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Abstract

Magnetic-plasmonic nanoparticles, combining magnetic and plasmonic components, are promising structures for use in life sciences.
Optical properties of core-shell magnetite-gold nanostructures, such as the wavelength of the plasmon resonance, the extinction cross-section,
and the ratio of scattering to absorption at the plasmon wavelength are critical parameters in the search for the most suitable particles for
envisioned applications. Using Mie theory and the discrete dipole approximation (DDA), optical spectra as a function of composition, size,
and shape of core-shell nanospheres and nanorods were calculated. Calculations were done using simulated aqueous media, used throughout
the life sciences. Our results indicate that in the advantageous near-infrared region (NIR), although magnetic-plasmonic nanospheres
produced by available chemical methods lack the desirable tunability of optical characteristics, magnetic-plasmonic nanorods can achieve the
desired optical properties at chemically attainable dimensions. The presented results can aid in the selection of suitable magnetic-plasmonic
structures for applications in life sciences.

From the Clinical Editor: In this basic science study, magnetic-plasmonic nanoparticles are studied for future applications in life sciences.
Optical properties of core-shell magnetite-gold nanostructures, such as the wavelength of the plasmon resonance, the extinction cross-section,
and the ratio of scattering to absorption at the plasmon wavelength are critical parameters in the search for the most suitable particles for

proposed future applications.
© 2012 Elsevier Inc. All rights reserved.
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Both plasmonic and magnetic nanomaterials are currently
under intensive investigation for use in biomedical applications,
and many findings have already been commercially exploited.'™
The field of magnetic-plasmonic nanostructures, in which
plasmonic and magnetic materials are combined, however, is
only just emerging. Such multifunctional structures are com-
monly called “theranostic” structures in biomedical contexts due
to their therapeutic and diagnostic potentials.*’

Magnetic nanostructures used in biomedical applications are
usually composed of iron oxides, such as magnetite or
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maghemite because these materials combine high magnetic
susceptibilities with very low toxicity.> Spherical iron or iron
oxide based nanoparticles (NPs) can be prepared by a variety of
well-known synthesis methods. Most methods currently avail-
able provide iron oxide nanospheres with an average diameter
well below the superparamagnetic limit,” which is about 30 nm
for magnetite.® Above the superparamagnetic limit, iron oxide
NPs become ferri- or ferromagnetic. Besides spherical or cube-
shaped particles, iron oxide nanorods have also been chemically
synthesized.”'® For example, Kumar et al,'® have synthesized
12 x 48 nm magnetite nanorods. If superparamagnetic NPs are
surrounded by a suitable coating layer, they can be dispersed in a
carrier liquid (e.g., water) and form a stable magnetic fluid or
ferrofluid.® Ferri- or ferromagnetic NPs, i.e., above the super-
paramagnetic limit, require an extensive stabilizing hydrophilic
coating layer in aqueous environments to prevent precipitation
due to magnetostatic interactions. '’

Biocompatible magnetic particles or fluids can be used as
magnetic drug-targeting agents,'? magnetic resonance imaging
(MRI) contrast agents,” and as an agent for localized AC
magnetic field hyperthermia.® Another interesting application is
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magnetic separation of species in solution using magnetic NPs
conjugated with a specific binding agent.'?

Plasmonic NPs, i.e., NPs exhibiting localized surface
plasmon resonances, can show strong optical resonances for
visible and near-infrared wavelengths.''*'*> This is due to the
collective oscillations of free conduction electrons when
illuminated with light at the plasmon wavelength (\;,.x). For
metallic NPs, e.g. gold and silver,'*"” this resonance mode is
called a localized surface plasmon resonance (LSPR). Plasmon
resonances endow nanostructures with unique optical properties,
such as strongly enhanced absorption and scattering at the
plasmon resonance wavelength. The intensity and position of
the plasmon resonance heavily depend on the size and shape of
the plasmonic structure and the surrounding medium.

