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E
levated levels and miscompartmenta-
lization of copper is associated with
several neurological disorders includ-

ing Alzheimer's and Parkinson's diseases.
In the case of Alzheimer's disease (AD), the
nonspecific, adventitious binding of Cu(I)
is implicated in the aggregation and da-
mage of β amyloid and in the production
of reactive oxygen species and high levels of
oxidative stress.1�3 Incomplete understand-
ing of the bioinorganic chemistry of copper
in these prevalent diseases has spurred the
development of novel responsive contrast
agents for Cu(I), which unfortunately have
yet to be successfully translated to everyday
in vivo imaging.4�7 Desired attributes that
current probes lack include both in vivo and
high resolution imaging of the metal with
a dynamic sensitivity relevant to its extra-
cellular concentration in the brain in both
healthy (1�10 μM) and diseased states
(400 μM).2 The three-dimensional deep-
tissue imaging capabilities of magnetic re-
sonance imaging (MRI) have rendered it the
method of choice for in vivo imaging of the
localization of biomarkers such as copper

and plaques in the brains of animal models
of AD.8 In such studies, the contrast agent is
delivered past the blood brain barrier either
by direct intracranial injection, or by ultra-
sound or hyperosmotic shock-mediated
delivery. The drawback of the poor spatial
resolution of MRI can then be overcome by
combining it with dark field microscopy, a
technique with nanometer resolution that
would enable precise localization of copper
in plaques and subcellular compartments in
brain slices previously selected from the MR
images. Although such an approach could
not be used for diagnostic purposes, it could
prove a powerful tool to study the bio-
inorganic chemistry of copper directly in
animal models. It first requires, however,
the development of a responsivemultimodal
magnetoplasmonic probe. Herein we report
a responsive magnetoplasmonic probe for
dual imaging of Cu(I) by MRI and dark field
microscopy.
Magnetoplasmonic agents are comprised

of both magnetic iron oxide nanoparticles
(MIONs), which display the high transverse
relaxivity, r2, needed for MRI, and gold
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ABSTRACT We present the design and synthesis of a responsive

magnetoplasmonic assembly for copper(I) which allows monitoring

of the concentration of the metal both in three dimensions by

magnetic resonance imaging and with high spatial resolution by

dark field microscopy. The probe consists of azide-functionalized iron

oxide nanoparticles 11.6 nm in diameter and acetylene-terminated

gold nanoparticles 44 nm in diameter that form three-dimensional

networks of intermingled magnetic and plasmonic nanoparticles in

the presence of copper. This aggregation results in a decrease in

longitudinal relaxivity, and an initial increase followed by a sharp

decrease in transverse relaxivity, a change observable both by T1- and T2-weighted images, concomitantly with a decrease of surface plasmon resonance

intensity.
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nanoparticles, which provide the strong surface plas-
mon resonance (SPR) required for dark field micro-
scopy. Typically, these are assembled in a single probe
either via the synthesis of core�shell structures9�12 or
via the assembly of arrayed core�satellite systems.13�15

Neither of these architectures, however, is suitable in the
design of a dual responsive probe.
Responsive SPR behavior of gold nanoparticles and

relaxivity of MIONs both rely on analyte-triggered
aggregation of the metallic crystals. Previous studies
have determined that a response in the SPR requires
the gold nanoparticles to be >40 nm in diameter.16 The
need to maintain the superparamagnetism of MIONs
limits their size to <20 nm.17 For synthetic reason,
combining the two materials in a single nanostructure
is best achieved by keeping the MION at the center of
the assembly. The required thick gold layer needed for
SPR then has two main drawbacks: it reduces the
magnetism and the relaxivities of the MION core,18

and it maintains a large distance of at least 40 nm
between MION crystals in the aggregated state. Max-
imum inter-particle magnetic interaction and thus
maximum MR response, however, requires the MIONs
to be less than 7 nm apart in the aggregated state.19

These assemblies are therefore not suitable for the
development of dual responsive probes as their MR
response would be insufficient.
With this in mind, we have instead designed our

dual responsive magnetoplasmonic agent to employ
two independent water-stable dispersions of iron
oxide and gold nanoparticles (Figure 1). The iron oxide
nanoparticles which are used asMR probes are 11.7 nm
in diameter. They are functionalized with azide-
terminated polyethylene glycol anchored on the iron
via strong catechol ligands, which affect neither the
magnetism nor the relaxivity of the nanoparticles.20

