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The creation of novel engineered multimodal nanoparticles (NPs)
is a key focus in bionanotechnology and can lead to deep under-
standing of biological processes at the molecular level. Here, we
present a multi-component system made of gold-coupled core—shell
SPION:S, as a new nanoprobe with signal enhancement in surface
Raman spectroscopy, due to its jagged-shaped gold shell coating.

The development of multifunctional engineered NPs as nano-
probes, with desired physicochemical properties, has stimulated
the creation of new techniques with greater capabilities in mole-
cular imaging and medical theranosis. Such modalities are essen-
tial for early detection and rapid treatment of diseases.' Despite
extensive development of different medical imaging modalities
such as X-ray, Magnetic Resonance Imaging (MRI), Positron
Emission Tomography (PET), etc., cellular and molecular imaging
in medicine together with local therapy of pathologies still remains
a dream. With the development of nanoscience this dream has
the possibility to become true. The multimodal NPs have the
capability, in comparison with individual NPs (e.g. semiconductor
quantum dots, magnetic- and metallic-NPs), to be used for
cellular/biomolecular tracking, to provide a high spatial resolution
with high anatomical contrast together with the lack of exposure
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to ionizing radiation, to follow the cells for months, and to locally
deliver a drug.z’3 In fact, their multimodal intrinsic characteristics
allow us to use them in optical imaging, MRI, efc. as diagnostic
probes. In addition they could be used as therapeutic agents at the
molecular level, if marked with proper antibodies (by means of
drug delivery, magnetic hyperthermia, ezc.).

Among different individual NPs investigated, the super-
paramagnetic iron oxide nanoparticles (SPIONs) have been
recognized as one of the most important compounds, not only
due to their multi-modality and multi-task ability, but also
because of their excellent biocompatibility.*” For example,
SPIONSs are recognized as suitable Tp-weighted MRI contrast
agents' even if in their standard or commercial form cannot be
used for other imaging modalities. In order to make them
sensible to other imaging modes (e.g. optical imaging), their
surfaces/structures have to be modified. So the major challenge
is to engineer the surface of NPs and get them functionalized,
but maintaining compact sizes.>° This could overcome some of
the cited limitations and enable new imaging modes not
available from each individual NP.!° The combination of gold
and magnetic NPs (i.e. gold coating on the surface of magnetic
NPs) with controllable shell thickness and smooth surface
can be used for multi-task applications including contrast
enhancing in MRI, magnetic attraction, near-infrared (NIR)
absorption, and photon scattering.!! Lyon es al.' reported a
formation of stable magnetic core—shell NPs in aqueous media
through a rapid and effective route. Although several methods
have been developed for the creation of direct gold coating
on the surface of SPIONS,'>'* the achieved direct coatings
have no desired properties such as NIR responses, which are
critical for in vivo imaging and therapy, and the compact
particle size which affects tissue penetration and plasma
circulation.!® On the other hand, recently Jin ez al.'® reported
a new generation of compact, uniform, NIR responsive gold-
coated SPIONs by creating a gap between the core and the
shell; in this case, a magnetically sensitive NP with strong NIR
and MRI responses together with magnetomotive photo-
acoustic (mmPA) imaging capability were obtained. Following
a similar research line, we have prepared a new engineered
generation of compact and uniform gold-coated SPIONs by
creating a non-uniform gap between the core and the shell
using pH stimuli-responsive polymers. This approach, not only
produces a magnetically sensitive (i.e. detectable through MRI)
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Fig. 1 Cartoon showing the key steps involved in synthesis of
(A) smooth- and (B) jagged-shaped gold-coated SPIONs with a
polymeric gap, diagram is not in scale in representing the proportions
of the different objects. (C) TEM images of bare SPIONs (display a
formation of magnetic NPs with very narrow size distribution),
smooth- and jagged-shaped gold-coated SPIONS [illustrate the exis-
tence of polymeric gap between the SPION core and gold ring together
with the existence of the smooth and rough (top right panels) surface
morphologies], respectively. For a better view we have presented these
figures with high resolution in the ESL.}

nanoprobe with NIR and mmPA responses but it also enables
the system to be used through the surface-enhanced Raman
spectroscopy (SERS) which is a significant step forward for
realizing imaging at the molecular level.'?

