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Introduction

Tumor-targeted nanoprobes for enhanced
multimodal imaging and synergistic photothermal
therapy: core—shell and dumbbell Gd-tailored
gold nanorodsf

Jinchang Yin, 2 Deqi Chen,? Shuangshuang Wu,? Chaorui Li,? Lizhi Liu® and
Yuanzhi Shao (2 *

Multifunctional nanoprobes, due to their unique nanocomposite structures, have prominent advantages
that combine multimodal imaging of a tumor with photothermal therapy. However, they remain a challenge
for constructing nanostructures via conventional approaches due to the peculiar environmental sensitivity
of each component. Here, we report the design and synthesis of Gd-based nanoparticle-tailored gold
nanorods with distinctive core-shell and dumbbell nanoarchitectures (NAs) by a specific synthesis
technology. The prepared NAs possess a tunable particle size of 80-120 nm in length and 50-90 nm in
diameter, which are suitable for cellular uptake and passive targeting of a tumor. The formation of two
distinct heterostructures and their underlying mechanism were studied through systematic investigations
on the controllable synthesis process. The as-prepared nanoprobes possess an ultrahigh longitudinal
relaxivity (r;)) of 22.69 s™* mM™ and thus a significant magnetic resonance imaging signal enhancement
has been observed in mice tumors. The NAs, especially the dumbbell type, show a vivid two-photon cell
imaging and a remarkable photothermal conversion efficiency owing to their superior longitudinal
surface plasmon resonance. Both in vitro cytotoxicity and in vivo immunotoxicity assays give substantial
evidence of excellent biocompatibility attained in the NAs. The development of multifunctional targeting
nanoprobes in this study could provide guidance for tailored design and controllable synthesis of hetero-
structured nanocomposites utilized for multimodal imaging and photothermal therapy of cancer.

peak of gold nanorods can be shifted from visible regions
(550 nm) to near-infrared regions (1550 nm) by tuning the

Noble gold nanoparticles (AuNPs) have been of considerable
research interest in biomedical fields due to their unique
optical properties and excellent biocompatibility." Compared
with common sphere noble AuNPs, anisotropic gold nanorods
exhibit a stronger surface plasmon resonance (SPR) which is
related to the length-to-diameter aspect ratio (AR).”> The SPR
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aspect ratio.” Intensive absorption and scattering at two opti-
cally transparent windows” for biological tissues and continu-
ally regulatable photothermal conversion efficiency make gold
nanorods qualify as an ideal system for optical imaging and
photothermal therapy.’ Gold nanorods could be facilely modi-
fied and readily combined with other materials,”” forming
various structures with more intriguingly physical, chemical
and biological properties, as well as serving multimodal
imaging diagnosis and cancer therapy.®’

