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Gold-Cobalt Nanoparticle Alloys Exhibiting Tunable
Compositions, Near-Infrared Emission, and High T,

Relaxivity

Lauren E. Marbella, Christopher M. Andolina, Ashley M. Smith, Michael J. Hartmann,
Andrew C. Dewar, Kathryn A. Johnston, Owen H. Daly, and Jill E. Millstone*

We demonstrate the synthesis of discrete, composition-tunable gold-cobalt
nanoparticle alloys (% Co = 0-100%; diameter = 2-3 nm), in contrast with
bulk behavior, which shows immiscibility of Au and Co at room temperature
across all composition space. These particles are characterized by transmis-
sion electron microscopy and "TH NMR techniques, as well as inductively
coupled plasma mass spectrometry, X-ray photoelectron spectroscopy, and
photoluminescence spectroscopy. In particular, 'TH NMR methods allow the
simultaneous evaluation of composition-tunable magnetic properties as well
as molecular characterization of the colloid, including ligand environment
and hydrodynamic diameter. These experiments also demonstrate a route to
optimize bimodal imaging modalities, where we identify Au,Co NP composi-
tions that exhibit both bright NIR emission (2884 m~'cm™") as well as some of
the highest per-particle T, relaxivities (12200 mwmyp's™") reported to date for

this particle size range.

1. Introduction

The now canonical relationship between nanoparticle mor-
phology and nanoparticle physical properties is remarkable and
continues to produce an inspiring suite of new materials,[' phys-
ical insights,?l and technological capabilities.l’! In the case of
metallic nanoparticles, the majority of these advances have been
made with particles comprised of a single element.[1b-¢2d-f3a-cc]
Yet, centuries of metallurgy indicate that a vast new dimension
of particle properties and applications may emerge with the cre-
ation of alloyed nanoparticle colloids.[* Further, in applications
with narrow tolerance for particle dimensions and/or surface
chemistry (e.g., biologic or catalytic applications)®! accessing a
diversity of nanoparticle behaviors from a single composition
is challenging. To address this challenge, a variety of multime-
tallic nanoparticles have been synthesized including core-shell,
hollow, Janus, and alloyed morphologies.!°!
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One attractive class of alloys is the
combination of noble metals with more
earth-abundant transition metals. These
metal mixtures have generated consider-
able interest for cost reduction and/or
performance enhancement of precious
metal catalysts!’! as well as for stabilization
(e.g., from oxidation) of ferromagnetic
elements such as Fe and Co in materials
for data storagel’l and theranostic appli-
cations.”l Optical properties can also be
enhanced via alloying.'”) For example,
we have reported the composition-tun-
able near-infrared (NIR) photolumines-
cence (PL) properties of gold-copper
(Au,Cuy) mnanoparticle alloys (diameter,
d = 2-3 nm).''l Combining the optical
features of Au with ferromagnetic (in the
bulk) elements such as Ni, Co, or Fe is an
opportunity to leverage several of these
effects within a single particle architecture.

However, bulk phase diagrams indicate that Au is largely
immiscible with each of these metals at temperatures below
400 °C.% In the case of cobalt, the immiscible behavior is
dramatic, with no miscibility or intermetallic states predicted
below 400 °C across all composition space.'?! Likewise, sim-
ulations for surface alloys of Au and Co consistently predict
segregation behavior for both Au host-Co solute and Co host-
Au solute surfaces.'3] Yet, some reports indicate that mate-
rials at the nanometer length scale may deviate significantly
from these trends. At particle sizes between 95-2590 atoms,
Nerskov and co-workers have reported that particle size alone
can influence metal segregation behaviors.l' More recently,
Schaak and co-workers have developed a spectrum of prepa-
rations for the formation of nanocrystalline alloyed materials,
which are analyzed to be representative of L1, intermetallic
states.’ In particular, the authors use metal diffusion at
250 °C to create Au;Ni, AusFe, and Au;Co particles with dimen-
sions ranging from ~10-30 nm. Interestingly, these intermetal-
lics are not predicted by bulk phase diagrams, and instead were
one of the first indications that nanoscale colloids may form
a greater diversity of alloyed architectures than has previously
been observed in the bulk.

Here, we use a combination of rapid metal ion reduction and
surface chemistry-based strategies to form small (d = 2-3 nm),
discrete,  composition-tunable  gold-cobalt  nanoparticle
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Table 1. Size, composition, photoluminescence, and magnetic property analysis of Au,Co,NPs.