Both smooth- and jagged-shaped gold shells, with a polymeric
gap, were prepared at the surface of SPIONSs (see Fig. 1; full
experimental details are presented in ESI). Reaction conditions
were optimized in terms of polymers and gold concentrations
so that the final compounds display formations of single coated
SPIONs with a gold ring shell (see ESIt). Dynamic light
scattering (DLS) and {-potential methods were used to measure
the average diameters and surface {-potential of various synthe-
sized NPs; the results, showing that the obtained NPs have very
narrow size distribution, are summarized in Table S1 in ESL ¥
Interestingly, the {-potential of the jagged-shaped gold-coated
SPIONs displays two individual populations due to the signi-
ficant differences between the gradient of the counter ions in
keen edge of the jagged surface and smooth sections (see ESI7).

The morphology and shape of the prepared SPIONs were
probed by transmission electron microscopy (TEM) and atomic
force microscopy (AFM). Fig. 1C shows TEM images of bare,
smooth and jagged-shaped gold-coated SPIONs. AFM images of
both smooth- and jagged-shaped gold-coated SPIONs are shown
in Fig. S7 in ESI{, and the insets are the corresponding magnified
TEM images. The image profiles of the selected particles (see
Fig. S7b and d, ESIY) in various axes show the formation of
smooth- and jagged-shaped gold-coated SPIONS, respectively.

Fig. S7d (ESIt) together with its TEM image illustrates a
very jagged gold ring shell on the surface of SPIONs with a
polymeric gap.

Magnetic properties of bare, smooth- and jagged-shaped
gold-coated SPIONs were probed via a SQUID magnetometer
and a Nuclear Magnetic Resonance (NMR) spectrometer.

The results of zero field cooling (ZFC) and field cooling
(FC) magnetization measurements are shown in Fig. S8a in
ESI.+ To investigate the behavior of the magnetization as a
function of the applied magnetic field, hysteresis experiments
in the range of —57 < H < +5T at T = 5 K have been
performed (Fig. S8b in ESIT). All the measurements have been
corrected by the diamagnetic contributions of the sample
holder. Table S2 (ESI{) presents the parameters obtained
from ZFC/FC and hysteresis curves. As Fig. S8a and b (ESI¥)
show, magnetization in the gold-coated samples is lower than
the bare NPs and it is higher in the jagged-shaped ones with
respect to the smooth-shaped gold-coated samples. From
Fig. S8a (ESIY) it is deduced that the blocking temperature,
Ty (corresponding to the maximum in the ZFC curves),
decreases from bare SPIONs towards smooth- and jagged-
shaped gold-coated samples, respectively. Below Tpg, the spins
freeze and the system enters the blocked regime with typical
out-of-equilibrium behavior.'® Hysteresis loops (Fig. S8bt) dis-
play small coercive fields H. (given in Table S21) and a remanent
magnetization M in both smooth- and jagged-shaped gold shell
NPs rather than the bare SPIONs.

The nuclear transverse and longitudinal relaxation times have
been measured at 20 and 60 MHz, at physiological temperature
T = 37 °C. The relaxivity measures the increase of the nuclear
relaxation rates per unit of magnetic center (NPs in our case).
Particularly in superparamagnetic contrast agents, the important
parameter is the nuclear transverse relaxivity r; in our case we
obtained r, = 201.5 (mM s)"' and 202.2 (mM )" at v = 60 MHz
for smooth- and jagged-shaped gold-coated SPIONS, respectively.
The relaxivity values at 20 MHz are given in Table S2 (ESIY).
Taking into account that r, for the commercial superparamagnetic
contrast agent Endorem® at 60 MHz is about 100 (mM s)~',
allows us to suggest our samples as MRI contrast agents. The high
r, relaxivity values of our NPs, with respect to Endorem™, cannot
be justified on the basis of a susceptibility effect because the average
core diameter is about 6 nm which is the same as Endorem®. On
the other hand, the average hydrodynamic radius Dy of the NPs,
obtained by the DLS measurements, is approximately one order of
magnitude lower than Endorem® (see Table SI, ESIt). For this
reason we tentatively suggest that r, values of our samples are
higher because of the reduced minimum-approach distance of the
bulk water proton to the magnetic core, an event which increases
the magnetic dipolar interaction.

