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developing area of nanochemistry. A par-
Concave nanoparticles (NPs) with complex angled and non-Platonic ticularly interesting topic in this field is
geometries have unique optical, magnetic, catalytic, and biological properties the synthesis and properties of NPs with
originating from the singularities of the electrical field in apexes and cra- concave mnanoscale geometries. These

NPs have distinct “spiky” shapes, with
apexes that give rise to multiple optical,
chemical, biological effects. NPs typically

ters. Preparation of such particles with a uniform size/shape and core—shell
morphology represents a significant challenge, largely because of the poor

knowledge of their formation mechanism. Here, this challenge is addressed have Platonic geometries, which include
and a study of the mechanism of their formation is presented for a case of tetrahedrons, cubes, hexahedrons, octahe-
complex spiky morphologies that led us to the conclusion that NPs with drons, dodecahedrons, and icosahedrons,
concave geometries can be, in fact, supraparticles (SPs) produced via the representing five regular tessellations

of the sphere. Some examples of Archi-
medean and Johnson solids can also be
found among NPs.['3] From a geometrical

self-assembly of smaller convex integrants. This mechanism is exemplified
by the vivid case of spiky SPs formed via the attachment of small and faceted

Au NPs on smooth Au-coated iron oxide (Fe;O,@Au) seeds. The theoretical perspective, all shapes mentioned above
calculations of energies of primary interactions—electrostatic repulsion and are convex. Concave NPs are much less
van-der Waals repulsion, elaborated for this complex case—confirm experi- common and, while known,[**I their for-

mation mechanism is still enigmatic. A
large surface area, plasmonic hot spots,
strong near-infrared absorbance, and

mental observation and the self-limiting mechanism of SP formation. Besides
demonstrating the mechanistic aspects of synthesis of NPs with complex

geometries, this work also uncovers a facile approach for preparation of special interactions with cells and cell
concave magnetoplasmonic particles. When combined with a spiky geometry, components!'®?’  differentiate concave
such bi-functional magnetoplasmonic SPs can serve as a unique platform for spiky particles from NPs with spherical

and/or other convex shapes. All of these
properties have high practical relevance
and, apart from the fundamental interest,
make it possible to substantially advance
NP applications in catalysis, photonics, electronics, plasmonics,

Synthesis of noble-metal nanoparticles (NPs) with highly con- ~ sensing, biological labeling, imaging, and cancer therapy.

trolled non-spherical shapes represents challenging and rapidly In general, the spiky particles are thermodynamically
unstable and can potentially transform into spherical particles

with time.?8] The synthesis conditions for them were identified
serendipitously, which does negate their importance or unique-
ness but rather underlines the need to understand the under-
Dr. J.-P. Kim lying reasons for such growth pattern seeming deviating from
High Technology Components & thermodynamic control elaborated for “smooth” particles with
Materials Research Center Platonic shapes. While many papers do not describe the mech-
Korean Basic Science Institute anism of formation of the spikes and focus primarily on the
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optoelectronic devices and biomedical applications.
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absorb on diverse crystal faces.[®l The pivotal role of surface
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are difficult to accept because the spikes grow without an
apparent symmetrical relation between them. Also, the growth
of the spikes occurs on seeds coated with different surfactants
and displaying a variety of atomic faces including smooth
surfaces of fairly large rods and beads.?l The view of surface
defects as the primary factor in production of spiky particles is
difficult to rationalize in the view of the high crystallinity of the
resulting particles.

