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Abstract

Surface plasmon (SP) response of nanoparticles (NP) has an unique path in the field of sensing, with specific develop-
ments in instrumentation and having a wide range of applications. Here it is described the light scattering process of NPs
formed by magnetite core and gold shell (Au-Fe;0,). Those were synthesized by the co-precipitation method, resulting
in a quasi-spherical (icosahedral) shape of an average of 37.5 nm. It was found a plasmonic behaviour from UV-visible
spectra, exhibiting a SP peak around 560 nm, this response is strongly dependent on NP size and shape. To describe
its plasmonic response, it was employed the Rayleigh scattering and Mie theory for a metal-dielectric shell-core. The
numerical solutions of these models confirms the SP response and that there is a correlation between the size and shape

of NPs due to scattering of light from them.
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1 Introduction

Surface plasmons (SP) are collective excitations of elec-
trons at the interface between a conductor and an insu-
lator and are described by evanescent electromagnetic
waves that are not necessarily located at the interface [1].
The plasmon mode of a metal such as gold falls in the vis-
ible spectral region [2]. The resonant frequency is strongly
dependent on the material size and shape, as well as the
local dielectric properties of the surrounding medium [1,
3]. This plasmon mode makes them ideal candidates for
applications in the field of surface enhanced Raman scat-
tering [4], and also in chemical and biological sensors [5].
In the case of magnetic materials, previous studies have
suggested that one of the most important features that
define their behavior is the response to external electro-
magnetic stimuli [6].

Classical electromagnetic theory provide a reasonable
quick explanation of the optical properties of noble metal
NPs. The electrons of a particle within an electromag-
netic field start to oscillate transforming energy from the

incident wave to thermal energy in an absorption process,
additionally the electrons can be accelerated and they can
radiate in a scattering process [7].

Recently, there has been a very extensive and thorough
investigation into the properties of magnetic nanoparti-
cles (NPs), focus mainly with metal-dielectric configura-
tions [8]; it has found a promising field of application to
sensing in the area of biomedicine because of their mag-
netic properties and recently those of plasmonic origin
[9]. A promising material for sensing using SPs is the gold
(shell) and magnetite (Fe;O, core) or Au-Fe;O, shell-core
structure [10] which is a superparamagnetic material [11].
It can be prepared by reactions in which two metal precur-
sors are decomposed in tandem, producing a solid solu-
tion of NPs.

Iron oxide NPs has high chemical activity, so they are
easily oxidized on exposure to air, frequently resulting in a
loss of their magnetic capabilities [10]. Therefore, it is nec-
essary to provide an appropriate coverage to its surface
to maintain magnetic stability, which is one of the most
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important properties of these NPs. Among the coverage
possibilities are organic molecules or metallic layers [9].

Magnetic NPs are beneficial not only because of their
relative ease of functionalization, high chemical stability
and biocompatibility [12], but also for the detection of
molecular targets due to a shift in the surface plasmon
resonance (SPR) spectrum [5] (plasmonic sensing); its main
advantages lies on its exceptional sensitivity to changes in
the dielectric environment [13].

Nowadays there has been a great upswing and exten-
sive use of plasmonic magnetic NPs, mainly in biomedicine
like drug delivery [9], due to fast advances and extensive
synthesis methods, both in vivo and in situ applications.
Plasmonic NPs has the ability to remotely control the spa-
tial position of a NP in real time while tracking its motion
provides a new exciting tool for nanoscale sensing. These
hot topics are only small examples of the wide range
of characteristics that enable their use for biomedical
applications.

For the enhancing of many modern technics widely
used in real-time feedback for biological mechanisms,
plasmonic NPs are a good option to achive it taking into
account its magnetic characteristics [9]. Some examples of
their use is in the manipulation of cells and proteins [14].

To exploit their novel properties, the studies are focused
on their optical properties; since these NPs display a strong
optical absorbance when the incident light frequency is in
resonance with the collective excitation of the conduction
electrons, setting up the SPR condition [15].