The SPR signal originates from separate gold nano-
particles, 44 nm in diameter, which are stabilized with
polyethylene glycol (PEG) terminated with an acety-
lene using well-established thiol anchoring chemistry.
Copper(I)-catalyzed Huisgen cycloaddition of the
acetylene on the gold nanoparticles and the azides
tethered to the MIONs leads to the formation of a
three-dimensional assembly where the iron oxide and
gold nanoparticles are intermingled (Figure 2). Aside
from its ease of synthesis, this approach has the distinct

advantage over other magnetoplasmonic assemblies
that in the aggregated state, and in that state only, the
iron oxide crystals are in close proximity to each other
(<7 nm) as required to obtainmaximum response.19 To
the best of our knowledge, this is the first example of a
magnetoplasmonic agent that displays a responsive
behavior in two different modalities. Note that the size
of the nanoparticles, and the size of the clusters formed
(<800 nm) are substantially smaller than the size of
senile plaques characteristic of Alzheimer's disease.
In humans, senile plaques are extracellular aggre-
gate ranging in size between 10 and 120 μm
in diameter, with the majority between 10 and
40 μm.21 Magnetic and plasmonic nanoparticles
therefore remain small enough to infiltrate plaques
and detect copper, although it should be noted that
this approach will enable detection of only the
loosely bonded copper.

RESULTS AND DISCUSSION

Synthesis. The azide-terminated pegylated iron
oxide nanoparticles Fe3O4@Dop-PEG-N3 were synthe-
sized as previously reported.5 The thiol and acetyl
terminated polymer was synthesized in a similar fash-
ion from the commercial NHS-activated and BOC-
protected PEG according to Scheme 1. In a first step,
the acetylene functionality was added upon reaction
with propargylamine. BOC deprotection enabled sub-
sequent coupling with lipoic acid using a standard
peptide coupling protocol. Reduction of the disulfide
immediately prior to functionalization on the gold
nanoparticles yielded the plasmonic part of the dual

Figure 1. Chemical structures of the dual component responsive magnetoplasmonic probe for Cu(I): Fe3O4@Dop-PEG-N3 (1)
and Au@S2�PEG-CtCH (2).

Figure 2. Proposed mode of action of our responsive
magnetoplasmonic agent. Cu(I)-catalyzed Huisgen cycload-
dition conjugates and intermingles the MIONs (1) and the
gold nanoparticles (2) resulting in large clusterswith varying
r1, r2 and SPR signal.
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responsiveprobe. The inorganic crystal cores of the azide-
terminated magnetite nanoparticles and acetylene-
coated gold nanoparticles were determined to be
11.6 ( 0.7 and 44 ( 5 nm in diameter, respectively,
by transmission electron microscopy (TEM) (Figure 3).
These sizes were selected so as to obtain maximal
magnetic and plasmonic responses. Successful func-
tionalization of the nanoparticles without alteration

of their metallic structure was determined by pow-
der X-ray diffraction (Figure 4) and IR spectroscopy
(Figure 5).

Magnetic response: Relaxivity and MRI. The kinetic re-
sponse of the transverse and longitudinal relaxivities of
the probe to varying concentrations of Cu(I) is shown in
Figure 6. The results are analogous to those observed
with a purely iron oxide-based monomodal probe.20

Although Cu(I) is a catalyst for the click reaction,
regardless of the Cu(I) concentration both r1 and r2
plateau after 1 h of reaction. This observation likely
results from the weak affinity of the PEG for the
metal and leads to a stable, albeit nonlinear, re-
sponse with increasing concentration of copper.
Similar, noncatalytic behavior of the click reaction
with copper was observed with other polymeric
systems.5 Advantageously, this concentration de-
pendence enables us to monitor the concentration
of copper.

As expected, Cu(I)-triggered aggregation of the
gold and iron oxide nanoparticles decreases the
longitudinal relaxivity, r1, from 9.3 to 5.7 mM�1

Fe s
�1

(Figure 7b). This result is comparable to that observed
for our monomodal responsive contrast agent5 and is
in agreementwith previous calculations by Gillis et al.22

Aggregation of the gold and iron oxide nanoparticles
separates the water molecules into two pools which

Figure 3. TEM images of (a) Fe3O4@Dop-PEG-N3 (1) and
(b) Au@S2�PEG-CtCH (2). Sizes of metallic crystals were
determined to be 11.6 ( 0.7 and 44 ( 5 nm, respectively.

