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Abstract

A homologous series of Au-coated iron oxide nanoparticles, with hydrodynamic diameters smaller
than 60 nm was synthesized with very low Auto-iron mass ratios as low as 0.15. The
hydrodynamic diameter was determined by dynamic light scattering and the composition by
atomic absorption spectroscopy and energy dispersive x-ray spectroscopy (EDS). Unusually low
Au precursor supersaturation levels were utilized to nucleate and grow Au coatings on iron oxide
relative to formation of pure Au nanoparticles. This approach produced unusually thin coatings, by
lowering autocatalytic growth of Au on Au, as shown by transmission electron microscopy
(TEM). Nearly all of the nanoparticles were attracted by a magnet indicating a minimal amount of
pure Au particles The coatings were sufficiently thin to shift the surface plasmon resonance (SPR)
to the near infrared (NIR), with large extinction coefficients., despite the small particle
hydrodynamic diameters, observed from dynamic light scattering to be less than 60 nm.

Introduction

Small nanoparticles (<100 nm) with a thin metal coating on a low surface energy metal
oxide core are of interest in numerous applications including imaging agents in
nanomedicine,[X 2 catalysis and electrocatalysis[® 4! and sensors.[> 6] For optical diagnostic
imaging and therapy, the Au shells on magnetic cores are often too thick to shift the
absorbance to the NIR where blood is the most transparent.l’=] To understand these metal
shells, it is instructive to first consider synthesis of pure Au (and other metal) nanoparticles
by autocatalytic growth on Au seeds nucleated from soluble precursors(1%: 111 or on pre-
existing seeds.[12-14] Fine control of the size may be achieved by separating the nucleation
and growth stages.[15-19] Unlike Au spheres, highly asymmetric Au particles exhibit NIR
absorbance, for example, nanocages,[2%] nanorods,[22-2%1 nanotriangles, 26! branched
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nanoparticles,[27-29] nanostars,[30-32] urchin-shaped particles,[33! and nanoflowers.[34] The
growth of Au shells on metal oxide cores is challenging given the high surface energy of Au
and a mismatch in the lattice spacings.[!8 35-391 Thus high supersaturation concentrations of
Au are required to drive nucleation of Au seeds on iron oxide surfaces, for example, Au3*/
Fe mass ratios on the order of 10.[7- 40. 41 During nucleation of the seeds, competitive
autocatalytic growth of Au on Au often produces Au coatings with thicknesses greater than
10 nm.

The growth of a Au coating on an iron oxide core may be partially passivated with low
molecular weight ligands, for example, citrate or thiols.l”- 4-43] The ligands must not inhibit
the nucleation of the Au seeds too strongly, and simultaneously, must provide steric or
electrostatic stabilization. A judicious balance of these factors has been utilized to produce
thin Au coatings on small iron oxide cores (<10 nm).[40. 41, 441 However, for larger cores
(20-60 nm), polymeric steric stabilizers are often required to counteract attractive van der
Waals (VDW) forces between the particles.[2 4] For a uniform Au shell on a 45 nm Fe30,4
spherical core, a shell thickness of 2.5 nm would require a Au3*/Fe mass ratio of 5:1
assuming 100% coating yield of Au. Here, autocatalytic growth has been found to produce
very thick coatings on a fraction of the iron oxide cores,[”] as further examined in this study.
To date, reported thickness of Au coatings by direct growth of precursors on an iron oxide
nanoparticle substrate typically ranges from 10 to 30 nm[7-9.46. 47]

An alternative is to deposit previously made Au seeds as small as 2 nm in diameter on a
nanoparticle substrate, and fill the spaces between the seeds by reduction of Au3* precursors
to form Au shells,[48-52] as first demonstrated on silica.[3] Whereas in principle, the shells
may be only slightly larger than the seeds, excessive autocatalytic growth produces coatings
with a thickness on the order of 10 nm.[37. 45, 48,50, 51] | yiew of the complexities of poor
wetting by Au and excessive autocatalytic growth, novel approaches are needed for
synthesizing thin metal coatings and controlling their textures.

Herein, very thin coatings of Au are grown on iron oxide substrates to achieve extremely
small Au/Fe mass ratios, as low as 0.15 by limiting autocatalytic growth of Au. The
mechanism is based in part on the seeded autocatalytic growth mechanism for the synthesis
of pure metal nanoparticles.[*2- 14] The thickness and texture of the thin (< 5 nm) Au
coatings are controlled by tuning the separation between nucleation of Au seeds on the iron
oxide surface and the autocatalytic growth of the seeds. The Au coatings on the particles are
fairly smooth (and relatively spherical) or have knobby protrusions, as shown for a series of
morphologies in Scheme 1. Extremely low Au3*/Fe mass ratios of 0.125-0.50 are
investigated to limit excessive autocatalytic growth. These low supersaturation levels also
inhibit nucleation of Au seeds in the bulk solution such that most of the Au domains are
associated with the iron oxide particles as coatings, with various degrees of conformity. The
Aud*/Fe ratio profile is varied during the reaction via a number of successive iterations or
continuous addition of Au3* precursor. After reaction, the Au coated particles (and any
potential pure gold particles) are separated by centrifugation from relatively uncoated iron
oxide nanoclusters. Thiol terminated methoxy-polyethylene glycol (MPEG-SH, Mw =
20,000) is used for steric stabilization,[>4] while simultaneously providing sufficient
passivation of Au growth. The nanoparticles are characterized by transmission electron
microscopy (TEM), and dynamic light scattering (DLS) to determine the morphology and
hydrodynamic diameter, respectively, and by atomic absorbance spectrometry (AAS) and
TEM energy dispersive x —ray spectroscopy (TEM-EDS) to determine the Au/Fe mass ratio.