Initial molar ratio NP composition Lattice constant NP size [nm] NP size [nm] e at 360 nm ®[x107%  Brightness Magnetic susceptibility r, [mmc,'s™/
added [% Co] [% Co] ICP-MS  [A] HRTEM HRTEM  PFGSE-NMR  [x10°m~'cm™] MTem™] X[10%cmigues'] mmgp s 7T
0 0+0 3.96 £0.05 22+£05 41+£0.1 93+23 0.40+£0.02 374 -0.65+0 NA

50 1.6%0.1 3.85+0.03 23+£05 42+0.1 12.6+4.38 2.29+0.49 2884 —-0.39+£0.04 NA

60 7.7+£0.7 3.70+0.03 22102 43+03 87+£12 2.80+0.64 2430 -0.20£0.05 1.5/49

70 26.8+2.0 3.75+£0.04 23+05 43+£0.1 46£1.1 3.00+0.15 1373 0.55+0.34 2.4/209

80 481127 3.73+0.03 22+03 41+£03 9.2+138 2.52+0.36 2322 3.24+0.96 6.8/1750
85 62.0+2.0 3.88+£0.05 21+0.2 43104 6.1+0.9 0.50+0.26 305 5.34+1.01 11/3650
90 80.7+25 3.90+0.05 22+0.4 43+£0.1 7101 0.30+0.16 21 8.51+1.23 NA

100 100+£0 4.79£0.05 29+0.5 49+0.1 NA NA NA 11.26 +1.34 26/12200

*All reported values are the average of at least 3 independently synthesized trials. The values for NP size (TEM) are reported with the standard deviation of the measure-

ment for N > 100 nanoparticles. All other values are reported with the standard error.

(Au,Co,NP) alloys at room temperature in water. This approach
produces Au,Co,/NPs across a wide range of compositions (0 to
100% Co) and indicates a new pathway to synthesize these pre-
viously inaccessible alloys. The resulting particles exhibit com-
position-tunable magnetic susceptibility as well as some of the
highest reported values for T, relaxivity as compared to super-
paramagnetic iron oxide nanoparticles (SPIONSs) in a similar
size range.l%) At the same time, the particles retain attractive
optical features associated with Au at this length scale, specifi-
cally, bright NIR emission. Tuning composition, we then iden-
tify optimum architectures for bimodal imaging properties,
while maintaining particle size and surface chemistry.

2. Results and Discussion

In a typical experiment, Au,Co,NP alloys were synthesized by
co-reduction of HAuCl, and Co(NO;), with NaBH, at room
temperature in an aqueous solution containing the capping
ligand, poly(ethylene glycol) methyl ether
thiol (PEGSH, average M, = 1000 Da).
NaBH, is an attractive reducing agent
because it is water soluble, can reduce both
metal precursors,['’] and in pure metal nano-
particle syntheses (e.g. Au and Ag), the oxi-
dized byproducts are not known to influence
the reaction. We choose a thiolated ligand,
because they are associated with the syn-
thesis of small, stable Au nanoparticles./”?!
A PEG moiety is chosen for water solubility
and biocompatibility. The initial molar ratio
of Co to Au was varied from 0-100% Co,
while maintaining the same total metal,
capping ligand, and reducing agent con-
centrations (complete synthesis details are
included in Experimental and Supporting
Information (SI) sections). All nanoparticle
products were characterized using UV-vis-
ible spectroscopy, inductively coupled plasma
mass spectrometry (ICP-MS), X-ray photo-
electron spectroscopy (XPS), photolumines-
cence spectroscopy, transmission electron
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microscopy (TEM), and 'H nuclear magnetic resonance (NMR)
techniques. Figures of merit from these studies are listed in
Table 1. Figure 1 shows high-resolution transmission electron
microscopy (HRTEM) images of Au,Co,NPs (x = 100% —y; y =
26.8 + 2.0% Co as measured by ICP-MS; see Figure S2 for
HRTEM of additional Au,Co,NP compositions). In all cases,
Au,Co/NPs are observed as pseudospherical, discrete, and
crystalline nanoparticles with average metallic core diameters
between 2.1-2.3 nm and a standard deviation of <20% (Figure 1
and Figure S2). The hydrodynamic diameter of the Au,Co,NPs
was calculated from the diffusion coefficient as measured by
pulsed-field gradient stimulated echo (PFGSE) 'H NMR. The
hydrodynamic diameters of all Au,Co,NPs are 4.1-4.3 nm, con-
sistent with a 2.1-2.3 nm metallic core diameter capped with a
monolayer of random coil PEGSH (M,, = 1000 Da).