Plasmonic particles show efficient heating at N ,.x due to the
strongly enhanced absorption,'® which is exploited in medical
cancer therapies such as photothermal therapy''”'® or heat-
induced release of antitumor drugs.'” Plasmonic heating is also
used in diagnostic techniques such as photoacoustic®’ or
photothermal imaging.'® The superior scattering efficiencies of
plasmonic nanostructures have been used in biomedical contexts
for optical biosensors”' and contrast agents for imaging in, for
example, optical coherence tomography.22

The position of the plasmon band is of great importance for
biomedical applications. Hemoglobin and water, the dominant
contributors to the absorption spectrum of living tissue, show a
minimum in their absorption spectra in the NIR of the spectrum
(650 nm — 900 nm).?*** As such, the NIR is the preferred region
to position N\, for optical biomedical applications. Structures
consisting of a dielectric core surrounded by a plasmonic shell,
like silica-gold core-shell nanospheres, show redshifted plasmon
bands and have recently been used as NIR photothermal
probes. "1

Gold is predominantly used as plasmonic metal for
biomedical applications because of its biocompatibility, well-
defined synthesis routes, resistance to oxidation, and flexible
conjugation possibilities with organic molecules.*'¢>

Magnetic-plasmonic nanostructures are integrated magnetic
and plasmonic materials. Although the individual materials
already allow many applications, integrated nanostructures
greatly extend the possibilities. Figure 1 shows the relevant
processes in such hybrid nanostructures. Incident photons can be
scattered or absorbed, generating plasmon bands, heat, or
scattering contrast. External magnetic fields can be used to
generate heat through conversion of AC magnetic field energy
losses, facilitate guidance of particles, and generate extra contrast
in MRL

Such multimodal structures have a very broad applicability.
Some examples are the use of magnetic-plasmonic nanostruc-
tures for MRI and photothermal therapy” or for simultaneous
MRI and drug release.”® Other possibilities include following
DC magnetic field guided magnetic-plasmonic particles by
scattering imaging, combining magnetic separation in solution
with plasmonic detection methods, or concomitant magnetic
hyperthermia and photothermal therapy for cancer treatment.

In many, if not all, envisioned applications, the position and
strength of the LSPR response of the integrated nanostructures
is of great importance. The optical properties of homogeneous
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Figure 1. Overview of relevant processes in hybrid magnetic-plasmonic
nanoparticles composed of a magnetic core and a plasmonic shell. (A)
scattering or absorption of photons; (B) absorption of AC magnetic field
energy; (C) use of DC magnetic fields to magnetically manipulate the
nanostructures.

and core-shell nanospheres and nanorods have already been
assessed theoretically and experimentally.'*'>!7-27-2% Experi-
mentally, magnetite-gold core-shell spherical NPs have been
produced,3 935 but to our best knowledge, none with a
magnetite core larger than the superparamagnetic limit.
Although hybrid structures have been synthesized, no theoret-
ical framework for the rational design of magnetic-plasmonic
nanostructures for life science applications, based on optical
characteristics, has been reported yet.

Important to note is that besides the separate magnetic and
plasmonic properties of hybrid structures taken into account in
current work, interplay, called magnetoplasmonics, exists
between both components. A prominent example of this
interplay is enhancement of magneto-optical effects through
plasmon excitation.>****” For nanostructures such as those
studied in this work, such magnetoplasmonic effects generally
influence only the polarization state of the optical beam while
passing through the sample.*® The polarization state of light is
only important for the rodlike shapes, because they are
anisotropic, and as NPs in tissue generally rotate, the polarization
state of the used light is of minor importance for biomedical
applications. Therefore, magnetoplasmonic effects are not taken
into account in current work.

In this work, optical properties such as Ny, the extinction
cross-section (Cextinction)> and the ratio of scattering to absorption
cross-sections (Cgcattering/Cabsorption) at Amax 0f magnetic-plas-
monic magnetite-gold nanostructures were calculated. The
influence of nanostructure composition, size, and shape on
these optical properties was investigated. Furthermore, the
optical characteristics of magnetic-plasmonic nanostructures
were quantitatively compared with those of organic dyes applied
in biomedical environments.

