by Yuan et al.*> The following chemicals were used:
Tetrachloroauric acid tetrahydrate (HAuCly-4H,0), trisodium citrate dihydrate (C¢Hs07Na-2H,0),
silver nitrate (AgNO3), L(+)-ascorbic acid, and hydrochloric acid (HCI); all of them were purchased
from Sigma-Aldrich and used without further purification. Water was purified using a Milli-Q system
(Millipore). Aqua regia was used to clean all glassware prior to use. Gold spheres, used as seeds,
were prepared by adding 15 ml of 1 wt. % citrate solution to a 100 ml boiling solution of HAuCly
(1 mM) under stirring and additional boiling for 15 min. This is a standard citrate-stabilized protocol
producing wine-red colored gold sols with an average diameter of around 12 nm. Next, 1 ml of the
above seed solution was added to a 100 ml of 0.25 mM HAuCly solution containing 100 ul of 1M
HCI at room temperature and under moderate stirring. Immediately afterwards, the addition of 1 ml
of 3 mM AgNOj3 and 500 ul of 0.1M ascorbic acid was performed simultaneously and the solution
was stirred for 30 s producing dark blue-black colloids. The nanostar dispersions were centrifuged
at 4500 rpm for 20 min, redispersed in MiliQ-water, and kept in the dark at 4 °C for long-term
storage. Figure 1 includes a TEM image obtained for these nanoparticles. They consist in solid gold
nanospheres with an average diameter of 28 + 4 nm together with different lobes (in average 14) with
an average length of 14 + 3 nm (see size distribution in Fig. S1 of the supplementary material).

B. Extinction experiments

The room-temperature extinction spectra of the GNPs were measured with an UV/VIS/
near-infrared (NIR) spectrophotometer (Perkin Elmer Lambdal050).

C. Thermal loading experiments

For the determination of the absorption and scattering efficiencies, the heating and cooling
cycles corresponding to a colloidal suspension of GNPs subjected to a modulated laser beam were
recorded [see Fig. 2(b)]. The thermal images of the colloidal suspensions were acquired by using
a thermographic camera (FLIR E40bx). The time-modulated lasers used were fiber coupled laser
diodes operating at 808, 980, and 1280 nm.

D. Cardiovascular OCT experiments

A commercially available CV-OCT imaging system (Dragon-Fly™ OPTIS™; St. Jude Medical,
St. Paul, MN, USA) available at the Interventional Cardiology Unit of the Hospital Universitario
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FIG. 2. (a) Schematic diagram of the experimental setup used for the determination of the scattering efficiency of GNPs under
optical excitation in the II-BW. (b) Representative heating and cooling curve obtained from an aqueous solution of GNRs
under 1280 nm optical excitation.
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La Princesa (Madrid, Spain) was used. More details about the OCT system could be found in our
previous papers.’>* The OCT catheter was inserted in a tube (3-mm inner diameter) into which
different solutions of GNPs were injected separately for measuring their OCT signal.

E. Optoacoustic experiment

The optoacoustic signals were obtained by using a fiber-coupled Nd:YAG laser operating at
1064 nm and providing 8 ns width pulses as the excitation source. The laser had a repetition rate
of 1 kHz and a pulse energy of 10.5 uJ, leading to an average power of 10.5 mW. The GNPs were
placed in a cuvette with a thickness of 4 mm. In order to perform comparable measurements, the
concentration of GNPs in the solutions was adjusted to provide an optical density (OD) of 10 at the
laser wavelength (1064 nm). The optoacoustic signals generated in the sample were detected by an
ultrasound transducer mechanically attached to the cuvette. The signal generated by the ultrasound
transducer was sent to a 40 dB pre-amplifier and collected by a digital oscilloscope.**

F. Infrared dark field microscopy

A conventional optical microscope equipped with a dark-field condenser (NA 0.80-0.95) was
used. The forward scattering image was collected by using a 50X microscope objective with a numer-
ical aperture of 0.35. Illumination was performed employing a broadband white source. The dark
field images were taken by using a XEVA-320 infrared camera. This camera is based on an InGaAs
2D array cooled down to 0 °C that makes the detection of fluorescence images in the 900-1700 nm
spectral range possible. A combination of infrared long-pass filters was placed at the entrance of
the infrared camera so that the only scattered radiation with the wavelength at 1300 + 50 nm was
recorded.