A secondary objective is to relate the surface plasmon resonance (SPR) of the nanoparticles
to asymmetries in the coating or more generally the gold domain geometry. Asymmetries
alter the interactions between plasmon modes and red-shift the SPR peak from 530 nm
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observed for symmetric systems, such as very thick uniform shells, to the NIR

region.[48. 49,55, 56] For a peak maximum of 700 nm, according to Mie theory, Riotal/ Reore <
1.25 is required for a Au shell on a spherical Fe30, core with a permittivity of ~ 6.[57-59
Thus, for cores on the order of 40 nm, the requisite shell thickness is expected to be thinner
than 5 nm. Such thin coatings have rarely been demonstrated previously.[?] The non-
spherical shape of the nanocluster core with either smooth or knobby surfaces (Scheme 1)
contributes to a highly asymmetric geometry for the Au coatings. Related types of
asymmetry have been demonstrated for Au nanorods,[2] nanocages, 18] nanorice, 4]
nanoeggs (asymmetric egg white shells),[>] smooth particles with faceted or tetracubic
cores, 48] nanostars,[30-32] urchin-shaped particles,[33] and nanoflowers.[34] The high degree
of functionality with a thin metal coating on relatively small nanoparticles is desirable for
optical,[69. 611 magnetic or multimodal imaging and therapy[62 631 with effective permeation
of biological barriers.[2. 64, 65]

Au Nucleation and Growth Kinetics on Iron Oxide Substrates with a Single Iteration

The diameter of the starting citrate stabilized iron oxide nanoclusters without any added
Au3* was ~40 nm as shown by DLS (Fig. 1A). The feed Au3*/Fe ratio used to produce the
iron oxide-gold coated nanocomposite particles was varied as shown in Figs 1 and 2. The
mMPEG-SH stabilizer in the initial mixture bonds to the growing Au surfaces. To form a
complete monolayer of mPEG-SH on a 50 nm diameter Au nanoparticle surface, the
estimated mPEG-SH/Au mole ratio was 0.006.A higher mPEG-SH/Au3* feed mole ratio of
0.08 was chosen for all experiments. The darker Au domains seen in Figs 2A and 2B are a
consequence of the higher electron density for Au. Therefore once gold deposits on iron
oxide, the iron oxide is masked by the gold and is not visible in the TEM images. As the
feed Au3*/Fe mass ratio increased progressively to 1.5, size of particles with thick relatively
smooth Au domains (with very small knobby protrusions) increased in diameter to 80 nm
(TK-Smooth, Scheme 1).

The hydrodynamic diameters obtained by DLS for the Au coated nanoclusters in the
dispersion without centrifugation are shown in Fig. 1 and Table S1. The variances for
hydrodynamic diameters were quite small (Fig. 1 and Table S1). The hydrodynamic
diameters are in the same range as the diameters estimated from the TEM images, although
the numbers of particles in the TEM images were too small for statistically significant
determination of particle size. According to both the TEM images and DLS, the gold
domain size increases monotonically with the Au3*/Fe ratio. As the Au3*/Fe ratio increased
to 0.5 (TN-Smooth), the measured mean hydrodynamic diameter increased to 57 nm. Much
larger particles were formed at higher Au3*/Fe ratios, with the hydrodynamic diameter
reaching 159 nm at a Au3*/Fe mass ratio of 6 (TK-Smooth). At this high ratio, 30 nm
diameter pure Au nanoparticles were also present, as shown in Fig. 1B by DLS.

The spectra of Au coated nanoparticles shown in Fig. 1C have been corrected by subtraction
of the initial iron oxide spectra. All the absorbance values reported in this study are absolute
and therefore have no units. At a feed Au3*/Fe ratio of 0.125 (TN-Partial), the absorbance in
the visible and NIR regions from 500 to 850 nm was broad, even with the extremely low
amount of Au. For feed Au3*/Fe ratios of 0.25-0.5 in Fig. 1C (TN-Smooth), the absorbance
peaked in the visible region. For feed Au3*/Fe ratios from 1 to 6, the SPR peaks were blue
shifted as the gold domains became smoother and, for coated particles, the gold domains
became larger (TK-Smooth). This trend follows previously reported results wherein SPR

peak maxima of about 600 nm have been observed for thick Au shells on iron
oxide.15.28,36,38,40,41
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To better understand the mechanism, the kinetics of Au nucleation and growth were
monitored in situ by UV-Vis spectrometry at 755 nm. The wavelength was chosen to
minimize interference from the possible formation of spherical gold (absorbance peak at
~530 nm) as the coated gold which was of primary interest absorbed at higher wavelength.
As can be seen in Fig. 3A, the absorbance of Au-iron oxide nanoclusters for a Au3*/Fe mass
ratio 0.125-0.5 reached a plateau within the first 20-25s. For control experiments without
iron oxide in the reaction mixture (data not shown) the spectral change was observed to start
at about 100-120s and end at about 5 minutes as pure Au nanoparticles were formed. The
plateau height increased with the Au3*/Fe ratio suggesting a greater degree of nucleation
and growth, as is consistent with thicker coatings in TEM images (Figs 1 and 2). When the
Au3*/Fe ratio was raised higher to 1.0 or 1.5, the kinetic rate increased and the plateau
height further increased as shown in Fig. 3B. These results suggest that the large
heterogeneous surface area of iron oxide was sufficient to achieve rapid nucleation.
However, for Au3*/Fe ratios of 3.0 and 6.0, the absorbance increased continuously for 5 min
without reaching a plateau indicating that there was a change in the mechanism at high
supersaturations of Au precursor.