For core-shell spheres, calculations were performed using the
analytically correct Mie theory for multilayered spherical
structures.'*'3? Calculating optical spectra for nanostructures
with an arbitrary geometry can be done with several numerical
techniques, such as the multiple multipole, ** the finite difference
time domain method®’ or the DDA method. The DDA method
was chosen to calculate the optical spectra of nanorod structures
because it has proven to be a powerful technique for calculating
optical characteristics of structures with an arbitrary geometry in
a dielectric environment.'*!?
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Magnetite and gold were respectively chosen as magnetic and
plasmonic material for the performed calculations because both
materials have been intensively studied. Magnetite is a very well-
known material possessing the highest saturation magnetization
of all iron oxides, ® and gold is the predominantly used plasmonic
material in biosciences.

The findings and insights can aid in the rational design of
magnetic-plasmonic nanostructures with applications in the
life sciences.

Calculation method

Extinction, scattering, and absorption efficiencies (Qexginctions
Qscattering aNd Qapsorption) as a function of wavelength for core-
shell nanospheres were calculated using Mie theory for
spherical. Calculations were performed using MieLab.>’
Input parameters were the thickness of each layer in the
spherical nanostructure, R; , the complex dielectric functions,
¢;, and the complex refractive index of the medium. This last
parameter was chosen to be that of water, 1.33 + 0i, because
many environments encountered in biomedical applications,
such as blood or perfused tissues, can be approximated as
aqueous environments. To improve comparability with previ-
ous seminal work,'>!” bulk dielectric functions of materials
were used.*'*** Corrections for size are generally calculated via
the damping constant, which has an effect only as a possible
line broadening mechanism.*® Furthermore, because most of
the calculated structures are above the size limit for
corrections, the influence of not correcting for size on the
predicted trends and values are minimal.

The dimensions of core-shell nanospherical structures cannot
be represented by a single radius but are defined by the total
radius for the structure (Rii) as the sum of the radii of the
magnetic core (Reqre) and the surrounding dielectric shell (Rgper).
Optical properties of core-shell nanospheres were calculated for
two sets of structures. One has a fixed Ry, and varying Regre,
and a second has a fixed R qo/Ryorar ratio while varying Rg. As
such, the influence of the two defining structural parameters, size
and core-shell ratio, on the optical properties was investigated.

Optical characteristics of magnetic-plasmonic nanorods were
calculated using the DDA method. ***> Nanorods were modeled
as cylinders with hemispherical end caps,”’ and the aspect ratio
was defined as the ratio of the total length of the rod, including
the hemispherical end caps, to the maximal diameter.

To represent the size of nanorod structure, an effective radius
(Reffective) Was defined. This Regreciive 18 equal to the radius of a
sphere that possesses the same volume as that of the nanorod. To
describe the core-shell nature of the calculated nanorod
structures, the V oo/ Viow ratio is used. As such, nanorods can
be structurally described by their aspect ratio, the effective radius
and the V ore/Viotal ratio.

Calculations were performed for a fixed orientation of the
nanorods whereby the propagation of the incident light wave
is perpendicular to the long axis of the structure. This was
done to ensure excitation of the longitudinal dipolar localized
surface plasmon resonance. Two orthogonal polarizations of
the incoming light were used, one with the electric field

perpendicular and the other parallel to the long axis of
the nanorod.