lll. RESULTS AND DISCUSSION
A. Infrared extinction cross section of GNPs

Three different types of GNPs were investigated in this work: GNRs, GNSs, and gold nanostars
(GNSTs), respectively. The transmission electron microscopy (TEM) images of the investigated
structures have been included in Fig. 1(a). The average dimensions of each structure, as obtained
from the statistical analysis of TEM images, are given in the supplementary material (Fig. S1). These
were selected due to the combination of shape and size that produces high extinction cross section
in the BWs. Figure 1 includes the extinction cross-sectional spectra of these three structures. In the
case of GNRs, the extinction coefficients peak is around 1200 nm (longitudinal surface plasmon) that
extend from about 900 nm to about 1600 nm, including the relevant infrared wavelengths that were
investigated in this work; 808 nm, 980 nm, and 1280 nm (the CV-OCT working wavelength). For
the case of GNSs, the extinction spectrum is constituted by a very broadband that results from the
spectral overlap between two bands at 730 nm and 1040 nm. GNSs display the broadest extinction
spectrum (from about 600 nm to about 1600 nm) while providing the largest extinction cross section
values (about two orders of magnitude larger than those of GNRs and GNSTs). In particular, their high
extinction cross section at 1280 nm (1.1 x 10~ cm?) makes them particularly suitable for CV-OCT.??
Finally, the extinction cross section of GNSTs is constituted by a plasmonic band peaking at about
800 nm that extends in the IR spectral region from about 500 nm to about 1600 nm. Such SPRs are
electric dipole resonances stemming from the collective oscillations of Au electrons. As such, they
are sensitive to nanoparticle shape (except for very small nanoparticle), especially along the direction
of electric field polarization of the incident light. Thus GNRs exhibit two plasmonic bands, the longer
(respectively, shorter) wavelength peak corresponding to the longitudinal (respectively, transverse)
SPR;?!?? note in Fig. 1(b) that the transverse SPR is much weaker than the longitudinal one, as
expected. On the other hand, plasmonic bands for GNSs are polarization-independent due to their
spherical symmetry; in this case, the shorter-wavelength plasmonic band arises from a quadrupolar
SPR.*> GNSTs are not spherically symmetric; however, for a sufficiently large number of star tips
pointing to all directions, they are nearly polarization independent.*>#%47 The position and strength
of the SPR can be in principle controlled by either NP parameters or interparticle distances, although
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in a complex manner. The influence of each NP separately is as expected; the larger and sharper
the GNSTSs are, the stronger and more redshifted the resulting SPR is.*! Aggregation makes it more
complicated: for a simple dimer, it is nonetheless well known that the shorter the interparticle distance,
the stronger and more redshifted the resulting SPR.*8

B. Experimental determination of infrared scattering efficiency

The determination of the wavelength dependence of the infrared scattering efficiency (1) is
based on the experimental determination of the photo-thermal heating conversion efficiency (175). nj,
is defined as the fraction of extinct (scattered or absorbed) energy by a single nanoparticle that is
converted into heat. For non-luminescent nanoparticles, as it is our case, all absorbed energy by a
single nanoparticle is converted into heat so that the photo-thermal conversion efficiency is equal to
the absorption efficiency (1) (i.e., n, =n,). Hereafter, the scattering/absorption efficiency is defined
as the fraction of extinct light by a nanoparticle that is scattered/absorbed. At a given wavelength (A1),
it can be written as

T aps(A) _ T aps(A)
Taps(A) + 05 () Tex(D)’
where 0 p5(1), 0 51(A), and o, (A) are the absorption, scattering, and extinction cross sections at a
wavelength A, respectively. If the photo-thermal conversion efficiency 7, is known, then the scattering
efficiency can be calculated straightforwardly since n5 + 77, = 1, and thus

Ns()=1=na()=1-n,(). 2)

The photo-thermal conversion efficiency can be evaluated by measuring the input/output heat
balance under transient illumination, as previously reported.>**%4° Figure 2(a) shows the experimental
arrangement used all along this work to measure 1,(1). The method is described in detail in the
supplementary material. It is based on the measurement of the heating and cooling curve of a solution
containing the GNPs when it is optically excited by a fiber coupled laser diode. A representative
heating/cooling curve is shown in Fig. 2(b). From this curve, it is possible to estimate the absorption
efficiency, which is given by

