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ABSTRACT: Designing nanomaterials with advanced functions and physical properties to improve cancer diagnosis and
treatment has been an enormous challenge. In this work, we report the synthesis of magnetic gold nanowreaths (AuNWs)
by combining wet-chemical synthesis with layer-by-layer self-assembly. The presence of Au branches, small junctions, and
central holes in AuNWs led to improved photothermal effect compared with Au nanoring seeds and thick Au nanoring
with smooth surface. The self-assembly of exceedingly small magnetic iron oxide nanoparticles (ES-MIONs) on the
surfaces of AuNWs not only effectively quenched the T1-weighted magnetic resonance imaging (MRI) ability due to the
enhanced T2 decaying effect but also provided the responsiveness to glutathione (GSH). After intravenous injection, the
T1 signal of magnetic AuNWs initially in the “OFF” state can be intelligently switched on in response to the relatively high
GSH concentration in tumor, and the formation of larger assemblies of ES-MIONs improved their tumor delivery
compared to ES-MIONs themselves. Thus, the magnetic AuNWs showed higher MRI contrast than ES-MIONs or com-
mercial Magnevist in T1-weighted MR imaging of tumor. Furthermore, the magnetic AuNWs have absorption in near-infrared
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range, leading to strong photoacoustic signal and effective photoablation of tumor. Therefore, our GSH-responsive self-
assembled magnetic AuNWs could enhance T1-weighted MRI and photoacoustic imaging of tumor and be used for imaging-
guided photothermal therapy.

KEYWORDS: magnetic gold nanowreath, self-assembly, GSH responsive, T1-weighted MRI, photoacoustic imaging,
photothermal therapy

Inorganic nanomaterials have shown great potential in
improving diagnosis and treatment outcomes of cancers due
to their physical properties and enhanced tumor accumu-

lation through the enhanced permeability and retention (EPR)
effect and active targeting.1−4 Recent advances in material fabrica-
tion via wet-chemical synthesis, self-assembly, and so on, have con-
tinuously improved the physical properties of nanomaterials.5−10

To meet the rising demand for materials with advanced functions,
more hierarchical and stimuli-responsive nanostructures are
desired, which would be challenging to prepare through a single
synthesis strategy. The combination of different synthesis tech-
niques could further increase the structural complexity and func-
tional diversity of nanomaterials for advanced applications.11,12

Besides structures and functions, the effectiveness of nano
diagnostic and therapeutic agents in many in vivo biomedical
applications is insufficient due to their low tumor delivery effi-
ciency.13,14 Whether the tumor delivery efficiency of nanopar-
ticles can be improved or not is determined by their capability to
overcome the biological barriers in vivo, which is closely related
to their own physical properties, such as size and stimuli-
responsiveness.15−19 Therefore, nanomaterials with improved

therapeutic and diagnostic functions as well as suitable physical
properties should be developed.
Among various inorganic nanomaterials, gold (Au) nanoma-

terials, have been extensively applied in diverse biomedical
applications, which include photoacoustic imaging and photo-
thermal ablation of tumors, due to their optical and photo-
thermal properties.20−23 In most cases, Au nanomaterials with
near-infrared (NIR) absorption were used. The success of
treatment is strongly associated with the photothermal efficiency
of the Au nanomaterials and determination of the best time
window for conducting therapy via various imaging techni-
ques.24,25 Superparamagnetic iron oxide nanoparticles (SPION)
have been applied as contrast agents to enhance T2-weighted
magnetic resonance imaging (MRI).26 However, most of the
commercial T2 contrast agents based on SPION have been
removed from the market because physicians prefer to use T1
contrast agents.27,28 Subsequently, exceedingly small magnetic
iron oxide nanoparticles (ES-MIONs) (<5 nm) were developed
as T1-weightedMRI contrast agents. The ES-MIONs have attracted
intense research interest because they are more biocompatible
than gadolinium chelates, which occupied most of the MRI con-
trast agent market.27,29−31 However, their fast renal clearance