From the calculated spectra of the Qcyiinctions Qscattering and
Qabsorption €fficiencies, N, can be obtained. The corresponding
extinction, scattering, and absorption cross-sections (Cexinction»
Cscattering, and Cypsorption) €an be obtained by multiplying the
calculated efficiencies with the geometrical cross-sectional area
of the structures in the incoming light. These cross-sections
represent a geometrical area of a particle that contributes to the
extinction, absorption, or scattering and can be directly related to
molar coefficients used in spectroscopy. Knowing the absolute
values of the calculated cross-sections, it is possible to calculate
Cscattering/Cabsorption @t Nmax, Which is an important parameter
when selecting particles for applications. This parameter
indicates the relative degree with which a structure scatters or
absorbs light and is a key factor in choosing the suitable structure
for the foreseen application. For some applications, scattering of
light is the main process, as in, for example, resonance scattering
imaging, whereas others require a high absorption coefficient,
such as photothermal therapy. The first application requires a
high and the second a low Cqcagiering/Cabsorption Tatio.

As stated earlier, the calculated cross-sections (in cm?) can be
converted to molar coefficients (in L mol” cm™) used in
spectroscopy. The formula used is,*°

o= C,‘NA _ C,‘
100011(10)  3.82 x 102!

Equation 1

in which ¢ represents the molar coefficient, C; the relevant cross-
section and N the Avogadro constant. As molar coefficients are
known for many organic dyes used in biomedical applications, a
useful comparison between these dyes and magnetic-plasmonic
nanostructures becomes possible.

Results

As stated in the Calculation method section, three important
optical parameters were obtained from the calculated Qcyinctions
Qscattering aNd Qupsorption Spectra. These were N, the corre-
Sponding cross-sections (Cextinction’ Cscattering and Cabsorption)a and
Cscattering/Cabsorption 8t Nmax. It is important to note that these
parameters are not independent. Because the dielectric functions
of the materials change throughout the spectrum, the cross-
sections and their ratio at N .« also change when shifting N ax-

The general influence of the structural parameters of core-
shell nanospheres and nanorods, i.e., size, core-shell ratio, and
shape, on the optical characteristics can be rationalized.
Keeping all other parameters constant, increasing size is
expected to cause a redshift of N\,.x due to the electromagnetic
retardation effect®® and an increase in Ceyginction a8t Nnax due to
the extra amount of contributing material present in a single
particle. The influence of size on the Cgcattering/Cabsorption atio at
Nmax depends on the dielectric functions of the constituting
materials at the shifted N,.« and also on the size- and
wavelength-dependent Rayleigh scattering.

Increasing the core-shell ratio, i.e., coating the particles with a
thinner metallic shell generally results in a redshift of \,,«. This
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Figure 2. Qcxginction as @ function of wavelength for core-shell nanospheres with (A) an R of 5 nm or (B) an R of 15 nm and an increasing gold shell
thickness (Rghenr). The spectra show redshifts of N« and decreasing Qexginction 3t Nmax With decreasing shell thickness.

response can be explained by considering the inside and outside
of the gold shell as separate species, generating plasmon modes
that couple across the shell to result in the observable optical
spectra. As such, thinner shells facilitate coupling of the plasmon
modes, resulting in a redshift of Amax- 0 A large core-shell ratio
also causes a decrease in Ceyginction at Amax due to a lower amount
of plasmonic metal per particle. As for the size parameter, the
influence of the core-shell ratio on the Cgcayering/Cabsorption at
Nmax depends on the dielectric functions of the materials at the
shifted N ax-

The aspect ratio is a third variable parameter for magnetic-
plasmonic nanorods. Increasing the aspect ratio is expected to
cause a redshifted N, for the longitudinal plasmon band due to
the increased path length for electron oscillation along the long
axis.*” Furthermore, increasing the aspect ratio is likely to result
ina larger Cextinction at )\max‘ This 1arger Cextinction can be
attributed to enhanced coupling between the inner and outer
plasmon modes of the plasmonic shell of core-shell structures
with a higher aspect ratio.*’

In the following paragraphs, results of calculations on core-
shell magnetite-gold nanospheres and nanorods will be discussed.
The general considerations described in the earlier paragraphs
will be of great help when rationalizing the obtained results.