Figure 4. XRD spectra of (a) 44 nm Au@S2�PEG-CtCH (2),
(b) reference pattern for Au (JCPDS #89-3697), (c) 11 nm
Fe3O4@Dop-PEG-N3 (1), and (d) reference pattern for mag-
netite (JCPDS #19-0629). Crystallite sizes, as calculated from
the Scherrer equation, were determined to be 46 and12 nm,
respectively, in good agreement with the sizes determined
by TEM analysis, indicating the particles are predominantly
monocrystalline in nature.

Figure 5. IR spectra of (a) S2�PEG-CtCH, (b) Au@S2�
PEG-CtCH (2), (c) Fe3O4@OA, (d) Fe3O4@Dop-PEG-N3 (1).

Scheme 1. Synthesis of AuNP@S2�PEG-CtCH (1). Reagents and conditions: (a) propargylamine, CHCl3, DIPEA, RT, 48 h;
(b) HCl (aq), 40 �C, 72 h; (c) lipoic acid, HATU, DMA, RT, 15 h; (d) DTT, H2O, RT, 2 h; (e) Au nanoparticles, RT, 12 h.
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are exchanging at a rate slower than they are relaxing.
Although the water molecules inside the cluster relax
rapidly, the predominant bulk water outside the cluster
relaxes slowly, such that the overall r1 decreases.

Aggregation of the nanoparticles, on the other
hand, does not necessarily yield a purely on/off re-
sponse in terms of r2, especially during the first
15 min of the reaction before the relaxivities plateaus.
At 15 min, the transverse relaxivity increases with up
to 62.5 μM Cu(I), then decreases with 100 μM copper
(Figure 7a) . This observation is also in agreement both
with previous results from our group5 andwith calcula-
tions from the Gillis group.22 Importantly, themedium/
high/low trend in r2 is only observable at the beginning
of the reaction. Once r2 plateaus after 1 h of reaction,
one observes amore linear on/off response (Figure 7b).
Essentially, increase in r2 upon nanoparticle clustering
will be observed only when the rotational diffusion of
the nanoparticles satisfies the motional averaging
regime boundary condition, τD < 1/Δω0, where τD is

the rotational diffusion of the nanoparticles andΔω0 is
the difference in frequency between bulk water mol-
ecules and those at the surface of theMIONs. While the
condition is satisfied for monodispersed and slightly
aggregated MIONs, this is not the case for clusters
>300 nm in size for which a static dephasing regime is
reached and r2 decreases rapidly with increasing clus-
ter size.22 For the intended application of measuring
copper concentration in plaques, the initial rise in r2
with concentrations of copper between 50 and 75 μM
at short reaction times are not relevant to clinical
conditions. The extracellular copper concentration is
either much below (<10 μM) for healthy brain or
substantially above (>200 μM) in plaques. In our case,
one therefore expects to see areas either of low T2 (high
r2) where there are no plaques or high T2 (low r2) where
there are plaques. However, the nonlinear response is a
crucial problemwith any responsive particulate contrast
agents. It should not be assumed that nanoparticle-
based responsive contrast agents always yield an off/
on response with the presence of a plateau at high
substrate concentrations. This behavior should be kept
in mind when designing responsive particulate MRI
contrast agents where monitoring of continuous con-
centrations of biomarkers is necessary.

Figure 6. Kinetics of the response of (a) the longitudinal (r1)
and (b) the transverse (r2) relaxivity of the probe for Cu(I).
Experimental conditions: 1.5 T, 37 �C, water, pH 6, [Fe]total =
81.1 μM, [Au]total = 16.9 μM, [Cu(I)] = 25 μM (filled square),
50 μM (open circle), 62.5 μM (filled triangle), 75 μM
(downward open triangle), 87.5 μM (star), 100 μM (cross),
and 150 μM (left pointing open triangle), Cu(I) was gener-
ated in situ upon addition of sodium ascorbate from a stock
solution of CuSO4 (aq), [ascorbate] = 5 � [Cu(II)]. Error bars
are standard deviation (n = 3).