Figure 1. Schematic illustration of the synthesis of magnetic gold nanowreath and their applications as GSH-responsive T1-weighted imaging
contrast agents and photothermal agents.
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would negatively impact their tumor accumulation and imaging
ability.28 In addition, the signal from T1-weighted MRI could be
interrupted by other tissues such as fat.32 CombiningMRI with a
secondary imaging modality would be helpful to avoid such
interference for more accurate tumor imaging and diagnosis.
Here we report the synthesis of glutathione (GSH)-responsive

magnetic Au nanowreath (AuNW) through combination of wet-
chemical synthesis and layer-by-layer self-assembly (Figure 1a).
The synthesized magnetic AuNWs could turn on their
T1-weighted MRI signals by responding to GSH in tumor
microenvironment, enhance contrast of photoacoustic imaging,
and be used for photothermal ablation of tumors (Figure 1b).33−38

Themagnetic AuNWcontains AuNWas the inner core, assembled
ES-MIONs as the outside shell, and a layer of silica between core
and shell. Polyethylene glycol (MW 5K) were conjugated to the
carboxyl groups on ES-MIONs. The presence of Au branches,
small junctions and central holes in AuNWs can generate strong
plasmon coupling within the nanostructures, leading to improved
photothermal properties compared with Au nanorings. The initial
magnetic AuNWs have aweakT1 imaging ability due to the strong
quenching from T2 decaying effect. By reacting with GSH, the
assembled ES-MIONs could be released from magnetic AuNWs,
“turning on” the T1 imaging function. Consequently, the longi-
tudinal relaxivity (r1) of magnetic AuNWs after incubation in
GSH solution increased 2.8 times compared with that before
incubation. Furthermore, the tumor accumulation of the magnetic
AuNWs was significantly enhanced compared with that of the
individual ES-MIONs, leading to 2.5 times enhancement of the T1
imaging signal at 24 h postinjection. Finally, we demonstrated the
photoacoustic imaging ability of the magnetic AuNWs for tumors
and the effective removal of subcutaneous tumor model through
photothermal therapy.

RESULTS AND DISCUSSION

Preparation and Characterization of Magnetic
AuNWs. The AuNWs were synthesized by a seed-mediated
growth method using Au nanorings as seeds. The Au nanorings
were prepared via a previously reported silver (Ag)-plate-template
mediated method (Supporting Information (SI), Figure S1a).18

The initial Au nanoring template have an average diameter of
40 nm (SI, Figure S1b). Then AuNWs were prepared by growing
sharp branches from the Au nanoring seeds, as indicated by the
TEM and SEM images (Figure 2a−c). The average diameter of
AuNW is 61.2 nm measured from TEM images. Because of the
two-dimensional (2D) structure of seeds, the synthesized AuNWs
were also 2D with an average thickness of 20 nm, measured from
TEMand SEM images (Figure 2a−c). The length of Au branches,
the diameter, and the central hole size of AuNWs can be
controlled by the ratio of Au precursor to Au nanoring seeds
(SI, Figure S2a−c). To generate stronger plasmonic coupling,
AuNWs with relatively long Au branches and small central hole
size were used in this study. In the presence of sodium citrate,
thicker Au nanorings with smooth surfaces were formed
(SI, Figure S 2d,e). To construct magnetic AuNWs, the silica
shell was grown on the surfaces of AnNWs to provide negatively
charged surfaces for the subsequent layer-by-layer assembly of
positively charged polymers and negatively charged ES-MIONs,
consecutively (SI, Figure S3). In the first layer-by-layer assembly,
the positively charged polymers contain cystamine and oligo-
(ethylene glycol) methyl ether methacrylate as repeating units
(see Methods and SI, Figure S4−8, synthesis details). The
disulfide bonds in polycystamine blocks can be cleaved in response
to GSH. In the second step of layer-by-layer assembly, the neg-
atively charged poly(acrylic acid)-stabilized ES-MIONs were