To assign the composition and composition morphology of
the resulting particles, we use a combination of several tech-
niques. First, we analyze particle crystallographic features using
HRTEM. The bulk lattice constant of Aug,, a = 4.079 A and the

Figure 1. A) HRTEM image of Au,Co,NPs (y = 26.8 + 2.0%). B) Magnified image of an indi-
vidual Au,Co,NP and C) the corresponding FFT.

wileyonlinelibrary.com 6533

dadvd T1Tind



-
™
s
[
-l
wd
=
™

6534  wileyonlinelibrary.com

<
m

ww.afm-journal.de

bulk lattice constant of metallic Copp, a = 2.503 A, c=4.061 A
or Coge, @ = 3.545 A.l8] Therefore, regardless of the overall
crystal system adopted by the particle, as % Co increases, the
particle lattice constant(s) are expected to decrease with respect
to either bulk Au or the lattice constant of a pure Au particle of
this size (100% AuNPs = 3.96 A, Table 1). Initially, our results
follow this trend where increasing Co incorporation leads
to a decrease in observed particle lattice constants (Table 1).
However, as the % Co incorporation reaches a threshold
(>60%), the observed lattice constants begin to increase. This
increase is likely due to the formation of a cobalt oxide, which
may be expected since our synthesis is conducted in air and in
water (this assignment is supported by XPS analysis, vide infra
and Figure S6). Importantly, no core-shell architectures are
observed in either HRTEM or scanning transmission electron
microscopy (STEM) analysis (Figure S4), and the distribution
of lattice constants is not bimodal, indicating that there are not
two populations of particles each comprised of only one metal.

After analysis of lattice features and general morphology, we
use three techniques to analyze elemental composition. ICP-MS
and XPS were used to evaluate the metal atom concentrations
and oxidation states of the bulk colloid, respectively. STEM-EDS
point spectra were used to assess the composition of individual
particles (Figures S4, S8 and Tables S2, S3). ICP-MS analysis
indicates that little to no Co incorporation is observed until the
initial molar ratio of Co was increased to 50%. At initial molar
ratios above 50% Co, the nanoparticles exhibit a continuously
tunable stoichiometry, and the final incorporation of Co into the
Au nanoparticles was varied from 1.6 — 89.8% (Figure S8 and
Table 1). The initial lag in Co incorporation may be a product of
the disparity in reduction potential between Co(II) and Au(III)
species!’® which results in less available Co monomer (here,
referring to “monomer” as described by LaMer!!”)) at the critical
concentration for homogeneous nucleation of the particle solid
phase. Previous reports indicate that co-reduction during nucle-
ation was a crucial factor in the formation of intermetallics and
larger alloyed shells.'>>20] Differences in reduction potential
are also thought to play a large role in the formation of core-
shell particles or incomplete mixing of the two components
(e.g., heterogeneous solid solution or “island” formation).[20%)
We hypothesize that above 50% initial molar ratio of Co, a
threshold amount of Co monomer is available to co-nucleate
with Au monomer, allowing both elements to be incorporated
into a single particle.

To analyze the composition of individual particles, we use
STEM-EDS point spectra. For a sample of nanoparticles synthe-
sized with a given molar ratio of Au:Co, individual particle com-
positions were measured by EDS, and spectra were obtained
from several different particles to establish an average par-
ticle composition. Average compositions agreed well between
ICP-MS and STEM-EDS analysis. However, it is important to
note that using STEM-EDS, we observed that particle-to-particle
composition was more heterogeneous as % Co increased, and
this heterogeneity is consistent with the increased variation for
the same initial molar ratios as measured by ICP-MS (i.e., the
standard error for composition increases with increasing % Co,
Table 1 and Figure S8). Particle-to-particle composition hetero-
geneity may be a result of our synthetic strategy. For example,
the rapid particle nucleation approach can be viewed as an

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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analog to the bulk diffusion-quench processes used to form
bulk alloys. In diffusion-quench methods, a given ratio of two
metals are heated together and entropy drives metal mixing.
The mixture is then cooled to “freeze” the combined state.[*!
In our synthesis, instead of cooling, we rapidly increase the
solution saturation in metal precursor, which induces nuclea-
tion of the solid phase. During this step, there may be limited
selectivity for metal incorporation into the particle. Instead,
we hypothesize that the local molar ratio of metal precursor in
solution determines the ratio of the two metals incorporated
into the final nanoparticle architecture. It is important to note
that comparison of XRD spectra to determine particle compo-
sition was not possible from particles of this size range due
to significant line broadening, which is consistent with math-
ematical predictions of X-ray optics (see SI).

