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Abstract

Raman microspectroscopy provides chemo-selective image contrast, sub-micrometer resolution,
and multiplexing capabilities. However, it suffers from weak signals resulting in image-acquisition
times of up to several hours. Surface-enhanced Raman scattering (SERS) can dramatically
enhance signals of molecules in close vicinity of metallic surfaces and overcome this limitation.
Multimodal, SERS-active nanoparticles are usually labeled with Raman marker molecules,
limiting SERS to the coating material. In order to realize multimodal imaging while acquiring the
rich endogenous vibronic information of the specimen, a core-shell particle based on “Nanorice”,
where a spindle-shaped iron oxide core is encapsulated by a closed gold shell, is developed. An
ultrathin layer of silica prevents agglomeration and unwanted chemical interaction with the
specimen. This approach provides Raman signal enhancement due to plasmon resonance effects of
the shell while the optical absorption in the near-infrared spectral region provides contrast in
photoacoustic tomography. Finally, T2-relaxation of a magnetic resonance imaging (MRI)
experiment is altered by taking advantage of the iron oxide core. The feasibility for Raman
imaging is evaluated by nearfield simulations and experimental studies on the primate cell line
COS1. MRI and photo acoustics are demonstrated in agarose phantoms illustrating the promising
translational nature of this strategy for clinical applications in radiology.
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1. Introduction

Today’s state-of-the-art imaging techniques for clinical application, such as magnetic
resonance imaging (MRI), positron emission tomography (PET), X-ray computed
tomography (CT), and different types of microscopy, are usually selected depending on the
individual task, weighing the advantages and drawbacks of each method.[!l In case of
complementary information, the combination of individual methods has been proven to be
highly beneficial for the diagnostic outcome.[2]

It follows that the ability of multimodal image contrast is highly desired while developing
new nanoparticle-based contrast agents,[3] allowing for their potential use in intraoperative,
theranostic imaging. Raman spectroscopy is a nontoxic and label-free optical method
probing the specimen with light in the visible spectral region that can highly benefit from
recent nanoparticle-based imaging concepts. Compared to brightfield or even fluorescence
microscopy, the so-called Raman micro-spectroscopy provides key advantages such as
multiplexing capabilities and the ability to reveal vibrational spectra of the sample that result
in images based on molecular information rather than the presence of marker mole cules
(e.g., fluorescent dyes). In contrast to IR spectroscopy, Raman can probe outside the optical
absorption of water, an ideal property for in vivo applications. Therefore, it has been widely
used in material and life sciences[# where it holds great potential for molecular imaging and
brain surgery.[®] For the latter, the discrimination of tumor margins is essential for improving
surgical outcomes and the Raman-based differentiation of malignant from normal tissues has
already been achieved.[®] Fast chemo selective Raman imaging could complement methods
such as MRI at a higher spatial resolution and at time-consuming ex vivo classification of
resected tissue.

However, despite its enormous potential, Raman spectroscopy still suffers from weak signals
due to the low efficiency of inelastic scattering,[”] and image acquisition times of up to
several hours currently prevent imaging applications of clinical relevance.

Over the last decades, many efforts have been made to overcome the limitations summarized
above; nonlinear Raman methods(® such as stimulated Raman[®] and coherent anti-Stokes
Raman scattering[10] increased the speed of data acquisition up to video rates.[11]
Unfortunately, these methods require complex hardware and are difficult to implement in
clinical settings. The so-called surface-enhanced Raman scattering (SERS)[X2 can easily be
combined with conventional hardware: It is based on surface plasmon resonance effects
(SPRE) where electrons of a metallic surface oscillate in resonance with the electric field £
of the irradiated light. This phenomenon leads to local field enhancement that can
reasonably alter the Raman cross section of neighboring molecules. The effect is
accompanied by Raman signal enhancement of several orders of magnitude.[13] The
increased signal is beneficial for increasing the speed of measurement by decreasing the
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acquisition time. Unfortunately, the range of nearfield enhancement is limited to a few
nanometers which requires the molecules of interest to be located in close vicinity to active
sites (the so-called hot spots) of the SERS substrate.

