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Abstract

We report a new strategy for synthesizing temperature-responsive y-Fe,Os-core/Au-shell
nanoparticles (Au-mNPs) from diblock copolymer micelles. The amphiphilic diblock copolymer
chains were synthesized using reversible addition fragmentation chain-transfer (RAFT) with a
thermally-responsive “smart” poly(N-isopropylacrylamide) (obNIPAAm) block and an amine-
containing poly(N,N-dimethylaminoethylacrylamide) (DMAEAmM) block that acted as a reducing
agent during gold shell formation. The Au-mNPs reversibly aggregated upon heating the solution
above the transition temperature of pNIPAAmM, resulting in a red-shifted localized surface plasmon
resonance.
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There has been increased interest in magnetic and metallic nanoparticles in the
bionanotechnology field due to their potential in diagnostic and imaging technologies.}= The
microfluidics field in particular has offered opportunities to apply biofunctionalized
nanoparticles in assays that are rapid yet highly sensitive in the detection of viral and bacterial
pathogens, or antibodies to these pathogens, from biological fluids.6=° Such devices can
potentially provide simultaneous detection of multiple conditions at the point-of-care.10-12

Thermally responsive polymers (e.g. pNIPAAmM) have also been utilized with diagnostic
reagents for assay technologies when conjugated to proteins13~18, and/or grafted to
microfluidic device surfaces.19725 These polymers enhance the capabilities of
immunodiagnostic systems by separating and concentrating sample analytes from biological
milleu through thermal aggregation and phase separation above their lower critical solution
temperature (LCST). Magnetic nanoparticles represent a complementary separation
technology in microfluidic systems that has been recently reviewed26, and their thermally-
responsive counterparts using pNIPAAmM magnetic nanoparticles have been reported.27733
When raised above the polymer LCST, the magnetic nanoparticles form particle aggregates
with increased magnetophoretic mobility, resulting in faster separation in applied magnetic
field gradients.27: 29 31, 33 Fyrther developments in organic “smart”-polymer / inorganic-
nanoparticle systems that combine stimuli-responsiveness with magnetic and optical properties
could provide new opportunities for immunodiagnostic assay systems.

Dielectric-core gold-shell nanoparticles represent another inorganic material that has been used
in bioassay and biomedical imaging due to their tunable plasmonic properties,34 surface
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properties,35 and the potential for surface-enhanced spectroscopies (e.g. surface-enhanced
Raman scattering).36 For example, silica-core gold-shell materials possess a tunable localized
surface plasmon resonance (LSPR).34' 37 The LSPR wavelength can be tuned from the visible
to the infrared based on the core:shell thickness ratio.38 Responsive polymers can be used to
shift the LSPR of metallic nanoparticles through aggregation and near-field coupling.39~41

In an effort to streamline the synthesis of nanoparticles that combine the magnetic-core and
gold-shell properties with the temperature-responsive properties of a pNIPAAmM coating, we
have developed a new strategy utilizing RAFT diblock copolymer chains. Previous approaches
to magnetic-core gold-shell nanoparticle synthesis42=4° have relied on surface immobilization
onto preformed magnetic cores (e.g. primary-amines or thiols), and subsequent reduction of
ionic gold salts by an external reducing agent. Despite the recent success of these synthetic
approaches, formation of small (<20 nm) magnetic-core gold-shell structures with a high
degree of chemical functionality remains a challenge. Small nanoparticle sizes are highly
desirable in diagnostic device applications where fast diffusion constants can decrease the
interaction time required for efficient target capture at low analyte concentrations, resulting in
faster and more sensitive assays.

Recent work has shown that certain secondary and tertiary amine-containing polymers are
capable of acting as reducing agents,46~48 allowing for in-situ formation of gold nanoparticles
displaying polymeric coronas.*® Here we report that DMAEAm with a similar trialkyl amine
residue is capable of acting as a reducing agent when polymerized as a diblock copolymer with
pNIPAAm. The diblock copolymer architecture was designed so that the reducing amines are
adjacent to a telechelic hydrocarbon tail contained in the RAFT chain transfer agent (CTA).
Magnetic nanoparticles (mNPs) were then synthesized using these diblock copolymer micelles
as dimensional confinements / stabilizing agents. The resultant mNPs retain the DMAEAmM
reducing moieties near the mNP surface, allowing for subsequent reduction of ionic gold salt
(e.9. HAuCI,4 or KAUCly) onto the mNPs, forming a gold shell. This diblock copolymer-
templated core / shell synthesis approach is depicted in Figure 1. Our new method for core-
shell synthesis relies on distinct regions of polymeric functionality engineered through the
chosen monomers, block lengths, and block sequence with respect to telechelic functional
groups (e.g. —Cq2H>s5). Unlike previous approaches, no external reducing agent or metal-
affinity ligands were required, as the chosen monomer (DMAEAmM) served both these purposes,
and the outer pNIPAAm block is incorporated at the time of initial core particle synthesis. The
pNIPAAm block imparted colloidal stability and thermal-responsiveness that directs reversible
nanoparticle aggregation.