To further characterize the composition and oxidation state
of the Au,Co,NP alloys, all particle compositions were analyzed
by XPS (Figures S5 and S6). Survey spectra showed the pres-
ence of Au, Co, C, O, and S in all samples (with the exception
of AuypoNPs and Co;poNPs, which lacked Co and Au peaks,
respectively). Previous syntheses using pure Co precursor
under similar reaction conditions have also observed boron
in the particle products,?!l however we do not observe boron
signal in any XPS spectra (Figure S7), which indicates that
borohydride, borate byproducts or cobalt-boride materials are
not present in the purified final nanoparticle products. A shift
of the Au4f;, peak from Au,oNPs at 83.8 eV to higher energy
is observed with increasing % Co incorporation, suggesting a
continuous change in the Au environment that is consistent
with alloy formation.?*?? Analysis of the Co2ps), peak shows
the presence of metallic cobalt as a sharp, narrow band with
binding energies ranging from 778.0-778.4 eV, in all cases.
From a pure Co phase to an alloyed phase, we observe a shift
to lower binding energy of the Co2p features. From a pure Au
phase to an alloyed phase, we observe a shift to higher binding
energy of the Au4f peaks. These binding energy shifts do not
follow trends expected from electronegativity arguments, but
instead are consistent with electron density moving from Au to
Co. Similar trends have been observed for other Au-transition
metal alloys, such as Au-Ni, where Ni2p;,, binding energies
decrease and Au4f;, binding energies increase when com-
paring the pure metal phase to an alloyed composition.?3] For
high concentrations of Co (>60% Co incorporation) a shoulder
is present at =781 eV. This binding energy region is consistent
with Co(II) or Co(III) species. However, no corresponding satel-
lite peaks are observed (=786 eV), which indicates that where
oxidation is present, the concentration is low (Figure S6). Lim-
ited oxidation of the Co, despite a synthesis conducted in air
and water, is consistent with stabilizing trends observed in
other noble-transition metal alloys such as PtFel® and PtCo, !4
where the first row transition metal exhibits enhanced resist-
ance to oxidation when alloyed with a more noble counterpart.

Next, we analyze particle magnetic properties and also use
this analysis as an additional metric to assess composition tun-
ability. In order to determine the magnetism of Au,Co,NPs, we
have used the Evans’ method®*) to measure the mass magnetic
susceptibility at room temperature. Here, the Evans’ method is
an alternative to superconducting quantum interference device
(SQUID) analysis, which requires significantly more material,

Adv. Funct. Mater. 2014, 24, 6532-6539
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Figure 2. Magnetic susceptibility of Au,Co,NPs increases as % Co
increases. Error bars in both y and % Co incorporated represent the
standard error of at least 6 independent experiments.

especially for small particle sizes where diamagnetic capping
ligands can quench the magnetism of surface atoms,?%! which
are a large percentage of total atoms in the sample (~40% for
d = 2.2 nm). Using the Evans’ approach, we analyzed a series
of Au,Co/NP compositions (0-100% Co incorporation with
5% initial molar ratio step sizes, Figure 2 and Figure S10), to
determine the relationship between particle composition and
particle susceptibility. Here, we found that by controlling the %
Co incorporated in the final Au,Co,NPs we could achieve con-
tinuously tunable magnetic susceptibility from —0.39 x 107° to
11.26 x 107° cm3gyp, ! The reported values represent the total
mass magnetic susceptibility of the sample, which is comprised of
both the diamagnetic and paramagnetic contributions (Table 1).
The magnetic susceptibility values reported here, as well as
relaxivity measurements discussed below, are consistent with
previous reports of a variety of superparamagnetic nano-
particles, including AuNi nanoparticles?”) and SPIONs.[1628]

By using a molecular characterization method to analyze our
magnetic susceptibility, we were also able to directly observe
the 'H NMR spectrum of the NP ligand shell in each sample
within a single experiment (see SI; 1D 'H NMR spectra in
Figure S9). Here, 'H NMR spectra show an absence of the
thiol proton as well as the directly adjacent CH, protons on the

A i Sl F= AuCoNPs,y=80.7+25% B
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PEGSH (Figure S11). The absence of these peaks from the 'H
NMR spectra is consistent with significant dephasing, which
is expected to be a result of a chemical shift distribution from
various PEGSH binding sites as well as conduction electrons at
the NP surface. Control experiments were performed to ensure
that changes in magnetic susceptibility and relaxivity were not
the result of excess reactant impurities (see Figure S11 and cor-
responding discussion).

Remarkably, Au,Co,NPs also exhibit PL in the NIR spectral
region, which to the best of our knowledge, is the first observa-
tion of PL from Au-Co alloys at any length scale. Here, all com-
positions of the Au,Co,NPs exhibit NIR PL, with the exception
of 100% CoNPs (Table 1). Excitation spectra from these parti-
cles are consistent with previous excitation spectra obtained for
Au and Au,Cu,NPs(" (Figure S19). Interestingly, in the case of
Au,CoyNPs, a hypsochromic shift (=25 nm) in the maximum
emission wavelength relative to 100% AuNPs is observed
(Figure 3) with increasing % Co incorporation. This trend is
observed until Co concentration in the nanoparticle reaches
>60% incorporation. Beyond this concentration, the maximum
emission wavelength exhibits a bathochromic shift toward the
emission maximum from 100% AuNPs. This % Co composi-
tion is also coincident with our observation of increases in Co
oxidation via XPS, as well as increases in lattice constants.