A promising strategy is to directly include Raman marker molecules into the substrate,
resulting in perfect control of the metal—particle interaction[14] at the expense of collecting
the rich intrinsic spectral information that arise from endogenous sample molecules such as
lipids, proteins, or DNA.I33] A different strategy is to expose the sample to plain
(nonlabeled) gold or silver nanoparticles which frequently results in strong SERS effects.[16]
Those spectra can be different from the spontaneous Raman signatures, for example due to a
change of selection rules for molecules positioned close to surfaces*”! or superimposed by
surface-enhanced fluorescence. Besides that, it is rather difficult to evaluate the analytical
value of SERS spectra in cases where the reference data (spontaneous Raman) of the
specimen are not available. As a consequence, intrinsic SERS of biological samples is still
not very common.

Last but not least, particle-based imaging agents for clinical applications have to be stable in
aqueous solutions and free of cytotoxicity. Especially when MRI contrast is pursued (which
might be frequently the case for clinical practice), the common strategy of functionalization
by gadolinium compounds has to be reevaluated considering discussions regarding
secondary toxicity.[18]

In this study, we address above-mentioned challenges by the development of a SERS
imaging agent that can enhance Raman signals of arbitrary biological samples. We provide
detailed simulations of nearfield scattering and control experiments that compare the SERS
spectra to intrinsic Raman measurements of the same specimen. In addition, we explicitly
show MRI contrast that is realized by incorporating iron oxide in the particle, neither
requiring gadolinium nor additional steps of surface functionalization.

2. Results and Discussion

In order to realize the demands described above, we based our approach on two recent
concepts of plasmonic nanoparticles: a “smart dust” concept[19] uses gold spheres that are
stabilized by an ultrafine layer of silica and randomly distributed over the specimen, see also
the illustration in Figure 1a. A concept called “Nanorice”[20] presents a coreshell
nanoparticle of gold-coated iron(l11)oxide (hematite, illustrated in Figure 1b), which is
synthesized while plasmon hybridizations are calculated. The material has also been
simulated in terms of considering its properties for plasmonic waveguides.[21] As we
hypothesize that the iron oxide core can affect the T2-relaxation time of neighboring
protons, Nanorice has been complemented by an ultrathin silica shell (Figure 1c) to prevent
agglomeration and direct sample—gold interaction. In the following sections, we refer to this
product as Smart-Dust-Nanorice or SDN. Please see Section S1 (Supporting Information)
for a brief review of the historical aspects of gold nanoparticle solutions.
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2.1. Results of the Chemical Synthesis

The chemical synthesis of the Nanorice particle was carried out according to literature. We
illustrate the process by the following transmission electron microscopy (TEM) images
where the gold—shell formation has been stopped at intermediate levels for a better
visualization: Figure 2a shows an iron oxide core that has been functionalized by ultrafine
gold spheres that were already grown further by electroless deposition. Further growth led to
a state shown in Figure 2b, and Figure 2c finally shows how a closed gold shell of 30 nm
thicknesses has been formed. The product of each stage of the synthesis was controlled
before moving to the next level of synthesis. While the formation of the hematite spindles
and the gold seed deposition on the surface were monitored via TEM, UV-vis spectroscopy
was used to validate the size of the Duff gold-sol which is crucial for the success of the
coating procedure of the next step. Please also see Section S2 (Supporting Information) for
further details. While using formaldehyde and carbon monoxide as reducing agent, we also
confirm that carbon monoxide resulted in a better batch-to-batch reproducibility, as
previously recommended.[22] Finally, an ultrathin layer of silica was subsequently added on
the product by modifying the “smart-dust-method,” please see the Experimental Section for
details. The ultrathin silica coating of ~5 nm was verified via TEM, Figure 2d, where black
arrows point out the silica layer. Figure 2e,f shows groups of finished particles at lower
magnification.