Magnetic-plasmonic nanospheres

As stated earlier, available chemical synthesis routes mostly
provide magnetite cores with an average radius of 5 nm, whereas

the superparamagnetic limit for such structures is approximately
15 nm. Calculated optical properties for core-shell nanospheres
with an Rgoe 0of 5 nm or 15 nm and increasingly thinner gold
shells are shown in Figure 2. These spectra indicate the shift of
Nmax by simultaneously changing the composition and size of the
core-shell nanospheres.

As expected, calculations showed that a thinner shell exhibits
a greater redshift in comparison with a thicker shell and shows a
lower Qextinction due to a decrease in the amount of gold per
particle. The calculated results are consistent with experimen-
tally obtained results for similar systems.>*> From Figure 2, 4
it is evident that coating magnetite particles with an R of 5 nm
with a gold shell does not provide efficient tuning of the plasmon
band, nor high Qeytinction throughout the NIR. As can be seen
from Figure 2, B, coating particles with a size around the
superparamagnetic limit with a gold shell reveals two compo-
sitions, with a 5 nm and a 7.5 nm gold shell, to show plasmon
bands in the advantageous NIR. These results indicate a trend in
which magnetic-plasmonic nanospheres consisting of larger
cores show higher tunabilities in the NIR. Furthermore, small
spherical NPs as calculated here, exhibit very small Cqcagering/C-
absorption at Amax due to the size and wavelength dependence of
Rayleigh scattering. This diminishes their applicability in
scattering applications.

Despite that core-shell magnetite-gold nanospheres larger
than the superparamagnetic limit have, to our best knowledge,
not been experimentally synthesized yet, optical characteristics
as a function of structural parameters for such nanostructures
were calculated. This provides deeper insight into the trends of
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Figure 3. Calculated optical properties of core-shell nanospheres for a fixed Ry 0f 70 nm; (A) Qextinction for all calculated Regre; B=F) Qcxginction (s0lid line),
Qscattering (dotted line) and Qupsorption (dashed line) for Reore equal to 70 nm, 60 nm, 50 nm, 40 nm, and 0 nm. The spectra indicate the shifts of N« and changes
in Qextinction and contributions of Qgcatiering aNd Qabsorption With altering magnetic-plasmonic nanosphere composition.

optical properties indicated by the results described in the
previous paragraph.

Calculated optical spectra for core-shell nanospheres with a
fixed Rioa of 70 nm and a varying R, of 70, 60, 50, 40, and
0 nm are shown in Figure 3, 4. The calculated plasmon peaks
are located in the advantageous NIR of the spectrum. As for the
smaller core-shell nanospheres calculated earlier, structures
with an increasingly thinner gold shell show an increasingly
more redshifted N Although a slight decrease of the
maximum Qeyginction €an be observed for a decreasing volume
of gold, high efficiencies are calculated for all studied core-
shell nanospheres. Besides the dipolar plasmon band, another
resonant peak can be observed at a shorter wavelength. The
existence of this band can be attributed to quadrupolar
interactions in the dielectric shell. '’

Figures 3, B-F show the calculated spectra of Qexginctions
Qscattering, and Qgpsorption Of core-shell nanospherical structures
with fixed Ry, of 70 nm and stepwise increasing R .. From the
graphs it is apparent that not only N\, shifts but also that the
relative contributions of scattering and absorption drastically
change with altering core-shell composition.

In Figure 4, the dependencies of Npax> Cextinction and
Cscattering/ Cabsorption at )\max on the Rcore/ Rtotal ratio with fixed
Riotar and on Ry with fixed Regre/Rioar are plotted. In the first

