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Fabrication and Dispersion of Gold-Shell-Protected Magnetite
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A detailed study of the aqueous synthesis of composite 50—150 nm magnetite—gold core—shell
nanoparticles with the ability to engineer the coverage of gold on the magnetite particle surface is presented.
This method utilizes polyethyleneimine for the dual functions of attaching 2 nm gold nanoparticle seeds
onto magnetite particles as well as preventing the formation of large aggregates. Saturation of the magnetite
surface with gold seeds facilitates the subsequent overlaying of gold to form magnetically responsive
core—shell particles, which exhibit surface plasmon resonance. In-depth characterization and quantification
of the gold-shell formation process was performed using transmission electron microscopy, X-ray
photoelectron spectroscopy, energy-dispersive spectroscopy, and inductively coupled plasma optical
emission spectroscopy. Dynamic light scattering studies also showed that PEI coating of synthesized
particles served as an excellent barrier against aggregation. The ability of the gold shell to protect the
magnetite cores was tested by subjecting the particles to a magnetite-specific dissolution procedure.
Elemental analysis of dissolved species revealed that the gold coating of magnetite cores imparts remarkable
resistance to iron dissolution. The ability to engineer gold coverage on particle surfaces allows for controlled
biofunctionalization, whereas their resistance to dissolution ensures applicability in harsh environments.
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Introduction

Magnetic iron oxide nanoparticles have recently become
the focus of a considerable amount of research activity in
biomedicine.! Magnetite (Fe;O4) nanoparticles, in particular,
are attractive because of their high magnetic moment,
nontoxic nature, and ease of synthesis.? Several applications
in which the properties of magnetite are envisaged as useful
include biological detection and imaging,® targeted drug
delivery,* and gene therapy.’® In addition to their magnetic
properties, the biomedical applicability of nanoscale mag-
netite particles is dependent upon their stability against
aggregation in physiological environments, and the ability
to predictably functionalize the particle surface for specific
biomolecule interactions.' Because of their large surface area
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to volume ratio and low surface charge at neutral pH,’
magnetite nanoparticles tend to aggregate in physiological
environments. This, coupled with the lack of predictable
methods for specific functionalization of magnetite surfaces
with biomolecules,' has led to studies that attempt to improve
the aggregation stability and surface functionality by modify-
ing the oxide surface with gold.® ¢ Gold is the material of
choice because of its chemical stability and biocompatibil-
ity,!” as well as its established reactivity with thiolated
compounds. The latter allows facile, predictable function-
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alization of the particles with the aim of stabilizing particles
against aggregation and adding biological functionality.'®

Synthesis of magnetite particles coated completely with
gold involves two main processes of magnetite nanoparticle
core synthesis and the subsequent coating with a layer of
gold. Methods of obtaining gold-coated magnetite can be
categorized according to the variations in each of the two
processes. Initial attempts to coat magnetite with gold
involved the use of reverse micelles as constrained reactors
for both particle synthesis and gold coating.'*!* Such reverse
micelle methods are able to form gold-coated particles but
are of low yield and are fairly difficult to reproduce.'” The
second category involves both synthesis and coating in
aqueous phase,®® whereby magnetite nanoparticles are
synthesized by the precipitation of iron salts in an alkaline
environment followed by the reduction of chloroauric acid
to form a gold coating. These aqueous methods are simple
and quick and produce particles that are dispersible in water.
The particle aggregate size and gold-shell thickness, however,
is difficult to control, and synthesized samples contain a
mixture of coated and uncoated magnetite that has proven
problematic to separate. A third category of methods consist
of magnetite synthesis and gold coating in organic phase.'*!!
Such methods involve the thermal decomposition of iron(I1I)
oleate to magnetite nanoparticles followed by coating via
reduction of gold acetate in the presence of capping agents.
Organic methods usually result in significantly enhanced
particle size and shell thickness control with excellent
resistance to aggregation in organic solvents. The particles,
at least in our studies, are weak in responding to magnetic
field and aggregated when the phase was transferred into
aqueous environment. These organic methods also use
nongreen solvents and may prove difficult to scale up. To
achieve size control and viability in aqueous environment,
a fourth category of synthesis methods has emerged more
recently involving a combination of organic synthesis of
magnetite cores followed by gold coating of particles in an
aqueous environment.'>!® The reported methods appear to
be capable of producing particles with well-controlled
primary particle sizes, but the extent to which the particles
are fully coated and remain stable to aggregation remains
unexplored.