2.2. Nearfield Simulations of Individual Particles

Nearfield simulations (finite element method) of a Smart Dust, the Nanorice, and the SDN
particle are shown in Figure 3a—c, respectively. Further examples of nearfield calculation
using open-source code are given in Section S1 (Supporting Information). The particle
dimensions of 50 nm in diameter (sphere) and 350 nm (a “grain of rice” along its
longitudinal axis) were taken from literature. The excitation wavelength is set to 785 nm, the
silica layer is modeled to a thickness of 5 nm. The electrical wave propagates from the

bottom to top (with the wavevector ?) and with a polarization of the electrical field £ in
parallel to the image plane. Phase shifts lead to interference and this is why plotting the

modulus of £ results in nearfield patterns slightly “pushed” from bottom to top. Magnitudes
greater than the ambient electrical field strength (set to 1, shown as black background color)
were associated with a thermal color scheme at linear scale. As shown in Figure 3a, the gold
sphere emits a dipole pattern.[23] Given the small size of the sphere, the area where sample
molecules are exposed to enhanced field strength is small. Nevertheless, the electrical field
right above the silica surface (10 nm) is 1.8 times stronger (bright red). This result shows
that the silica coating still allows sample molecules to benefit from potential SERS effects as
the introduced spacing to the particle is smaller than the range, to which the ambient
electrical field is enhanced. The longitudinal plasmon resonance of Nanorice is simulated in
Figure 3b. This particle dimension is seven times larger than the diameter of the sphere and a
field enhancement covers longer distances as well. This effect might be highly beneficial for
intrinsic SERS applications as it is different from a spherical approach, where increasing the
diameter does not automatically result in an increased range of nearfield enhancement due to
a shift from dipole to quadrupole resonances (please see Section S1, Supporting
Information). In addition, the factor of local field enhancement measures 3.2 (readout 10 nm
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above the surface), which is almost twice as high as in case of the spherical particle. In
Figure 3c, an ultrafine layer of silica has been added to the simulation; the nearfield
enhancing properties are preserved and measure a factor of about 3. These simulations can
serve as a model for visualizing qualitative nearfield effects of different particle geometries;
however, they do not provide a qualitative prediction of SERS, as stated below.

2.3. Nearfield Simulations of Particle Clusters

A random cluster of 50 nm gold spheres with an ultrafine layer of silica is modeled in Figure
4a. The nearfield simulation is performed for excitation at 785 nm. Several spots of

enhanced field intensity of up to a factor of 4 (again modulus of E) light up at positions,
where individual spheres come close to each other. Just as the particle size, these areas are
small and the range of enhanced field strength is limited to a few nanometers. Figure 4b
shows a completely different behavior for SDN: Although the distances between individual
particles measure up to 100 nm, the simulation of four individual particles shows strong
nearfield enhancement for large areas between the particles, covering thousands of nm?2 and
up to 300 nm in range.

As cited above and supported by these simulations, agglomeration of particles and the
resulting “hot spots” play a key role for the signal enhancing properties of a SERS substrate.
This raises the question whether or not individual particles can actually provide Raman
enhancement at all. This, however, requires thorough control experiments and the ability to
control and to measure a single-particle environment. The challenge has recently been
mastered for individual spherical particles that were in fact proven to be inactive in terms of
Raman enhancement.[24] Based on our simulations, we also consider the SERS effects of
SDN as the result of agglomeration and do not assume that the signal arises from individual
particles. We also hypothesize that the ability of Nanorice and SDN, namely, to transfer the
large particle size into large areas of nearfield enhancement, is an advantage over a spherical
approach in case of larger biological structures.

While quantifying the Raman enhancement that can be obtained by SERS effects, recent
studies agree to a more moderate approach where Raman signal enhancement occurs up to
the power of four of the local electrical field enhancement (modulus).[X3] Given the result of
Figure 4b, we assume that SDN can enhance Raman signal of sample molecules by a factor
of about 250.