In this work, it is described the process of scattering of
light by Au—Fe;0, NPs, these were synthesized by co-pre-
cipitation method. Towards the characterization of its SP
response, it was used a physical model based on Rayleigh
scattering and Mie theory for a metal-dielectric interface,
solving numerically and compared with experimental UV-
visible data.

The aim of this work is provide a specific route to ensure
a proper synthesis method of Au-Fe;0, NPs in order to
prepare them for biofunctionalization, avoiding the vast
and extensive methods found in literature and huge indus-
trial protocols. The novelty of this work is the analysis of
NPs within scattering theory matching the size desired for
specific bioapplications and easily tune the optical prop-
erties, fitting it for lab-on-a-chip biosensors and analysis
in vivo.

2 Synthesis method

The most conventional method for obtaining Fe;0, NPs is
by coprecipitation [16]. This method consists of mixing ferric
and ferrous ions in a 1:2 molar ratio in highly alkaline solu-
tions at room temperature. The size and shape of the iron
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oxide NPs depends on the type of salt used, the ferric and
ferrous ion ratio, the reaction temperature, the pH solution,
etc. Thus, the processing method critically affects the final
physical and chemical properties of the iron oxide NPs. In
order to avoid the possible oxidation, the synthesis should
be done in an anaerobic condition.

The synthesis was made in an aqueous solution without
surfactants [17]. Volumes of 1.0 mL of 1.2 NHCland 12.5 mL
of purified, deoxygenated water (by bubbling nitrogen gas
for 30 min) were combined, and 2.6 g of FeCl; - 6H,0and 1.0
g ofFeCl, - 4H,0 were successively dissolved in the solution
while stirring. The resultant solution was added drop wise
into 125 mL of 1.5 M NaOH solution under vigorous stirring.
The last step generated a black precipitate. The magnetism
was checked in situ by placing a neodymium magnet near
the black precipitate. The precipitate was isolated with the
help of a magnetic field, and the supernatant was removed
from the precipitate by decantation. Purified deoxygenated
water was added to the precipitate two times followed by a
methanol wash and finally rinsing with water.

A route to encapsulate the iron oxide NPs is to induce
a controlled oxidation of a pure single-metal gold shell.
Gold is often employed to passivate the surface of mag-
netite NPs to avoid oxidation. The most common route
employed for preparing the metal functionalized iron
oxide is by reduction of Au** ions on the surface of the
iron oxide; gold coatings provide the stability to the NPs
in solution [18-20].

Previously obtained Fe;O, were added to a 0.5 mM
solution of citric acid and after that it was stirred at 50 °C;
surface modification of magnetite by citric acid allows
the formation of a stable aqueous dispersion. Then, 4 g
of glucose was dissolved in 40 mL of citric acid, stabilizing
the aqueous solution. Glucose was added to the system
as a reducing agent and the mixture was again stirred at
room temperature. Finally, reduced Fe;O, solution were
mixed in a 0.1 M of tetrachloroauric acid aqueous solu-
tion (HAuCl, - 4H,0) for 30 min using sonication, and then
slowly mixed on a stirrer at 50 °C to allow the adsorption of
Au*t ions onto the magnetite surface. The shell-core NPs
was then washed with pure water. A dark purple mate-
rial was precipitated and separated by centrifugation.
The precipitated product was washed with ethanol and it
was sonicated for 30 min. The final product can be further
separated by centrifugation [18].

3 Morpho-structural and spectroscopical
characterization

The synthesized NPs exhibit a proper magnetic behaviour
since these can be attracted with a neodymium magnet
even after the coverage stage with gold. First, it presents
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in Fig. 1 the X-ray diffraction (XRD) pattern of magnetite
and Au-Fe;0, NPs made by an PANalytical X'Pert Powder
X-ray diffractometer. The magnetite phase was identi-
fied in all synthesized samples by the method previously
described. The most intense reflections for this phase are
in angle 26=30.0°, 35.5°,43.0, 53.5 and 62.5°, which can be
indexed respectively as (220), (311), (400), (422), (511) and
(440) planes for a cubic phase, these results are in agree-
ment with previous works [17-19]. The XRD pattern shows
that the NPs are highly crystalline. Applying the Scherrer’s
equation [21] to calculate the crystallite size gives an aver-
age value 0of 19.6 + 0.5 nm.