Previous work indicates that the NIR emission originates
from a surface charge-transfer state comprised of Au-thiolate
interactions.””! In the case of the Au,Cu,NPs, we hypothesized
that the presence of Cu in the surface region (surface or sub-
surface layers)®% changes the energy of this Au-thiolate interac-
tion possibly by replacing one or more of the bonding Au atoms
with a Cu atom, consistent with previous reports.?!l The pres-
ence of PL from the Au,Co,NPs, but less dramatic composition
dependence of the maximum Agy, (Figure 3), indicates that the
incorporation of Co into the NP either does not significantly
alter the energy of the emissive luminophore (excited or ground
states), or Co is not proximate to the luminophore. We can fur-
ther delineate these scenarios as 1) only a small population of
Co exists on the NP surface (where the emitting state has been
indicated to localize), 2) Co is oxidized on the surface of the
particle and therefore does not interact with the luminophore
of the NP, 3) Co is segregated into Co “islands” on the surface,
4) Co does not alter the energy of the emissive state in contrast
to Cu in AuyCuyNPs and/or 5) Co does alter the energy of the
emissive state, but at high % Co compositions, compositional
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Figure 3. A) Photoluminescence of Au,Co,NPs in D,O showing representative emission spectra. B) Maximum emission wavelength as a function of
% Co incorporated.
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heterogeneity and increasing oxidation confounds subsequent
interpretation. Mechanism 4 is unlikely, given that all Au,.
Co,NPs exhibit an emission maximum that is blue-shifted from
100% AuNPs. HRTEM analysis indicates that the Au,Co,NPs
do not exhibit large scale (i.e., observable) metal separation
throughout the particle, which seems to eliminate mechanism
3. Based on our current experimental evidence, mechanisms 1
and 5 are the most probable explanations for the composition
dependence of the maximum Agy from Au,Co,NPs.

Although the definitive mechanism of PL for these small
Au-transition metal NPs is still being determined, standard
PL characterization is possible. Quantum yield (@) and molar
extinction coefficient (€) measurements were used to calculate
particle brightness (¢ x @). The brightness value determines
the probability of absorbed and emitted of photons and is a
useful figure of merit to compare luminophores.[?l Measured
quantum yield values are consistent with those found for other
noble metal nanoparticle systems (Table 1). Quantum yield
and brightness varied non-linearly (Table 1) as a function of
composition (Figures S16A-S18A) with the brightest parti-
cles containing ~2% Co."") Au,Co,NPs exhibit no observable
size dependence of optical properties (Figure S15, S16B-18B).
Nanoparticle PL was evaluated in both D,0 and H,0. D,0 was
used to eliminate solvent absorption interference, however
evaluation in H,O was also conducted in order to facilitate
comparison with other luminophores that have been meas-
ured in non-deuterated solvents. All optoelectronic properties
were the same, within error, in both solvents. For comparison,
an emission spectrum of Au,Co,NPs (y = 48.1 £ 2.7%) in H,0
is shown in Figure S14. The Au,Co/NPs display brightness
values that are over an order of magnitude higher than alter-
native biocompatible probes such as (Yb(III)TsoxMe), a sensi-
tized lanthanide complex evaluated in water (2884 mM~'cm™ vs
83 M lem™).B33

The combination of magnetic and optical properties from
Au,Co,NPs are clearly interesting for application as multi-
modal MRI contrast agents and therefore the relaxivity proper-
ties of each particle composition were also evaluated. Previous
reports indicate that metallic Co T, relaxivities are both field-
strength and concentration dependent.?¥ To study the effect of
field strength, the relaxivity of the Au,Co/NPs was measured
at 37 °C at two different static fields, 0.47 T (20 MHz proton
Larmor frequency) and 7 T (300 MHz proton Larmor frequency)
(Table S4). As a control experiment, the relaxivity of 100%
AuNPs was measured, and no effect on relaxivity was observed.
For both field strengths, Au,Co,NPs had a significant effect on
the transverse relaxation time (T5) of water, and had little to no
influence on the longitudinal relaxation time (T;). These results
indicate that Au,Co,NPs have the ability to maintain proton T;
values that are the same as the surrounding tissue (providing
essentially no positive contrast properties) while significantly
dephasing the transverse magnetization used in MRI signal
detection.®>! This property most efficiently produces negative
(dark) spots in the final image, making Au,Co,NPs attractive
negative-T, contrast agents.