Au Nucleation and Growth Kinetics on Iron Oxide Substrates with Multiple Iterations

The number of iterations of added Au3* precursor was varied for a total feed Au3*/Fe ratio
of 0.5 to control the morphology. Smooth, relatively round (TN-Smooth), Au coated
particles are shown in Fig. 4A formed using a single iteration, similar to the TEM image in
Fig. 1A. For 3 equal iterations, the Au domains were smaller with knobby protuberances
present on the surface of the clusters (Fig. 4B, TN-Knobby). The trend of smaller domains
with ever more knobby protrusions continued as the number of iterations was increased from
3to 5. The iron oxide in the clusters can be clearly seen in the TEM images in Figs 4B and
4C. Also TEM-EDS measurements for the particles made with 1 iteration of Au shown in
Fig. S2 demonstrate that the nanoparticles were composed of both gold and iron oxide (Au/
Fe ratio of ~ 4). As the number of iterations increased from 1 to 5 as shown in Fig. 5A and
Table 1, the mean hydrodynamic diameters (Dy) of Au and iron oxide coated nanoparticles
decreased from 61 nm to 57 nm. This decrease in size was also evident in the TEM images
(Fig. 4), although the number of particles in these images is not statistically significant.
Furthermore, the Au/Fe ratio from AAS decreased by a factor of approximately 3 with this
decrease in hydrodynamic diameter indicating that there was probably a higher fraction of
iron oxide clusters coated with gold, Therefore, more clusters were recovered by
centrifugation, and a decrease in the Au domain size was observed for the composite
particles (Table 2).

UV-vis absorbance spectra for the samples after centrifugation are shown in Fig. 5B. For
particles with one iteration of Au, the absorbance spectrum was similar to that in Fig. 2C
(which was not centrifuged), hinting at small relatively smooth domains (TN-Smooth).
However, for addition in 3 or 5 iterations, the absorbance shifted progressively into the NIR
region and became broader and flatter as the Au domains in the coatings became smaller and
the knobby protrusions of gold on the surface became larger (TN-Knobby, Scheme 1). To
determine if any non-magnetic relatively pure Au particles were present without any iron
oxide, a permanent magnet was placed next to the dispersions as shown in Fig. 5C. The
insets show the color of the dispersions before the magnet was applied. The Au coated
nanoclusters (right vial) were blue and the color was less intense than for the iron oxide
nanocluster (left vial) as a result of the lower concentration. In each case, the magnet
attracted most of the nanoclusters. In the right panel the nanoclusters are seen as a blue
pellet near the magnet, and away from the magnet the blue color for Au coated particles is
not present. Thus, the concentration of any free Au particles without magnetic iron oxide
was very low.

Nanotechnology. Author manuscript; available in PMC 2014 January 18.
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Au Nucleation and Growth Kinetics on Iron Oxide Substrates with Continuous Precursor

Addition

The number of iterations of Au addition was raised to infinity by adding the Au3* precursor
continuously to an iron oxide dispersion. Here Au precursor (0.5 mg Au3*/ml) was injected
with a syringe pump at a rate of 0.1 ml/s for 2 minutes. For the uncoated iron oxide
nanoclusters on the order of 40 nm, the primary particle size was 8 nm (Fig. 6A). For a total
Au*/Fe mass ratio of 0.5, high resolution TEM images (Figs 6B and 6C) after
centrifugation reveal lattice fringes from Au and Fe3O4 crystalline domains. The lattice
spacing of 0.244 nm in the interior of the cluster from an 8 nm primary spherical particle
agreed with the (3 1 1) plane of Fe3O4 in Fig. 6C, which is quite different from any other
Fe304 or Au lattice planes. Two Au crystalline facets for the (1 1 1) and (2 0 0) orientations
correspond to 0.236 nm and 0.204 nm d-spacings, respectively for Au. In the TEM image
shown in Fig. 6C, these Au coatings on the exterior of the cluster are only a few nm thick
and are highly curved with a shape matched to the curvature of the surfaces of the iron oxide
primary particles in the core. There may however be pure gold particles in the dispersion
adjacent to iron oxide clusters.

The total feed Au3*/Fe ratio (at a Fe concentration of 0.1 mg/ml) was varied to attempt
manipulation of the coating thickness for the coated particles along with the shape of the Au
domains, as shown in the TEM images in Fig. 7. At an Au3*/Fe ratio of 0.125, a few
spherical 12-15 nm darker spots are evident on the lighter iron oxide nanoclusters in Figs
7A and 7D (TN-Partial), indicating that the gold is associated with iron oxide clusters. In
addition, extremely small 1 nm Au particles, which may be considered Au embryos or seeds,
may be observed on the surface of the iron oxide clusters (Fig. 7D). The mean
hydrodynamic diameter by DLS of these nanoclusters was 51 nm (Table 3). At a higher
Au3*/Fe ratio of 0.25, the number and size of Au domains on the iron clusters both increased
as observed by TEM (Figs 7B and 7E). Consistent with these larger domains, the
hydrodynamic diameter increased to 54 nm (Table 3). At the highest Au3*/Fe ratio of 0.5,
the domains became progressively larger and closer to having complete surface coverage
and the mean hydrodynamic diameter increased to 61 nm (Table 3, TN-Knobby). According
to AAS, the final Au/Fe ratio increased monotonically as expected with the added Au3*/Fe
ratio, consistent with the TEM and DLS results.