Figure 7. Decrease in longitudinal relaxivity (r1, open triangles)
and transverse relaxivity (r2, filled circles) upon increase in
Cu(I) concentrationwith (1)þ (2) (a) after 15min of reactions
and (b) at equilibrium, after 2 h of reaction. Experimental
conditions: 1.5 T, 37 �C, water, pH 7, [Fe]total = 81.1 μM,
[Au]total = 16.9 μM, [ascorbate] = 3 � [Cu(I)]. Error bars are
standard deviation (n = 3).
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T1 and T2-weighted MR images of the MION and
gold nanoparticles in the presence and absence of
Cu(I) at 9.4 T reproduce the trendsmeasured by NMR at
1.5 T (Figures 8 and 9, respectively). In the absence of
MIONs, no contrast is observed regardless of whether
the gold nanoparticles are present or not (I and III).
Similarly, in the absence of Cu(I), Fe3O4@Dop-PEG-N3

darkens the phantom by the same amount regardless
of the presence of gold nanoparticles (II and IV). When
both components are present, low concentrations of
Cu(I) aggregate the nanoparticles into small clusters
that remain within the motional averaging regime
boundary, r2 increases, and the phantom darkens (V).
Higher concentrations of Cu(I), however, yield larger
clusters that fall in the static dephasing regime. As a
result of r2 decreasing, the phantom lightens and the
contrast disappears (VI). Note that the same trend is
observed in both T1- and T2-weighted images. The very
short T2* of MIONs negate any positive T1 effect such
that the contrast of T1-weighted images is actually
proportional to r2 regardless of r1. Do note that although
the kinetic data were measured on an NMR at 1.5 T
whereas the MRI phantoms were obtained at 9.4 T, the
trends are unaffected by the strength of the magnetic
field. Indeed, prior studies have determined that the
transverse relaxivity of iron oxide nanoparticles remains
constant above 0.5 T.23 The longitudinal relaxivity, r1,
does decrease substantially between 1.5 and 9.4 T,
but since contrast of T1-weighted images of MION are
primarily governed not by r1 but by the very short T2*,
the decrease in r1 with increasing magnetic field has
little impact on the T1-weighted gradient echo images.

Plasmonic Response: Dark Field Microscopy. Our probe was
designed to respondbothmagnetically, withmodulation

of both r1 and r2, and optically, with changes in the SPR
intensity and wavelength. As predicted from Mirkin's
research,16,24,25 the SPR signal is substantially attenuated
upon addition of Cu(I); a 40% decrease upon addition of
300 μM of the metal is observed. As with the relaxivities,
the amount of SPR quenching is steeply dependent
on the concentration of copper (Figure 10). Surprisingly,
the SPR band red shifts barely 5 nm, substantially
less than typically observed.16 Theoretical calculations
have predicted that electronic coupling between gold
nanoparticles is severely attenuated for interparticle
distances greater than 2.5 times the diameter of the
nanoparticles.26 These calculations are in agreement
with the observations of Liphardt et al. who reported
that for 42 nm gold nanoparticle molecular rulers, the
maximum change in λSPR is reached when the gold cry-
stals are 20nmapart.27 For our probe, given thediameter
of the gold and iron oxide crystals (44 and 11.7 nm,

Figure 8. T1-weighted gradient echo image of the probe in
the absence andpresence of Cu(I). (I) water; (II) (1); (III) (2); (IV)
(1)þ (2); (V) (1)þ (2) þ 150 μM Cu(I); (VI) (1) þ (2) þ 200 μM
Cu(I). [Fe]total = 1mM, [Au]total = 0.2mM, reaction time= 16 h.
9.4 T, TR = 11.15 ms, TE = 5.59 ms, FOV: 15 mm � 15 mm,
matrix: 256� 256, slice thickness 1 mm, number of averages
(na) = 4. Scale bar = 1 mm.

Figure 9. T2-weighted spin echo image (I) water; (II) (1); (III)
(2); (IV) (1) þ (2); (V) (1) þ (2) þ 150 μM Cu(I); (VI) (1) þ (2) þ
200 μM Cu(I). [Fe]total = 1 mM, [Au]total = 0.2 mM, reaction
time =16 h. 9.4 T, TR = 2000ms, TE = 12.18ms, FOV: 15mm�
15mm,matrix: 256� 256, slice thickness 1mm, na= 1. Scale
bar = 1 mm.

Figure 10. Relative intensity of the SPR absorbance band
upon addition of Cu(I) to the magnetoplasmonic probe.
Experimental conditions: 37 �C, water, pH 7, [Fe]total =
81.1 μM, [Au]total = 16.9 μM, [ascorbate] = 3 � [Cu(I)],
reaction time =30 min.