Even at low field strength, all Au,Co,NP compositions
show very little effect on T, leading to r,/r; values that, in all
cases, are either comparable to or larger than those of a clini-
cally available T, contrast agent, Ferumoxsil (SPION), which

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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has a diameter nearly 3 times larger than the Au,Co,NP alloys
reported here.[?8%! The comparable or in some cases, enhanced,
relaxivity for Au,Co,NPs (despite their smaller diameter com-
pared to reported SPIONS) is likely the result of the higher satu-
ration magnetization of Co compared to iron oxide (see SI for a
full comparison of Au,Co,NPs to previously reported iron oxide
nanoparticles).'® Since tissues already have relatively short T,
times (~102-10% ms),*®l in order to be considered an effective
negative T, contrast agent, r, values must be orders of magni-
tude larger than r; values typically required for positive contrast
agents. Further, as field strength is increased, T; effects, as
well as the efficiency of positive contrast agents, are expected
to diminish. As clinical imaging instrumentation moves to
higher field strengths to achieve greater resolution, the neces-
sity to develop and implement improved contrast agents for T,
weighted imaging becomes increasingly important.l’’]

Au,Co NP alloys may provide a platform to achieve T,
enhancements greater than those observed from SPIONs, while
maintaining a small particle size for renal clearance.’¥ As
expected, at 7 T longitudinal relaxation times in the presence of
even the most concentrated Au,Co,NPs is equal to that of pure
water (~6 s at 7 T). Both the per-Co and per-particle T, relax-
ivities at 7 T are listed in Table 1. Relaxivity values are reported
as per-particle relaxivity values, in addition to per-Co relaxivity
values, to facilitate comparison between nanoparticles of dif-
ferent composition and size.** The per-particle comparison is
made here due to the difference between superparamagnetic
nanoparticles and chelated-metal based contrast agents. For
chelated-metal contrast agents, such as commercially available
gadolinium-based agents, water protons bind to a single metal
center, and therefore per-metal relaxivities are preferred. For
superparamagnetic nanoparticles, the particle itself behaves as
a large paramagnetic ion.*® Therefore, per-particle relaxivities
provide a more accurate assessment of contrast agent efficiency
in the case of nanoparticles®¥ (but with the caveat that larger
particles will almost always exhibit higher relaxivities compared
with smaller particles of the same material, and this relation-
ship between particle size and per-particle relaxivity is not nec-
essarily linear depending on the particle system).3¥l To com-
pare Au,Co NP T, relaxivities to other contrast agents, the per-
particle relaxivity was calculated for reported earth-abundant
metal nanoparticles of comparable size. Indeed, Au,Co,NPs
exhibit comparable or enhanced per-particle T, relaxivities com-
pared to SPIONs, despite the fact that Au,Co,NPs are smaller
in diameter. Additionally, Au,Co/NPs show improved T, relax-
ivities compared to 0D and 1D gold-cobalt ferrite and gold-iron
oxide heterostructures.l*”l Most relaxivities in the literature are
reported as per-metal relaxivities. This figure of merit is impor-
tant, as biological compatibility and toxicity is likely to be a
function of transition metal concentration (for cobalt as well as
iron), allowing a more straightforward assessment than particle
concentration (although both cobalt and iron are used already
in biomedical applications such as surgical implants).[7]

Because a wide range of Au,Co,NP compositions can be
accessed via the current synthesis, the % Co incorporation
parameter was explored to find a composition with both high
NIR brightness and high T)-relaxivity. This optimal composi-
tion can be determined by plotting r, at 7 T and NIR bright-
ness as a function of % Co incorporation (Figure 4). Particle

Adv. Funct. Mater. 2014, 24, 6532-6539
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Figure 4. Optimal Au,Co,NP composition for bimodal NIR-T, contrast imaging occurs at

y =48.1 £ 2.7% Co incorporation.

brightness is highest for AuyCo,NPs (y = 1.6 + 0.1%) and
decreases until no NIR PL is observed. For per-particle relax-
ivity, as % Co incorporated increases, r, values become more
favorable for negative MRI contrast. The trends for NIR bright-
ness and r, intersect at approximately 55% Co incorporated
in the particle. The particle composition closest to this value
that retained desirable imaging properties was Au,Co/NPs, y =
48.1 + 2.7%. Even at 48.1 £ 2.7% Co incorporation, the per-
particle relaxivity (r, = 1750 mm~!s™!) remains competitive
compared to marketed negative contrast agents?8® and exceeds
the relaxivity values for reported iron oxide nanoparticles of
similar sizes.'®l Likewise, particle brightness (2322 m~'cm™)
also remains high when compared to other biocompatible NIR
probes.*!l For this reason, we conclude that 48.1 + 2.7% Co
incorporation is an appropriate composition for a dual NIR-T,
contrast imaging agent.