case Ry 18 fixed to 70 nm and in the second case Rigre/Riotal 1S
fixed to 0.857. From Figures 4, 4 and 4, B, it is evident that \ .«
can be readily tuned throughout the NIR by varying the
Reore/Riotal Tatio or Ry, Extinction cross-sections at N, of
the calculated structures are shown in Figures 4, C and 4, D. By
increasing the core volume relative to the shell volume, a decrease
of the Cexinction 1S Observed. The explanation is that gold is the
dominant contributor to the C.yinction @t Nmax and that a smaller
fraction of the total volume is gold in structures with a large
Reore/Riotal 1atio. If the Reore/Riorar 1S kept constant, an increase in
the total size results in a larger Ceyginction @t Nmax- The explanation
is that the increase in total size augments the amount of material
present in a single nanostructure, enhancing Ceyginction-» 1h€
Cscattering/Cabsorption at Amax for the studied structures are shown in
Figures 4, E and 4, F. It can be seen that increasing the Roo/Riotal
ratio causes a decrease in Cycaering/Cabsorption at Nmax Whereas an
increase in Ry, induces an increase for the same ratio. As stated
in the general considerations earlier, the observed trends can be
explained by contributions from Rayleigh scattering and the
dielectric functions of the constituting materials. The findings
presented here are consistent with the general considerations
about plasmonic shells described earlier and show great
similarities with the results for silica-gold core-shell NPs
calculated by Jain et al.'?
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Figure 4. Dependencies 0f Nyax, Cexiinction and the Cycagering/Cabsorption 1atio at Npmay on the Reore/Rigral Tatio and Ry

As stated earlier, to our knowledge no magnetic-plasmonic
magnetite-gold core-shell nanospheres with a magnetite core as
large as those used in our calculations have been synthesized.
Nevertheless, the presented results show clear trends for all
calculated properties and provide insight in the optical
mechanisms at hand.

Magnetic-plasmonic nanorods

As stated earlier, core-shell nanorods can be described by
three structural parameters: effective radius, aspect ratio, and
Veore/ Viotal Tatio. During DDA calculations, each parameter was
subsequently varied, and the two others remained constant. As
such, calculations were performed for three different sets of core-
shell magnetite-gold nanorods.

The first set consisted of nanorods with a fixed Refroctive =
10 nm, a fixed aspect ratio of 3 (dimensions: 12x36 nm) and a
Vcore/ Viotal Tatio varying from 0 to 1. A second set of calculations
involved structures with a fixed volume of R freciive = 10 nm, a
fixed Vore/Viotal ratio of 0.2, and a varying aspect ratio from
1 (sphere) to 5. The calculation for the spherical structure in
this series used Mie theory. For the last set of calculations a
fixed Veore/Viotar Tatio of 0.2, a fixed aspect ratio of 3 and a
varying Regrective Of 5, 10, 15, or 20 nm were used. Combined
results of these three sets of calculations allowed investigation
of the influence of each of the three parameters (Veore/Viotals
aspect ratio and Regrecive) On the optical properties of the
core-shell nanorods.

The resulting Qcxinction Of the aforementioned calculations are
shown in Figures 5, 4-C. As is evident from Figure 5, 4, an
increase in the Vi q.o/Viow ratio causes a redshift. This can be
explained in the same way as it is for the core-shell nanospheres:
By increasing the V oo/ Vioral atio, the gold shell surrounding the
core becomes thinner, which facilitates the coupling of
plasmonic modes across the shell, resulting in a redshift. It can
also be seen from the same figure that a decrease in absolute
Qextinction 18 observed for an increasing Vore/Viotar ratio. This can
be explained by the fact that with increasing Vo.e/Viotal 1atio, the
contribution of gold decreases.

Figure 5, B shows the results of calculations on nanorods with
different aspect ratios. Redshifts of the longitudinal dipolar
plasmon resonance can be observed with increasing nanorod
aspect ratio, accompanied by an increase in absolute Qexinction-
This is consistent with the explanation earlier; increasing aspect
ratio increases the path length for electron oscillation along the
long axis, causing redshifts.

It can be learned from Figure 5, C that increasing the volume
of a nanorod with all other parameters unchanged leads to
modest redshifts and an increase of Qcyginction- AS for core-shell
nanospheres, the explanation for this phenomenon is that the
increase in total size augments the amount of material present in
a single nanostructure, enhancing Ceyginction- Obtained results are
graphically summarized per variable parameter in Figure 6.