Some of these controversies originate from the atom-by-
atom model for the growth of nanoparticle that start with seeds
of critical size and grow according to the kinetics of ion/atom
attachment to different crystal faces.>>3¢l However, this model
does not always determine the growth of the particles and, in
particularly their shapes.””37:38] One should also notice that
rapid growth conditions are common requirement for a variety
of nanocolloids where the growth of spiky NPs were demon-
strated.?>3* Both of these observations led us to consider an
alternative mechanism for the formation of spiky particles and
other complex non-Platonic shapes. Recently, the concept of a
self-limiting process was suggested as a way of growing mono-
dispersed supraparticles (SPs), mimicking the supramolecular
assemblies that occur in proteins, such as in viral capsids.>’
The size of SPs is quite similar to the dimensions of spiky par-
ticles made so far and their surface also display similar rough-
ness.13% The yield of SPs approached 100% is also similar to the
yields observed for some spiky particles.®! Such similarities are
unlikely (although possible) to be coincidental and in this work
we decided to investigate the growth of spiky NPs having from
the perspective of potential SP involvement in their forma-
tion. We demonstrate here successful synthesis of spiky core-
shell particles that are, in fact, self-assembled SPs made from
Au and Fe;O, NPs (Scheme 1). We also present experimental
and theoretical data supporting the idea that spiky shapes are
produced not due local kinetic or structural in homogeneities
but due to self-assembly of individual NPs generated in-situ
into larger structures. We believe that these findings will help
to understanding the mechanism(s) governing the formation
of spiky particles better and can open the door to synthesis of
even more complex concave non-Platonic shapes. As such, the
careful evaluation of the mechanistic aspects of “spiky” syn-
thesis, SPs made from Au and Fe;O, NPs represent the first
example of nanoscale convex particles combining two inorganic
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nanomaterials: magnetic and plasmonic. Consideration of SP
self-assembly route makes possible to form SPsB% with spiky
shape, tunable diameters (ca. 95-185 nm), plasmonic absorp-
tion in 600-700 nm region and strong magnetization.

2. Results and Discussion

2.1. Synthesis and Structure

We decided to approach the problem of their synthesis from
the perspective of the assembly of NPs on pre-made nanoscale
cores considering that the attachment of the additional
nanoscale “building blocks” will be controlled by the balance
of attractive and repulsive interactions as was demonstrated
in a previous publication.*” This approach is consistent with
the previously reported protocols for synthesis of spiky particle
under different conditions.’3%-32l One substantial difference is
that the resulting SPs could correspond to the state of local ther-
modynamic minimum, which makes it possible to accurately
control their diameter. Alternatively, the availability of the total
amount of the additional constituent NPs can also control their
size. The self-assembly approach allows one to mix-and-match
different types of NPs starting with one type and making a shell
around it from another type, which is an additional advantage
that let to our interest in this process.

We started with citrate-stabilized Fe;O, NPs made by con-
ventional approach. A transmission electron microscopic (TEM)
images of the resulting NPs is shown in Figure 1a. These initial
Fe;0, NPs were almost spherical with average size ~10 nm, as
seen in the high magnification TEM micrograph in Figure S1
and the particle size distribution in Figure S2-A. After fabri-
cating the magnetic cores, we coated them with the first layer
of Au to produce spherical Fe;O,@Au core—shell particles with
a smooth surface (Figure 1b). These particles served as seeds for
assembling the SPs. The synthesis of smooth, spherical Fe;0,@
Au core-shell particles was accomplished by adding Fe;O, NPs
to boiling HAuCl, in the presence of citrate as a stabilizer and
a reducing agent (see Experimental Section).”® The resulting
fairly monodispersed Fe;O,@Au core—shell particles had purple
color associated with the optical properties of the smooth shells
of Au (Figure 1b) (average size is 25 + 2.4 nm, Figure S2-B).’]

() O
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Scheme 1. Schematic for preparation of spiky Au-coated magnetic SPs: a) synthesis of spherical Fe;04 NPs; b) deposition of a Au Fe;0,4 NP layer to
produce spherical Fe;0,@Au NPs; and c) assembly of in situ-generated active Au NPs on spherical Fe;O,@Au NPs to produce spiky SPs. (NP sizes

are not to scale.)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. TEM images of a) Fe;0,4 nanoparticles; b) nearly spherical Fe;O,@Au core-shell particles with smooth layer of gold; c) spiky SPs made by
self-assembly of in situ-generated Au NPs on Fe;O,@Au core-shell particles; and d) a 3D schematic drawing of spiky SPs. Insets in each TEM image

show the photograph of corresponding aqueous dispersions.

Small Fe;0, NPs (~5 nm) not coated by Au shells were some-
times attached on the surface of larger Fe;O,@Au particles. The
thickness of the Au shell is estimated to be around 7.5 £ 1.2 nm
according to the TEM images in Figure 1a,b.