3. Conclusion

In summary, we present a method for preparing a previously
inaccessible library of composition tunable Au,Co/NP alloys.
This method can be used to tailor magnetic susceptibility
while maintaining almost identical particle size and surface
chemistry. To the best of our knowledge, these particles have
also enabled the first observation of photoluminescence from
a Au-Co nanoparticle species at any size range or composi-
tion. Combined, these magnetic and optical features generate
a promising multi-modal agent that exhibits NIR emission and
MRI contrast properties that meet or exceed current stand-
ards, all at small particle diameters. Taken together, these data
suggest that alloying behavior at the nanoscale may deviate
significantly from bulk trends and that access to these new
stoichiometries should yield an exciting diversity of unique,
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heterogeneity in commercially available PEGSH)
and used as received. Deuterium oxide (D,O) and
DMSO-dg were purchased from Cambridge Isotope
Laboratories, Inc. and used as received. NANOpure
(Thermo Scientific, >18.2 MQ cm) water was used
to prepare all solutions unless otherwise indicated.
Before use, all glassware and Teflon coated stir
bars were washed with aqua regia (3:1 ratio of
concentrated HCl and HNO; by volume) and rinsed
thoroughly with water. Caution: Aqua regia is highly toxic and corrosive
and requires proper personal protective equipment. Aqua regia should
be handled in a fume hood only.

Synthesis of Au,Co,NPs: Au,Co,NP alloys were synthesized by
co-reduction of HAuCl, and Co(NO3), with NaBH, at room temperature
in an aqueous solution containing the capping ligand, poly(ethylene
glycol) methyl ether thiol (PEGSH, average M, = 1000 Da). Reagents
were added to a glass vial, while stirring, in the following order: water
(4.29 mL), HAuCl, (X mL, 20.0 mwm), Co(NO3), (X mL, 20.0 mwm), PEGSH
(375 pL of 10.0 mwm), and NaBH, (450 pL of 20.0 mwm) (N. B. volume of
metal stock added for each composition is listed in Table S1). The total
concentration of metal cations was held constant while the molar ratio
of Au and Co was varied. The initial molar ratio of Co to Au was varied
from 0-100%, while maintaining the same total metal, capping ligand,
and reducing agent concentrations.

Nanoparticle Purification: The entire contents of the NP synthesis
were transferred to Amicon Ultra — 4 Ultracel 10 kDa molecular weight
cutoff centrifugal filters (Merck Millipore Ltd.). Samples were purified
from excess PEGSH and metal salts using an Eppendorf 5804 or 5804R
centrifuge with swing bucket rotor (A-44—4) (Eppendorf, Inc.) with a force
of 4000 RFC at 20 °C for 12-15 min. The resulting concentrated particles
(typically =50 pL in water) were diluted in the concentrator tube to a
volume of 3 mL with water. The loose pellet was resuspended by gentle
mixing using a pipette prior to re-centrifugation. This washing procedure
was repeated 5 times. Purified Au,Co,NPs were then characterized by
electron microscopy techniques, UV-Visible spectroscopy, ICP-MS, XPS,
photoluminescence, and "H NMR techniques.

4.2. Characterization

Electron Microscopy: Samples were prepared for electron microscopy
by drop casting an aliquot of purified NP solution (diluted 1:10 or 1:100
with water) onto ultra-thin (3-5 nm) carbon type A 400 mesh copper
grids (Ted Pella, Inc.). Samples were allowed to slowly air dry for at least
10 hours followed by drying under vacuum. Bright field, HRTEM and
STEM characterization was performed using a JEOL JEM-2100F equipped
with a Gatan GIF-Tridiem camera and Oxford Inca EDS detector
operating at 200 kV (NanoScale Fabrication and Characterization Facility,
Petersen Institute of NanoScience and Engineering, Pittsburgh, PA).
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Size determination by NMR: Pulsed field gradient stimulated
echo (PFGSE) '"H NMR measurements were performed on a Bruker
500 Ultrashield magnet with an AVANCE [II 500 Console or a Bruker
600 Ultrashield magnet with an AVANCE Ill 600 Console (Bruker
Biospin, Billerica, MA) at 298 K. Au,Co,NPs NMR samples were
lyophilized, resuspended in DMSO-dg, and loaded in a 5 mm NMR
tube for measurement. '"H NMR diffusion spectra were acquired on
a broadband observe probe using a stimulated echo bipolar pulsed
field gradient pulse sequence (for calculations and additional analysis,
see Sl).

XPS Analysis: XPS was performed using a Thermo Scientific K-Alpha
with monochromatic Al Ko X-rays (R) Lee Group, Inc., Monroeville, PA).
Survey and high resolution spectra were collected with a pass energy of
200 eV and 50 eV, respectively. Lyophilized NPs were resuspended in
absolute ethanol and drop cast onto silicon wafers (University Wafer,
Boston, MA). Prior to XPS collection, samples were sputtered for
30 seconds with an argon ion gun. All XPS spectra were measured with
a 400 pm X-ray spot size. High resolution XPS spectra were charge
referenced to the adventitious hydrocarbon Cls peak at 284.8 eV.