The hydrodynamic diameters for these nanoclusters are shown in Fig. 8A corresponding to
the statistics in Table 3. The hydrodynamic diameter increased from 42 nm for the iron
oxide to 60 nm for the Au coated iron oxide nanoclusters with Au3*/Fe = 0.5.The
absorbance spectra may be correlated with the morphologies observed by TEM and the
hydrodynamic diameters by DLS. In Fig. 8B, the absorbance intensity increased over the
entire spectral range as the feed Au3*/Fe ratio increased. At an Au3*/Fe ratio of 0.5, the
maximum in SPR was above 700 nm for the particles with knobby surfaces according to
TEM images in Fig. 7 (TN-Knobby, Scheme 1). The extinction coefficient per weight of
gold at 755 nm was observed to decrease as the added Au3*/Fe ratio increased as can be
seen in Table 4.

Separation of Au Coated Nanoclusters from Iron Oxide Nanoclusters by Centrifugation

The densities of Au coated versus uncoated iron oxide can be very different given the bulk
densities of 19.3 and 5.2 g/cm3 for Au and Fe30y, respectively. The predictions of the model
in Table S3 indicate that a centrifugation speed on the order of 5,000-6,000 rpm is sufficient
to move the Au coated clusters to the bottom of the centrifuge tube in approximately 6
minutes. However, at this speed the sedimentation of the uncoated clusters is relatively low,
and thus it should be possible to concentrate the coated clusters in the precipitate.

Nanotechnology. Author manuscript; available in PMC 2014 January 18.
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Based on the theoretical predictions, the centrifugation speed was varied for 6 min
centrifugation runs for the case of the particles produced in 5 iterations according to Fig. 9.
For each Au3*/Fe ratio, the Au yield in the precipitate increased significantly for an increase
in speed from 2,000 to 10,000 rpm, and the yield decreased in the supernatant. The Au
yields in the precipitate were higher for the higher initial Au3*/Fe ratios, which produced
thicker coatings as expected. Thus, these changes in yields were observed in regions of
centrifugation speeds as expected from the theoretical predictions of the sedimentation
coefficient, based on the Au coatings. The detailed elemental analysis data for Au and Fe
before and after centrifugation are shown in Table S4. After centrifugation under all
conditions, the Fe yield in the precipitates was less than 10% of the total in the nanoclusters
prior to separation. For some practical applications, the uncoated iron oxide may be
recycled. All the gold is not accounted for in this case as there was some loss to the beaker
and centrifuge tube walls and the stir bars.

Discussion

To explain the range of experimental morphologies illustrated in Scheme 1, a general
mechanism is presented to describe thin autocatalytic growth on a substrate (TAGS). The
mechanism explains nucleation and growth by reduction of Au3* on Au surfaces or on an
iron oxide surface to form the thin Au coatings. To serve as a background, a brief summary
of the seeded autocatalytic growth mechanism is presented to describe formation of pure Au
nanoparticles. The discussion concludes by relating SPR absorption spectra for the Au
coated nanoclusters to particle morphology.

Autocatalytic Nucleation and Growth of Pure Au Nanoparticles

A mechanism of homogenous nucleation to produce Au seeds followed by growth on the
seeds has been widely used to guide the synthesis of nanoparticles of controlled size with
narrow polydispersity. Homogenous nucleation to form Au seeds

nAut £ nAu® (nucleation) (1)
may compete with growth on the Au seeds
nAu3t +nAd° Fa, ZnAuO(gTowth) )

where n is the number of Au atoms in one Au seed. The growth reaction is autocatalytic in
that the Au surface in the product is also a reactant and hence the reaction speeds up as more
Au is deposited.

The resulting rate expressions are[10.19]

d[AuO]
dt

=k; [Au3+]+k2[Au3+] [Auo] (3)

[Au’)=[Au®], - [Au™] @)

d| Auo]
dt

=ki [AuT ko[ Au™F] ([Au®] — [Ad™F]) )

where kj and k; are rate constants for nucleation and growth, respectively, and [Au3*]0 is
the initial concentration of precursor. The values of ko will be relatively large given the
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much greater thermodynamic driving force for reduction of Au on a Au surface than for
homogeneous nucleation. The initial rate of formation of Au by homogeneous nucleation
will be slow, given the growth (second term) in eq. (5) will be zero. As Au increases,
contribution of the second term in eq. (5) will become dominant. Eventually, when Au in
solution is sufficiently depleted, the growth reaction rate slows progressively, resulting in
the well-known sigmoidal-shaped kinetics curve.[10.14] For a decrease in [Au3*]g, the
relative contribution of the growth step becomes smaller in eq. (7) relative to nucleation. For
example, after half of [Au3*], reacts, the rate is proportional to kq + ko[Au3*]o/2. For a
given nucleation rate, a decrease in the growth rate will lead to more nuclei, and thus a
larger number of smaller final particles. Thus, a delay in autocatalytic growth provides
greater separation between nucleation and growth, leading to smaller particles and lower
polydispersity in the seeded growth mechanism.[5]

Heterogeneous Nucleation and Growth of Au Coatings on Substrates for a Single Iteration
at a Relatively Low Au3*/Fe Ratio

The fraction of iron oxide substrates that become covered with seeds during the nucleation
phase and how this influences subsequent growth is an important additional degree of
freedom. Furthermore, the energy barrier for formation of Au seeds is lowered by the
heterogeneous iron oxide substrate and by the adsorbed hydroxylamine on the iron oxide
surfaces.[”] The heterogeneous nucleation of Au on the iron oxide nanoparticles is supported
by the large acceleration in the rate of gold reduction in the presence of iron oxide over that
in the absence of iron oxide. Furthermore, the motion of the nanoclusters in the magnetic
field shown in Fig. 5C indicated that nearly all of the particles contained iron oxide and few
were pure Au.