Details on material suppliers and polymerization conditions can be found in the online
Supplementary Information. The diblock copolymer was synthesized in two successive
thermally initiated RAFT polymerizations, depicted in Figure 2. The product of the first
polymerization was pNIPAAmM ((i) in Figure 2) with M, = 15.9 kDa, polydispersity (PDI) =
1.14, degree of polymerization (dp,) ~ 141, as determined by size exclusion chromatography
(SEC) (see Supplementary Information). The molecular weight of the pNIPAAm could be
readily varied from 5 kDa-20 kDa by varying the ratio of NIPAAmM:CTA in the feed solution,
with PDI in the 1.1 range across all molecular weights investigated. Because of the
heterobifunctionality of the CTA, the pNIPAAm displayed telechelic functional groups in the
form of: (1) a dodecyl hydrocarbon tail, and (2) a carboxyl group, as shown in Figure 2. Poly
(NIPAAmM) is hydrophilic below its LCST (~32°C), and the presence of the hydrophobic
—C1oHos tail directed these amphiphiles to form micelles in aqueous buffers and polar solvents
(e.g. tetraglyme), as has been described previously for pNIPAAm displaying telechelic
hydrocarbon tails.31: 50
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The purified pNIPAAmM material ((i) in Figure 2) was next used as a macro chain transfer agent
(mCTA) for a second RAFT copolymerization of DMAEAm and NIPAAm (see
Supplementary Information). This material is denoted as the amine-containing reducer diblock
copolymer (ACR-dB; (ii) in Figure 2). The controlled living polymerization resulted in the
insertion of DMAEAmM and NIPAAmM as a random copolymer between the hydrocarbon tail,
and the homo-pNIPAAmM block (Figure 2). This architecture allowed for localization of
DMAEAmMm side-chains (Au-reduction moieties) adjacent to the micelle interior. ACR-dB
preparations with pNIPAAmM mCTA lengths of 15 and 5 kDa were prepared. In all cases, the
feed ratio of DMAEAmM:NIPAAM:mCTA in the second RAFT polymerization was maintained
at 15:15:1. The resultant ACR-dB polymers had M, ~ 16 kDa, PDI = 1.25, and M = 7.2 kDa,
PDI ~ 1.25, respectively. TH-NMR and SEC characterization of the 5 and 15 kDa pNIPAAmM,
and the 7.2 kDa and 16 kDa ACR-dB, can be found in the Supplementary Information.

The amines from the DMAEAmM-containing block served as electron donors in reducing ionic
gold salts to form gold nanoparticles. Mixture of the polymer with HAuCl, or KAuCl, in
alkaline buffers resulted in formation of gold nanoparticles (AuNPSs) (Figure 3A, TEM), as has
been reported for other tertiary-amine-containing polymers.*® Thermally-responsive AuNPs
(without magnetic cores) were formed by mixing 1.65 pmol (12 mg; 16.5 umol DMAEAmM
reducing equilavents) of a 7.2 kDa ACR-dB with 23.8 umol HAuUCI, in 7 mL of DI water. The
solution was kept in darkness at 22 °C for 24 hours, at which time 2.5 umol of HAuCl, in 100
uL DI water was added. This solution was allowed to sit undisturbed for an additional 24 hours.
The product was collected by 3 rounds of centrifugation (13.2 krpm, 5 minutes), and
resuspended in DI water. As a control, a 5 kDa pNIPAAmM mCTA ((i) in Figure 2) was mixed
with the gold salt, and no characteristic pink color change was observed after 24—48 hours, as
was the case for all ACR-dB preparations.