Multimodal imaging is a new approach for molecular
imaging, and it overcomes the limitations of single modal
imaging in disease diagnosis.'® For instance, magnetic reson-
ance imaging (MRI) is a noninvasive technique with excellent
accuracy in spatial resolution, and it provides high-resolution
anatomic information about tissues and their orientation as
well as quantitative analysis of the image features of deep
tissues."” However, due to its limited sensitivity, MRI can
merely detect molecular changes from mmol to pmol in low
sensitivity.'> Meanwhile, an optical imaging technique exhibits
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sensitivity at the single molecule level and rapid response time
(ps) but suffers from a low spatial resolution.'®"? Therefore, a
single modal imaging technique cannot meet the demand in
diagnosing diseases. A multimodal imaging approach that
combines the high spatial resolution of MRI and high sensitivity
of optical imaging serves as an ideal imaging technique."*"
The key point to integrate each imaging mode is the design
of multimodal nanoprobes.'®'” The Gd** complex has been
widely used as a Ty-weighted contrast agent (CA) for enhanced
MRI, due to its high spin magnetic moment and long electron
spin relaxation time.'*'® Nanoparticulate gadolinium-based
CAs, as compared to gadolinium chelate CAs used in clinical
MRI, exhibit higher relaxivity and longer blood circulation
life."® Because of their enhanced permeation and retention
effect, this class of particulate agents can play a passive role in
targeting the tumor tissues."® ' For gold nanorods, the prob-
ability of radiative inter-band transition can be improved by
the longitudinal SPR effect along the long axis, which makes it
possible to emit fluorescence via a two-photon process.
Furthermore, a weaker damping in the localized surface
plasmon resonance induced by rod-shaped gold nanoparticles
can lead to a stronger enhancement of field effect than that of
spheroidal gold nanoparticles.>** Near-infrared light is usually
employed as a laser source for two-photon-excited lumine-
scence (TPL) imaging. Because of the low tissue photodamage,
less background auto-fluorescence and high penetration capa-
bility (>500 pm), TPL imaging has appeared as the most prom-
ising fluorescence technique.**** Apart from two-photon
imaging, gold nanorods can be utilized as CAs for surface-
enhanced Raman scattering (SERS)**® imaging, X-ray com-
puted tomography (X-CT)***” and photoacoustic (PA)*®
imaging.>***> A combination of Gd-based nanoparticles with
Au nanorods is a very effective method for multimodal
imaging. However, the combinative approach reported in pre-
vious investigations is simply the integration of gold nano-
particles with Gd** chelates.>"*°! In our previous work, we
investigated a nanocomposite formed by simply mixing gold
nanospheres and gadolinium oxide nanoparticles using an
organic element that would be very likely to separate in a living
body; the relative amounts of Gd and Au in each nanoparticle
were hardly determined in humans.**?* The well-known Gd-based
nanoparticle precipitation reaction occurs at an elevated temp-
erature under agitation.>**® However, under vigorous con-
ditions, some gold nanorods were readily transformed into
nanospheres.>”*® Besides, the precipitation cannot proceed
due to the peculiar environmental sensitivity and incongruous
surface of both components. Here, we propose a new
design strategy to fabricate two distinct Gd-tailored gold nano-
rods that can take full advantage of them both for two-photon
and magnetic resonance imaging. Owing to their high
efficiency of photothermal conversion and excitation by near
infrared light, gold nanorods can be applied not only for
imaging diagnosis but also for photothermal therapy (PTT)
and photodynamic therapy (PDT).>***° Because cancer cells
are very sensitive to high temperatures (>42 °C), the adjustable
hyperthermia effect of gold nanorods can also be adopted in
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the treatment of cancer with a proper NIR laser to destroy
tumor cells.***!

In the present work, we have developed a novel multistep
scenario to fabricate PEGylated Gd-tailored gold nanorods in
two peculiar shapes of core-shell and dumbbell nanoarchitec-
tures. This is, to the best of our knowledge, the first report to
coalesce Gd-based nanoparticles and gold nanorods into these
two distinct forms of nanocomposites. The morphology, struc-
ture, size and compositions of the two forms of the NAs were
then examined thoroughly. To gain an insight into the under-
lying mechanism for two well-formed core-shell and dumbbell
NAs with a suitable size,>'**%*> a set of experiments control-
ling accurately the synthesis process and raw reagents were
conducted following the ad hoc transmission electron
microscopy (TEM) observations of the prepared nano-
composites. Furthermore, we measured the magnetic and
optical properties of the NAs, and performed TPL imaging,
PTT assays in HeLa cells as well as MR imaging of tumor mice.
We also systematically performed in vitro cytotoxicity and
in vivo immunotoxicity assays for validating the safety of both
NAs. Other details concerning the results can be found in the
ESI (Fig. S1-S24, eqn (S1)7).