() =na(d) =

(1

MCyAT ax
Na=1-n5= u
a s Po(l _ IO_OD),
where m, Cp,, and OD are the mass, specific heat, and optical density of the solution containing the
GNPs. Py is the incident laser power, AT, is the maximum temperature increment [indicated in
Fig. 2(b)], and 7 is the relaxation time of the cooling process [also indicated in Fig. 2(b)]. Equation (3)
gives the photo-thermal efficiency (equal to the absorption efficiency) from parameters that are either
known or can be experimentally measured. For instance, the specific data shown in Fig. 2(b) cor-
respond to the heating and cooling cycles of an aqueous solution of GNRs excited at 1280 nm and
for the particular values m = 0.5 g, Py = 160 mW, OD = 1.075, AT ;0 = 9.92°C, and 7 = 104.3 s.
Substituting these values in Eq. (3), we obtain an absorption efficiency of 0.95 and, therefore, a scat-
tering efficiency of 0.05. In order to obtain an accurate statistical value of the scattering efficiency,
we carried out experiments at different input powers for each one of the three illumination wave-
lengths investigated here (see Table S1 in the supplementary material). Note that once the scattering
efficiency at a given wavelength (1) is experimentally determined it is possible to get the scattering
extinction cross section at this wavelength since

Os5ct(A) = Ner(A) - T e (A), 4

where o, (1) is the extinction cross section at wavelength A as experimentally determined from the
extinction spectra included in Fig. 1. In Table I, we have listed the averaged scattering efficiencies,
extinction cross sections, and scattering cross sections, as obtained for each GNP at the three wave-
lengths. Fast inspection of Table I reveals that the largest scattering efficiencies and cross sections
are provided by GNSs. Actually, the scattering efficiency of GNSs is higher than 50%, for the three
wavelengths investigated in this work. Consequently, these results indicate that GNSs are the most suit-
able nanoparticles for scattering based imaging techniques, such as OCT and optical microscopy.”*!

3)
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TABLE I. Experimentally determined scattering efficiencies and scattering cross sections at three wavelengths investigated.

808 nm 980 nm 1280 nm

Nsct Oext (sz) Osct (sz) Nsct Oext (sz) Osct (sz) Nsct Oext (sz) Osct (sz)

GNSs 068 150x107° 1.02x10° 084 1.81x10° 152x10° 051 1.09x10° 5.56x 10710
GNRs 005 1.64x10712 082x1013 023 500x10712 1.15x10712 0.12 142x107" 1.70 x 10712
GNSTs 0.10 255x 107" 255%x10712 0.16 2.06x 107" 330x 10712 044 559x 10712 246 x 10712

Data included in Table I also reveal that the scattering efficiency is strongly wavelength dependent
for both GNSs and GNSTs. Although GNSTs show very low scattering efficiencies at 800 and
980 nm, they present a scattering efficiency close to 50% at around 1.3 um.

C. Numerical calculations and comparison with experimental data

In order to provide theoretical insight into the measured extinction spectra and the experimentally
determined scattering efficiencies for the different GNPs, we have made use of full electrodynamic
methods to calculate the spectral dependence of the extinction, absorption, and scattering cross
sections. For GNSs, calculations were carried out by using the discrete-dipole-approximation method,
in particular, the open-source Fortran-90 software package discrete dipole scattering (DDSCAT).>?
For more complex shapes, such as GNRs and GNSTs, numerical calculations were carried out by
means of a free software implementation, called SCUFF?? (open-source software package for analysis
of electromagnetic scattering problems using the method of moments). Gold permittivity data were
obtained from Johnson and Christy measurements,>* and we assumed that the medium permittivity
is that of water (n = 1.33). Thus, GNRs were considered as cylinders with a given length and radius
and with endcaps terminated as hemispheres with the same radius. At the same time, GNSs, with a
simple geometry, were considered as a spherical core (made of silica) homogeneously covered by a
spherical protective shell made of gold.