Combining scanning transmission electron microscopy
(STEM) with energy-dispersive X-ray spectroscopy (EDXS) and
scanning the NPs with 1.0-nm diameter beam, it was possible
to distinguish the component elements, including Au, Fe and
O (Figure S3). In the micrographs, Fe;0, NPs coated with Au
appear much darker than the uncoated Fe;O0, NPs because Au
is more electron-dense than iron oxide. The line mapping of the
selected NPs indicates the inclusion of a Fe core and a Au shell
as a single Fe;0,@Au nanostructure.’61 The relative ratio of
Au to Fe in the selected NP was found to be 16:1 (Figure S3-B).
The EDXS maps show that Fe, Au and O are present in the
same NPs, which is consistent with the core-shell morphology.

Instead of citrate, hydroquinone was used as
reducing agent because the redox potential of hydro-

quinone, —0.699 V versus a normal hydrogen electrode
(NHE), Hydroquinone < 2H* + 2¢ + Benzoquinone,**%?
is  substantially —more negative than the redox
potential of citrate, -0.5 A% versus NHE,

Citric acid <& CO,+H,0 + 2¢ + Acetonedicarboxylic acid63.64]
This difference in reduction potential resulted in the fast for-
mationl®! of Au NPs when using hydroquinone. Although
we expected these Au NPs to agglomerate with the premade
smooth, spherical Fe;0,@Au core-shell particles serving

Adv. Funct. Mater. 2014, 24, 14391448
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as seeds, these weakly stabilized NPs are expected to pro-
mote attractive interactions owing to low zeta potential value
(¢ = —9.77 mV) reported previously.®]

The TEM images (Figure 1) show that the spiky morphology
indeed gradually developed. The number of branches in the
spiky SPg was approximately 25-30 per particle. The diameter
of the spiky SPs was ca. 185 nm, resulting in distinct green dis-
persions (Figure 1c). The size distribution curve of the spiky
SPs shows an average diameter of approximately 190 nm
(Figure S2-C, Supporting Information). There were no signifi-
cant absorption features in the visible region of the electromag-
netic spectrum for dispersions of the starting Fe;O, NPs. The
surface plasmon peaks for the spiky Fe;O,@Au core—shell SPs
appeared in the range 470-800 nm and differed markedly from
the citrate-stabilized Au NPs in water, which exhibited a surface
plasmon peak at 520 nm."% The AFM and SEM images of the
smooth, spherical Fe;O,@Au seed NPs and spiky SPs is shown
in Figure S4. Comparing Figure S4, we can clearly see the dif-
ference in the morphology between these two core—shell NPs.
The spiky SPs show a rougher surface than the spherical NPs
because of the presence of tips.

2.2. Mechanism of Formation

To support the hypothesis that the spiky particles observed in
this synthetic process are, in fact, SPs formed as a result of

wileyonlinelibrary.com
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self-assembly and Fe;O,@Au core—shell particles are required
to initiate the process, we evaluated the interaction potential at
3 chronological stages of assembly; interaction between hyd-
roquinone reduced Au NPs and Fe;0,@Au core—shell (initial
stage, stage i), intermediate SPs (growth stage, stage g) and fully
grown SPs (self-termination stage, stage f). For each stage, geo-
metrical assumptions and physical specifications are described
in the Supplementary Information. The van der Waals (VAW)
interaction energies between two dissimilar spheres are evalu-
ated with the following equation.l*’]

A R R
Vodw = — 2132 (R1Ry)

6x (R + R) (1)
where Aj;, is the Hamaker’'s constant of material 1 and 2
across medium 3, R; is the radius and x is the closest distance
between the two spheres. Here, 1, 2 and 3 are Au, Fe;0,, and
water respectively. The double layer electrical energies between
two dissimilar spheres is represented from the following
equation.[®8]

Teye, R Ry
Vpr = 2 (2 + 2
(R + R,) ¢+ )

20:¢ 1+ e™ 2k
X {C%‘: Z%ln<1_ Zim>+ln(l— e ? )}

where g, is the permittivity of vacuum, &, is the dielectric con-
stant of water, {; is the zeta potential. Practical Debye Length,
k! ~ 100 nm,!* is used to account for dissolved CO, that con-
verts to carbonic acid. The total interaction potential is given by