Figure 2. Representative TEM and SEM images of AuNWs and magnetic AuNWs. (a,b) Representative TEM images and (c) SEM image of
AuNWs. (d,e) Representative TEM images and (f) high-annular dark-field TEM image of magnetic AuNWs. (g−j) Energy dispersive X-ray
spectroscopy characterization of a magnetic AuNW indicating the presence of (g) Au, (h) Fe, and (i) Si in the nanoparticle, and (j) the
distribution of three elements in the overlapped image. Scale bars: 50 nm in a−c and 100 nm in d−f.
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assembled onto the positively charged nanoparticle surfaces
through electrostatic interactions, forming a compact shell outside
(Figure 2d−f). The surface charge conversion during the layer-
by-layer self-assembly can be monitored with a ζ potential mea-
surement (SI, Figure S9a). The ES-MIONs with a size of 3.6 nm
and a high r1 value were prepared from a previously reported
coprecipitation method (SI, Figure S10).28 From high-annular
dark-field TEM image, the bright dots of ES-MIONs can be clearly
visualized (Figure 2f). The presence and distribution of Au, silicon
(Si), and iron (Fe) elements in the nanoparticle were characterized
by energy dispersive X-ray spectroscopy (Figure 2g−j). Finally, the
amine-terminated polyethylene glycol (PEG) (MW 5 K) were
conjugated to the surfaces of magnetic AuNW through EDC/
NHS coupling to enhance their stability. The overall diameter of
magnetic AuNW is 100.7 nm, as confirmed byTEM imaging and
dynamic light scattering (Figure 2d and SI, Figure S9b).
The photothermal effect of plasmonic nanoparticles relies on

the conversion of energy from light to heat through nonradiative

decay.21 The presence of Au branches, small junctions between
branches, and central holes in the AuNWs enabled the magnetic
AuNWs with plasmon coupling within the nanoparticles and
absorption peak at about 800 nm (Figure 3a). For in vivo applica-
tions, light with a wavelength in the range of 600−900 nm is
preferred due to the relatively deep penetration depth and low
background signal.39 The absorption peak for Au nanoring seeds
is around 1000 nm. Increasing the thickness of Au nanorings
shifted the absorption peak position toward 800 nm and
enhanced the photothermal stability. It is, however, accom-
panied by a decrease in the photothermal conversion efficiency,
possibly due to the stronger light scattering of thicker Au
nanorings.18 This dilemma could be solved by growing Au
branches from the Au nanoring seeds to generate AuNWs with
strong plasmon coupling. We characterized the photothermal
properties of magnetic AuNWs by exposing their aqueous dis-
persion to an 808 nm continuous-wave (CW) laser with different
power densities. The magnetic AuNWs demonstrated excellent

Figure 3. Photothermal and T1-weighted MRI characterizations of magnetic AuNWs. (a) UV−vis absorption spectrum of magnetic AuNWs.
(b) The temperature change of the aqueous dispersion of magnetic AuNWs and pure water under the irradiation of an 808 nm laser with
different power densities. The absorption of magnetic AuNWs at 808 nm was set at 0.8. The blackline represents the temperature changing
curve of water irradiated by a laser at 0.75 W/cm2. (c) Representative thermal images of the aqueous dispersion of magnetic AuNWs
(absorption at 808 nmwas 0.8) after being exposed to a NIR laser (0.75W/cm2) for (first row from left to right) 5, 21, 37, (second row from left
to right) 47, 60, and 120 s, respectively. (d) Cell viability of U87MG incubated with different amount of magnetic AuNWs for 24 h with or
without being exposed to a NIR laser. The X-axis represents the concentrations of Au. (e.f) Fluorescence images of (e) live (green) and (f) dead
(red) U87MG cells costained by calcein, AM, and ethidium bromide after incubation of magnetic AuNWs (Au concentration: 150 μg/mL)
without and with NIR laser irradiation, respectively. Scale bars: 10 μm. (g) Plots of r1 value of disassembled (square) (y = 3.214x + 0.384) and
assembled (triangle) magnetic AuNWs (y = 1.127x + 0.349) and (h) their corresponding T1-weighted images (top, disassembled; bottom,
assembled). Concentrations of Fe are 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0.01563 mM (from left to right).
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photothermal effect, which increased the temperature of solu-
tion from 25 to 80 °C in 2min with laser irradiation (0.75W/cm2)
(Figure 3b,c). On the contrary, negligible temperature increase
was observed when pure water was irradiated by laser at the same
condition (Figure 3b). Compared with Au nanoring seeds and
thick Au nanorings with smooth surfaces, the aqueous dispersion
of AuNWs exhibited a higher temperature rise (SI, Figures S2a,e
and S11).
We further evaluated the cytotoxicity of magnetic AuNWs