2.4. Raman Imaging

As an intrinsic reference experiment, plain COS cells were scanned with a step size of 1 um,
an incident laser power of 17 mW in focal volume, and an acquisition time of 5 s pixel ™.
Accordingly, the overall scan time of 101 x 101 um took about 14 h. The maximum intensity
projection at 1450 wavenumbers (a typical Raman shift for C-H deformation vibrational
modes where components such as lipids and proteins contribute to the signal) is shown in
Figure 5a. Raman imaging of the same area was conducted again, after spray-coating with
SDN particles. The brightfield image in Figure 5b shows the cellular structures that
correspond to the Raman image in (). It also shows evenly distributed SDN particles that
exhibit intense backward scattering under white-light illumination. The second Raman scan
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was carried out at a reduced laser power (by a factor of 50 due to photodamage observed in
the presence of SDN) and at a pixel dwell time of 0.5 s. Although these settings should
result in 500 times less signal, the maximum intensity projection in Figure 5c shows a large
number of bright pixels resulting from SERS effects of the SDN particles. Since the particle
density is limited, not every Raman-probed pixel hosts a SERS-active site which explains
the dark areas. Since we cannot assume that SERS events are purely selective to the
molecules of interest (the cellular compounds), we defined a filter algorithm to select only
for spectra that contain endogenous signal of the sample: For each spectrum collected in (c),
Pearson’s linear correlation with an intrinsic reference spectrum of COS cells was calculated
within the spectral region between 1000 and 1500 cm™L. The latter one was obtained by
averaging 18 spectra from the cell membrane collected in Figure 5a (white square no. 1).
Finally, pixels showing a correlation coefficient below 0.5 were not considered for image
processing while higher values were assigned to a thermal color scheme. Figure 5d shows an
image corrected for nonspecific SERS events. Subsequently, the increased speed of data
acquisition enabled us to scan a larger area of the sample (402 x 402 pm, step size of 2 um).
A bright-field image (already SDN coated) is shown in Figure 5e. The former scan area is
indicated by a dashed square in the upper left. Prominent morphological structures in the
middle left and the lower sections of the image are indicated by dashed circles. Laser power
and acquisition time were kept as in (c) and (d) for fast scanning. As a negative control, we
demonstrate that the absence of SDN particles, Figure 5f, does not contain any comparable
Raman results while a high density of SERS results arise after SDN application and
rescanning the same area as shown in Figure 5g. The sample structures of Figure 5e are still
present (see white circles). The scan was accomplished within 9 h while more than 72 h
would have been necessary by using the scan parameters of Figure 3a.