As shown in Figures 6, A—C, N\ax can be tuned throughout
the NIR by changing the composition, shape, or size of the
nanorods. Figure 6, C shows that changing the Refgecive has only
a modest effect on \,.x because the redshift with augmenting
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changing size, shape, or composition of the core-shell nanorods.

size is small in comparison with a change in aspect ratio or
Vore! Viotal ratio. The extinction cross-section can be varied over
a very broad range by changing one of the defining parameters,
as can be observed in Figures 6, D—F. Although changing the
Veore/ Viotal Tatio allows only modest tuning, varying the size of
the structure provides the most efficient means for tuning
Cextinction at Nmax- As is evident from Figures 6, G-/, the range
over which the Cgcagering/Cabsorption atio can be altered by
changing the composition, shape, or size of the nanorods is quite
narrow. As can be observed in Figure 6, /, the most effective way
for tuning the Cicagering/Cabsorption Tatio is altering the size, which
can be explained by the size dependence of Rayleigh scattering.

The obtained results are consistent with the general
considerations for core-shell nanorods. Magnetite nanorods
with dimensions of 12 nm X 48 nm, similar to the structure
used in the calculations with an aspect ratio of 4 and regrective Of
10 nm, have been chemically synthesized by Kumar et al.'
This demonstrates that the dimensions of the nanorod struc-
tures used in our calculations are realistic. Althought pure
iron oxide nanorods have been successfully synthesized,”'®
to our knowledge no magnetite-gold core-shell analog has
been produced.

As with the core-shell nanospheres, the findings on magnetic-
plasmonic nanorods can be used to select suitable particles for an
envisioned application. For example, if a scattering imaging
application is envisioned for which particles with a \,,,x around
900 nm and a large Ceyginction are required, Figure 6 shows that
particles with a large V. oo/Vioral ratio, a high aspect ratio and a
large Refrective are best suited.

Quantitative comparison of magnetic-plasmonic
nanospheres and nanorods

It is important to note that the trends observed for core-shell
nanospheres and nanorods for similar parameters show great
resemblance, as was expected from general considerations.
Increasing the R qre/Ryorar ratio for core-shell nanospheres or the

Veore/ Viotal Tatio for nanorods results in a redshifted N, a
decrease in the Ceyginction @ Amax» and a decrease in the
Cscattering/Cabsorption Tatio at Npac. The same similarity was
present for the size parameter. An increase in Ry, for core-shell
nanospheres or Regrective fOr nanorods causes an increase in N\ pay,
the Cextinclion and the Cscattering/ Cabsorption ratio at )\max for both
types of structures. These analogies arise because the same
mechanisms operate in both structures.

Besides the similarity in the observed relative trends for the
calculated structures, large absolute differences exist between
the core-shell nanospheres and nanorod structures when
properties per unit of volume are calculated. The results of
these calculations are summarized in Table 1. For the
calculations, we compare core-shell nanospheres with an R
of 70 nm and a core-shell nanorod with a Regrcive 0f 10 nm
and an aspect ratio of 3. Both studied structures have a
Veore/ Viotal ratio of 0.2,

The first calculated parameter is the shift of N, on a per
volume basis. This shift is three orders of magnitude larger per
unit of volume for the magnetic-plasmonic nanorods with
aspect ratio 3 than for the nanospheres. A second assessed
parameter is the Ceyginction Per unit of volume at N .. An order
of magnitude larger Cextinetion/NM° at Njnay 18 calculated for the
magnetic-plasmonic nanorod with aspect ratio 3 than for the
core-shell spherical structure. From these results we can learn
that although, theoretically, both core-shell nanospheres and
nanorods can be tuned to have the same optical properties,
these will be achieved at much smaller and more realistic
volumes for core-shell nanorods.