The resulting AuNPs formed with the 7.2 kDa ACR-dB were ~30-60 nm in diameter (Figure
3A, TEM), and exhibit spherical, triangular, and pentagonal shapes, depending on the gold
concentrations used, and the timing of sequential addition of gold aliquots. The room
temperature absorbance spectrum of the AuNPs showed LSPR bands at 540 nm and 685 nm
(Supplementary Figure S2). The 685 nm absorbance peak was attributed to the triangular
shaped particles.>! Further studies are needed to improve homogeneity, and determine
appropriate conditions for preferential formation of particular shapes. We note here that the
pNIPAAm served as an excellent colloidal stabilizing agent for the AuNPs in solutions, which
remained solubilized months stored at 4°C, or alternatively at room temperature in darkness.

The AuNPs display the pNIPAAm chains on the surface, and can aggregate at temperatures
above the LCST. The LSPR of aggregated gold nanoparticles can undergo dramatic changes
in resonance conditions due to dielectric coupling, giving rise to new plasmonic frequencies,
and enhanced electric near-fields.52: >3 Absorbance spectra were measured on a Hewlett
Packard 8453 UV-Visible spectrophotometer with a temperature-controlled sample holder
attached to a re-circulating heated waterbath. The sample temperature was raised at a rate of
1.2 °C/min, monitored using a digital thermocouple. We observed that both LSPR absorbance
peaks (540 nm & 685 nm) of the AuNPs were red-shifted to longer wavelengths (Figure S2)
upon heating the solution above the LCST of pNIPAAmM. Typically the AUNP absorbance peaks
were shifted 25-50 nm to the red upon raising the sample temperature above the LCST. These
changes in the LSPR wavelength were partially reversible after cooling the solution to room
temperature. More dilute solutions at lower pH (7 vs. 9) show weaker red-shifting with greater
reversibility. A red-shifted LSPR has been previously reported in experimental data on
nanoparticle aggregates,®* and is also supported by theoretical modeling using Mie scattering
and Maxwell-Garnett theory.55 Changes in the dielectric constant and refractive index due to
the phase transition of the polymer chains at the surface of the AuNPs could also contribute to
new resonance conditions.
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After confirming that the DMAEAmM side-chain could serve as an effective reducer of gold
salts, we proceeded to use the diblock copolymer as a stabilizing agent in a micellar synthesis
of magnetic nanoparticles (mNPs). The mNPs were synthesized using the method described
previously by our group.3! Briefly, 0.06 g of ACR-dB (M,~15.9 kDa) was dissolved (0.5 mM)
in 7.5 mL of tetraglyme at 110 °C. 32 pL (0.2 mmol) of iron pentacarbonyl (Fe(CO)s) was
added to the solution, and the temperature was raised to 190 °C after 10 minutes of stirring.
The solution was refluxed for 5 hours at 190 °C, and allowed to cool. The product (mNPs) was
obtained by precipitation into pentane, re-dissolution in tetrahydrofuran, and thrice
precipitation into pentane. The product was collected by centrifugation and dried overnight
under vacuum. Further magnetic purification of the mNP material was undertaken (see
Supplementary Information). A representative transmission electron micrograph (TEM) of the
mNPs formed from the 15.9 kDa ACR-dB is shown in Figure 3B. The morphology of the mNPs
is pseudo-spherical, with long axis diameter ~ 10.4 £ 2.98 nm (mean * std. dev.; # of particles
counted > 200).

In addition to its utility as a reducing agent, the DMAEAmM monomer was chosen for its thermal
stability. The more stable amide bond of DMAEAmM prevents the side chains from being
thermally degraded during the high-temperature (5 hours, 190 °C) mNP synthesis procedure.
Monomers containing more labile ester bonds (e.g. dimethylaminoethylmethacrylate) were not
suitable for retaining reducing moieties in high density at mNP surfaces.

Magnetometry characterization was performed using a superconducting quantum interference
device (SQUID) with a field range of + 5 T. The maximum magnetization reached was 54.2
and 69.11 emul/g y-Fe 03 at temperatures of 300 K, and 5 K, respectively (Supplementary
Figure S3). The blocking temperature was found to be 22 K in the field-cooled curve
(Supplementary Figure S4), similar to the previously published study.3! In that study, SQUID
magnetometry revealed a magnetic hysteresis, with a coercivity of 450 Oe.3!