A mechanism for thin autocatalytic growth on substrates (TAGS) is shown in Scheme 2 for
three levels of separation of nucleation and growth. The substrate (core) may be a
nanocluster (brown), or another geometric shape, for example, a sphere (not shown).

The scenario for a Au3*/Fe ratio of 1.5 added in one iteration is given in the top panel in
Scheme 2 and the first column in Table 5. In the experiments in Fig. 1-Fig. 3, a Au3*/Fe
ratio of 1.5 provided nucleation of Au seeds on a very limited number of iron oxide
nanoparticles, as indicated by TEM and hydrodynamic diameter. Given the high [Au3*]o, for
an Au3*/Fe ratio above 1.5,["] the autocatalytic growth rate is relatively high as given by the
second term of eq. (5). Therefore, the time for nucleation to produce Au seeds is short after
which the autocatalytic growth on the seeds becomes dominant. Given this short nucleation
time, Au seeds are deposited on a small fraction of the substrate particles (indicated
schematically in Scheme 2). Rapid growth on a small number of substrates, or equivalently,
relatively small separation between nucleation and growth, results in relatively thick
coatings as shown in Fig. 1B and top panel of Scheme 2. These TK-Smooth (Scheme 1) Au

coatings (~ 10 nm) are commonly observed when Au3*/Fe mass ratios are typically greater
than 1.5.[7, 37, 45, 48, 50, 51]

The middle panel in Scheme 2 describes the behavior at a lower Au3*/Fe ratio of 0.125-0.5
and a single iteration of precursor addition. The second column in Table 5 describes this
slower growth relative to the higher Au3*/Fe ratios in the top panel. For slower autocatalytic
growth at a lower Au3*/Fe ratio, the transition time from nucleation to growth is longer. The
longer nucleation time allows deposition of Au seeds on a larger fraction of substrate
particles. For a given amount of Au on a large number of iron oxide particles, thinner
coatings or smaller domains are produced as shown experimentally in Figs 1A, 4A and
Scheme 2. In summary, greater separation between nucleation to form Au seeds on the
substrate and autocatalytic growth at lower Au3*/Fe ratios, and consequently lower
supersaturation, produces the extremely small Au domains. Although TN-Smooth (Scheme

Nanotechnology. Author manuscript; available in PMC 2014 January 18.
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1) Au coatings have been achieved on small iron oxide substrates (~10 nm
diameter)[40. 41, 44, 66-68] \yith low MW ligands, they have not been reported for substrates
larger than 20 nm as growth has been excessive..

Heterogeneous Nucleation and Growth of Au Domains on Substrates with Iterative or
Continuous Au3+ Addition

To further separate nucleation and growth, Au3* may be fed to the system in multiple
iterations or continuously instead of a single shot.[’] In this case, the middle panel and the
bottom panel in scheme 2 correspond to the first column and the second column in Table 5
respectively. For the first iteration [Au3*] values are extremely low so that Au seeds may be
nucleated on iron oxide substrates with minimal growth and homogeneous nucleation, as
shown in Fig. 7D, and the bottom panel in Scheme 2. In control experiments without iron
oxide (data not shown), no reaction occurred until the Au3* concentration exceeded the
concentration corresponding to an Au3*/Fe ratio of 0.15 in separate experiments where iron
oxide was present (data in paper). After the first iteration, little AuC surface is present. Thus,
each subsequent iteration will nucleate more seeds predominantly on the iron oxide surface,
with limited autocatalytic growth (eq. 5) as shown in the bottom panel of Scheme 2 and in
high resolution TEM in Fig. 7 for low Au3*/Fe ratios. With delayed autocatalytic growth,
the Au seeds are deposited on a larger fraction of iron oxide nanoclusters compared to that
for a single iteration (middle panel) with fewer Au seeds deposited per particle (Fig. 7A
versus Fig. 4A). For a constant overall Au3*/Fe ratio of 0.5, the coatings became thinner and
the final Au/Fe ratios decreased with increased number of iterations as shown in Table 2.
This sequence is shown experimentally in Figs 7A, 7B and 7C with high resolution TEM for
continuous addition.

In addition to tuning Au/Fe ratio with multiple iterations or continuous Au3* addition, the
final shape may also be controlled, as shown experimentally in Fig. 4 and in the bottom
panel of Scheme 2. The shape is controlled by the spatial distribution of nuclei deposited on
each substrate particle. The relatively large number of Au seeds nucleated on each seeded
substrate particle in the middle panel (relative to the lower panel) led to smoother domains
(Fig. 4A). For the same total Au3*/Fe ratio of 0.5, under continuous Au3* addition, the seeds
are spread over a larger number of substrate particles. Consequently, the smaller number of
seeds on each substrate (Fig. 7A), grew to produce more asymmetric domains. Subsequent
asymmetric growth led to formation of knobby protrusions on a thin coating, as shown
schematically in the bottom panel of Scheme 2 and the final particle morphology illustrated
in Figs 7C and 7F. With less growth of Au per particle and more time for surface passivation
by the ligands, the tendency of knobby shapes to be smoothed out or filled-in to minimize
interfacial area is lower than in the case of a single iteration, where autocatalytic growth is
more prevalent.