The XRD pattern for Au-Fe;O, exhibits the diffraction
peaks for fcc phase of gold and only shows two remaining
peaks of Fe;O, phase. Data shows diffraction peaks at 26
= 38.0°% 44.5°,64.5, 77.5 and 81.5°, which can be indexed
respectively as (111), (200), (220), (311), and (222) planes
for gold in a cubic phase (Fm3m space group) [18]. Note
that there are two diffraction peaks clearly of magnetite,
this is most likely due to the relative heavy atom effect
from magnetite. Using Scherrer’s equation for calculate
the crystallite size of the samples, it obtains a value of
37.5+ 0.5 nm.

For scanning electron microscopy (SEM) analysis a few
drops of a dilute solution of Au-Fe;O, NPs were deposited
on a silicon substrate, thereafter dried at 80 °C for 25 min,
showing the formation of a thin film. A typical micrograph
of this analysis with a Zeiss AURIGA Compact SEM is shown
in Fig. 2. Note a strong agglomeration of the particles due
to the nature of magnetite [10]. Consider the size, which
is observed in the order of 25 — 40 nm, in agreement with
results obtained by XRD analysis.

Intensity, [a.u.]

30 40 50 60 70 80 90
20, [degree]

Fig. 1 XRD pattern of magnetite (top) and Au-Fe;0, (bottom) NPs

Samples for scanning transmission electron micros-
copy (STEM) were prepared on copper grids coated with
polymer film in a Jeol JEM-ARM200F STEM witch allows
imaging in STEM mode with resolution up to 80pm with a
source of electron field emission of Schottky type. A drop
of highly diluted NPs of a sample of Fe;O, and another
with Au-Fe;0,, were previously sonicated by 20 min at 20
°C and dispersed in ethanol, then it was carefully placed
on the copper grid surface and dried at room temperature.
Figure 3 shows a representative set of STEM micrographs
for magnetite and shell-core NPs. Magnetite are nearly of
cubic shape and have an average particle size of 15 nm
while for shell-core an average of 35 nm. Their sizes are in
concordance with that obtained in previous works [17-19].

Under the conditions described in the synthesis section,
the NPs are expected completely spherical, but after the
characterization analysis it can be seen that they appear
non-spherical, getting icosahedral shape for shell-core
(see Fig. 3¢). As is showed by the STEM micrographs, they
are highly crystalline. Many of the observed crystalline fac-
ets are characteristic of (111) planes for gold. The distance
between the nearest neighbor planes is 0.25 nm, which is
quite consistent with the calculated d,spacing of lattice
planes for gold [20, 22].

Finally, it was established an UV-vis spectroscopy
analysis using a Shimadzu UV-Visible 2401 double beam
spectrometer. For this technique, it has prepared diluted
samples (purified with water) of Fe;0, and Au-Fe;0,. It
presents the results in Fig. 4. Acquired data via UV-vis
spectrometer shows a slight peak near 560 nm corre-
sponding with the particular plasmonic behavior of
shell-core NPs [18] and it shows a progressive increase
in the absorbance spectrum according the sample

Pixel Size =1.117 nm

Signal A = InLens
Mag=100.00 KX  Serial No. = Auriga-39-16

EHT = 3.00 kv
WD = 2.3 mm

Fig.2 SEM micrograph of Au-Fe;O, NPs
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Fig.3 STEM micrographs of Fe;O, (a, b) and Au-Fe;O, NPs (c, d)
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Fig.4 UV-vis spectra for Fe;O, NPs and shell-core (SC) structure in
two different concentrations. Shadow zones corresponds to experi-
mental errors

concentration increase. An important feature in the
spectrum is the presence of gold in the system, because
magnetite by itself doesn’t have a plasmon peak, but
gold does.

In order to explain these peaks, it is presented a
numerical analysis of the surface plasmon properties
based on the electromagnetic and light scattering
theories.
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4 Light scattering by nanoparticles

Light scattering by small particles is the process by
which objects such as ice crystals or planetary dust
cause observable phenomena like rainbows, the color
of the sky, and halos. Maxwell’s equations are the basis
for its description, and although exact solutions are only
known for selected geometries such as spherical and
ellipsoidal objects with some assumptions and simplifi-
cations, altogether with computational methods are the
convenient tools to solve the problem [23, 24].