and their photothermal-induced cancer cell killing ability.
Different concentrations of nanoparticles were incubated with
U87MG cells for 24 h in cell culture medium. Then the cell
culture medium was replaced to remove nanoparticles that
have not been internalized by cells. The results of MTT assay
indicated relatively low cytotoxicity of the magnetic AuNWs
(Figure 3d). Upon irradiation of cells with an 808 nm laser
at 0.75 W/cm2 for 10 min, significant cancer cell death was
observed (Figure 3d). The cells with or without being exposed
to laser irradiation were co-stained with calcein Am and
ethidium bromide, followed by the observation of dead or live
cells with fluorescence microscopy. Without laser irradiation,
no significant cell death was observed, indicated by the high
population of cells with green color (Figure 3e). With laser
irradiation, effective killing of cancer cells was found by the
photothermal effect of magnetic AuNWs (Figure 3f).
T1-weighted MRI contrast agents can generate brighter signal

in tumor imaging by shortening the protons’ longitudinal relaxa-
tion times.40,41 ES-MIONs with a high r1 and low cytotoxicity
are one of the excellent candidates for T1-weighted MRI.27

In ourmagnetic AuNWs, the ES-MIONs formed a compact shell
outside, leading to a significantly enhanced transversal relaxivity
(r2) value due to formation of larger magnetic nanoparticle

assemblies and generation of local magnetic field inhomogeneity
through magnetic coupling.42 On the contrary, the r1 value of
ES-MIONs in magnetic AuNWs decreased due to the smaller
surface-to-volume ratio of ES-MIONs in assembled state. In the
absence of GSH, strong T2 decaying in magnetic AuNWs would
effectively quench the T1 relaxation and keep the T1 imaging
function “off.”43,44 The r1 and r2 values of the assembled
magnetic AuNWs were respectively measured to be 1.1 and
198.6 mM−1 s−1 using a 7T MRI scanner (Figure 3g and SI,
Figure S12b). Because of the high r2 value and low r1 value and
strong T2 decaying effect, the magnetic AuNWs show darker
images for both T1-weighted and T2-weighted images at higher
concentrations (Figure 3h and SI, Figure S12a). In the presence
of GSH (10 mM), the disulfide bonds in the polymers were
cleaved in 2 h and the ES-MIONs were released from the
magnetic AuNWs (SI, Figure S13). The release of ES-MIONs
would decrease the effective size of magnetic nanoparticles and
reduce local magnetic field inhomogeneity, giving rise to a
decreased r2 value of 33.9 mM−1 s−1 and an increased r1 value of
3.2 mM−1 s−1. As a result, the T1 signal of the disassembled
magnetic AuNWswas turned on (Figure 3g and SI, Figure S14b),
leading to much brighter T1-weighted images and T2-weighted
images (Figure 3h and SI, Figure S14a).

In Vivo MRI with Magnetic AuNWs. The T1-weighted
tumor imaging ability of our magnetic AuNWs was then
evaluated using a U87MG tumor-bearing nude mice model. The
ES-MIONs and commercially available Magnevist were used as
controls. We first directly injected the same amount of magnetic
AuNWs locally into tumor and muscle to evaluate their in vivo
responsiveness. Both T1-weighted MRI signals became stronger
with time, indicating the successful disassembly of magnetic
AuNWs in vivo (SI, Figure S15). The stronger T1-weightedMRI