A bimodal distribution of Au containing and pure iron oxide particles is produced
intentionally. The uncoated iron oxide substrates serve as a reservoir for nucleation of Au
seeds at low Au3*/Fe ratios to limit the autocatalytic growth of Au to prevent formation of
large domains or thick coatings and limit the formation of pure gold particles. After reaction,
Au containing nanoclusters are separated from the iron oxide particles by centrifugation.
The polydispersity in hydrodynamic diameter of these coated particles was relatively low
(Table 1 and Table 3), indicating good separation between nucleation and growth, and
prevention of aggregation by the polymer coatings.,

Passivation and Steric Stabilization with mPEG-thiol

Once the fraction of Au on the substrates becomes significant, the much stronger VDW
forces for the Au versus iron oxide often would cause aggregation.[4?! In a recent study, 30
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nm Au coated iron oxide nanoclusters with approximately 83% Au have been stabilized with
physisorbed dextran (MW 10,000) on the surface.[?] The chemically bound stabilizer
mPEG-SHI34 with an end-to-end distance of 12 nm was found to be sufficient to provide
particle stabilization. mMPEG-SH does not bind significantly to Fe3Oy4, which otherwise could
inhibit nucleation of Au seeds on the surface. During growth, the polymer binds to the
growing Au surfaces and provides passivation to prevent excessive growth. Thus passivation
by polymer may further accentuate the maintenance of a low Au/Fe ratio as a function of the
transition time from nucleation to growth.

SPR Spectra for Various Particle Morphologies

Various types of asymmetry for non-spherical Au nanoparticles produce hybridization
between dipoles, quadrupoles and higher-order modes resulting in spectral shifts to the NIR
region.[48. 561 For example, consider the case of a spherical silica core with a permittivity of
2.0 and a continuous Au shell. Here, for a peak maximum of 700 nm, Rygtal/Reore Must be <
1.2.1541 For an Fe30, core with a permittivity in the range of 5.5 — 6.1,[48] Rygta/Reore Must
be < 1.25, on the basis of calculations and experiments for a Au,S core with a similar
permittivity at 5.4.157-591 For 2—-3 nm Au shells on small iron oxide cores (< 10 nm
diameter) Riotal/ Reore iS already too large for significant NIR absorbance.[40. 41, 44, 66-68]
Likewise, for relatively thin 5 nm Au shells on 18 nm iron oxide cores, where Riptal/ Reore =
1.56, the SPR peak maximum was 590 nm.[52] As mentioned earlier, in nearly all previous
studies for cores in the range of 10 to 60 nm, autocatalytic growth led to coatings such that
Riotal! Reore™> 1.25, leading to limited absorbance in the NIR region.

Particles with highly asymmetric cores and smooth shells may provide significant
absorbance in the NIR. Such behavior was observed for > 8.5 nm thick Au coatings on
relatively large non-spherical iron oxide substrates (50-60 nm faceted or cubic).[48: 501 For
our smooth Au coatings on relatively large 42 nm iron oxide nanocluster cores (Rigtal/ Reore
= 1.33 by DLS assuming a uniform spherical shell) (TN-Smooth in Scheme 1, Figs 1A and
4A, summarized in Table 6), the broad SPR peak shifted to 600 nm with significant
absorbance in the NIR region (Fig. 10). The extremely knobby highly asymmetric Au
domains on the iron oxide nanocluster cores in Fig. 6B produced the strongest absorbance
per mass of gold in the NIR region (Scheme 1, Fig. 10, and Table 6. The combined effect of
all of these asymmetries produced the very broad NIR absorbance in contrast with sharper
peaks for a single mode such as Au nanorods.[21] Furthermore, the extinction coefficients
were large for all of the Au morphologies presented in Table 6.[2] Related spectral behavior
was observed for recently reported asymmetric Au coatings on iron oxide clusters, ]
however, only for a single particle morphology.

Conclusions

High feed Au3*/Fe ratios (greater than 5:1) that are typically used to drive growth of Au
shells on iron oxide surfaces produce thick coatings (10-30 nm) with large Au/Fe ratios
(10:1 to 20:1).. Herein, low total Au3*/Fe ratios (0.125-0.50) were utilized to coat thin
smooth or knobby Au domains (<5 nm) on small 42 nm iron oxide cores. At these low
supersaturation values, the slower autocatalytic growth relative to nucleation of Au seeds,
results in Au coatings on a larger fraction of the iron oxide substrate particles. Consequently,
the Au domains were found to be very thin. In essence, the lower supersaturation provides
greater separation between nucleation of seeds on the iron oxide surfaces and subsequent
growth, particularly for multiple iterations or continuous addition of Au3* precursor.
Composite nanoclusters, containing Au and iron oxide with relatively monodisperse
hydrodynamic diameter distributions, were separated efficiently from uncoated particles by
centrifugation.. A covalently bonded polymer, mPEG-SH, passivated the growth of Au and
also provided steric stabilization. The asymmetry in shape of the small Au domains altered
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the interactions between plasmon modes and shifted the SPR peak to the NIR region, with
high cross sections, despite the small overall nanoparticle size. The low Au/Fe ratios
resulted in strong NIR cross sections per mass of Au, as well as a high magnetization per
total mass. The optical and magnetic bifunctionality in particles smaller than 60 nm is
desirable for optical, magnetic or multimodal imaging and therapy, with effective
permeation of biological barriers.[1: 2. 8 9. 46, 60-63, 70, 71]

All reagents used were analytical grade. Ferrous chloride, ammonium hydroxide,
hydroxylamine hydrochloride and sodium hydroxide were purchased from Fisher Chemicals
(Fairlawn, NJ). Ferric chloride was purchased from Acros Organics (Morris Plains, NJ), and
citric acid from EM Science (Gibbstown, NJ). Tetrachloroauric acid trihydrate (HAuCl,4
-3H20) was purchased from MP Biomedicals LLC (Solon, OH) and mPEG-SH (MW
20,000) from Nanocs Inc. (New York, NY).