ICP-MS Analysis: ICP-MS analysis was performed using an Argon flow
with a Nexion spectrometer (PerkinElmer, Inc.). An ultrapure aqua regia
solution was prepared with a 3:1 ratio of hydrochloric acid (Sigma Aldrich
> 99.999% trace metal basis): nitric acid (Sigma Aldrich, > 99.999%
trace metal basis), a portion of which was diluted with NANOpure water
for a 5% v/v aqua regia matrix. An aliquot of the purified nanoparticle
samples was digested with =100 pL of ultrapure, concentrated aqua regia
in a 10 mL volumetric flask, and diluted to volume with the 5% aqua
regia solution. The unknown Au and Co concentrations were determined
by comparison to a 5-point standard calibration curve with a range of
1-30 ppb prepared from a gold standard for ICP (Fluka, TraceCERT 1001
+ 2 mg/L Au in HCl) and a cobalt standard for ICP (Fluka, TraceCERT
1000 £ 2 mg/L Co in HNO;3), respectively, and diluted in the 5% aqua
regia matrix. The ICP standards were measured 5 times and averaged,
while all unknown samples were measured in triplicate and averaged.
An 8 minute flush time with 5% aqua regia matrix was used between
all runs, and a blank was run before every unknown sample to confirm
removal of all residual metals.

Magnetic Susceptibility Measurements: Mass magnetic susceptibility
for NPs were recorded on a Bruker 600 Ultrashield magnet (14.1 T)
with an AVANCE Ill 600 Console or a Bruker 700 Ultrashield magnet
(16.4 T) with an AVANCE Il 700 Console (Bruker Biospin, Billerica,
MA) equipped with a BVT3000 and BCUO5 variable temperature
unit, respectively. "H NMR spectra were collected at 298 K using the
Evans’ method.?®! Au,Co,NPs were synthesized and purified and the
concentrated NP pellet was lyophilized. The mass of the dried NPs was
recorded and resuspended in T mL of D,O and loaded into a 5 mm
NMR tube along with an internal sealed capillary tube of pure D,O. A
1D "H NMR spectrum of each sample was recorded with 16 transients.
"H NMR chemical shifts were referenced to the HDO peak from the
capillary at 4.7 ppm. Typical 90° radiofrequency pulses were ~9 ps for 'H
NMR spectra, and were processed using Bruker Topspin 3.0 and iNMR.
The distance in Hz between the residual HDO peak of the pure D,0 and
the HDO peak of the D,O containing the Au,Co, colloidal suspension
(experimental 'TH NMR spectra shown in Figure S9) was measured
and used to calculate the magnetic susceptibility (see Sl for additional
calculation details).

UV-Visible Spectroscopy: Molar Extinction Coefficient: Nanoparticle
extinction coefficients were calculated using the UV—vis—NIR spectrum
of the NPs after purification. Spectra were taken using a Cary 5000
UV-vis—NIR (Agilent, Inc.). UV-vis measurements were collected of
nanoparticle suspensions diluted in D,O using 1.0 cm quartz cuvettes
(Hellma, Inc.).

Photoluminescence: Quantum Yield and Brightness: NP suspensions
in D,O were prepared from the purified AuCo/NP stocks at
concentrations < 0.25 abs at 340 nm determined by UV-Vis. Emission
spectra were acquired on a HORIBA Jobin Yvon IBH FluoroLog-322
spectrofluorometer equipped with a Hamamatsu R928 detector for
the visible domain; DSS-IGA020L (Electro-Optical Systems, Inc.)
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detector for the NIR domain and a temperature controller using
1.0 cm x 0.4 cm quartz cuvettes (Hellma, Inc). A 780 nm NIR cut-on
filter (Newport FSQ-RG780, Newport Corporation, Inc.) was used to
block the excitation source. The quantum yields in the NIR region
were determined by the optically dilute method. Excitation spectra
of the purified Au,Co,NPs were collected using an emission slit of
20 nm centered at 950 nm with an excitation slit of 5 nm. Spectra were
collected in 1 nm increments using an integration time of 0.4 s from
290-600 nm and the NIR cut-on (780 nm) filter was used to filter the
emission (Figure S19). Excitation spectra have been corrected for lamp
power fluctuations and the instrument response (see Sl full calculations,
spectra and analysis).

Relaxivity Measurements: Longitudinal (T;) and transverse (T,)
relaxation time measurements were collected for five dilutions of each
sample at 37 °C using an inversion recovery pulse sequence and the Carr-
Purcell-Meiboom-Gill (CPMG) spin echo pulse sequence, respectively.
Relaxation measurements were collected at both 20 MHz (0.47 T)
on a Bruker mq20 minispec NMR analyzer and 300 MHz (7 T) on a
Bruker DRX 300 MHz magnet. In order to minimize radiation damping
effects at 7 T, the NPs were suspended in 50/50 H,0/D,0 and the
probe was de-tuned prior to measurement. All relaxivity measurements
were performed in triplicate (three independent syntheses of each
composition), with ICP-MS analysis of each sample for exact metal
concentration (see Sl for full calculations and comparison of alloys to
other T, contrast agents).

Supporting Information

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