A separate class of gold—magnetite composites has also
been reported involving the attachment of discrete gold
nanoparticles onto magnetite without forming a full coating. 2’22
Such composites may be useful in applications such as
protein separation, optical imaging or catalysis, where a full
coating is not necessarily required. These composites can
be synthesized by several methods including attaching
functional molecules with amine or thiol groups onto
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magnetite nanoparticles, which then allows for covalent
attachment of gold nanoparticles, 2**! or energetic attachment
via y-ray irradiation.”” These methods, however, have not
shown the ability to systematically control the gold nano-
particle loading onto the magnetite surface, as well as the
extent to which the particles are stable against aggregation.
Such particles without a full gold coating are also limited to
use in environments where leaching or degradation of the
exposed magnetite core does not occur.

An important requirement for the widespread use of iron
oxide composites is the ability to keep the synthesized
particles stable against aggregation under conditions similar
to those of the intended application. Aggregation stability is
particularly important for in vivo biomedical applications in
which aggregation could cause unwanted accumulation of
particles or blood vessel blockage. Primary particle size?
and surface functionalization®® along with the pH*** and
ionic strength® of the solution have been reported to affect
iron oxide colloidal stability; however, previously reported
methods of synthesizing Au—Fe;0, composites do not
address particle aggregation stability in detail.

In this paper, we report a facile method of synthesizing
50—150 nm magnetite-gold composites via the use of a
biocompatible polyelectrolyte, polyethyleneimine (PEI),?’ for
the dual function of attaching gold seeds and preventing the
formation of large aggregates. We show that successful gold
coating of magnetite requires the self-assembly of a layer
of PEI onto magnetite cores and subsequent saturation of
the surface with 2 nm gold seeds. We demonstrate that the
magnetite cores are coated with a protective layer of gold,
which is resistant to chemical attack of the magnetite core
and also show the ability of PEI to increase particle stability
against aggregation, both of which are important for further
application of the synthesized particles.

Experimental Section

Materials. Polyethyleneimine (PEI, branched, M,, =~ 25 000 g
mol 1), sodium borohydride (NaBH,), sodium citrate (CsHsNa;O5+
H,0), nitric acid (HNOs3), and chloroauric acid (HAuCly) were
obtained from Sigma-Aldrich (Sydney, Australia). Iron(II) sulfate
(FeSQy), potassium nitrate (KNOs), hydrochloric acid (HCI), sodium
hydroxide (NaOH), ammonium oxalate ((NH4)>C,04°H,0)), and
oxalic acid (HO,C,0,H) were obtained from Ajax Chemicals
(Sydney, Australia). Hydroxylamine hydrochloride (NH,OH+HCl)
was obtained from Fluka (Sydney, Australia). All chemicals were
used as received with no further purification.

Synthesis of 50 nm PEI-Functionalized Fe;O4 Cores (Fe;0,—
PEI). The 50 nm (average face-centered diagonal) cubic Fe;O, cores
(Figure 1a) were precipitated by mixing 0.7 g of FeSO, with 80
mL of distilled water followed by the addition of 10 mL of 2.0 M
KNO; and 10 mL of 1.0 M NaOH and in an oxygen-free
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Figure 1. Schematic representation of the synthesis of gold—magnetite core—shell particles. (a) Cationic polyethyleneimine (PEI) self-assembled onto negatively
charged magnetite (Fe;O4). (b) Fe;0,—PEI mixed with Au seeds, to obtain (c) Au-seeded Fe;O,, after which PEI is again added to obtain (d) PEI-coated
Au-seeded Fe;0;. (e) One addition of HAuCly and NH,OH results in an uneven gold shell. (f) Four subsequent additions of HAuCl, and NH,OH PEI form
an even gold coating. (g) PEI is then added to increase stability against aggregation.

environment.?® The initially formed Fe(OH), was heated at 90 °C
in the presence of varying concentrations of PEI solution (0 to 4
g/L) for 2 h, during which Fe(OH), was oxidized to Fe;O4
nanoparticles with PEI self-assembled on its surface (Figure 1b).
Particles were magnetically separated from reaction mixture by
placing a neodymium disk magnet (25 mm diameter) magnet below
the reaction vessel (200 mL beaker) for 5 min to capture all
magnetic particles before discarding the reaction solution. The
collected Fe;O,—PEI particles were rinsed 5 times with Milli-Q
water and suspended in 80 mL of Milli-Q water, yielding a
suspension of Fe;O4 (3.2 g/L, pH 7).