Kinetics of Nucleation and Growth of Au on Iron Oxide

Iron oxide nanoclusters coated with citrate were synthesized by hydrolysis of iron chlorides
by modification of the method of Sahoo et al.[72] as described in the Supporting Information.
The iron oxide nanoclusters were dispersed in 100 ml of deionized (DI) water at a
concentration of 0.1 mg Fe/ml with rigorous stirring. 300 uL ammonium hydroxide (7 %)
was added to adjust the pH to 9.3. 2.0 ml of 1 % (w/v) hydroxylamine hydrochloride was
added as the reducing agent for the Au precursor along with 10 ml of 4 mg/ml mPEG-SH. 1
ml of the solution was transferred to a cuvette with a 1 cm path length, which was inserted
into a Cary Varian 3E UV-Vis spectrophotometer. To start the reaction, the desired amount
of Au chloride solution (2.5 mg Au/ml) was injected into the cuvette and mixed well. Then
the absorbance of the solution at 755 nm was measured at intervals of 0.0016 seconds for 5
minutes. After the absorbance reached a plateau, the absorbance spectrum was measured
between 400 and 850 nm.

Coating Au on Iron Oxide Nanoclusters with Addition of Precursor in Iterations or
Continuously

The exact above procedure was carried out in a 200 ml beaker with rigorous stirring. The
HAUCIy solution (2.5 mg Au/ml) was divided equally into multiple aliquots for sequential
iterations. Each iteration was separated by a 5 minute interval. After the last iteration, the
stirred solution was allowed to stand for 30 min to allow for mPEG-SH to coat the Au
surfaces. The reaction products were centrifuged at 6,000 rpm for 6 min. The supernatant
was decanted and the precipitate was re-dispersed in a dilute mPEG-SH solution (0.2 mg/
ml) and bath sonicated for 5 minutes to produce a stable colloidal suspension. For the
continuous addition experiments, HAuCl, at a concentration of 0.5 mg Au/ml was added
into the reaction mixture using a syringe pump at a rate of 0.1 ml/s.

Materials Characterization

Dynamic light scattering (DLS) measurements were performed in triplicate on a custom
made Brookhaven Instruments ZetaPlus apparatus at a scattering angle of 90° and
temperature of 25°C.[73] The concentrations of nanoparticle dispersions were adjusted with
DI water to give a signal count rate between 300-400 kcps. Prior to DLS measurements, the
samples were bath sonicated for 2 minutes. The autocorrelation functions were analyzed
with a non-negative least-squares (NNLS) method to determine distributions by volume.
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Low resolution TEM was performed on a FEI Tecnai Spirit BioTwin at an accelerating
voltage of 80 kV. High resolution TEM was performed on a field emission JEOL2010F at
200 kV accelerating voltage. The dispersion of particles was diluted 40 times and then a
drop of it was put on a 400 mesh ultrathin carbon-coated copper TEM grid. Excess liquid
was wicked off using a tissue and the grid was allowed to dry in air.

The Au and iron oxide concentrations in the nanoparticle dispersions were obtained with a
GBC 908AA flame atomic absorption spectrometer (GBC Scientific Equipment Pty Ltd)
equipped with an air-acetylene flame furnace. The signal from Au was recorded at 242.8 nm
and iron at 248.3 nm. The instrument was calibrated to measure concentration using Au3* or
Fe3* standard concentration solutions before every set of measurements. All the
measurements were carried on diluted samples so that the concentration of iron or Au in the
diluted sample was between 1 and 5 pg/ml.

Thermogravimetric analysis (TGA) was performed using a Perkin—Elmer TGA 7 under
nitrogen atmosphere at a gas flow rate of 20 ml/min. Nanoparticle samples were dried to a
powder in an oven at 100°C. Then samples were heated up to and held at 100°C in the TGA
instrument for 20 minutes to remove any moisture. The samples were heated continuously
from 100°C to 800°C at a constant rate of 20°C/min, and then held at 800°C for 30 minutes.
Magnetization at 300 K was measured using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS). The loss in mass due to adsorbed ligand
from TGA was taken into account for normalization to the mass of iron oxide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of Au3*/Fe ratio on hydrodynamic diameter and absorption spectrum for
nanocluster dispersions formed by a single iteration without centrifugation
A, B. Hydrodynamic diameter by DLS. C, D. Absorbance spectra after subtraction of iron

oxide

baseline.
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Figure 2. Au-iron oxide nanocluster morphology
TEM images of Au-iron oxide nanoclusters for different Au3*/Fe mass ratios for a single

precursor iteration. A, Au3*/Fe = 0.5. B, Au*/Fe = 1.5.
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Figure 3. Heterogeneous Au nucleation

Au nucleation and growth kinetics monitored in situ by absolute absorbance of Au on iron
oxide at 755 nm for single precursor iterations. A, Low Au3*/Fe mass ratios (0.1 to 0.5); B,
high Au3*/Fe mass ratios (1 to 6).
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Figure 4. Nanocluster morphology with different iterations