For the case of GNSTs, the situation is more complex and a crucial issue is how to define the
nanostar geometry. In this regard, we defined a nanostar shape inspired by our TEM images (Fig. 1).
Rather than exploiting analytical formulation (as in Ref. 46, which poses some difficulties in the
meshing procedure), we assumed that the nanostars contain a spherical core, with fourteen elongated
tips with semi-ellipsoidal shape [see Fig. S2(a) of the supplementary material]. Due to the structural
inhomogeneities shown in the TEM images of the GNTSs, we fixed the spherical core radius as
R =15 nm and the tip ellipsoidal cross section (along two short axes) as a circle with radius r = 5 nm.
The tip length L (long axis of the ellipsoid) is then allowed to vary between 12 and 25 nm [which
nearly corresponds to the tip length and angle (6 = atan(7/L)], as observed in the TEM images. The
resulting calculated cross-sectional spectra are shown in Fig. S2(b) of the supplementary material for
monochromatic plane waves with varying vacuum wavelength impinging onto the nanostars along
the x direction with linear polarization along the vertical axis (with respect to the nanostar shown
in the inset). Strong SPRs appear with narrow width in the range 700-950 nm, with a ratio between
absorption and extinction of ~87%. In this regard, it should be emphasized that, despite the anisotropic
shape of the nanostars, the resulting spectra are nearly isotropic and polarization independent, as we
have verified (though not shown) by varying the angle of incidence and the electric field polarization.
Actually, this was also pointed out in Ref. 47 even for smoother nanostars with fewer tips. The reason
is that the SPR, being essentially a dipolar resonance, is excited mostly at any angle of incidence
due to the fact that the electric field vector stretches along the direction between any of the opposing
nanostar tips, whose length (~2R + 2L) in turn controls the SPR wavelength. As a matter of fact, upon
the increase in the nanostar tip length, the SPR is red-shifted, covering the spectral range between 700
and 950 nm, consistently with the broad SPR width experimentally measured (see Fig. 1). To shed
light on such inhomogeneous broadening, we carried out a smoothed weighted average over all spectra
different tip lengths, assigning approximate weighs according to the statistics of GNST shapes. The
resulting simulated spectra have been included in Fig. S2(b) of the supplementary material.

The numerically calculated extinction, absorption, and scattering cross-sectional spectra in the
BWsare included in Fig. S3 of the supplementary material as calculated for GNSs, GNRs, and GNSTs.
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By comparing these data with the experimentally obtained extinction spectra (see Fig. 1), we realize
that while for GNSs there is a good agreement, the spectral shapes are not properly reproduced neither
for GNRs nor for GNSTs. For GNRs, the calculated extinction cross-sectional spectrum (peaking at
about 1300 nm) appears shifted to longer wavelengths in respect to the experimental one (peaking
at about 1200 nm). In addition, the calculated spectrum is narrower than the experimental one.
For GNSTs, while the peak position is certainly reproduced, the calculated spectrum appears much
narrower than the experimental one, thus leading to a large inaccuracy when determining the cross
section values and the scattering efficiencies at long wavelengths. This experimental broadening is
likely due to the non-uniform nanostar geometries (e.g., wide distribution of the aspect ratio), as well
as the finite-size effects, which broaden and dampen the resonance but do not influence the plasmon
band position.*? It should be borne in mind that this experimental broadening has also been reported
elsewhere in connection with star-shaped nanoparticles*? as stemming from both the nonuniform
nanostar geometries and finite-size effects at the tip edges (shorter electron scattering mean free
path). The former mechanism has been somehow taken into account through the average over GNST
shapes inspired by the TEM images above, although larger shape variations and/or aggregation (not
evidenced in the TEM images) might be responsible for the discrepancies. In addition, the other
mechanism mentioned earlier, finite-size effects, also typically broadens resonance; it is due to the
increased electron damping resulting from electron scattering at the narrow tips, similar to what
occurs within GNS thin shells.*>-