Since the inhomogeneities of the particles are much
smaller compared to the wavelength of the incident
electromagnetic field, the NPs can be described in terms
of a dielectric function which depends on the frequency.
It can employ dielectric functions e(w) measured experi-
mentally for metals. These dielectric functions have con-
tributions from interband and intraband electron transi-
tions [1]. It is well established that the optical absorption
spectra of alkali and noble metal NPs consist of strong
peaks that originate from plasmon excitations [1, 9].
Therefore, it would also expected that optical spectra of
metal nanoshell be plasmonic in origin.

Itis considered spherical NPs with a core radius r_and
dielectric function ¢, the shell has a thickness r, — r. and
a dielectric function ¢, where r, is the total NPs radius.
Embedding medium has a dielectric function .

Rayleigh light scattering theory [25, 26] is applicable
to particles smaller than the wavelength of incident
light. The threshold limit for the maximum particle size
that can be modeled by this approximation is 2zr/1 < 1,
where r is the particle radius (assume spherical) and A
is the wavelength of the incident light in the medium
of interest. Thereby, and as the synthesized Au-Fe;0,
NPs have sizes less than 100 nm and the gold shell is
sufficiently thin, it seems to be proper to apply this
approximation and compare the experimental results
with theory.

Altogether with Rayleigh approximation, it is pre-
sented a complementary calculation focus on the Mie
resonances sustained by isolated, noninteracting NPs.
As in previous treatment, it is described a spherical NP
covered by a thin layered material. It is introduced the
very thin monolayer by modifying the usual boundary
condition for the magnetic field component tangential
to the surface of the sphere, by introducing a finite sur-
face current density at the interface [27].

Commonly, the experiments of light scattering pre-
sent a characteristic called electromagnetic extinction,
due to the attenuation by scattering and absorption
of an electromagnetic wave going through the mate-
rial. It can be suppose only two mechanisms for energy



SN Applied Sciences (2020) 2:1844 | https://doi.org/10.1007/s42452-020-03646-6

Research Article

loss: scattering o, and absorption ¢,; and their sum will
be the extinction cross section o, which gives the total
energy received by the particle from the incident wave.
See in Appendix the equations of extinction cross sec-
tion for Rayleigh scattering and Mie theory used in this
work.

Since extinction cross section is proportional to absorb-
ance [9, 26], a comparative with experimental data col-
lected by UV-vis spectroscopy is possible. For this purpose,
o will be related with the molar extinction coefficient 5
from Beer-Lambert’s Law of spectrophotometry by
A = nfc, where for a single wavelength, A is absorbance,
¢ is the path length of the sample holder, and cis the sam-
ple concentration. For the surrounding aqueous medium
it has been used the value of ¢, = 1.77 corresponding to
water. For the shell permittivity e,(w) it is used the experi-
mentally measured values for gold, after Olmon et al. [28]
and Hotta et al. [29]. The value for the dielectric constant e,
was taken from the analysis of Cuenca et al. [30].

5 Results and discussion

Consider first the magnetite NPs which doesn’t possesses
coverage, assume that for extinction cross section, shell
thickness tend to zero (r, — r. ~ 0) setting only the core
radius based on XRD and STEM results.

These results are presented in Fig. 5, note that Fe;0,
NPs doesn’t show an absorbance peak and while the
wavelength 4 increasing, the absorbance is decreasing,
exhibiting a monotonically decreasing behaviour which
is confirmed by the UV-vis experimental data.

The discrepancy between the model and the UV data
is mainly due to the shape of the synthesized magnetite,
as well as its agglomeration, which leads to crystals that
are not completely spherical, an element that the model
assumes. This discrepancy translates into lower absorb-
ance, however, the trend is the same for both results.