Vorvo = Veaw + Vor. 3)

The analysis shows that the interaction at stage i has the most
attractive potential, Figure 2a, and energetically accounts for
mechanism that initiates the self-assembly. Also note that the
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direct assembly of Au NPs produced by the hydroquinone reac-
tion of the surface of bare Fe;O, NPs failed. The Au is known
to have one of the highest Hamaker's constant and its smooth
shell on Fe;0, was necessary to strengthen the VAW interaction
energies and overcome the electrostatic repulsion because of
the similarity of charges on the citrate-stabilized NPs and newly
formed Au NPs reduced by hydroquinone. Figure 2b shows
that the attractive potential is indeed superior with the presence
of Au shell.

The formation of spiky SPs by attaching free NPs made
extraneously in solution is confirmed by presence of facets,
seen in the HR-TEM images in Figure 3. The individual constit-
uent NPs retained in the assembled structure were monocrys-
talline. A filtered lattice image (Figure 3b, take from the square
in Figure 3a) revealed that fringes are caused by the reciprocal
lattice points only (branch of the spiky SPs). Its fast Fourier
transform (FTT) pattern is shown in the inset of Figure 3b.
This high-resolution image of Au spikes clearly shows the uni-
form lattice structure of a single crystal. The fringe spacing
was measured to be 0.196 nm, which corresponds to the
spacing between the (200) planes of the face-centered cubic Au
(0.204 nm) (JCPDS card no. 04-0784). At the same time, the
selected area electron diffraction (SAED) pattern of all the spiky
SPs revealed polycrystallinity, as evidenced by the gradual epi-
taxial atom-by-atom growth of the Au spikes on the previously
formed smooth Fe;O,@Au NPs (Figure 3c). The SAED pattern
is superposition of Au and Fe;0, lattices, showing five distin-
guishable planes of (111), (200), (220), (311), (222) from Au
and one distinguishable (311) plane from Fe;O,. Other planes
overlap with the Au planes./’!]

The XRD diffraction data also confirmed that the spiky SPs
were polycrystalline. The XRD peaks from the SPs fitted well
to those of the Au and Fe;O, bulk phases (Figure 3d). The Au
diffraction peaks matched the reflections of the (111), (200),
(220), (311), and (222) planes. The Fe;0, diffraction peaks
can be ascribed to the (220), (311), and (440) planes.’273] The

(b) 2

Vvaw (k)
&~ ro

'
(=]

Figure 2. a) Vpyo through the progressive stages; stage i (line (1)), stage g (line (2)), stage f (line (3)). The initial core-shell stage has the most attrac-
tive potential. The self-termination stage is explained via the repulsive potential between the SPs and the hydroquinone reduced Au NPs. b) Vyqy at
stage O (line (1)) and stage i (line(2’)). The stage O represents the interaction between bare Fe;04 NPs and hydroquinone reduced Au NPs. The VdW

attraction is enhanced with the presence of Au shell around the Fe;O4 NP.
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Figure 3. a) HR-TEM image of one branch of spiky SPs; b) filtered lattice image reveals fringes due only to the reciprocal lattice points of black square
in (a) and the FFT pattern of selected area within (a); c) selected area electron diffraction (SAED) pattern of spiky SPs; and d) XRD pattern of spiky SPs.

assembly route for the formation of the spiky SPs was further
substantiated by the negative control experiment: spiky SPs
were absent in the reaction media when no strong reducing
agent-hydroquinone-was present; however, the reduction of
HAuCl, was still initiated in the presence of smooth Fe;0,@
Au core—shell particles. There, when atom-by-atom growth
mode on the existing Au shell was possible but individual con-
stituent NPs in solution were absent (Figure S5, Supporting
Information),”® the spiky morphology does not appear. For
the additional confirmation of the self-assembly mechanism,
we observe the gradual time-dependent size increase of the
spiky SP growth by TEM (Figure S6, Supporting Information),
indicating that the length of the spikes (ca. 10 nm) was approxi-
mately the same at the initial and final stages of SP formation,
which corresponds very well to the size of individual Au NPs
generated in solution.