One advantage of our mNP synthesis procedure is that the mNPs as synthesized are soluble in
water due to the hydrophilic nature of pNIPAAm below the LCST. The soluble mNPs in
deionized water or PBS buffer (~15 mg/mL) had extremely low magnetophoretic mobility
below the polymer LCST, and did not visibly respond to an applied magnetic field gradient in
the form of a NdFeB magnet (5 cm x 1.27 cm x 0.63 ¢cm, B, max = 12.1 kilogauss) placed
against the side of a 45 mL polypropylene tube. Above the LCST, however, the increased
hydrophobicity of the pNIPAAm chains caused neighboring nanoparticles to aggregate. The
aggregates exhibited magnetophoretic mobility that was much higher than the individual
mNPs, so they were rapidly separated from solution using a permanent NdFeB magnet within
minutes. This enhaned magnetophoretic mobility above the LCST was similar to that of the
homo-pNIPAAmM mNPs described previously.3

The DMAEAmM group contained in the ACR-dB can be protonated with a formal positive
charge below its pK, of ~8, resulting in electrostatic repulsion between polymer chains. This
imparted a pH-responsiveness to the mNP aggregation process, as demonstrated in Figure 4.
When heated above the LCST, the degree of mNP aggregation was 2.7 times higher for mNPs
dissolved in pH 8 vs. pH 7 (Figure 4). This finding is consistent with electrostatic repulsion
hindering aggregate formation below the pK, of the DMAEAm side-chains. Other groups have
also reported that protonation of tertiary-amine co-monomers upon lowering the pH from 8 to
6 increases the LCST of pNIPAAmM copolymers.®® The pK, of the DMAEAM monomer was
estimated to be 8.8 by the Advanced Chemistry Development software package V8.14 for
Solaris. Local environments could alter this predicted pKj significantly for the polymeric form
immobilized at the mNP surface.
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Magnetic-core gold-shell nanoparticles were subsequently synthesized simply by mixing the
mNP precursors with gold salts in alkaline buffers. Dissolution of 7.5 pmol of KAuCl, in 300
pL DI water was followed by addition of 1.3 mL of carbonate buffer (0.1 M, pH 10). To this,
1.5 mg of mNPs (synthesized with 15.9 kDa ACR-dB) in 150 pL DI water were added. The
number of reducing DMAEAm equivalents was estimated at 1.8 pumol, based on SEC
determined molecular weights (Supplementary Figure S1), and thermogravimetric analysis
performed on a Perkin EImer TGA7 instrument, which showed that the mNPs were 80%
organic content by weight. The reaction proceeded in darkness at 22 °C for 36 hours. The
product was obtained by magnetic enrichment with a permanent magnet (NdFeB, B, max =12.1
kilogauss) at 45 °C (above the LCST of the polymer) for 15 minutes, followed by 24 hour
dialysis against DI water. The resulting material consisted of a mixture of Au-mNP core-shell
nanoparticles and nanoclusters, mNPs without gold, and very few AuNPs (without magnetic
cores). Elemental compositions were confirmed using semi-quantitative energy dispersive x-
ray spectroscopy (EDXS) in conjunction with high-resolution transmission electron
microscopy (HR-TEM) (see below).

TEM (Figure 3) was performed on a Philips CM100 instrument with 100 kV accelerating
voltage using a CCD camera (Gatan). In Figure 3C, 7.2 kDa ACR-dB / Au-mNPs are observed
as high-contrast dark particles with semi-spherical and abnormal shapes. Unreacted mNPs
without gold shells can be seen in Figure 3C as faint spots between the Au-mNPs. The higher
electron density of gold makes Au-mNPs look darker in the electron micrograph as compared
to the iron oxide mNPs. Polymer chains were not stained, and therefore were not observed in
any of the TEM images.