Synthesis of Au-Seeded Fe;O, Nanoparticles (Fe;O4—PEI—
AlUgeeq)- A 2 mL volume of the above Fe;0,—PEI suspension was
first sonicated for 2 min with an ultrasonic probe (Misonix S3000
Sonicator) and then stirred for 2 h with 90 mL of 2 nm colloidal
gold particles. The colloidal gold particles were produced from the
NaBH, (0.075%) reduction of 1% HAuCl; in 38.8 mM sodium
citrate.” The Fe;0,—PEI—Au,.q particles (Figure 1c) were mag-
netically separated from excess Au colloid solution and rinsed 5
times with Milli-Q water. The particle surfaces were then func-
tionalized again with PEI by heating in a 60 °C oven for 1 h in the
presence of a 5 g/L PEI solution followed by rinsing 5 times and
dispersion in 20 mL of Milli-Q water with an ultrasonic probe.

Synthesis of Au-Coated Fe;O4, Nanoparticles (Fe;O,—PEI-
Augga). Au shells were next grown by iterative reduction of HAuCl,
onto the Fe;0,—PEI-Aug..q—PEL%* Twenty milliliters of Au-seeded
Fe;04 was mechanically stirred with 110 mL of 0.01 M NaOH (pH
~11.5). A first iteration of 0.5 mL of 1% HAuCl, was added along
with 0.75 mL of 0.2 M NH,0OH.HCI followed by 0.5 mL of 1%
HAuCly and 0.25 mL of 0.2 M NH,OH.HCI for the subsequent
iterations. A total of up to five iterations were made, with 10 min in
between iterations. The Fe;O,—PEI—Au,s (Figure 1f) particles were
then magnetically separated from the reaction mixture, rinsed 5 times,
and dispersed in 20 mL of Milli-Q water with an ultrasonic probe.

Oxalate Dissolution of Uncoated Fe;O4. Two-hundred mil-
liliters of a pH 3, 0.02 M oxalate solution was prepared by mixing
0.284 g of ammonium oxalate and 0.252 g of oxalic acid. Three
10 mL portions of each type of particle (Fe;O4, Fe304—PEI—Augeeq,
and Fe;04—PEI—Aug.,s) (9 samples in total) were added to
individual sample tubes and magnetically separated from solution.
Twenty milliliters of oxalate solution was then added to each sample
tube, and each set of tubes was mixed with a mechanical spinner
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for either 1, 24, or 168 h. Control samples were made by taking a
10 mL portion of each type of particle, magnetically separating
the particles from solution and dissolving them completely in 20
mL of aqua regia.

Characterization. Transmission electron microscopy (TEM) and
energy-dispersive spectroscopy (EDS) elemental maps were used
to study the crystal lattice patterns and particle core—shell structure
using a Philips CM 200 TEM operating at 200 kV. {-potential
measurements to characterize the particle surface charge and its
effect on aggregation were obtained using a Brookhaven ZetaPALS
C-potential analyzer. Particle size distributions were obtained based
on dynamic light scattering (DLS) principles with a Brookhaven
90 Plus particle sizer. UV—visible absorption spectra were obtained
with a Cary 300 UV—vis spectrophotometer to detect surface
plasmon resonance (SPR) on the coated particles. Total organic
carbon (TOC) measurements to determine PEI concentrations were
performed by a Shimadzu TOC-VCSH analyzer. Magnetization
curves and saturation magnetization values of the magnetite particles
at various stages of the process were measured using an MPMS-
5T superconducting quantum interference device (SQUID) mag-
netometer at 25 °C. The compositions of the coated magnetite
particles were measured using an Optima 3000D Inductively
coupled plasma (ICP-OES) optical emission spectrometer. Changes
in particle surface compositions as Au was immobilized onto Fe;O,
was characterized via X-ray photoelectron spectroscopy (XPS) on
a Thermo Scientific VG-ESCALAB 220-iXL spectrometer with a
monochromated Al Ko source (1486.6 eV). The spectra were
accumulated at a takeoff angle of 90° and analyzer pass energy of
20 eV.