2.5. Raman Spectroscopy

The following section focuses on the spectral discussion of the SERS results in order to
validate that intrinsic Raman information has been retrieved rather than random spectral
signatures. The intrinsic reference spectrum of COS cells is shown in Figure 5h (upper line)
and the multiple signals arising in the fingerprint region are typical for intrinsic Raman
spectra of eukaryotic cells. The averaged SERS spectrum (10.000 spectra) from the spectra
collected in Figure 5f is shown below (middle line). The region between 1000 and 1500 cm
~1 (dashed frame) matches very well with the intrinsic reference. The SERS spectrum
exhibits lower intensity around 800 cm™1, higher intensities around 950 and 1600 cm™1, and
an additional sharp feature at 730 cm™2. The signal at 800 cm~1 can be associated to the O—
P—O vibrational mode of the DNA backbone and it is assumed that due to spray-coating, the
SDN particles mostly attached to the cellular surface and did not get in proximity to the
nucleus and mitochondria, where the DNA is located. The strong signal around 730 cm™1 is
frequently reported for SERS experiments and indicates successful interaction between
SERS substrate and cellular compounds of the sample.[2%] The averaged spectral result
(40.400 spectra) of the negative control (imaging result shown in Figure 4f is shown in
Figure 5h, lower line, and here most of the vibrational features are absent. Only a weak
vibrational mode at 800 cm~1 and a few minor features in the spectral region between 1000
and 1500 cm™1 are still present. This result proves that the observed SDN signal
enhancement is not just an effect of averaging a large number of spectra and indeed
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originates from intrinsic SERS effects. The experimental results clearly demonstrate the
utility of the SDN particle for efficient and intrinsic Raman imaging of biological samples.
Additional control experiments are provided in the Supporting Information where we show
enhancement of different chemical compounds, provide a discussion of potential
“background” SERS spectra, and evaluate intrinsic Raman enhancement based on the plain
spherical “smart dust” particle (Sections S3-S5, Supporting Information). As shown in
Figure 5i, individual (“single-shot™) spectra originating from the SERS active sites show
well-resolved Raman signals. Different from Figure 5h, the spectral intensities were not
scaled so that absolute intensities (counts CCD) can be compared. Their intensities are in the
same order of magnitude than spectra obtained from the spontaneous Raman control
experiment (which was used at ten times longer acquisition time and 50 times higher laser
power). Starting with a single, non-SDN reference spectrum of the cell membrane (5 s
acquisition time, upper line), two SDN spectra (collected within 0.5 s) are plotted as the
middle and lower lines. They were collected from the positions marked by square nos. 2 and
3 in Figure 5d. They either show high-intensity features around 1000 and 1100 cm™ or a
comprehensive set of vibrational features that, within 1000 and 1500 cm™~2, again correspond
very well to the intrinsic reference.

2.6. MRI and Photoacoustic Imaging with SDN

The SDN particle is composed of iron oxide (hematite) and a gold nanoshell that absorbs
light in the near-infrared region. We therefore assumed that the substrate can also provide
multi modal image contrast using both MRI and photoacoustic imaging. For nanoparticles of
iron oxide (magnetite), it has already been shown that they can alter the transversal
relaxation time (T2) within an MRI experiment!26] which has been used to increase MRI
contrast without the need of gadolinium in recent studies.[27] In case of SDN, this would
even allow MRI contrast without the need for additional surface functionalization. While the
motivation for MRI contrast is obvious due to its superior role in functional imaging of
living subjects,[28] photoacoustic tomography is rather inexpensive and overcomes the
drawback of depth-limited imaging associated with purely optical methods.[29] For
validating MRI effects of SDN, a test sample (“phantom”) was used as shown in Figure 6a.
It contains water and four NMR test tubes filled with plain water and different
concentrations of SDN in water, each of them stabilized by 2% agarose. The T2-weighted
MRI image (cross section of the phantom) is shown in Figure 6b where the tubes appear as
dark circles. The contrast increases with the SDN concentration. The results of averaging
multiple slices are shown in the diagram of Figure 6¢ where contrast values are normalized
to the reference tube. It follows that a concentration of 1.5 x 108 particles mL~1 decreases
the MRI signal to 80% of its reference value. For this SDN concentration, the transversal
relaxation has been measured accordingly, shown in Figure 6d. Time constants of 204 ms
were found for plain agarose while 162 ms were measured in presence of SDN. This result
shows that SDN indeed affects T2 relaxation and that the imaging results are not just based
on secondary effects, for example, a lower proton density of the concentrated samples.

Photoacoustic tomography was performed by filling Eppendorf tubes with four different
concentrations of SDN in aqueous suspension, stabilized by 2% agarose. The samples were
scanned in two groups, each time in the presence of a reference tube filled with plain
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agarose. A photograph of the tubes is shown in Figure 7a. The same arrangement was kept
during the measurement so that the main area of laser irradiation was located between the
tips for homogeneous irradiation. Figure 7b shows the 3D reconstruction of the
photoacoustic data, collected at a probe wavelength of 700 nm, and an acquisition time of 12
s. The strongest concentration of SDN (rear left, 1.6 x 107 particles mL™1) shows the
strongest signal intensity. Half of the initial concentration still results in a prominent signal
(rear right, 8 x 106 particles mL™1). The weak signal emerging from the reference tube (in
front) confirms that in fact the SDN particles cause the enhanced signal. A quantitative
examination is presented in Figure 7c for four different excitation wavelengths. For each
scan, the signals emitted from the tips were plotted against the SDN concentration. The
reference value (set to one) is shown as dashed horizontal line. An increasing SDN
concentration also increased the photoacoustic signal and 8 x 108 particles mL~1 resulted in
a strong signal intensity compared to plain agarose. This trend holds for all of the four
different wavelengths, however, it is less pronounced for 900 and 950 nm due to the
increasing optical absorption of water.