Due to the existence of the gold shell on the surface of
SPIONSs, the coated SPIONs have been considered as SERS
active NPs. In order to check their SERS activity, both smooth-
and jagged-shaped gold-coated SPIONs were collected in a vial
by a strong magnet placed on the center of the vial. The SERS
activities of the collected NPs were measured in sifu, using the
confocal microprobe Raman system (see ESIT). Due to its well-
documented Raman spectral data and large Raman scattering
cross section,'” pyridine was used as a model molecule. In order
to check the capability of nanoprobes to track the pyridine
interaction, 10 uM of pyridine was added to the NPs solution
and incubated for 20 min. Fig. 2 displays the SERS spectra
of pyridine adsorbed on the surface of bare, smooth-, and
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Fig. 2 SERS spectra of pyridine absorbed on (a) bare SPIONSs,
(b) smooth- and (c) jagged-shaped gold-coated SPIONS.
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Fig. 3 Electric field distribution around gold for the: smooth-
(right-down) and jagged-(right-up) shaped gold-coated SPIONs and
comparison of electric field enhancement at a point on the surface of
smooth- (solid line) and jagged-shaped (dotted line) gold-coated
SPIONSs computed by the FDTD method.*!

jagged-shaped gold coated SPIONS, respectively. According to
the results, one can observe that the SERS spectra of bare
SPIONs do not show any characteristic peak of pyridine. This
means that the gold coated SPIONs with jagged shape display
significantly higher SERS signal intensity in comparison with
bare SPIONs and also with the smooth ones (see peak around
1000 cm ™!, which corresponds to ring breathing vibration modes
of pyridine adsorbed on gold surfaces).'® The enhanced Raman
peak intensity of the jagged gold surfaces is not only due to the
higher absorbance of the pyridine on the jagged, but also due to
the existence of the keen edge on the surface of jagged gold.

In order to confirm the results of SERS spectra, we have
numerically analyzed the interaction of light with gold-coated
SPIONs. Using the finite difference time domain (FDTD)
method and exploiting the Drude model considering dispersion
behavior of permittivity of gold, we have compared results of
electric field enhancement according to localized surface plas-
mons for two cases (smooth and jagged structures). As it has
been depicted in Fig. 3, enhancement of electric field in the
jagged structure is about three times more than the smooth
one, because of the existence of sharp edges on the gold surface.
The results are in good agreement with SERS spectra shown
in Fig. 2. As it has been studied before, sharp edges of gold
nanostructures enhance the electric field according to the
localized surface plasmon resonances.'® In fact, sharp edges

have the role of local confiners of electric field lines around the
structure. The difference between SERS behavior of the jagged
shell and the smooth shell can be simply explained according to
the lightning-rod effect (crowding of electrical fields near sharp
edges) and surface plasmon resonance.?

In summary, a new class of SPION—gold core—shell NPs has
been developed. In contrast to previous papers in which gold
shells are deposited directly on SPIONSs, the core and shell of
our particles are spatially separated with a dielectric polymer
layer. Using stimuli sensitive polymers, the gold shell was
deposited in the jagged shape on the surface of SPIONs, with
a non-uniform polymeric gap. The newly synthesized magnetic
NPs show a surface enhanced Raman spectroscopy signal and
MRI contrast enhancement ability, thus realizing a bimodal
system. Due to their superparamagnetic properties and the
metal-magnetic composition, we are also currently investigating
other electronic, magnetic, optical, acoustic and thermal
responses, which could allow multimodality imaging. We would
finally remark that the prepared jagged gold surface will also
allow simple conjugation with various types of biomolecules
through thiol binding to enhance all-in-one nanoprobe pro-
perties for non-invasive molecular imaging and therapy
(through e.g. drug delivery and magnetic hyperthermia) of
complex diseases, thus giving a new theranostic nanosystem.
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