2.3. Deviations from the Expected Self-Assembly Mechanism
and its Synthetic Implications

We anticipated that the agglomeration/assembly of the in situ-
generated Au NPs on Fe;0,@Au core-shell particles would
have the same self-limiting kinetics previously observed.?”:3874

Adv. Funct. Mater. 2014, 24, 14391448
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In other words, the size of the SPs would reach a critical point
when the electrostatic repulsion between the SPs and the free
NPs in solution would be the dominating force. This is attrib-
uted to decrease in the effective Hamaker’s constant leading
to reduction in the VAW interaction energies between the SPs
and hydroquinone reduced Au NPs (Figure 2a). However, their
formation mechanism did not confirm these expectations, and
we found important differences with the previously observed
assembly process. We did not see any evidence of gaps between
the newly attached Au NPs or between them and the original
smooth Fe;0,@Au core. However, these gaps were clearly vis-
ible in the previous examples of SPs made from semiconductor
NPs, as well as in SPs made from the combination of a semi-
conductor and Au NPs.*l We attribute this difference to (a) the
dynamic nature of citrate as a stabilizing agent and (b) the pres-
ence of high-energy crystalline facets in the newly formed NPs.
As such, the crystalline facet corresponding to the high-energy
(200) plane accounted for the strong signal in the HRTEM and
electron diffractogram. The current results represent a new
case in which SPs transform after assembling into a continuous
structural unit. The integration of the lattices (although not nec-
essarily epitaxial) of the pre-made cores with smooth Au shells
and newly attached, fairly large NPs could be compared to the
analogous process observed in the assembly of PbS NPs.13’]
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Figure 4. TEM images of spiky SPs assembled in the presence of different amounts of smooth Fe;0,@Au core-shell particles: (a) 4.5 nM, (b) 8.9 nM,
(c) 13.2 nM, and (d) 17.5 nM. Insets show magnified images of corresponding individual SPs. [Volume of smooth Fe;O,@Au seeds increased from

100 to 400 L in 100 pL increments for spectra (a)-(d).]

The transformation from the SP with gaps to the assembly
without gaps let us to rethink the strategy for the control of
the SP diameters. Although it could be beneficial for their
optical and/or electrical properties, lattice-to-lattice connectivity
between the NPs forming the SPs diminishes their ability to
dis-assemble as their overall charge increases, which, therefore,
eliminates the local thermodynamic minimum corresponding
to the equal energy of attachment of NPs and detachment of
previously assembled NPs. However, it leaves the possibility of
controlling the SP diameter by limiting the pool of additional
Au NPs available for assembly. For instance, it could be done by
varying the ratio of smooth Fe;0,@Au NPs to the total number
of new Au NP being reduced by hydroquinone. Indeed, as the
amount of smooth Fe;O,@Au seeds increased from 100 to
500 uL while keeping the quantities of HAuCl, and hydroqui-
none fixed, we were able to decrease the average diameter of the
spiky SPs from 175 + 9.1 nm to 95 + 6.3 nm (Figure 4). Corre-
spondingly, the color of the solution shifted from green to blue
and the maximum wavelength of absorption in the UV-visible
absorption spectra changed from 670 to 600 nm (Figure 5b).
Having fewer Au NPs available for attachment to the Au sur-
face, led to the growth of each SP to large diameters, which is
similar to the growth mechanism of individual NPs,*%7% and
thus had to follow the same growth equations.’”] A qualitatively

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

similar effect could be obtained by using different concentra-
tions of hydroquinone. The concentration of the reducing agent
limited the number of constituent Au NPs formed, and, there-
fore, limited the size of the resulting SPs while maintaining
the uniformity of their diameters and overall morphology
(Figure 6). As the amount of the 30 mM hydroquinone solu-
tion increased from 125 to 1000 pL, the diameter of the SPs
increased from 105 + 5.9 nm to 185 £ 11.4 nm. The length and
the number of spikes (Figures 6b,c,d) increased as the plasmon
absorption of the NPs shifted from 605 to 650 nm (Figure 6a).