Numerical solution of & for Au-Fe;O, NPs relate extinc-
tion cross section under a variation (within the models) of
the shell size, assuming a shell thickness that goes from 10
nm to 20 nm, for which NP size is about 60 nm. It is shown
in Fig. 6 the corresponding relative extinction. Clearly, the
peak is red-shifted as the radius of NPs is decreased and
accordingly it can assume that, if it is required a specific
size of NPs, the numerical solutions offer a guide to care-
fully perform the synthesis, choosing the size of NPs that
fit with necessities and thus ensure the proper SPR peak
at the desired wavelength.

The values of r_ and r, can be used to calculate the
extinction cross section, showing this result in Fig. 7. It
can be seen a peak near 560 nm from the experimen-
tal UV-vis data and a sharp peak in 540 nm from the
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Fig. 5 Numerical solution (solid line) for extinction cross section ¢
of Fe;O, NPs using Rayleigh and Mie theories. Also shown relative
absorbance from UV-vis experimental data (dashed line) for com-
parison, shadow zones corresponds to experimental errors
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Fig. 6 Relative extinction cross section ¢ for different shell thick-
ness of Au-Fe;0, NPs (from 20 to 30 nm). Its corresponding peaks
at different wavelengths are shown. Note the red shift as the NP
shell size is decreasing

numerical solution, keeping the sizes previously men-
tioned. The position of this peak can be attributed to a
surface plasmon excitation at this wavelength. The peak
from numerical solution compared with that from the
experiment, suggest that the most important character-
istic from the model is the NP shape, that is, although the
fit with experimental data is not complete, it has a similar
profile and is evident that some physical properties or
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Fig.7 Numerical solutions of extinction cross section ¢ using light
scattering models (Rayleigh and Mie, solid lines) of Au-Fe;0O, NPs.
Also is presented the relative absorbance from UV-vis experimen-
tal results (dashed lines) for three volumes of water and the same
amount of NPs (100 ug) giving three different concentrations.
Shadow zones corresponds to experimental errors. The peak of
maximum absorbance is located (experimentally) at 560 nm, while
numerical solution with the experimental value of r, = 18.8 nm
gives one located at 580 nm. In addition, is shown the fitted solu-
tion taking the same experimental parameters, revealing a NP size
of 22 nm. The discrepancies can be attributed to the simplifications
of the model and the physical characteristics of the NPs resulting
from synthesis not considered in the model, like agglomeration or
concentration

characteristics of the NPs have not been considered in
the model.

The NP shape was considered spherical for both core
and shell, but characterization analysis revealed that NPs
synthesis provide a icosahedral like structures (see Fig. 3¢)
for shell-core and even a different one for magnetite core,
being a cube-like structure.

The shift in the position of the peak of absorbance is
well correlated with the changes in the dielectric medium.
Since gold has a SP behavior [2], there is an enhancement
in the plasmonic response after the coated with gold. The
surface plasmon response confirmed that there is a corre-
lation between the experimental results and the physical
model.

Because the model used to obtain the absorbance con-
siders that the NPs are concentric spheres, a deeper analy-
sis is needed that extensively considers the real shape of
the NPs. However, the most important results of this analy-
sis are useful because SP peaks are observed at the wave-
lengths that are experimentally obtained. And this agrees
with the objectives of the work, to be able to synthesize
a material with the required characteristics of SP for its
later use in biocompatibility applications. An analysis of
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this material in the form of a very dispersed thin film could
help corroborate that the agglomeration is a factor that
modifies the absorbance.

6 Conclusions

It has been shown that shell-core NPs has a plasmonic shift
of absorbance in its visible spectrum. It is very important to
control the synthesis process to avoid undesired features is
crucial. These synthesized NPs possesses a plasmonic peak
and an absorbance profile that fit the expected numerical
result.

The average particle size of magnetite NPs was 19.6 nm
as determined by XRD. Same method offers for shell-core
NPs reveals an average particle size of 37.5 nm. This was
confirmed by SEM, from which one can also see that exhib-
its some agglomeration. Since gold shows SP behaviour,
these NPs have been coated with a gold shell on the sur-
face for enhancing its plasmonic behavior.