Results and discussion

Synthesis and characterization of core-shell Gd-tailored
AuNRs

Typical structured  AuNR@SiO,@Gd,0(CO3),
nanoarchitectures (CSNAs) were prepared by a facile urea-
based homogeneous coprecipitation approach. The gold nano-
rods coated with ultrathin silica layers were deposited by gado-
linium oxide carbonate shells at a standard temperature of
80 °C for 3-5 h. The CSNAs coated with nanoshells of various
thicknesses could be achieved by simply changing the
amounts of raw reagents, e.g. gadolinium nitrate hexahydrate.
The TEM observation at low magnifications (Fig. 1a) shows
that the CSNAs are well dispersed and are of uniform nano-
structures with nearly 100% core-shell and rod-shaped yield.
The TEM images at middle magnifications (Fig. 1b and c) also
demonstrate clear and well-formed core-shell structures with
two different shell thicknesses. The thin CSNAs are around
98.8 nm in length and 53.4 nm in diameter, whereas the thick
CSNAs are around 120.1 nm in length and 68.5 nm in
diameter under the condition of close sizes of AuNR cores
(Fig. S11). Moreover, dynamic light scanning (DLS) spectra
(Fig. S2t) indicate that the hydrodynamic sizes of the CSNAs
with thin and thick shells dispersed in aqueous solutions are
about 123 nm and 157 nm, respectively. The average sizes are
slightly larger than those observed under TEM due to the pres-
ence of polyethylene glycol (PEG) as the surfactant coating the
particle. PEG molecules and the hydration of PEG shells in
water are also calculated as part of the hydrodynamic dia-
meter. Usually, PEG is used for improving the biocompatibility
of the synthesized CSNAs and prolonging the circulation life
in the blood as well as facilitating the effective passively-

core-shell

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7nr03847j

Published on 25 July 2017. Downloaded by Sun Yat-Sen (Zhongshan) University on 28/08/2017 04:06:24.

Nanoscale

E A

View Article Online

Paper

0 20 40 60 80 100 120 140
Position (nm)

Fig. 1 Typical TEM images of core-shell PEGylated AuUNR@SiIO,@Gd,O(COs), NAs with thin (a, b) and thick (c, d) shells at low (a), middle (b, c) and
high (d) magnifications. The inset in (d) is the related fast Fourier transform (FFT) pattern. (e) The corresponding SAED pattern of the NAs. (f) EDX
line-scanning profiles analyzed across an entire particle body as shown by the arrow in the inset of the HAADF-STEM image. (g) TEM image, (h)
HAADF-STEM image of the used NAs for the corresponding EDX elemental mapping images of elements Gd (i), Si (j), Au (k) and the mixture (1) of the

three elements.

targeted accumulation in tumors. The successful encapsula-
tion of PEG in this study could be verified by Fourier trans-
mission infrared (FTIR) spectra (Fig. S37).

High-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) analysis (Fig. 1d and e) show that the
CSNAs consist of both face-centered cubic phase single crystals
of Au (PDF # 04-0784) and the amorphous phase of shells. The
lattice interplanar spacing was figured out as 0.205 nm, which
corresponds to the (200) plane of the Au crystalline structure.
The amorphous phases were determined as SiO, and Gd,O
(CO3),, further supported by powder X-ray diffraction (XRD,
Fig. S47). Energy-dispersive X-ray (EDX) line scanning and
elemental mapping analysis (Fig. 1f-1) trace the distributions
of Gd, Si and Au elements graphically. Au and Gd elements are
segregated mainly in the inner core and outer layer regions,
whereas the Si element is situated in the interlayer and slightly
close to the gold nanorod core. However, the profile between
the outer layer and interlayer is vague. The darker concave
near the bright gold nanorod shows up noticeably only in