Figure 4. In vivo MRI of tumors. (a−c) T1-weighted images of U87MG tumor-bearing nude mice and (d−f) corresponding quantificational
analysis of the tumor signals after intravenous injection of (a,d) Magnevist (CGd = 5.0 mg/kg), (b,e) ES-MIONs (CFe = 5.0 mg/kg), and (c,f)
magnetic AuNWs (CFe = 5.0 mg/kg). The MR images before injection were identified as 0 h in a−c. The signal enhancement in tumors for
different contrast agents at different time points after injection were quantified as the division of signal-to-noise ratio (SNR) of tumors at
different time points postinjection by the SNR of tumors at 0 h (see SI for the calcualtion of SNR).
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signals in tumor than that in muscle should be attributed to
higher GSH level in tumor microenvironment than normal
tissues.33 Then these MRI contrast agents were administrated
through intravenous injection to evaluate their T1-weighted MR
imaging functions. The results demonstrated that the brightest
T1-weighted tumor imaging for Magnevist or ES-MIONs
respectively occurred at 1 or 4 h postinjection with 1.8 or
1.7 times of signal enhancement (Figure 4a,b,d,e). The brightest
T1-weighted tumor imaging by our magnetic AuNWs was found
at 24 h postinjection with 2.5 times signal enhancement
(Figure 4c,f). The brighter T1-weighted images of our magnetic
AuNWs in the tumor can be attributed to their higher accumu-
lation in tumors compared with ES-MIONs and Magnevist and
their activatable T1 signal by interacting with GSH in the tumor
microenvironment. Neither Magnevist nor ES-MIONs reached
filtration-size threshold for renal clearance (∼6 nm), thus
showing less retention in blood and faster clearance via kidney
than the magnetic AuNWs.28 In addition, ES-MIONs of such
small size could diffuse from tumors back into blood vessels

more easily than larger magnetic AuNWs, leading to their shorter
tumor retention time.44 The concentration of Fe in tumors and
kidneys were quantified by ICP at 24 h postinjection. A higher
concentration of Fe in tumors and a lower concentration of Fe in
kidneys after injection of magnetic AuNWs were obtained by
compared to the corresponding concentrations of Fe in animals
after injection of ES-MIONs (SI, Figure S16). These results
were in consistent with the T1-weighted tumor imaging results
and supported our claim for the faster renal clearance of
ES-MIONs. The GSH in tumor was sufficient to cleave the
disulfide bonds in our magnetic AuNWs to release the individual
ES-MIONs and turn on the T1 signal. Therefore, magnetic
AuNWs showed stronger T1-weighted signal enhancement in
tumor than ES-MIONs and Magnevist at later time points
postinjection.

In Vivo Photoacoustic Imaging and Photothermal
Therapy with the Magnetic AuNWs. We evaluated the
applications of the NIR-absorbing magnetic AuNWs in photo-
acoustic imaging and photothermal therapy. After intravenous

Figure 5. In vivo photoacoustic imaging and photothermal therapy with magnetic AuNWs. (a) Ultrasonic (US), photoacoustic imaging (PA),
and merged images of tumor before injection (0 h) and at 2, 4, 24, and 48 h after intravenous injection of magnetic AuNWs upon irradiation by
an 808 nm pulsed laser and (b) their corresponding quantified photoacoustic signals. (c) Representative thermal images of U87MG tumor-
bearing mice after injection of magnetic AuNWs and PBS. The tumors were irradiated by an 808 nm CW laser at 0.75 W/cm2. (d) Relative
tumor volume and (e) survival curves of treatment group and all other control groups.
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injections of the magnetic AuNWs, the tumors were irradiated
by an 808 nm pulsed laser at different time points and the
obtained ultrasonic emission was converted into imaging signal.
Same as the MRI results, the photoacoustic imaging signals in
tumors reached the highest at 24 h post injection, which was
5 times the background signal (Figure 5a,b). With the support
of both imaging results, the best time point for conducting
photothermal therapy was determined to be at 24 h post-
injection. To evaluate the in vivo photothermal therapy with the
magnetic AuNWs, U87MG tumor-bearing mice were divided
into four groups by injecting PBS or magnetic AuNWs with or
without laser irradiation of tumors. Compared to the PBS group,
tumor areas ofmice withmagnetic AuNWs intravenously injected
showed a significantly higher temperature after being exposed to
laser irradiation for 5 min (Figure 5c and SI, Figure S17a). As a
result, effective elimination of tumors was achieved in group of
mice with systemic administration of the magnetic AuNWs
followed by laser irradiation of tumors (Figure 5d). Lower survival
rate was observed in other control groups due to the fast growth
of tumors (Figure 5e). No significant difference in body weight
was observed from each group, indicating the relatively low
cytotoxicity of the magnetic AuNWs (SI, Figure S17b).