Results and Discussion

Controlled Loading of PEI on Fe;O, (Fe;0,—PEI). The
first step in this synthesis method involved the im-
mobilization of the polycation, PEI on the Fe;O4 particles
(Figure la). The addition of PEI during the synthesis of
Fe;0,4 nanoparticles was found to be an effective method
of systematically controlling the amount of PEI attached
to Fe;04. During the formation of Fe;O4 particles at pH
11, the positively charged PEI in the reaction solution
binds to the negatively charged Fe;O, via electrostatic self-
assembly®® to form a stabilizing polyelectrolyte layer,
clearly identified using HRTEM, as indicated by the

(30) Berret, J. F.; Schonbeck, N.; Gazeau, F.; ElKharrat, D.; Sandre, O.;
Vacher, A.; Airiau, M. J. Am. Chem. Soc. 2006, 128 (5), 1755-1761.
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Figure 2. (a) TEM image of Fe;0,—PEI cores; (b) HRTEM image of a Fe;0,—PEI particle; (c) TEM image of Fe;O,—PEI—Au,.q cores; (d) HRTEM image
of a Fe;04—PEI—Aug.q particle; () TEM image of Fe;04—PEI—Au.,s—PEI; (f) high-magnification TEM image of a Fe;04—PEI—Au,.,s—PEI particle.

Table 1. PEI Adsorption on Fe;O4 by TOC Measurements and
Compositions of Au-seeded—Fe;0, Composites by ICP-OES

PEI adsorbed

(ug cm™)  Au (wt %) FesO4 (Wt %) Au (vol %) Fe;04 (vol %)
0.00 0.0 100.0 0.0 100.0
0.06 5.0 95.0 1.4 98.6
0.49 27.5 72.5 9.2 90.8
0.75 355 64.5 12.8 87.2
0.87 43.0 57.0 16.8 83.2
0.89 47.7 52.3 19.6 80.4

arrows in Figure 2b. The amount of PEI adsorbed onto
the particles was determined by measuring the solution
organic carbon content (via TOC measurements), after PEI
was adsorbed onto Fe;O,, and then comparing this to the
organic carbon concentration of control samples not
containing Fe;O, particles. The maximum amount of PEI
adsorbed was calculated to be 0.88 ug PEI per cm? particle
surface (assuming 50 nm cubic F;0, particles) (Table. 1).
The effect of increasing the amount of PEI on the particle
zeta potential is presented in Figure 3, determined from
electrophoretic mobility measurements in 10 mM NaCl
background electrolyte, pH 7. Effective particle diameter
measurements obtained via dynamic light scattering (also
in Figure 3) indicates that increasing the PEI on Fe;0,
surfaces decreases the effective particle aggregate size.
This can be attributed to the increasing electrostatic
repulsion between particles as well as steric hindrance
provided by increasing the particle surface polymer
concentration.

The electrostatic adsorption of polyelectrolytes onto op-
positely charged particles has been found to be dependent
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Figure 3. {-potentials and effective diameter of Fe;0, loaded with different
amounts of PEI with 10 mM NaCl background electrolyte, pH 7.

on polyelectrolyte chain length and particle size.*"*? For the
50 nm Fe;0, cores synthesized by this method, PEI with a
molecular weight of ~25 000 g mol ! was found to provide
the greatest stability against aggregation, (when compared
to PEI with molecular weights of ~800 and ~600 000 g
mol ! (see Figure S1 in the Supporting Information)). We
propose that for a given particle size, that certain polymer
lengths/molecular weights are ideal for stabilization of
particles from aggregation.?!** Suspensions of Fe;O4—PEI
remained resistant to aggregation and settling for the 30 day
period over which the study was undertaken, compared to a
matter of minutes without PEI, demonstrating the advantage
of a PEI layer on Fe;O4 as a barrier to aggregation.
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Figure 4. TEM images of Fe;0, with (a) 0.06, (b) 0.49, (c) 0.75, and (d)
0.89 ug/cm? PEI adsorbed after 2 h of mixing with Au seed nanoparticles.

Controlled Attachment of Au Seeds on Fe;O,4 (Fe;04—
PEI—Au.q). In addition to controlling aggregate size, the
ability to systematically control amounts of PEI on Fe;O,
allows for controlled attachment of negatively charged Au
seeds to the Fe;0, nanoparticles via electrostatic and weak
covalent bonding with amines on PEI (images b and ¢ in
Figure 1).3* Figure 2c shows a uniform spread of 2 nm Au
seed particles attached onto Fe;O,—PEI cores after 2 h of
mixing, close inspection of the HRTEM image of a single
particle in Figure 2d reveals the difference in lattice fringes
between the Au seeds (indicated with arrows) and Fe;O,
cores, which provides strong evidence of the composite
nature of the particle. Qualitative evidence of controlled Au
loading is observed in a series TEM images in Figure 4a to
4d, showing increasing particle surface coverage with Au
seeds as a result of increased PEI concentration on the Fe;0,.
These findings are supported quantitatively by ICP-OES
measurements of the Fe;O,—PEI—Aug. composites (dis-
solved in aqua regia), which provide the Au and Fe;O,
compositions (Table 1) of the particles in the respective
images in Figure 4. The Au to Fe;O, ratios obtained indicate
an increased amount of immobilized Au seed particles on
Fe;O, surface as a result of the greater amount of NH, groups
provided by the PEI. The difference in density of Au (19.3
g/cm?) and Fe;0, (5.15 g/cm®)? accounts for the difference
in % weight and % volume numbers.