Figure 11. Dark fieldmicroscopy images of (a) (1), (b) (2), (c)
(1)þ (2), (d) (1)þ (2)þ 150 μMCu(I)Asc, reaction time = 2 h.
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respectively) and the thickness of the PEG coating
(8 nm, as estimated fromDLSmeasurements), the small
shift in λSPR observed suggests a likely aggregation of
multiple layers of MIONs between gold nanoparticles.
A monolayer of MION would have separated the
gold nanoparticles by ca. one time their diameter,
which would have created a greater shift of λSPR than
that observed.

The optical response of the probe to Cu(I)-induced
clustering is directly observable at high resolution by
dark-field microscopy (Figure 11). The smaller MIONs
do not scatter light, nor do they affect the ability of
gold nanoparticles to do so. After addition of Cu(I),
the larger clusters appear bigger and scatter light with
greater intensity, in accord with previous reports.27

Notably, while the increase in cluster size is evident,
the colorimetric response is negligible; the particles
scatter green light irrespective of their aggregation.

These observations are in complete agreement with
the UV�visible results discussed above.

CONCLUSION

We report the synthesis and evaluation of a magne-
toplasmonic probe with dual response to copper(I)
by relaxivity and visible spectroscopy. Cu(I)-catalyzed
cycloaddition of azide-functionalized MION with
acetylene-coated gold nanoparticles causes a decrease
in r1 and an initial 2-fold increase, followed by a near-
complete loss, of r2. Of these changes, that in transverse
relaxivity is more readily observable by both T1- and T2-
weighted gradient-echoMRI. Clustering also quenches
the SPR absorbance band of the probe, albeit with a
negligible red-shift of λSPR. As a result, addition of Cu(I)
to our probe results in larger clusters that appear
bigger and brighter by dark field microscopy, but do
not change in color.

METHODS
General. Unless otherwise noted, starting materials were

obtained from commercial suppliers and used without further
purification. Water was distilled and further purified by a
Millipore cartridge system (resistivity 18 � 106 Ω). 1H NMR
spectra were recorded on a Varian 500 at 500MHz or on a Varian
300 at 300 MHz at the Le Claire-Dow Characterization Facility
of the Department of Chemistry of the University of Minnesota;
the solvent residual peak was used as an internal reference.
1H NMR data are reported as follows: chemical shift (δ, ppm),
multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), inte-
gration, coupling constant (Hz). Mass spectra (LR = low resolu-
tion; HR = high resolution; ESI MS = electrospray ionizationmass
spectrometry) were recorded on a Bruker BioTOF II at theWaters
Center for Innovation for Mass Spectrometry Facility at the
Department of Chemistry at the University of Minnesota, Twin-
Cities. TEM images were collected on a FEI Tecnai T12 at 120 kV.
The hydrodynamic size of the particle aggregates wasmeasured
by Dynamic Light Scattering (DLS) with a 90Plus/BI-MAS particle
size analyzer (Brookhaven Instruments Corporation). Solid
state infrared spectra were recorded on a Thermo Nicolet 6700
FTIR using an ATR adapter. Data was collected between 700
and 3700 cm�1. Relaxivities were measured at 37 �C and 1.5 T
(60 MHz) on a Bruker Minispec mq60. UV�visible spectra were
recorded on a Varian Cary 100 Biospectrophotometer. Dark
field microscopy images were obtained on a Nikon Optishot-
Pol microscope.

Fe3O4@Dop-PEG-N3 (1). Fe3O4@Dop-PEG-N3 (1) nanoparticles
were synthesized as previously reported.5 Successful synthesis
was established by 1H NMR spectroscopy, LR ESI MS, and IR
spectroscopy.