CONCLUSION

We synthesized a “smart” theranostic nanoplatform, magnetic
AuNWs, via the combination of wet-chemical synthesis and
layer-by-layer self-assembly. Of this nanoplatform, the core is
made from AuNWs, which provides excellent photothermal
property, and the shell is made from assembled ES-MIONs,
which can be disassembled by responding to GSH. The assembly
of ES-MIONs into bigger nanoparticles not only enhanced
their tumor accumulation by inhibiting their fast-renal clearance
but also generated GSH-responsive T1 signal in tumor micro-
environment. In addition to the bright T1 imaging, the magnetic
AuNWs can also greatly enhance the photoacoustic imaging
contrast in tumor, which help to determine the best time point
to conduct photothermal therapy. Finally, we demonstrated the
effectiveness of our magnetic AuNWs in imaging-guided photo
ablation of tumors. This work demonstrated that incorporation
of stimuli-responsiveness into nanomaterials could improve
their performance in biomedical applications and would provide
more inspiration for the design of smart nanomaterials in the
future.

METHODS
Preparation of Au Nanoring Seeds. The Au nanorings were

prepared from a reported template method with minor modifications.18

The initial templates, Ag nanoplates, were prepared from a seeded-
mediated method. First, Ag seeds were prepared by adding sodium
citrate (4.5 × 10−3 M), silver nitrate (AgNO3) (1 × 10−4 M), hydrogen
peroxide (480 μL), and sodium borohydride (6× 10−4 M) into 200 mL
of water with fast stirring. After purification with centrifugation, the Ag
seeds were concentrated to 1 mL. Then Ag nanoplates of about 40 nm
were prepared by introducing Ag seeds into an aqueous solution
containing 3.4 × 10−4 M ascorbic acid (AA), 1.7 × 10−4 M sodium
citrate, followed by adding AgNO3 (1.7× 10−4 M). Then a thin layer of
Au was deposited on the edges of Ag nanoplates by injecting aqueous
solutions of hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·
3H2O) and basic hydroxylamine hydrochloride into the aqueous dispersion
of Ag nanoplates through two syringe pumps. The thin Au nanorings can be
made after etching of Ag nanoplate templates from the Au-deposited
Ag nanoplates by bis(p-sulfonatophenyl)phenylphosphine dihydrate
dipotassium. Then, Au nanoring seeds were made by introducing
HAuCl4·3H2O and basic hydroxylamine hydrochloride to above

aqueous dispersion of thin Au nanorings until the absorption peak
shifted to 1100 nm. The Au nanoring seeds were purified by centri-
fugation to remove the excess ligands and other impurities and dissolved
in water for further use.

Preparation of AuNWs. Au nanoring seeds were dissolved in 2 mL
of water with 350 μL of HAuCl4·3H2O (1 wt‰). Then 50 μL of 3 mM
AgNO3 (aq) and 25 μL of 100 mM AA (aq) were injected to the above
solution at the same time with rapid stirring. Immediately, the solution
color turned to blue, indicating the completion of the reaction. AuNWs
with larger size and longer branches can be produced by increasing the
ratio of HAuCl4·3H2O to Au nanoring seeds.

Preparation of AuNWs@SiO2. First, 1 mL of 1 mg/mL thiol-
terminated polyethylene glycol (SH-PEG) (MW 5k) was added to
above aqueous dispersion of AuNWs. Then PEG stabilized AuNWs
were centrifuged at 6500 rpm to remove the excess polymer ligands and
were dispersed into 2.5 mL of water. The aqueous solution of PEG
stabilized AuNWs was mixed with 6 mL of 2-propanol, followed by
adding 150 μL of 1% TEOS in ethanol and 200 μL of ammonium
solution (28%) with stirring. The reaction was stirred for 8 h before
purification by centrifugation.