Quantitative comparison of magnetic-plasmonic
nanostructures and organic dyes

Organic dyes are frequently used in optical applications in the
life sciences. To assess the applicability of the calculated
magnetic-plasmonic nanostructures, we compared them with
popular organic dyes. This comparison is only possible based on
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Figure 6. Dependencies of Nyax, Cexiinction and the Cocatering/Cabsorption Tatio at Npmay 0n the Vegre/ Vioral ratio, the aspect ratio and Refreciive-

Table 1

Values for parameters calculated on a per-volume basis for a core-shell nanosphere and a core-shell nanorod (aspect ratio 3) with the same V o/ Vioral ratio

Core-shell nanosphere

Core-shell nanorod

Parameter Value Unit Parameter Value Unit

Rtotal 70 Nm Reffective 10 nm

Vol 1.4 x 10° nm?> Viotal 4189 nm’
Vcore/vtolal 0.2 Vcore/vtotal 0.2

Aspect ratio 1 Aspect ratio 3

ANmax 48 nm AN max 86 nm
ANpax/nm’> 3.34 x 107 nm / nm® AN pa/nm’ 0.02 nm / nm®
Cextinction/NM” 0.061 107"® m% nm? Cextinction/NM” 0.60 107" m? nm’?

molar coefficients calculated from the cross-sections using
Equation 1.

For example, for a core-shell nanorod with an Rgpeciive Of 10
nm, a Veore/Viotal 1atio of 0.2, and an aspect ratio of 3, the
molar coefficient of extinction, €exiinction, 15 1.1 X 10" L.mol
"em™ at the plasmon wavelength. Organic photosensitizers
used for photodynamic therapy such as commercially available
Photofrin  (€extinction = 2.2 X 104 l.mol'l.cm'l) or MACE
(Eextinction = 4.0 x 10* Lmol™.cm™) or experimental phtalo-
cyanines and napthalocyanines (€exginction = 1.0 X 10° Lmol
"em™) or organic dyes such as heptamethine indocyanines

(Eextinction = 2 X 103 l.mol'l.cm'l) show 5 to 6 orders of
magnitude lower molar coefficients than plasmonic inorganic
NPs do.’*** Organic fluorescent molecules used for cellular
imaging, such as Fluorescein®® (¢ = 9.2 x 10* L.mol.cm™ at
482.5 nm) or BODIPY dyes’” (¢ = 5.0 x 10* Lmol".cm™ at
512 nm), exhibit molar coefficients at emission wavelengths
that are 3 to 4 orders of magnitude smaller than for the core-
shell nanorod referred to above (€scattering = 1.9 X 108 Lmol
"em™ at 697 nm). In comparison with popular organic dyes,
magnetite-gold nanostructures can possess higher molar co-
efficients, showing the applicability of such structures.
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Discussion

Using Mie theory and DDA, optical properties of magnetic-
plasmonic magnetite-gold nanospheres and nanorods were
calculated. The influences of structural parameters as composi-
tion, size, and shape were investigated. From the results, we
found that optical properties, such as Nyax, the Cexginction, and the
Cscattering/Cabsorption Tatio at Nyayx of both core-shell nanospheres
and nanorods, can be tuned by varying the structural parameters.
It was calculated that magnetic-plasmonic nanospheres, which
can be produced by available chemical synthetic methods,
cannot provide efficient tuning of \,,.x throughout the NIR, nor
the desired extinction efficiencies, and they are not suited for
scattering applications due to a negligible Cqcagering/Cabsorption
ratio at N ;,. On the other hand, core-shell nanorods show much
larger values for the Ceyginction and the N .« shift on a per volume
basis than core-shell nanospheres. Furthermore, magnetic-
plasmonic nanorods show orders of magnitude larger molar
extinction and scattering coefficients than organic materials used
in current cancer treatment. With this knowledge it is possible to
design and synthesize structures that possess a plasmon band in
the advantageous NIR and other optical properties as desired for
a potential application in life sciences.
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