The Au-mNP morphology was found to be dependent on concentration of the mNPs, and on
the concentration and choice of chloroauric salt (e.g. HAuCl4 or KAuCly). Heterogeneity of
the resultant mixture was observed both in terms of mixtures of core-shell / un-reacted-core
populations, as well as heterogeneity in shape of the core-shell population. Non-spherical core-
shell structures were consistently observed (Figure 3C and Figure S7). Some resembled
multiple particles that had fused together during gold reduction. The fusion of particles was
more severe in the case of the Au-mNPs that were formed from mNPs displaying the 7.2 kDa
ACR-dB, which had a higher ratio of DMAEAmM:NIPAAmM. Nanoparticles that appeared to
have fused together during gold-shell formation were observed to form dimer, trimer, and
elongated pearl necklace-like structures (see Supplementary Figure S7). This fusion is partially
controlled by the concentration of mMNPs and KAuUCly, and by the ratio of DMAEAmM:NIPAAmM
in the polymer preparation. These different aspect ratio Au-mNPs tended to broaden the LSPR,
and in some cases a distinct NIR LSPR band above 600 nm was also observed. A magnetic
purification step was employed in an attempt to ensure that all of the collected material
exhibited some magnetic susceptibility. This purification step, however, did not remove un-
reacted mNPs without gold (seen in Figure 3C as low contrast particles). Very few AuNPs
(without magnetic cores) were also present in the mixture, formed possibly through reduction
of the gold anion by the DMAEAmM copolymer and subsequent diffusion away from the mNP
surface, or by reduction in solution by free-polymer that had desorbed from the mNP surface.
Since the AuNPs also displayed the thermally-responsive polymer groups, they were likely
hydrophobically entrained and separated by mNPs and Au-mNPs during the magnetic
purification step. The obtained material therefore consisted of a mixture of Au-mNPs, mNPs,
and AuNPs.

During the Au-mNP formation reaction, the tertiary amine groups become positively charged
through protonation or oxidation to an imine group.>’ These quaternary-amine compounds can
chelate gold anions (AuCl,™) localizing them at the mNP surface, contributing to the growth
of a cohesive shell. Cationic amine polymers have a demonstrated history as metal ion

chelators, and dual reductants and stabilizers for formation of gold nanoparticles with diverse
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morphology, and plasmonic properties.58 761 Alkaline (pH 10) buffers were found to cause the
reduction to occur more rapidly, with no observable color change at pH 4 after 48 hours. This
suggests that it is the de-protonated tertiary-amines that act as the active reducing agent.

To confirm the elemental morphology of the core-shell Au-mNPs, HR-TEM imaging with
semi-quantitative EDXS spectroscopy was used. A representative HR-TEM image of a single
Au-mNP core-shell nanoparticle is shown in Figure 5A, with the corresponding EDXS
spectrum shown in Figure 5B. All HR-TEM samples were analyzed on formvar coated / carbon-
stabilized copper grids (Ted Pella) on a JEOL 2010 high-resolution TEM equipped with an
Oxford ISIS X-ray EDXS microanalysis system. Nanoparticles were deposited by aerosolizing
solutions onto the grid from deionized water. Semi-quantitative EDXS spectroscopy was
performed by first acquiring a blank spectrum at locations on the grid very close (< 40 nm) to
the nanoparticle to be analyzed. The circular illumination area of the electron beam was
approximately 8-12 nm in diameter. The integrated Fe:Cu peak ratios were determined for the
background samples of blank formvar. The Cu signal is observed due to scattered electrons
impinging on the TEM grid away from the illumination area. The FeK o peak (6.21-6.7 keV)
and the CuK  peak (8.61-9.29 keV) were integrated within the specified range, and their ratio
was used to compare iron content between sampling volumes. Five blank samples were found
to have an average Fe:Cu integrated peak ratio of 0.123 = 0.007 (mean * s.d.). The Au-mNP
was then imaged and the nanoparticle EDXS spectrum was collected to determine the Fe:Cu.
For the Au-mNP shown in Figure 5A, the Fe:Cu ratio was found to be 0.199, representing 10.8
standard deviations above the background mean. We note that we have not performed k-factor
analysis, nor have we corrected for absorption processes as is necessary particularly when
trying to quantify a light element inside a heavier elemental matrix.52 However, we conclude
from our analysis that Fe was present in the illumination volume. The signal for gold meanwhile
remained strong throughout all EDXS spectra where the electron dense / high contrast material
is observed. These results confirmed that both elements (Fe and Au) were co-localized in single
nanoparticles. This technique allowed us to confirm that core-shell Au-mNPs, mNPs, and very
few AuNPs were all present in samples. The ratio of low-contrast mNPs to high-contrast Au-
containing particles was ~1:1.25, based on TEM image analysis (# particles counted > 500).
See Supplementary Information for HR-TEM and EDXS of mNPs and AuNPs.