3. Conclusion

We exploited the respective advantages of core—shell nanoparticles with ultrathin silica
coating to create a plasmonic nano-tool for imaging application. The resulting particle
enhanced the spectral signatures of COS cells by two orders of magnitude and Raman
imaging was based on purely intrinsic Raman signals rather than by specifically
incorporated Raman marker molecules. The SERS properties were combined with
gadolinium-free MRI contrast; T2-shortening was demonstrated for magnetic resonance
imaging in agarose phantoms, darkening the reference signal by 20%. Photoacoustic signal
was enhanced by a factor of 2. This is the first experimental validation and characterization
of the SERS effects of Nanorice and the first time that intrinsic Raman signal enhancement
is combined with a gadolinium-free MRI contrast modality within a plasmonic nanoparticle.

Subsequent projects studies could use spectral information to discriminate between
biological components such as gray and white matter classification of brain tissue based on
the corresponding Raman spectra.[3%] Moreover, we expect greatest potential for the
combination of SERS with widefield Raman illumination, recently described as a highly
promising concept31] which could finally increase the speed of data acquisition to become
sufficiently short for intrinsic in vivo Raman imaging at the simplicity of spontaneous
Raman hardware. The transfer from hematite to magnetite should result in a better MRI
performance and would allow additional functionality by manipulating particle properties
and temperature by external magnetic fields.[32] Potential CT-contrast due to the gold shell is
expected as well. We finally aim to decrease the particle size to enable tumor selective

uptake due to EPR effects and/or by recent approaches of controlled cell particle interaction.
[33]

For example, a synthesis of ultrafine magnetide nanorods by ultrasound irradiation as

presented by Kumar et al.[34] could point out the way toward a promising strategy to address
the remaining challenges above.
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Future studies will have to put the focus on potential cytotoxicity. As mentioned above, the
silica shell is intended as a protection in two different ways; on the one hand from particle
agglomeration, on the other hand from unwanted interaction of the gold surface with the
specimen. The concept of silica coating has shown in the recent past that Raman-labeled
gold spheres have got a very low cytotoxicity.[35] A potential long-term decomposition of
the ultrafine silica layer, however, will have to be carefully monitored.

In conclusion, this study emphasizes the significant multi-modal potential of advanced core—
shell substrates as contrast agents for clinical molecular imaging.

4. Experimental Section

Chemical compounds were purchased from Sigma-Aldrich, carbon monoxide was generated
in situ by injecting formic acid (53%) in concentrated sulfuric acid. Glassware was cleaned
with aqua regia and flushed with deionized water (Siemens Millipore).

Transmission electron microscopy of particles was performed by using by a JEOL 1230
microscope (Jeol USA Inc.).

The chemical synthesis of the initial “Nanorice” particle was carried out according to
literature.[2%] In brief, iron chloride was hydrolyzed in the presence of phosphate ions
resulting in spindle-shaped hematite particles with a length of ~300-400 nm and a diameter
of 120-160 nm. As a second step, an ultrafine gold sol was obtained using the Duff method.
[36] After surface functionalization by aminopropyltrimethoxysilane (APTMS), Nanorice
was obtained by coating of 0.9 mL of the seed-coated iron oxide spindle suspension under
vigorous stirring and gentle warming. To proceed, 20 uL APTMS (97% stock solution) were
injected in the reaction mixture immediately after Nanorice formation. While continuing
stirring, 2 mL of a sodium silica solution of 0.54% weight were added after 1 min. The
solution was kept under gentle stirring for 48 h and frequently sonicated. Afterward, the
particles were washed in deionized water and stored at room temperature in aqueous
suspension. SDN was observed to be stable in aqueous suspensions for a period of up to six
weeks. Afterward, irreversible aggregation occurred within a few days. The same effect was
observed for the original SHINERS particles (synthesized in parallel experiments, data not
shown) and might be explained by the fact that the silica coating is an order of magnitude
thinner than in current substrates for in vivo imaging[37] and can dissolve within the
observed time frame.