BOC-PEG-CtCH (3). BOC-NH-PEG-NHS ester (200 mg, 0.100
mmol) was dissolved in dry CH2Cl2 (25 mL) and magnetically
stirred under argon. Propargylamine (19.2 μL, 0.300 mmol) and
N,N-diisopropylethylamine (97.7 μL, 0.600 mmol) were then
added, and the reaction mixture was gently refluxed for 46 h.
Volatiles were removed under reduced pressure yielding a
yellow oil that was redissolved in mQ H2O (1.5 mL) and purified
via NAP-5 column (eluent: 1 mL H2O) before being lyophilized
to yield the acetylene-terminated polymer 3 as a white solid
(172mg, 88.6%). 1H NMR (300MHz, CDCl3) δ 7.43 (br s, 1 H), 5.05
(br s, 1 H), 4.10 (dd, J1 = 5.7 Hz, J2 = 2.7 Hz, 2 H), 4.02 (s, 2 H),
3.74�3.52 (m, PEG H), 3.31 (t, J = 4.5 Hz, 1 H), 2.24 (t, J = 2.4 Hz,
1 H), 1.44 (s, 9 H). 13C NMR (75 MHz, CDCl3) δ 170.6, 156.6, 80.4,
79.7, 78.1, 72.5�69.9 (m, �CH2CH2O�), 41.0, 29.1, 29.0. HRMS-
ESI (m/z) [Mþ 2 Na]2þ calc for C104H204N2O50: 1164.1650; found,
1164.1689; error, 3.35 ppm.

NH2�PEG-CtCH (4). The protected polymer 3 (86.0 mg,
44.3 μmol) was dissolved in dry CHCl3 (5 mL) and magnetically
stirred in an ice bath. Trifluoroacetic acid (10 mL) was added
dropwise over 3 min, and the reaction mixture was allowed to
warm to ambient temperature and stirred for 18 h. Volatiles
were removed under reduced pressure yielding a colorless oil
that was redissolved in cold MeOH (5 mL) and concentrated
again yielding the amine 4 as a colorless oil (81.1 mg, g 99%).
1H NMR (300 MHz, CDCl3) δ 7.51 (br s, 1 H), 4.10 (dd, J1 = 5.7 Hz,
J2 = 2.4 Hz, 2 H), 4.04 (s, 2 H), 3.89 (br s, 2 H), 3.81�3.57 (m, PEGH),
3.41 (t, J = 4.5 Hz, 2 H), 3.20 (br s, 2 H), 2.25 (t, J = 2.4 Hz, 1 H).
13C NMR (75 MHz, CDCl3) δ 162.1, 79.1, 71.6, 70.1, 69.6�69.0
(m, �CH2CH2O�), 66.0, 38.8, 27.9. HRMS-ESI (m/z) [M þ H þ
Na]2þ calc for C99H197N2O48: 1103.1478; found, 1103.1434; error,
3.99 ppm.

S�S�PEG-CtCH (5). Lipoic acid (18.5 mg, 90.1 μmol) was
dissolved in dry DMF (10 mL) and magnetically stirred. HATU
(2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate, 68.4 mg, 180 μmol) was then added
and the reaction mixture was stirred for 35 min at ambient
temperature. A solution of the amine-terminated S2 (60.0 mg,
32.6 μmol) in dry DMF (10 mL) was then added, followed by
N,N-diisopropylethylamine (64.0 μL, 360 μmol). The reaction
mixture was stirred overnight at ambient temperature and then
concentrated under reduced pressure yielding a brown oil,
which was redissolved in mQ H2O (1.0 mL) and purified via
NAP-5 column (eluent: 1.0 mL H2O) and lyophilized yielding the
disulfide 5 as a white solid (42.2 mg, 63.5%). 1H NMR (300 MHz,
CDCl3) δ 7.43 (br s, 1 H), 6.26 (br s, 1 H), 4.01 (dd, J1 = 5.7 Hz, J2 =
2.4 Hz, 2 H), 3.94 (s, 2 H), 3.80 (t, J = 5.4 Hz, 2 H), 3.67�3.46
(m, PEG H), 3.12�3.02 (m, 3 H), 2.38 (hextet, J = 6.6 Hz, 1 H), 2.19
(t, J = 2.4 Hz, 1 H), 2.12 (t, J = 7.2 Hz, 2 H), 1.83 (hextet, J = 6.6 Hz,
1 H), 1.66�1.52 (m, 4 H). 13C NMR (75MHz, CDCl3) δ 173.6, 162.1,
80.4, 78.0, 71.9, 71.1�70.7 (m, �CH2CH2O�), 70.4, 69.9, 57.1,
43.1, 40.9, 39.8, 39.1, 36.9, 35.3, 29.6, 28.9, 26.0. HRMS-ESI (m/z)
[M þ H þ K]2þ calc for C103H200N2O47S2: 1161.1250; found,
1161.1294; error, 3.79 ppm.