2.4. Magnetoplasmonic Properties

The synthesis of spiky shapes of magneto-plasmonic particles
is particularly attractive for obtaining large optical cross sec-
tions for NIR photons necessary for applications in biomedical
imaging and drug delivery*®*!l because of the transparency of
biological tissues at these wavelengths.[*?) Concomitantly, Fe;0,
NPs are useful as T)-weighted contrast agents in magnetic reso-
nance imaging, magnetofection, and cell sorting*3#4 including
detection of rare cells, owing to their unique magnetic proper-
ties and biocompatibility. Combining these magnetic proper-
ties with spiky plasmonic shells of Au will enable better cancer

Adv. Funct. Mater. 2014, 24, 1439-1448
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Figure 5. a) UV-visible spectra of (1) aqueous dispersions with Fe;O, NPs, (2) nearly spherical smooth Fe;O,@Au core-shell particles, and (3) spiky
SPs. b) UV-visible absorption spectra of spiky SPs solutions assembled in the presence of different amounts of smooth Fe;0,@Au core-shell particles
serving as seeds for the assembly of SPs: (1) 4.5 nM; (2') 8.9 nM; (3’) 13.2 nM; (4') 17.5 nM; and (5’) 21.7 nM. [Volume of smooth Fe;O,@Au seeds

increased from 100 to 500 pL in 100 uL increments for spectra (1°) to (5°).]

diagnosis/therapy, imaging,**’ DNA analysis,*®#% and drug
delivery.%>!l In addition, the dielectric properties and chemical
stability of nanostructures made of spiky Fe;O,~Au SPs makes
them ideal substrates for the study of well-defined plasmon res-
onances within the visible and NIR spectral ranges with high
electromagnetic fields in the vicinity of NP apexes. The spiky
Fe;04~Au nanostructures can be used for surface-enhanced
Raman scattering (SERS),P>>3 heterogeneous catalysts, and
DNA colorimetric sensing devices.*'>* A strong SERS activity
can be detected with intensity over 107 and a relatively high
reproducibility.”>°® In addition, the spiky-like structure leads to
large SPR shift from 500 to 800 nm and tunable SPR enhance-
ment light scattering and absorption, making them novel and
high effective contrast agents for in vivo cancer diagnosis
and therapy. Moreover, the spiky metallic nanoparticles, with
increased surface area-to volume ratio, a larger number of sur-
face defects, and tips with selected crystallinity, display excellent
catalytic properties compare with spherical particles.*”]

The optical response of the spiky SPs is dominated by the
plasmon mode associated with the gold tips and can be ration-
alized in terms of plasmon hybridization: a concept originally
developed for nanoshells.”>7% The plasmons of spiky SPs arise
due to the hybridization of the plasmons supported by the
inner radius (gold cavity), the outer radius of the shell layer
(spiky gold surface) and lower frequency plasmon oscillations
at the tips. This hybridization results in a complex, multipeaked
optical spectrum where the thickness of the intermetallic die-
lectric layer controls the mode coupling, and the tip aperture
angle and length effects can induce red-shifting of the collective
plasmon modes. The tips are also responsible for an increase in
the extinction cross section (a fourfold increase with respect to
the individual tip plasmons).

Thus, the spiky SPs showed that the plasmon bands were
red-shifted with respect to those for spheres Fe;O,@Au core—
shell particles. They also showed very high electromagnetic
fields localized at each tip. From the UV-visible absorption
spectra of spiky SPs (Figures 5 and 6a), we can clearly see that
spiky SPs display three distinct plasmonic features: an intense
band typically centered around 600-670 nm and two weaker
shoulders located at ca. 566 and 800 nm. It might is expected
that the tip aperture angle and length strongly were found to

Adv. Funct. Mater. 2014, 24, 14391448
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strongly affect the energy of the plasmon hybridization mode
at the tip, whereas the core size has a milder influence and the
number of tips modulates the intensity of plasmonic tip modes.