By using the calculations included in Fig. S3 of the supplementary material, the wavelength
dependence of scattering efficiency can also be numerically calculated for all investigated GNPs.
Results of these calculations are included in Fig. 3 together with the experimental data. According
to these numerical calculations, the scattering efficiency is weakly dependent on the wavelength for
GNRs and GNSTs but strongly wavelength dependent for GNSs. While a good agreement between
numerical simulations and measured efficiencies occurs at 800 nm and 980 nm, a clear disagreement
is observed at around 1.3 pm (the CV-OCT wavelength) for GNSTs. At this specific wavelength,
calculations predict a scattering efficiency of 0.09, much lower than that experimentally measured
(0.44). While the origin of this discrepancy is not fully understood, the physical phenomenon behind
this is the same that leads to the appearance of the long wavelength tail in the extinction spectrum. We
state that the existence of interaction between individual GNSTs via agglomeration or slight contact
between tips could lead to dimer structures with completely different optical properties. In particular,
we state that the presence of such interacting structures could lead to red-shifts in the plasmon
resonance and to larger scattering efficiencies. Regardless of the origin of these discrepancies, these
highlight the importance of performing direct experimental measurements for the scattering efficiency
at different wavelengths, as we did in this work.

D. Infrared scattering experiments

To gain insight into the actual scattering efficiency of GNPs at long wavelengths, where the
calculated and measured data display the largest discrepancy, we carried out two sets of imaging
measurement. In particular, we investigated the infrared scattering abilities of the three types of
GNPs by IR-DFM and by CV-OCT. The results obtained in each case are described in the following.

1.0 R 1.0+ 1 1.0
GNSs GNSTs GNRs
S 05 & S ost 1 3 0.5
<2 < % < %
0.0 1 o0 \—/_%—é\ 1 oo _/\/Q\L
400 800 1200 400 800 1200 400 800 1200
Wavelength (nm) Wavelength (nm) Wavelength (nm)

FIG. 3. Wavelength dependence of scattering efficiency of GNSs, GNSTs, and GNRs. Solid lines show results extracted from
calculations, whereas dots correspond to the experimental data obtained in this work (see Table I).
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1. Infrared dark field microscopy (IR-DFM)

For IR-DFM experiments, the GNPs were deposited and dried on microscope slides. The micro-
scope slides containing the GNPs were visualized by using the home-made IR-DFM described
in Sec. II, schematically drawn in Fig. S4 of the supplementary material. The IR-DFM system
employed here is able to visualize individual GNPs by using their scattering abilities at 1300 + 50 nm.
Figure 4(a) shows the IR-DFM images obtained for the three GNPs studied in this work. Up to the
best of our knowledge, these are the first ever reported IR-DFM images of GNPs in the II-BW. As
can be observed, all GNPs can be detected by IR-DFM, revealing a non-vanishing scattering cross
section in the three cases (in accordance with the experimental data included in Fig. 3). The largest
IR-DFM contrast is provided by GNSs, being significantly larger than that provided by GNSTs and
GNRs. This is evidenced in Fig. 4(b), in which we have included the average IR-DFM intensity
per spot as generated by GNSs, GNRs, and GNSTs. The results included in Fig. 4 are, therefore, in
qualitative agreement with the experimentally and calculated values of the scattering cross sections
(see Table I). These experimental data confirm that GNSs provide the largest infrared scattering cross
section among the geometries studied here.

2. Cardiovascular optical coherence tomography

The infrared scattering ability of the different GNPs at around 1.3 um has also been investigated
by performing CV-OCT experiments. In this case, we injected colloidal solution of each type of
GNP (GNSs: 0.053 mg/ml, GNRs: 0.05 mg/ml, GNSTs: 0.043 mg/ml) into a tubing (see Fig. S5
of the supplementary material). Once the aqueous solutions of GNPs were inside the tubing (mim-
icking an artery), the CV-OCT catheter was introduced into the tubing, allowing for the detection
of the individual GNPs by means of their back-scattering efficiency.*? It should be noted that the
advantage of this interferometric technique is that it provides an indirect measure of the infrared
back-scattering cross section at the single wavelength of 1.3 um. Figure 5(a) shows the CV-OCT
cross-sectional images for the colloidal solutions containing the three investigated GNPs. Again,
the three geometries studied here produced a significant CV-OCT signal. This again reveals a non-
vanishing infrared scattering cross section at around 1.3 pm. It is also evident from Fig. 5(a) that
the CV-OCT contrast is provided by each type of GNP. The integrated intensities corresponding
to these cross-sectional images are shown in Fig. S6 of the supplementary material. From these
results, we obtained the OCT intensity per NP for each type of GNPs, as shown in Fig. 5(b).
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FIG. 4. (a) Infrared dark field images obtained at 1.3 um by using GNSs, GNRs, and GNSTs as potential contrast agents.
The scale bar is 20 gm in all cases. (b) Average intensity per nanoparticle generated by GNSs, GNRs, and GNSTs as obtained
from the statistical analysis of images included in the left column.


ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-004807
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-004807
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-004807

080803-10 Hu et al. APL Photonics 3, 080803 (2018)

(a)

GNSs GNSTs GNRs
a
(b) E 10°}
A0
3'?: 107}
g -<E 102}
: —
Q 10
o
GNSs GNSTs GNRs

FIG. 5. (a) OCT cross-sectional images of colloidal solutions containing GNSs, GNSTs, and GNR. (b) OCT intensities of
single GNSs, GNSTs, and GNRs obtained from the statistical analysis of figures included in the left column.

Again, it is found that the largest contrast is provided by GNSs, revealing their superior scattering
cross section.

We can now discuss on the concordance between the experimental data included in Fig. 5
and Table I. For a sample of thickness d containing a certain concentration of GNPs, i.e., N, the
Lambert-Beer extinction law gives the fraction of scattered intensity,

Iy —1
Iy

=1 — ¢ N, Q)

where [ is the incident light intensity and [ is the light intensity transmitted through the sample. For
low values of the exponential exponent and assuming the same thickness for all measurements (same
geometrical conditions), Eq. (5) can be written as

Io—1
Iy

X OgeNd. (6)

Thus, the OCT intensities (per GNP) given in Fig. 5(b) should be proportional to the fraction of
scattered light and so to experimental values of o (indeed to the backscattering cross section) given
in Table I. Now, we can compare the OCT intensity per GNP (/,;) of each type of GNP normalized
to that given by the GNSs (the best scatters). From the data given in Fig. 5, we obtain

I,..(GNSTs) ~ i
. L..(GNSs) =2 > 10 7

and

Iet(GNRs) _ 3
oc 1 (GNSs) =2 X 107, (8)

Indeed, these values are close to the ratio between the scattering cross sections experimen-
tally obtained and listed in Table I that leads to o (GNRs)/os;(GNSs) =~ 3.05 X 103 and
0 5ct(GNSTS)/ 0 5(GNSs) ~ 4.42 x 1073. In fact, the slight discrepancy could be due to the dif-
ferent geometries that lead to different backscattering/scattering ratios. At this point, we conclude
that the CV-OCT experimental results confirm the validity of the scattering efficiencies (and so the
scattering cross sections) experimentally determined in this work by the photo-thermal method. In
fact, the results reported here highlight the need for a direct determination of the scattering efficiency,
particularly at longer wavelengths (as for the OCT wavelength), where numerical calculations for
GNRs and GNSTs fail to explain the experimentally obtained extinction cross sections (see Figs. 1
and S3 of the supplementary material) and therefore to provide a reliable value for the scattering
efficiency.
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FIG. 6. (a) Optical density of GNRs (red), GNSTs (green), and GNSs (blue). (b) Time evolution of the IR-OA signals generated
by the three GNPs after laser excitation. (c) Average IR-OA amplitudes obtained for the three GNPs.

3. Optoacoustic experiments

An indirect estimation of the geometry dependence of the scattering efficiency of GNPs can also
be obtained by the performance of infrared-excited optoacoustic experiments (IR-OA).>® For this
purpose, we prepared colloidal solutions containing the three types of GNPs with exactly the same
OD at 1064 nm (this being the wavelength used in our IR-OA experiments), as shown in Fig. 6(a). Each
solution was introduced in a quartz cuvette mechanically attached to a piezo transducer connected
to a signal amplifier and to a digital oscilloscope. In the absence of any fluorescence (as in our
case), the magnitude of the IR-OA signal is proportional to the fraction of the absorbed pump power
(Paps = Po-(1 — 1079P), where Py is the incident pump power) that is converted into heat. In other
words, the IR-OA signal is expected to be proportional to 1745 Paps. Therefore, we can write