These results highlight the utility of PEI as a functional
layer that allows systematic control of Au loading. Fe;O4
particles saturated with PEI can be used to produce com-
posites with a greater Au seed density when compared to
other methods in literature.?**' The ability to control Au
loading on Fe;Oy is also important when considering other
applications where a complete Au shell is not required such
as catalysis,*® and protein separation,?! where the amount of
Au on the particle affects the magnitude of binding with
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biofunctionalizing molecules. Further mention of Fe;O,—PEI-
Augeq particles in this article refers to Fe;Oy4 cores with the
maximum (0.89 ug/cm?) amount of PEI adsorbed on the
surface.

Formation of Fe;04—Au Core—Shell Particles (Fe;O4—
PEI—Au,,). Growth of a complete Au shell around the
Fe;0,—PEI—Auyq particles required the deposition of more
Au on the particle surface (Figure 1d—f). The iterative
reduction of HAuCly in the presence of Fe;0,—PEI—Aug.q
using NH,OH+HCI was selected for this purpose because
the method is simple and rapid. The iterative growth of the
Au shell was monitored via TEM micrographs (Figure 5).
In Figure 5a, after one addition, the Au seed particles were
visibly larger and beginning to coalesce, whereas in images
b and c Figure 5, after three and four additions, the initial
seed particles merge and became almost indistinguishable
with an uneven shell forming. In Figure 5d, after five
additions, a discrete and even Au coating was observed, with
particle sizes ranging between 40 and 110 nm (Figure 2e),
indicating the likely presence in some cases of multiple Fe;O,
cores within a single Au-coated Fe;O, particle. We estimate
that for the Fe;O4—PEI— Au,,s particles, approximately 53%
contain 1 Fe;Oy4 core particle, 30% contain 2 Fe;O, core
particles, 12% contain 3 Fe;O, core particles, and 5% contain
4 Fe;04 core particles (details of estimations in S3 in the
Supporting Information). The high-magnification TEM image
of a coated particle after five additions in Figure 2f indicates
the dense nature of the Au coating, which prevents the
observation of lattice structures, which were clearly visible
prior to coating. ICP-OES analysis of the Au and Fe;0,
compositions after each iteration (Table 2) revealed a 30 wt
% increase in Au after the first iteration followed by smaller
increases for subsequent iterations. The large initial increase
was attributed to the presence of PEI on the Fe;O,—PEI—
Augeq, surface which aids the initial deposition and growth
of the Au shell.

A dense layer of attached Au seeds on the Fe;O, surface
was found to play an important role in ensuring that all the
initial bare Fe;0, particles were coated with Au. Attempts
to coat Fe;0,—PEI particles without, or with only a small
number of attached Au seeds, resulted in a majority of the
Fe;0, remaining uncoated (see Figure S1 in the Supporting
Information). The dense layer of Au seeds is important
because it provides a large number of evenly spread
nucleation sites on the Fe;0, particles which encourages a
more uniform distribution of Au deposition during the
coating iterations. Also, the reduction of Au*" to Au® using
NH,OH has been shown to be significantly catalyzed by Au
surfaces,>® which means that the lack of sufficient Au seed
particles on Fe;O, surfaces is likely to result in the growth
of an Au shell on some particles and not others.

The use of this method for obtaining Au-coated Fe;O4
ensures that all particles have Au attached. One issue,
however, is that the synthesized particles are not monodis-
persed. This appears to be a common issue to a varying extent

(36) Stremsdoerfer, G.; Perrot, H.; Martin, J. R.; Clechet, P. J. Electrochem.
Soc. 1988, 135 (11), 2881-2886.
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Figure 5. TEM images of Au-coated Fe;O, after (a) one iteration of Fe;04—PEI—Aucy; (b) three iterations of Fe;04—PEI—Aucepa; (¢) four iterations of

Fe30,—PEI—Au,,4; and (d) five iterations of Fe;O4—PEI—Aucoys.