Nanoparticle tracking analysis was carried out by using a Nanosight LM300 setup (Malvern
Instruments Ltd.) and allowed to determine the initial particle concentration.

COS cells COS1, ATCC CRL-1650 were selected as representative of mammalian cells that
can be grown directly on quartz slides without additional surface treatment that could
superimpose the cellular Raman signatures. Cells were grown in Dulbecco’s modified Eagle
medium (DMEM,; Life Technologies) containing fetal bovine calf serum, glutamine,
glucose, and penicillin/streptomycin and propagated at 37 °C in a humidified atmosphere
with 5% CO». Slides were flushed with phosphate buffered saline and air dried without
further treatment. For a uniform deposition of SDN particles, an aqueous suspension of
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particles was sprayed on the sample by using an airbrush setup with 0.3 mm nozzle
diameter.

Hyperspectral Raman data sets were collected between 620 and 1700 wavenumbers. A
Raman microscope (ReniShaw inVia, UK) was used, equipped with a 785 nm CW laser,
neutral density filters to reduce the laser power, a CCD detector, and dry objective (Leica
NPlan 50%, NA = 0.75). The spectra were recorded in point-scanning mode and baseline
corrected by fitting with polynomial basis functions (Matlab Software, MathWorks). Raman
images were displayed in LabView software (National Instruments). The laser power was
measured at the backside aperture of the microscope objective by using a power meter
(Coherent Inc.). To estimate the power within focal volume, the initial value was scaled by a
factor of 0.6 as a typical value for transmission efficiencies at 785 nm for standard
microscope objectives. Spectra and graphs were displayed by using Origin Software
(OriginLab Inc.).

The photoacoustic data sets were collected on a Nexus 128 photoacoustic scanner (Endra
Life Sciences, USA) via agarose phantom imaging. Eppendorf tubes (0.6 mL) were filled
with 500 uL of aqueous SDN suspensions at four different concentrations, namely, 1,6 x
107, 8 x 106, 3.2 x 106, and 1.6 x 106 particles mL~1 and 2% agarose to prevent from
precipitation. A fifth tube served as reference containing 2% agarose in plain water. The
results were visualized by using Amide softwarel38] (GNU license).

MRI data sets were collected on an Icon scanner (1T, Bruker Corp., USA). Scans of the
sample were performed using a T2-RARE schemel39] with a time to repeat of 3000 ms, an
echo time of 200 ms, and averaging six scans. The DICOM images were further processed
with ImageJ software (Wayne Rasband, public domain, National Institute of Health, USA).
To validate T2 effects, glass tubes for NMR spectroscopy were filled with aqueous
suspensions of SDN at concentrations of 3 x 108, 1.5 x 108, and 3 x 107 particles mL™1.
The suspension was stabilized by 2% agarose to prevent from precipitation. A fourth tube
contained plain agarose solution and was used as a reference. The tubes were arranged as an
array within a plastic tube filled with water.