TEM images of Au coated iron oxide nanoparticles for a total Au3*/Fe mass ratio of 0.50
with varying numbers of precursor iterations. All samples were separated by centrifugation
at 6,000 rpm for 6 mins. A, Single iteration. B, Three iterations.C, Five iterations.
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Figure 5. Characterization of Au-iron oxide
A, Hydrodynamic diameters Au coated iron oxide nanoclusters for a total Au3*/Fe mass
ratio of 0.50 with varying numbers of precursor iterations. B, Absorbance spectra of the
same nanoclusters as in A. C, Images of diluted pure iron oxide nanoclusters (left vial) and
Au coated iron oxide nanoclusters from A and B formed with five iterations of Au (right
vial) before (see colored rectangular bar insets) and after exposure to a permanent magnet
for 24 hours;
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Figure 6. Morphology of Au coatings on iron oxide by high resolution TEM

A, Image of an iron oxide nanocluster. B, Au coated iron oxide nanocluster with feed Au3*/
Fe = 0.5. C, A magnified image of the upper tip from B indicating thin Au coating on Fe304
nanocluster.
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Figure 7. Growth of Au domains on iron oxide nanoclusters

TEM images of the morphology evolution of thin Au coatings on iron oxide substrates for
continuous addition of precursor as a function of the total Au3*/Fe mass ratio. A-C are low
res TEM images while D-F are high resolution TEM images with different Au3*/Fe. A,
Audt/Fe = 0.125. B, Aud*/Fe = 0. 25. C, Au3*/Fe = 0.5. D, Aud*/Fe = 0.125. E, Au3*/Fe =
0. 25. F, Au3*/Fe = 0.5.
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Figure 8. Properties of nanoclusters produced by continuous Au3* addition
A, Evolution of hydrodynamic diameter of the Au-iron oxide nanoclusters with the addition

of Au3* precursor continuously at Au/Fe ratios ranging from 0 to 0.5. B, Absorbance spectra
of the same nanoclusters as a as a function of the Au3*/Fe mass ratio.
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Figure 9. Centrifugal separation of Au coated nanoclusters

Au yield in precipitate A and Au residue B in supernatant after centrifugation at different
speeds for 6 mins. The Au3* precursor was added by 5 iterations.
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Figure 10. Spectral and morphological classes of Au-iron oxide nanoclusters

Evolution of absorbance spectra from uncoated iron oxide nanoclusters to Au coated
particles with different coating thickness and geometry. Arbitrary absorbance units were
chosen to illustrate the spectral changes of the 4 particle classes shown in Scheme 1 and
Table 6.
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Scheme 1.
Homologous Series of Au Coatings on Iron Oxide Nanoclusters with Increasing Au3* to Fe
ratio
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Scheme 2.

Nucleation and Growth of Au Coatings on Iron Oxide Substrates by Varying Precursor

Addition Profile
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Mean size and standard deviation measured by DLS of textured thin Au coated iron oxide nanoparticles for
total Au3*/Fe mass ratio of 0.5, with varying numbers of precursor iterations

Number of | Mean (nm) [ Standard deviation (nm) | Standard deviation (%)
iterations

1 61 2.6 43

3 59 3.0 5.1

5 57 3.2 5.6
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Final Au/Fe ratio by AAS of Au coated iron oxide nanoparticles for a total Au3*/Fe mass ratio of 0.50 with
different numbers of precursor iterations

Number of iterations | Au/Fe | Extinction coefficient at 755 nm (cm2/ug Au)
1 2.40 0.040
3 1.30 0.043
5 0.84 0.050
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Table 3

Mean Hydrodynamic Diameter (Dy,) and Standard Deviation by DLS of Textured Thin Au Coated Iron Oxide

Nanoparticles for Feed Mass Ratio of Au3*/Fe ranging from 0 to 0.5 with Continuous Addition of Au3*
Precursor.

Aud*/Fe ratio E\::e:)n Dn Standard Deviation (nm) | Standard deviation (%)
0 (Iron oxide) | 42 3.2 75
0.125 51 3.4 6.8
0.25 54 3.1 57
0.5 61 3.0 4.8
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Table 5
Effects of Au3* precursor addition profiles on separation of nucleation and growth to control particle
morphology
Property faster growth on Au seeds slower growth on Au seeds

initial Au3*/Fe ratio (supersaturation)

higher

lower

autocatalytic growth rate in early stage

faster (less time for seed nucleation)

slower (more time for seed nucleation)

transition from nucleation to growth

sooner (less separation between nucleation
and growth)

later (more separation between nucleation and
growth)

coating thickness

thicker (e.g. rounder coatings)

thinner (e.g. knobby coatings)

role of polymer

less time to adsorb and less restriction on
growth

more time to adsorb and more restriction on
growth (favors new nucleation)

Au yield in precipitate after centrifugation

larger

smaller
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Table 6

Particle properties for different morphologies of Au coatings

e T R Rl
Fig. 4C Fig. 1B

initial Au®*/Fe mass ratio 0.125 0.5 0.5 15
Aus* iterations 1 5 1 1
final Au/Fe mass ratio 0.15 0.84 2.40 5.09
extinction coefficient at 755 nm (cm?/ug Au) | 0.061 0.050 0.040 0.029
hydrodynamic diameter (nm) 51 57 61 73
absorbance peak max (nm) Flat 730 620 600
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