Table 2. ICP-OES Compositions of Au-Coated Fe;O,

no. of Fe;04 Fe;04

sample iterations Au (wt %) (wt %) Au (vol %) (vol %)
Fe;0,—PEI—Aug. 0 44.7 55.3 17.8 822
Fe;0,—PEI—AuU o 1 74.2 25.8 434 56.6
Fe;0,—PEI—Aucoun 2 71.7 22.3 48.2 51.8
Fe;0,—PEI— At 3 83.1 16.9 56.8 432
Fe;04—PEIl—Au ouu 4 91.2 8.8 73.5 26.5
Fe;0,—PEI—Aucous 5 92.6 7.4 77.1 229

Table 3. ICP-OES Elemental Analysis Demonstrating the Selective
Oxalate Dissolution of Magnetite

time elapsed gold conc iron conc % iron
sample (h) solution (mg/L) (mg/L) dissolved
Fe;0, control  aqua regia 0 81.90 100.0
1 OA/AO 0 82.95 100.0
24 OA/AO 0 81.45 100.0
Fe30,—PEI—Augeeq control aqua regia 101.52 88.83 100.0
1 OA/AO 0 0.36 04
24 OA/AO 0 17.56 19.8
168 OA/AO 0 45.60 51.3
Fe;0,—PEI—Aucous control aqua regia  493.8 85.29 100.0
1 OA/AO 0 0.15 0.2
24 OA/AO 0 0.82 1.0
168 OA/AO 0 0.95 1.1

for Au coating procedures in the aqueous phase,®*” and will
require further refinement if particles are to be used in
applications where a narrow size distribution of Au-coated
particles is required. Comparisons with reported literature
suggest that using monodispersed magnetic core particles
could help to improve the monodispersity of final Au-coated
particles using this coating procedure.'> The use of Fe;0,
cores synthesized by other methods, however, could result
in changes in the particle magnetic response or the ability
to immobilize a dense layer of Au seeds on cores. Majetich
and co-workers have previously highlighted the importance
of the size difference between Au seeds and Fe;O,4 cores in
obtaining core—shell structures,’” and we have found this
to be the case when attempting to coat 10 nm Fe;O, cores
synthesized by an aqueous coprecipitation method.®® It is
likely that there will be a tradeoff between the key particle
properties of monodispersity, magnetic response, and ag-
gregation stability; this has to be considered when designing
particles for specific applications.

Evidence of Au Coating. One of the criteria we believe
to be important for the synthesis of Au-coated Fe;Oy is the
completeness of Au coating. We considered the coating to
be complete when all the Fe;0, in each sample was coated
with a protective layer of Au. This is important in applica-

tions where exposed Fe;O, could dissolve leading to the
degradation of particles and contamination of sample. To
determine the completeness of our coating procedure, X-ray
photoelectron spectroscopy (XPS) was first used to study
the changes in surface composition of the particles as during
each step in the fabrication process.

Analysis of the XPS spectra revealed the decrease in Fe
peaks (Figure 6a) in tandem with the increase in Au peaks
(Figure 6b). Quantitatively, the surface elemental atomic ratio
of iron to gold changed from (i) 100:0 for Fe;0, to (ii) 40:
60 for Fe;0,—PEI—Augs and finally to (iii) 7:93 for
Fe304—Aucous. These results indicate the success in initial
deposition and subsequent growth of Au on the Fe;O4
particles. The detection of Fe atoms after Au coating however
had two possible implications: either the thickness of the
Au coating was less than 5—10 nm,* or there were exposed
areas of Fe;0, on the FesO4—Auoys surface.

In addition to the XPS measurements, particles at three
stages of the coating process, Fe;O4, Fe30,—PEI—Augeq, and
Fe;O4—PEI—Au,,,s, were subjected to an iron oxide dis-
solution process. Previous studies have shown that exposure
of Fe;0, particles to oxalate ions results in the formation of
a water soluble iron—oxalate complex which allows for the
complete dissolution Fe;O, particles.* It was hypothesized
that particles with a complete Au coating would protect the
Fe;0, cores, thus preventing their dissolution. The dissolution
process involved the mixing of a 0.02 M oxalic acid and
ammonium oxalate (OA/AQO) solution with the particles for
a period of seven days. ICP-OES was then used to determine
the extent of Fe;O, dissolution in the reaction mixture.
Control samples of each particle type were prepared by
completely dissolving the particles in aqua regia followed
by ICP-OES analysis. This allowed us to comparatively
determine the extent of Fe;O, dissolution in each of the
particle types. The ICP-OES elemental analysis in Table 3
showed that for bare Fe;0, particles, similar iron concentra-
tions were detected with the 1 h, 24 h, and control samples,
indicating that particles were completely dissolved by the
oxalate solution within an hour of mixing. The Fe;O0,—
PEI—Aug.q and Fe;0,—PE—Au,,s particles, however, were
found to be more resistant to oxalate complexation for up to
an hour, which was attributed to the protective presence of
Au. Analysis after 24 and 168 h showed that Fe had begun
to leach out from Fe;0,—PEI—Au,q particles with 19.8 and
51.3%, respectively, of the total Fe (compared with controls)

(37) Lim, J.; Tilton, R. D.; Eggeman, A.; Majetich, S. A. J. Magn. Magn.
Mater. 2007, 311 (1), 78-83.
(38) Massart, R. IEEE Trans. Magn. 1981, 17 (2), 1247-1248.