Preparation of ES-MIONs. The ES-MIONs were prepared via a
reportedmethod.28,27 Briefly, 80mg PAA (Mw = 1800) was dissolved in
20 mL of water and was purged with nitrogen (≥50 min) for deoxy-
genation. Then the polymer solution was heated to reflux, into which a
0.4mL aqueous solution containing 500mMFeCl3 and 250mMFeSO4
was quickly injected. Then 6.0 mL of ammonia solution (28%) was
added. The polymer solution was kept at 100 °C under magnetic stirring
for 1 h before the solutions were cooled down to room temperature. The
obtained ES-MIONs were purified by dialyzing against water for 5 days
(MW cutoff: 6−8 kDa).

Preparation of Mono-Boc-cystamine. First, 10 g of cystamine
bis(dihydrochloride) was dissolved in 200mL of dry methanol together
with 13.5 g of triethylamine. Then a dry methanol solution of di-tert-
butyldicarbonate (4.9 g) was added into the reaction dropwise over
40min. The reactionmixture was stirred overnight. After evaporation of
solvent, the solids were dissolved in an aqueous solution of mono-
sodium phosphate with pH around 4.3 and undissolved impurities were
removed by filtration. The pH of the solution was adjusted to 9.1 with
addition of 1 M sodium hydroxide, and the resulting solution was
extracted with ethyl acetate. The product was obtained after evaporation
of the ethyl acetate.

Preparation of Mono-Boc-cystamine Methacrylamide.
Mono-Boc-cystamine (2.4 g) was dissolved in 50 mL of chloroform
followed by the addition of 4.2 mL of triethylamine. In this mixture, 2.4 g
of methacryloyl chloride was added. The reaction was stirred at room
temperature for 24 h. After evaporation of solvent, the dried powder
was washed with sodium bicarbonate solution for several times for
purification.

Preparation of Poly Boc-cystamine-co-polyoligo(ethylene
glycol) Methyl Ether Methacrylate. 4-Cyano-4-(phenylcar-
bonothioylthio)pentanoic acid (4.4 mg), 0.5 mg of 2,2′-azobis(2-
methylpropionitrile), 500 mg of mono-Boc-cystamine methacrylamide,
and 188 mg of poly(ethylene glycol) methyl ether methacrylate
(MW 500) was dissolved in a mixture of 1 mL of dimethylformamide
and 1.5 mL of dioxane in a sealed round-bottom flask equipped with a
stir bar. The solution was deoxygenated by nitrogen gas purging for
30 min followed by being placed into an oil bath preheated at 75 °C for
24 h. After reaction was quenched by liquid nitrogen, the polymer was
precipitated from the solution by cold ether. The polymer was dried in
vacuum for further use. The repeating unit numbers for Boc-cystamine
and oligo(ethylene glycol) methyl ether methacrylate were 25 and 7,
respectively.

Preparation of Poly Cystamine-co-polyoligo(ethylene gly-
col) Methyl Ether Methacrylate. The poly Boc-cystamine-co-
polyoligo(ethylene glycol) methyl ether methacrylate was dissolved
in 3mL of dichloromethane, into which 1mL of trifluoroacetic acid was
added. The reaction was stirred overnight. The polymer was precipi-
tated by cold ether to remove impurities.

Self-Assembly of {Poly Cystamine-co-polyoligo(ethylene
glycol) Methyl Ether Methacrylate on AuNWs@SiO2. A 4 mL
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aqueous solution the poly cystamine-co-polyoligo(ethylene glycol)
methyl ether methacrylate was prepared (10 mg/mL), in which the
prepared AuNWs@SiO2 was added dropwise with sonication. The
solution was stirred for 4 h before the polymer-coated AuNWs@SiO2
was separated from free polymers by centrifugation for 3 times. The
polymer-coated AuNWs@SiO2 was finally dissolved in 25 μL of water.
Preparation of Magnetic AuNWs. ES-MIONs (0.8 mL, 16 mM)

was concentrated by centricon and dissolved in 80 μL of acetic acid/
sodium acetate buffer (10 mM pH 5.5) containing 80 mM NaCl. The
above solution of AuNWs@SiO2 was added into the dispersion of
concentrated ES-MIONs with sonication. The solution mixture was
kept shaking for 30 min before the free ES-MIONs were removed by
centrifugation. The magnetic AuNWs were pegylated by reacting with
amine-terminated PEG through EDC coupling.
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