S2�PEG-CtCH (6). The disulfide 5 (21.1 mg, 10.4 μmol) was
dissolved in mQ H2O (5 mL) and magnetically stirred. Dithiol-
threitol (20 mg, 130 μmol) was added and the reaction mixture
was stirred at ambient temperature for 2 h and then con-
centrated under reduced pressure, purified via NAP-5 column
(eluent: 1.0 mL H2O) yielding the dithiol 6 which was used
immediately to functionalize gold nanoparticles.

Au@S2�PEG-CtCH (2). To the dithiol S4 (9 mg, 4 μmol) in H2O
(1 mL) was added 500 μL of a solution of 50 nm gold nano-
particles ([Au]tot = 0.254 μM) and the reaction mixture was
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gently stirred for 18 h. The pink reaction mixture was then
centrifuged slowly yielding a pink pellet and the supernatant
which was discarded. The pellet was then redissolved in mQ
H2O (2 mL) yielding 1 as a pink solution in H2O.

Relaxivity. Longitudinal (T1) and transverse (T2) relaxation
times of the nanoparticles in mQ water were measured on
a Bruker Minispec mq60 NMR Analyzer at 60 MHz and 37 �C
using the inversion recovery sequence and the Carr�Purcell�
Meiboom�Gill sequence, respectively. The total concentration
of iron of each sample was determined by the equation below.
Briefly, 5.0 μL of each probe was suspended in 200 μL of HNO3

(aq) and 100 μL of mQ water and further heated at 110 �C
overnight. This treatment efficiently and completely decom-
poses the nanoparticles into metal aqua species. The concentra-
tion of iron in the final, strongly acidic media was then
determined either by ICP-OES or bymeasuring T1 of each sample
using a calibrationplot obtained from standard solutionsof FeCl3
in 2:1 HNO3:mQ water (same media as that of the decomposed
nanoparticles) previously calibrated by ICP OES. Note that the
aqua gold species does not contribute to T1, so the lattermethod
enables rapid determination of only the iron concentration in a
sample. Importantly, iron concentrations of samples determined
by relaxivity and ICP-OES are within experimental errors.

Once the iron concentrations of each sample were deter-
mined, the longitudinal (r1) and transverse (r2) relaxivities were
determined from the following equation.

ri[Fe] ¼ 1
Ti, obs

� 1
Ti,H2O

, where i ¼ 1, 2

Kinetic Relaxivity Studies. The nanoparticle probes (1) and (2)
were suspended in mQ water at 37 �C and the relaxation times
T1 and T2 were measured. Cu(I)ascorbate was then added to
bring the final concentration of Cu(I) to 0, 25, 50, 62.5, 75, 87.5,
100, 150, and 200 μM. In each run, [ascorbate] = 5� [Cu(I)]. The
excess ascorbate is used in order tomaintain all copper in itsþ1
oxidation state. Relaxation times T1 and T2 were recorded over
the next 60 min after the addition of copper. All measurements
were performed at 37 �C.

Magnetic Resonance Imaging. MR imageswere acquired using a
9.4-T, 31-cm horizontal boremagnet (Magnex Scientific, Oxford,
U.K.) interfaced with a Varian Direct Drive console (Varian, Palo
Alto, CA). The magnet was equipped with a gradient insert
capable of reaching 450 mT/m in 200 μs (Resonance Research,
Inc., Billerica, MA). The radiofrequency coil assembly consisted
of a linear surface coil (12 mm diameter). Gradient echo images
were acquired using following parameters: repetition time
(TR) = 11.15 ms, echo time (TE) = 5.59 ms, FOV = 15 mm �
15 mm, matrix = 256 � 256, slice thickness = 1 mm, number of
averages (na) = 4. Spin echo images were acquired using
following parameters: TR = 2 s, TE = 12.18 ms, FOV = 15 mm �
15 mm, matrix = 256 � 128, slice thickness = 1 mm, na = 1.

Kinetic UV�Vis Studies. The nanoparticle probes (1) and (2)
were suspended in a solution of mQ water at 20 �C and
the absorbance spectra recorded between 250 and 800 nm.
Cu(I)ascorbate was then added to bring the final concentration
of Cu(I) to 0, 50, 100, 200, and 300 μM. In each run, [ascorbate] =
5 � [Cu(I)]. The excess ascorbate is used in order to maintain
all copper in its þ1 oxidation state. Absorbance spectra
were recorded 30 min, 1 h, and 2 h after the addition of copper.
All measurements were performed at 20 �C.
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