This journal is © The Royal Society of Chemistry 2017

high-angle annular dark-field scanning TEM (HAADF-STEM)
shown in Fig. 1h and the inset of Fig. 1f, and is verified as
silica according to the line scanning of the Si element. By con-
trolling the synthesis process, we could achieve a visibly clear
core-interlayer-outermost layer structure (Fig. S5at). However,
a thick silica layer (Fig. S5bf) might enlarge the particle size
and obstruct the interaction and the electronic coupling
between Gd*" ions and gold nanorods, which will be further
investigated in future. The molar ratios of Gd, Si and Au in the
as-prepared CSNAs with thin and thick shells are about 8:1:2
and 16:1:2, respectively, in accordance with the energy dis-
persive X-ray spectroscopy (EDX) analyses (Fig. S61). To further
unveil the chemical state and the interaction of each element,
we performed X-ray photoelectron spectroscopy (XPS) analyses
as shown in Fig. S7.f The gold (Au 4f) signal is not signifi-
cantly detected because of the thicker shell definitively more
than the XPS sampling depth.*® The Si 2p peak can be decon-
voluted into two bands: one arises from the Si-O-Si siloxane
bonds of the silica structure (103.0 eV); the other is attributed
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to the formation of Si-O-Gd bonds (101.9 eV). These line
shapes and peak positions can be compared with earlier pub-
lished data®”*® to confirm the bonding of silica with gadoli-
nium. The C 1s peak at 289.7 eV can be assigned to the carbon
atoms in carbonate (CO;>7).*¢

Synthesis and characterization of dumbbell Gd-tailored AuNRs

Dumbbell-shaped AuNR@SiO,@Gd,0(CO3), nanoarchitec-
tures (DBNAs) were prepared using the same coprecipitation
method and original gold nanorods (Fig. 2a) but with a
different precursor. The precursor AuNR@SiO, nano-
composites (Fig. 2b) exhibit clear and special dumbbell hetero-
structures. The dumbbell-like geometry is dissimilar to its
core-shell counterpart, and it results from the different dosage
of cetyltrimethylammonium bromide (CTAB) that modifies the
surface of gold nanorods. In hot alkaline solution, the
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AuUNR@Si0,@Gd,0(CO3), dumbbell nanoarchitectures (Fig. 2¢
and Fig. S8t) were formed by decomposing and reshaping the
precursors. The DBNAs having a length of around 88.6 nm and
an end diameter of 36.6 nm, shrunk apparently in comparison
with those of their precursors (length of about 107.2 nm and
end diameter of 58.3 nm) in Fig. $9.1 The hydrodynamic dia-
meter of the PEGylated DBNAs in aqueous solution deter-
mined by DLS size distribution is about 112 nm (Fig. S107).
HR-TEM and SAED (Fig. 2d and e) detect the presence of a
single crystal phase of the Au nanorod core with an interplanar
spacing of 0.203 nm from the (200) plane, which is well con-
sistent with those obtained from XRD measurements
(Fig. S11+t). The locations of Gd, O, Si and Au elements are dis-
played by using the EDX line scanning and elemental
mapping of the DBNAs (Fig. 2f-n). The analysis of XRD and
elemental mapping could validate the existence of the

10 20 30 40 50 60
Position (nm)

Fig. 2 (a) Broad-view TEM image of typical gold nanorods with the inset FFT of a gold nanorod particle. (b, c) TEM images of the precursor
AuNR@SiO, DBNAs and the final AUNR@SIO,@Gd,O(COs), DBNAs. (d) HR-TEM image and (e) SAED pattern of an individual with the well-formed
dumbbell heterostructure shown as the inset image. (f) EDX line-scanning profiles analyzed across the end spherical region as viewed along the line
in the inset of the HAADF-STEM image. (g) TEM image, (h, i) STEM images before and after EDX mapping of the NAs. (j) The corresponding elemental