Ioa=k-(1=ny)- Py (1-107%P), ©)

where k is a coupling constant that depends on the Griineisen parameter and experimental conditions
such as the gain of the piezo transducer. From Eq. (9), it is clear that the IR-OA signal is proportional
to (1 — 1) in such a way that those GNPs with largest scattering efficiencies should give the lowest
IR-OA signal with the same OD. Figure 6(b) shows the IR-OA signals generated by the three GNPs
studied in this work. The three geometries generate measurable IR-OA signals, even though with quite
different amplitudes. The averaged IR-OA amplitudes obtained for the three cases are displayed in
Fig. 6(c). In this case, the lowest IR-OA signal was generated by the GNSs. This is in close agreement
with the experimental data displayed in Fig. 3 and with Eq. (9) that predicts the lowest IR-OA for
the GNPs with the largest scattering efficiency. The data included in Fig. 6(c) allow for a quantitative
estimation of the relation between the infrared scattering efficiencies of the different GNPs studied in
this work. Equation (9) can be rewritten to get a formal expression for the OA intensity ratio between
GNSTs and GNSs so that

& (GNSTs\ _ 10s(GNSTS) _ 1 = 1c(GNSTS) (10)
O\ "GNSs | ~ Toa(GNSs) — 1 —13,4(GNSs)
Analogously, we can write Eq. (10) as follows:
GNRs\ _Ios(GNRs) _ 1 —1,(GNRs) an
O 'GNSs | ~ 1oA(GNSs) ~ 1 —1,0/(GNSs)

From the experimental IR-OA data, we obtain Rpy ( GGI\Z’VSS];S) ~ Roa (g%’;;) ~ 6. From the numeri-

cally calculated scattering efficiencies (Table I), we obtain Rpa ( %’}%Tf) ~Roa ( gng ) ~ 4. Therefore,

it is found that the infrared scattering efficiencies determined by the numerical calculations explain
well the infrared optoacoustic generation efficiency of the GNPs studied in this work.

IV. CONCLUSIONS AND FUTURE PERSPECTIVES

We have experimentally determined the infrared scattering efficiency and scattering cross sec-
tion of GNPs with three different geometries: nanorods, nanoshells, and nanostars. Multi-wavelength
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thermal loading experiments have been carried out to experimentally determine the spectral depen-
dence of the scattering efficiency of these three nanoparticles. Comparison between experimental
data and numerical simulation reveals good agreement in all three cases, except for GNSTs that
present an unexpected large scattering efficiency at long wavelengths. These discrepancies have been
explained in terms of size inhomogeneities as well due to particle-particle interactions. Both GNSs
and GNSTs show that scattering efficiencies are strongly wavelength dependent, thus evidencing the
importance of considering the spectral operating range when choosing the appropriate geometry for
each particular imaging application. It is also experimentally found that, in the whole infrared spectral
range investigated here (800-1400 nm), GNSs show the largest scattering efficiency and cross sec-
tion. This explains their best performance as cardiovascular imaging probes, as concluded in previous
studies.

The superior performance of GNSs as scattering units in the infrared has been confirmed by
means of infrared dark field imaging, optical coherence tomography, and optoacoustic experiments.
In all cases, the experimental data confirm the conclusions extracted from photo-thermal experiments
and reveal the multifunctional character of these GNPs that are capable of efficient scattering and
acoustic generation under infrared optical excitation.

It is important to stand out that the GNSs used here have a significantly larger size than the
investigated GNRs and GNSs. This is otherwise required for displaying a significant surface plasmon
resonance in the near infrared. This size difference should partially explain the dominant scattering
efficiency of GNSs. In fact, Jain et al.>> performed a systematic investigation of how the geometry
and size of GNSs and GNRs affect their spectral properties by means of numerical simulations. They
concluded that GNSs must be much larger than GNRs in order to tune its SPR to the near infrared.
They also proposed that, for a given core/total ratio (0.85), the scattering efficiency of GNSs should
decrease when reducing the total nanoshell radius. Indeed, it should be very interesting to test this
prediction by direct measurements of the scattering efficiency, as we have made in this work.

In summary, the results shown in this work constitute the first experimental study of the infrared
scattering properties of plasmonic nanoparticles and are the first step toward a complete understanding
of their infrared optical properties. This is, in turn, essential if they have to be used as cardiovascular
contrast agents providing unequivocal information. Nevertheless, the high sensitivity of CV-OCT,
which has been proved to detect even small (about 5 nm) quantum dots,’’ indicates that by using this
novel technique a large variety of scattering particles would be still useful as cardiovascular contrast
agents.

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the thermal loading experiments, characterization
of GNPs, and simulations.
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