The measurement of the magnetic properties of the spherical
Fe;0,@Au NPs and spiky Fe;O,@Au SPs using the SQUID
technique allowed us to assess the saturation magnetiza-
tion, coercivity, susceptibility, and blocking temperature of the
NPs. Figure 7a shows the spherical Fe;O,@Au NPs and spiky
Fe;O,@Au SPs hysteresis loops measured at room tempera-
ture. The saturation magnetization (Ms) of spherical Fe;0,@
Au NPs was 16.2 emu g~! at room temperature. Like the spher-
ical Fe;0,@Au NPs, spiky Fe;O,@Au SPs were nearly para-
magnetic at room temperature, and had an Ms of 5.2 emu g\,
This suggests that the Ms of spherical Fe;0,@Au NPs drops
slightly when the surface is coated with Au. It also indicates
that exchange interactions with the ligand or outer layers, like
the gold coating, at the surface did not affect the movement
of the inner Fe;0, NPs too much.””] Moreover, the spherical
Fe;O,@Au NPs and spiky Fe;0,@Au SPs that were separated
using a magnet are shown in inset (1) and (2) of Figure 7b.
These results show that the Fe;O,@Au NPs were separable
using high-gradient magnetic filtration. After magnetic separa-
tion, the Fe;0,@Au NPs were still well dispersed in aqueous
solutions. The spiky Fe;O,@Au SPs had a surface plasmon
peak at the high wavelength of 640 nm a sharp band compared
to the separated spiky Fe;0,@Au SPs solution (Figure 7b).

3. Conclusions

We have demonstrated a new method for the formation of
spiky nanoscale particles, which represent some of the inter-
esting non-Platonic, non-Archimedean, non-spherical, concave
shapes. The formation of these particles was accomplished
using a SP self-assembly approach, in which additional nega-
tively charged Au NPs were attached to the surface of previously
fabricated, negatively charged smooth Fe;0,@Au core—shell
particles. The mechanism reveals essential differences with the
interpretation of the origin of spiky or bristled morphology of
nanoscale structures and is likely to be applicable to other types
of nanoscale structures. It is also generic and can be applied
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Figure 6. a) UV-visible absorption spectra of spiky SPs assembled for different amounts of hydroquinone: (1) 0.37 mM, (2) 0.72 mM, (3) 1.41 mM,
and (4) 2.7 mM. The amount of seeds and sodium citrate stabilizer were fixed at 100 and 22 L, respectively. b—-d) TEM images of spiky SPs pre-
pared with different volumes of hydroquinone: (b) 0.37 mM, (c) 1.41 mM, and (d) 2.7 mM. [The volume of hydroquinone: (1) 125 pL; (2) 250 uL;
(3) 500 pL; and (4) 1000 L]

for the preparation of nano- and submicrometer particles with Unlike the previous cases of SP formation, we observed here
multiple functionalities and complex geometries. a non-epitaxial merger of the Au lattices upon assembly. This

Understanding of the SP self-assembly route makes the pro-  process was attributed to the weak stabilization of the newly
cess of their preparation simple, fast, and easily controllable  formed NPs and the presence of high-energy (200) facets.
rather than empirical and fortuitous. It also makes possible to  Although it is beneficial for potential applications, the lattice-to-
avoid utilization of polymeric compounds”®7%! such as PVP that  lattice connectivity of the constituent NPs limited their ability
was considered to be essential beforel’! as well as non-aqueous  to disassemble, making thermodynamic control of their diam-
solvents[®-82] that are less desirable than aqueous dispersion of  eters difficult. To avoid this limitation, we reduced the number
nanoscale assemblies with short easily replaceable stabilizers, of constituent NPs available for assembly on the pre-made
especially for biological applications considering the presence  cores and demonstrated variation of diameters between 95 and
of the Fe;0, superparamagnetic core. 185 nm while maintaining the uniformity of their morphology

0 125
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o
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- Spiky NPs
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Figure 7. a) Measured magnetization moments of spherical Fe;O,@Au core-shell NPs and spiky Fe;O,@Au SPs as a function of applied magnetic
field at room temperature. b) UV-vis spectrum of an aqueous dispersion from Fe;O,@Au core-shell particles after being subjected to a magnetic field
for 12 h. Images on the right depict the dispersions of (1) spherical Fe;0,@Au core-shell particles and (2) spiky SPs in magnetic field.
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and diameters. The reported spiky SPs can be used in multiple
applications including SERS biosensing, catalysis, magnetic
separation, and targeted drug delivery.