The Au-mNPs were found to have a LSPR wavelength of 525 nm at room temperature in pH
8 PBS buffer (Figure 6, solid line). Due to the pNIPAAm on the particle surface, the LSPR
absorbance bands of the Au-mNPs shifted with temperature. Upon raising the temperature to
45 °C (Figure 6, dashed line), the LSPR was found to have shifted to 560 nm. Cooling the
solution back to room temperature resulted in a blue-shift of the LSPR to 545 nm. As the
particles began to aggregate, the amount of light scattered from the solution increased,
decreasing the total amount of light that reached the detector across all wavelengths. This
explains the rising baseline seen in Figure 6 (the spectra are not offset).

In summary, we have demonstrated how RAFT polymerization can be used to engineer
amphiphilic organic diblock copolymer chains capable of templating inorganic magnetic-core
gold-shell nanoparticle compositions. A —C1,H55 hydrocarbon tail drives formation of
micelles, which are loaded with a hydrophobic organometallic iron compound that thermally
decomposes in the interior of the micelle. The amine-containing monomer (DMAEAm)
displayed near the mNP surface is capable of reducing gold salts forming metallic shells that
support LSPR oscillations. The material is heterogeneous and partially consisted of Au-mNP
core-shell nanoparticles and nanoclusters. Further work is being performed to acquire
homogeneous populations. An advantage of our approach is that the same polymer was used
for synthesis of AuNPs, mNPs, and Au-mNPs, all exhibiting temperature-responsive
properties. Reversible aggregation and plasmonic behavior of the AuNPs, and Au-mNPs was
described, and future work will focus on application of these particles in Au-mNP-based
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bioassays relying on spectroscopic detection methods (e.g. SERS) that utilize the enhanced
magnetic and plasmonic properties demonstrated herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Magnetic-core gold-shell nanoparticle synthesis scheme. Amphiphilic diblock copolymers
were designed with a dodecy! hydrocarbon tail (black), an amine-containing reducer (ACR)
block (red), and a thermally-responsive homo-pNIPAAm block (blue). These polymers form
micelles, which are used as nanoscale reactors for magnetic nanoparticle (mNP) synthesis from
iron pentacarbonyl precursors. The mNPs retain the DMAEAmM reducing moieties at the
nanoparticle surface, allowing for subsequent reduction and formation of a gold shell on the

MNP core.
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Figure 2.

Polymer synthesis scheme. RAFT polymerization was carried out in two sequential reactions.
In the first, the RAFT chain transfer agent (CTA) facilitates polymerization of NIPAAmM while
maintaining telechelic functional groups, forming the homo-pNIPAAmM macro-CTA (mCTA,
(i)). mCTA molecular weights investigated were 5, and 15 kDa. The mCTA was purified and
reacted similarly with a mixture of DMAEAm and NIPAAm, producing the amine-containing
reducer diblock (ACR-dB, (ii)).
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Figure 3.

Representative TEM images of nanoparticle compositions. (A) Gold nanoparticles (AuNPS)
were formed by mixing the ACR-dB (M, 7.2 kDa) with HAuCly in deionized water. (B)
Magnetic nanoparticles (mNPs) were synthesized from Fe(CO)5 and ACR-dB (M, 16 kDa) in
tetraglyme. (C) Magnetic-core / gold-shell nanoparticles (Au-mNPs) were formed through
aqueous reaction of mNPs (7.2 kDa) with KAUCly.
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Figure 4.

pH response of mNP light scattering as a function of temperature. Optical density at 650 nm
was measured for mNPs (1 mg/mL) at pH 6 (triangles), 7 (squares), and 8 (circles) in PBS
buffer as the solution temperature was raised at 1.2 °C/min.
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Figure 5.

HR-TEM and EDXS spectrum of a single core/shell Au-mNP. (A) HR-TEM image of the
AumNP. (B) EDXS spectrum of the Au-mNP shown in (A). Copper is observed due to the
TEM grid.

Nano Lett. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nash et al.

Optical Density

Page 15

0.5

e o
w h

o
N

o
-

== 45/ °C
seepecccce 973 °C, cooled
——26/°C

o

Wavelength (nm)

Figure 6.

Absorbance spectrum of Au-mNPs as a function of temperature. The absorbance spectrum for
7.2 kDa Au-mNPs dissolved in pH 8 PBS was taken at room temperature (solid line), 45 °C
(dashed line), and cooled from 45 °C back to 23 °C (dotted line).
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