Itis observed in UV-vis spectroscopy that the peak posi-
tion of SPR is changed if the size of the shell-core NPs is
modified. The extinction cross section which is propor-
tional to the absorbance is well correlated with the experi-
mental results.

One of the most important physical characteristics that
will achieve the forthcoming investigations is concerning
to plasmonic behavior of shell-core NPs with the specific
shape found in these experiments. It will be important to
study the changes in the dielectric constant of the sur-
rounding medium in order to ensure functionalized NPs
for a different medium like that of the physiological and
biomedical assays, for example.
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Appendix

The incident field is time dependent, but it does not vary
spatially over the diameter of the metal shell. In this case,
the electrostatic solution can be obtained by solving
Laplace’s equation for the electric potential. The general
solution for the potential in each region is of the form [31]
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(Pj(l’, 0) = [Ajl’ + (Bj/l’z)] cos 0, M

where A;, B; (j = ¢, s, d for core, shell and medium respec-
tively) are the constants of the monopole and the dipole
terms, respectively. The boundary conditions must be
specified so that the electric field in the core, shell and
embedding medium has continuity in the tangential com-
ponent as well as continuity in the normal component of
the displacement field [32]. In the core region, B, = 0; in
the embedding region, far from the shell, it must recover
the potential o4 = —E,r cos 6, thus giving Ay = —E,,. Appli-
cation of the boundary conditions to (1) results in a set
of four equations and four unknowns that can be solved
to obtain the remaining constants. Then, the electric field
in each region can be obtained with £; = —V¢,(r, ). The
induced field in the region outside the shell is the same
as a dipole with an effective dipole moment given by
p = ¢4aE with a the polarizability, given as [23, 24]:

€.€, — €4€
a= 47r€0I’t3 <Sa—db>, (2)

€€, + 2e4€

where ¢, is the permittivity of free space and
e, =¢3-29)+2,q9, e =€¢q+¢(3-q), and
g =1-(r./r)3 Then, it can obtain the absorption and
the scattering cross sections from the polarizability [23].
For the scattering cross section it obtains

1287° 2/

0. = 2 €563 — €4
STo3p4 dt

3)

€€, + 2¢e4€,

where it has been made for refractive index the approxi-
mation n =~ 4 /eq and 4 is the wavelength of the incident
light. Similarly, the absorption cross section is given by:

87r2\/_ { — €q6p }

4
2+ 2646, @

6a =

Finally the extinction cross sectionis ¢ = o, + o,

The Mie theory consider an electromagnetic response
of the thin material thus accounted for via a surface con-
ductivity given by

—iwey(r; — r.)e;(@) — 1]. (5)

oyp(w) =

Within the modified Mie theory [27], the (electric, a,, and
magnetic, b,) Mie scattering coefficients for a spherical
particle coated with an arbitrary thin material can be
obtained:

ede (P, (p)) —

€ajr(P)¥ [ (p1) + F (¥ (p))¥ (p2)

€dr(p)E(py) — €4h (p )P (p1) + F(@)EL (p) L (p1)
6)

_ Je(py )qj,;(ﬂz) _jf(ﬂz)lp;(m) + f (@) (p1)ir(p2)

Jr(PDE(py) = KD (0 )P (py) + £ (@B (p,)j (1)
(7)

(w/c’)\/?jrc (j = ¢, d mediums), c’is the speed
of light in vacuum, and it was assumed that the permea-
bilities of all media are equal to unity. It is introduced the
Riccati-Bessel functions ¥ (p) = pj,(p) and &(p) = ph(”(p)
where j, and h( are, respectively, the spherical Bessel and
Hankel of first klnd functions of order #. Primes denote
derivatives with respect to the corresponding function
argument. Lastly, defined f_(w) = io,p(w)/(weqr,).

Both in the standard Mie theory and in its thin layer
variation described here, the extinction cross section is
calculated through

wherexj =

=—72TZZ£+1)Re la, + b,] )
S =1

where k; = (w/c’)e, is the wave number in shell medium.
Decomposing the cross section into the corresponding
electric (magnetic) dipolar, quadrupolar, etc., contributions
means retaining in (8) only the a,, a,, etc. (b, b,, etc.) terms.
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