4. Experimental Section

Materials: Hydrogen tetrachloroaurate(lll) trihydrate (HAuCl,-3H,0,
99.9%), sodium citrate (Na;CgHsO;), FeCl;-6H,0, and hydroquinone
(98%) were supplied by Sigma-Aldrich (South Korea). FeCl,-4H,0 was
purchased from Wako Pure Chemical Industries, Ltd. (Japan). A 28%
w/v% ammonia solution was purchased from Duksan Pure Chemical
Co., Ltd. (South Korea). Deionized water (>18.2 mQQ/cm) was used
throughout the experimental procedure. All the chemicals were of
analytical grade and used as received.

Synthesis of Fe3sO4 Nanoparticles: Fe;O, magnetic NPs were
synthesized using the co-precipitation method.’3l In a typical synthesis,
1.622 g of FeCl;6H,0 and 0.994 g of FeCl,;4H,0 were dissolved
in 40 mL of water under constant mechanical stirring. Then, 5 mL of
the ammonia solution (28% w/v%) was quickly added to the reaction
mixture, and the resulting solution was left undisturbed for 10 min.
Sodium citrate (4.4 g) was subsequently added to the reaction mixture.
The reaction temperature was then raised to 90 °C, and the solution
was allowed to react for 30 min under continuous stirring. The resulting
black precipitate, obtained by cooling the reaction mixture to room
temperature, was thoroughly rinsed with copious amounts of water
several times. The precipitate was separated from the supernatant after
each rinsing step using a permanent magnet. Finally, the black-colored
precipitate was dried under vacuum at room temperature.

Preparation of Fe;O,@Au Core-Shell Particles: Deposition of a
smooth layer of gold on the Fe;O, NPs was performed via reduction of
Au?* on their surface by using a modification of a previously described
procedure.’ Briefly, a 20 mL aliquot of a 0.5 mM HAuCl, solution was
heated until it boiled and 10 mL of 0.136 uM of the Fe;O, solution
was rapidly added to it under vigorous stirring. The reaction mixture
gradually changed from brown to burgundy. After 10 min when the
color of the solution stopped changing, the heater was removed while
continuing the stirring action for an additional 10 min as the solution
cooled down to room temperature. The Fe;0,@Au NPs were separated
using a magnet. They were subsequently re-dispersed and centrifuged
thrice at 6500 rpm (108 s™') for 20 min. The resulting precipitate was
washed and re-suspended in deionized water. The final NP dispersion
was dark purple color.

Preparation of Spiky Fe;O,@Au Supraparticles: Preparation of spiky SPs
was performed via reduction of Au3* in the presence of smooth spherical
Fe;O,@Au core-shell particles serving as seeds similar to the approach
reported previously.t*#4l First, a 30 mM aqueous hydroquinone solution
was prepared by dissolving 33 mg of solid hydroquinone in 10 mL of
deionized water. This solution must be used within 1 day. For a typical
synthesis of spiky SPs, 10 mL of aqueous HAuCl, (0.25 mM) was stirred
vigorously and 100-500 uL of Fe;O,@Au seeds (the smooth, spherical
core-shell particles), 22 puL of 1% sodium citrate solution, and T mL
of the previously prepared 30 mM hydroquinone solution were added
sequentially. The resulting solution was stirred at room temperature for
30 min. The diameter and surface roughness of Fe;O,@Au NPs were
tuned by altering the seeds/hydroquinone ratio, which changes the total
number of Au NPs produced in the reaction system.

Optical and Microscopic Characterization: Absorbance of the Fe;O,@
Au SPs was measured by UV-vis spectroscopy (S310, SCINCO,
Korea). The morphologies and sizes of the NPs were characterized
using HR-TEM (JEM-3010, JEOL, Japan) and AFM (dilnnova, Veeco).
The surface potentials and particle size distribution of the NPs were
monitored by a zeta-sizer (Nano ZS, Malvern Instruments, Great
Britain). An X-ray powder diffractometer with Cu Ka radiation and a Ni
filter (D8 FOCUS 2.2 kW, Bruker, Germany) were used to characterize
the Fe;O,@Au SPs. The data were collected at 26 from 10° to 90° at a
scan rate of 0.06° per step and 2 s per point. Magnetic measurements
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were performed using a superconducting quantum interference device
(SQUID) magnetometer (MPMS XL-7, Quantum Design, USA).(

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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