(39) Siegbahn, K. Philos. Trans. R. Soc. London, Ser. A 1970, 268 (1184),
33-57.
(40) van Oorschot, I.; Dekkers, M. Geophys. J. Int. 2001, 145, 740-748.
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Figure 6. XPS spectrum and peak fit of the (a) Fe 2p and (b) Au 4f regions of (i) Fe;0s, (ii) Fe;04—PEI—Augeq, and (iii) Fe;04—PEI—Auys.
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Figure 7. (a) SQUID magnetometry curves of (i) Fe;04—PEL (ii) Fe;04—PEI—Aug.q (iii) Fe304,—PEI—Au,,s particles. (b) Behavior of Fe;0,—PEI—Augys

particles under the influence of a magnetic field.
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Figure 8. UV—vis spectra of (i) Fe;O,—PEIL, (ii) Au seeds, (iii)
FC3O47PE17AU%CJ, and (IV) FC3O47PE17AUCOZ‘[5.

detected in solution. Fe;O4,—PEI—Auy,s particles on the
other hand, displayed excellent resistance to chemical
dissolution with only 1% of the total Fe detected in solution
even after 168 h of leaching. No further leaching was
detected for the Fe;O,—PEI—Au,.,s particles after 24 h
compared to a 21% increase for the Fe;O;—PEI—Aueeq
particles after 168 h. The results obtained from XPS and
oxalate dissolution where Au coating provides significantly
enhanced protection compared to Au-seeded Fe;O,4, suggests
that that although the completeness of coating cannot be
conclusively ascertained, the reported synthesis method
allows for the deposition of a gold coating on Fe;O, particles,
which is akin to a complete shell for the time-scale of our
experiments. STEM (scanning transmission electron micro-
scope)/EDS (energy-dispersive spectroscopy) elemental maps
performed in the TEM indicate that all areas in which Fe is

detected, Au is also present (see Figure S3 in the Supporting
Information). This suggests the successful immobilization
of Au on every Fe;0, particle. The limited resolution of this
technique, however, means that it is unable to determine
completeness of Au shell.

Effect of Au Coating on Magnetic Properties. The
ability to manipulate synthesized particles using a magnetic
field is the main driving force for utilizing Fe;O, particles
as the support for Au coating. It is thus important to
characterize the effect of Au coating on the magnetic
properties of the particles. Superconducting quantum inter-
ference device (SQUID) magnetization curves at 25 °C
showed that saturation magnetization (M) of the Fe;O,—PEI
particles (Figure 7a(i)) decreases as Au is loaded onto the
particles. The decreases in magnetism were compared to the
weight increases in Au and showed that 47% and 91%
increase in weight of Au (Table 1) led to a 54 and 95%
decrease in M, respectively (Figure 7a(ii) and 7a(iii)). The
decrease in magnetism is therefore attributed mainly to the
increase in weight ratio of Au to Fe;O, due to the presence
of Au on particles and is an unavoidable consequence of
Au loading. A suspension of Fe;O;—PEI—Au..,s could,
however, be separated by a neodymium magnet in 2 min
(Figure 7b) showing that the particles maintain strong
magnetism after Au coating. Attempts to redisperse the
particles after magnetic separation show that although the
particles are not superparamagnetic because of their size
(> 10 nm), the magnetic remanence (M,) of the Au coated
particles (~15% M) allows the particles to be easily
redispersed in the absence of a magnetic field.
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Figure 9. DLS measurements on (a) particles without PEIL; (b) particles with PEI functionalization.