Nearfield simulations of the main particle were performed by defining the particles in a
virtual environment and solving for the scattering problem by using Comsol Multiphysics
Finite Element Method software (Comsol Inc.), Version 4.4. The open source code
DDSCATI% was used for calculating the examples in the Experimental Section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Smart Dust
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Gold

Nanorice
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" lronoxide

Smart Dust Nanorice

Silica
Gold
— I[ronoxide

b)

c)

Figurel.
The architecture of the particles: a) “Smart Dust,” a gold sphere of 50 nm diameter that is

coated by an ultrafine layer of silica. b) “Nanorice,” a core-shell particle with a core of iron
oxide and a shell of gold. ¢) A combination of both concepts is synthesized in this study and
introduced as Smart Dust Nanorice or “SDN.”
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b) c)

200 nm 200 nm 200 nm

f)

200 nm

Figure2.
a) TEM image of spindle-shaped hematite particles after seed deposition with ultrafine gold

spheres. b) Seed particles grown by electroless deposition of gold. ¢) Proper growth
conditions result in a closed shell of gold, encapsulating the iron oxide core. d) The ultrathin
layer of silica (*5 nm) appears as a gray structure on the gold surface (black arrows). e,f)
Cluster of finished SDN particles.
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Figure 3.
Nearfield simulations of the particles according to the sketches in Figure 1. The results are

shown for an excitation wavelength of 785 nm with a polarization of the electrical field E
along the image plane and a wave propagating from the bottom to top along . a) Dipole
pattern of a single gold sphere with a diameter of 50 nm and 4 nm silica coating. b)
Longitudinal plasmon resonance of “Nanorice” with a size of 350 nm along the longitudinal
axis, shown true to scale according to (a). ¢) Longitudinal plasmon resonance with
additional silica coating (4 nm).
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L.

’ =785 nm

Figure 4.
a) Simulated nearfield scattering of a cluster of silica-coated 50 nm gold spheres. Several

“hot spots” appear in the gaps between the spheres. b) The same study for a cluster of four
SDN particles. In contrast to spheres, local field enhancement occurs for large areas between
the particles, covering thousands of nm2 and up to 300 nm in range.
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a) Intrinsic Raman image of COS cells, 101 x 101 um, maximum intensity projection at
1450 cm™1. b) The same area as in panel (a) using brightfield microscopy (500x
magnification) and after application of SDN particles (bright spots). ¢) Raman experiment
after SDN coating, acquisition time and laser intensity were reduced by factor 10 and 50,
respectively. d) Correlation analysis (Pearson) between SERS spectra and an intrinsic
Raman reference spectrum of the cell membrane. Only correlation coefficients above 0.5
were considered and arranged in a thermal color scheme. e) Bright-field image of a large
area (402 x 402 um) after SDN application. Prominent sample structures are highlighted by
dashed circles. f) Raman result of the same area without SDN particles, acquisition time as
in (c). g) Scan after SDN application, the data were processed as in (c). Sample structures
from (e) are highlighted by dashed circles again. h) Averaged spectra collected from the
sample. Upper line: Average of 18 intrinsic spectra collected within the white square in (b).
Middle line: Average of 40.400 SERS spectra collected after SDN application. Lower line:
Control experiment, average of 40.400 spectra from the image shown in (f), collected before
SDN application, scan parameters as in (c). i) Manual selection of three prominent spectra
without averaging and scaling. Upper line: Intrinsic reference spectrum of the cell
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membrane without SDN. Middle and lower line: two single-shot SERS spectra, collected at
the white squares in (d).
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Figure®6.
a) Photograph of a phantom for MRI. Test tubes containing different concentrations of SDN

in aqueous solution and plain agarose in water (as a reference) were arranged in parallel and
placed in a larger plastic tube filled with water. b) Axial section of this phantom shows
darkening of the test tubes while SDN concentrations increase. ¢) Plot of T2-contrast relative
to the reference. d) T2-relaxation curves for plain agarose (solid line) and an SDN
concentration of 3 x 107 particles mL™1.
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Figure7.
a) Photograph of Eppendorf tubes filled with different SDN concentrations (rear left and rear

right) and plain agarose (in front) for photoacoustic imaging. b) The tomographic
reconstruction (3D volume rendering) of the photoacoustic data. c) Plot of the photoacoustic
signal as a function of SDN concentrations at four different wavelengths of excitation. The
results are shown as square (700 nm), circle (800 nm), triangle (900 nm), and diamond (950

nm).
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