Effect of Au Coating on Optical Properties. Optical
properties of particles with different Au loadings sus-
pended in water were compared via UV —vis spectroscopy.
Initial scans of Fe;O,—PEI particles produced featureless
spectra indicating an absence of surface plasmon resonance
(SPR) (Figure 8i). when a layer of Au seeds were attached
onto Fe;0,4 particles, a SPR peak developed at 550 nm
(Figure 8iii), which was red-shifted and broader compared
to the narrow peak at 520 nm observed for Au seed
particles (Figure 8ii). Deposition of Au to form a coating
resulted in further broadening of the peak which is also
shifted to 580 nm (Figure 8iv). The initial emergence of
a plasmon resonance peak was attributed to the presence
of Au seed particles and Fe;04 cores,*! further broadening
and shifting observed with the Fe;O,—PEI—Auy,;s par-
ticles was due to particle-to-particle interactions as a result
of the higher packing density of the Au particles on the
Fe;0, surface after coating.*?

PEI as an Effective Barrier to Aggregation. Earlier
sections of this paper have focused on the utility of PEI
as a functional layer on Fe;O, particles, which allows for
Au loading; however, a second important function of the
PEI layer is to keep synthesized particles resistant to
agglomeration and flocculation. Dynamic light scattering
(DLS) measurements of the hydrodynamic (effective)
diameters of the particles in a 10 mM NaCl background
electrolyte at pH 7 to simulate a biological environment
were used to study particle aggregation behavior up to
1 h after particles were subjected to sonication via an
ultrasonic probe. (Figure 9).

It was observed that particles without PEI coatings
(Figure 9a), including bare magnetite (not shown), began
to aggregate immediately after sonication and hydrody-
namic diameters increase to 1 um, after which particles
settle rapidly to the bottom of the cuvette. The PEI-coated
particles however, show significantly enhanced stability
against aggregation, with DLS hydrodynamic diameters
remaining fairly constant at around 200 nm (Figure 9b).
This stability is attributed to the electrostatic and steric
repulsion between particles provided by the PEI. Particle
resistance to aggregation is vital in this method of
synthesis, as it ensures that during the coating process,

(41) Averitt, R. D.; Sarkar, D.; Halas, N. J. Phys. Rev. Lett. 1997, 78 (22),
4217-4220.
(42) Xu, X.; Cortie, M. B. J. Phys. Chem. C 2007, 111 (49), 18135-18142.

only small Fe;O, aggregates consisting of 1—4 particles
are coated with Au rather than the coating of larger
aggregates which would result in large Au-coated particles.
PEI functionalization of gold-coated particles also ensures
long-term (>1 week) stability of particles without soni-
cation, which is important particularly for in vivo biologi-
cal applications. The use of Au-coated Fe;0, particles in
a variety of applications will require surface functional-
ization with a range of different functional groups such
as amine or carboxyl groups.* In such cases, the Au-
coated Fe;O, particles can be functionalized with non-
polymeric molecules such as thiols. Such modifications
affect the aggregation stability of the particles and have
to be studied in the context of the intended application.
Further study in this area is currently underway.

Differences between the TEM dimension histograms in
Figure 2 and dynamic light scattering (DLS) “hydrody-
namic diameters” in Figure 9 can be attributed to the
differences in the measurement techniques. The TEM
counting technique was used to determine primary particle
size without taking into account aggregation of particles
in solution; hence if particles do form aggregates of 2—3
particles, this would result in the increased dimensions
observed via DLS. Another possible reason for the
difference is that the calculation of hydrodynamic diam-
eters takes into account the polymer coating and electric
double layer (considerable for our highly charged particles)
surrounding the particles in solution; this would result in
an increased hydrodynamic diameter measured by DLS,
a phenomena also observed by others.*

Conclusion

Presented in this study is a facile method of producing
50 to 150 nm gold—shell magnetite-core particles utilizing
magnetite functionalized with polyethyleneimine. This
stepwise, aqueous-based method performed at room tem-
perature produces gold-coated magnetite particles that are
magnetic and resistant to aggregation and are thus
attractive for utilization in a wide range of biological
applications. We demonstrate the importance of having a
saturated surface of gold seeds in obtaining gold shells

(43) Zhao, X.; Cai, Y.; Wang, T.; Shi, Y.; Jiang, G. Anal. Chem. 2008, 80
(23), 9091-9096.

(44) Meledandri, C. J.; Stolarczyk, J. K.; Ghosh, S.; Brougham, D. F.
Langmuir 2008, 24 (24), 14159-14165.
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and also show that this shell imparts resistance to chemical
attack. We also address the problems of poor magnetic
strength, presence of uncoated particles, and complex,
“nongreen” synthesis methods reported by related studies.
In addition, this work highlights the utility of polyethyl-
eneimine as a bridge to attach gold nanoparticles and
coatings onto iron oxide surfaces, which could potentially
be extended to a range of other surfaces and metallic
nanoparticles.
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