mixed mapping images of elements O (k), Gd (1), Si (m) and Au (n).
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amorphous phase shell of SiO, and Gd,O(CO3),. The detailed
Gd, Si, Au composition analyses from the precursor to the
final NAs using EDX spectra (Fig. S1271) display the decrease of
the Si content and the increase of the Gd content. The molar
ratio of Gd, Si, Au in the DBNAs is 1.3:1:6.4, exhibiting the
evident discrepancy between the DBNAs and the CSNAs
(Fig. S6t). To further prove the element carbon (C) acting as
one component in the presence of the shell, we replaced the
carbon film with the micro grid film and measured the elec-
tron energy loss spectroscopy-energy filtering TEM
(EELS-EFTEM) element mapping of the NAs without PEG
encapsulation in the hole of the micro grid film. The mapping
of carbon is close to that of gadolinium (Fig. S137), indicating
that the C element exists in the shell of the DBNAs and the
materials of the shell are indeed gadolinium oxide carbonates.
The XPS data (Fig. S141) show two significant Au 4f peaks at
87.4 eV and 84.0 eV, which are ascribed to the surface Au**
and Au® species of the exposed gold nanorods.”” The chemical
nature of the shell including Gd, Si and C species in DBNAs is
similar to that in CSNAs.

Formation mechanism

The well-formed gold nanorods were fabricated using a seed-
mediated, surfactant-assisted growth by a two-step method.
CTAB was used as the surfactant to stabilize colloidal Au nano-
rods. It is difficult to directly deposit Gd-based nanoparticles
on the surface of AuNRs or CTAB-coated AuNRs via urea-based
coprecipitation. Gold nanorods would be deformed under
these vigorous and tough precipitating conditions, meanwhile,
Gd*" ions would be solely formed as large gadolinium oxide
carbonate microparticles instead of depositing onto gold nano-
rods. Afterwards, silica was taken into account for its ready
combination with either AuNRs or Gd-based nanoparticles.
Because of the electrostatic interaction between negative and
positive ions, rare-earth Gd** cations are extremely easily
bound to the oxygen-rich surface of the silica, which causes a
slow growth under homogeneous conditions.

The entire synthetic procedures and formation mechanisms
of both CSNAs and DBNAs (Fig. 3a) are mainly divided into
two parts, namely, coating of SiO, on AuNRs and depositing
Gd,0(CO;), onto AuNR@SiO, NAs. There are two crucial
points: 1. how to construct a AuUNR@SiO, dumbbell nanoarchi-
tecture, which is quite different from core-shell NAs; 2. the
finally-yielded AuNR@SiO,@Gd,0(CO3), NAs derived from
their precursor AUNR@SiIO, NAs are smaller in particle size
than or close to that of the precursors. In the first reaction,
CTAB, employed as the structure-directing agent, plays a key
role in constructing the core-shell and dumbbell AUNR@SiO,
NAs. In the absence or with traces of CTAB, the well-formed core—
shell structure was fabricated under mild synthetic conditions.
The fascinating dumbbell AUNR@SiO, NAs were obtained
after adding 10 mg CTAB, owing to the molecular packing
state of CTAB beside two sides of Au nanocrystals, which can
completely inhibit the silica deposition in the transverse direc-
tion in comparison with the longitudinal [100] direction. The
selective deposition of silica on the end surface is preferably

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

realized by coating the gold nanorod sides with CTAB mole-
cules. The reactions at two ends and sides of single-crystal
gold rods are different from each other. The interaction
between the surface-capped CTAB and the {110} facets is stron-
ger than {111} facets. Thus, CTAB bilayers are more compact at
the sides than at the ends of the nanorods, facilitating more
silica deposited at the two ends of AuNRs and the formation of
dumbbell-shaped nanostructures subsequently.

The size distributions (Fig. S9t) reveal the smaller mean
sizes of the finally yielded NAs than those of the precursor
NAs. It is conducive to obtaining a particle size suitable for
in vivo biomedical application. Undoubtedly, larger particles are
prone to aggregation and then blocking blood vessels, leading
to the potential danger of arterial embolism. Meanwhile, ultra-
small particles can pass through the intact blood-brain barrier
and might accumulate in healthy brain, posing potential
risks.*"*>*¢ Therefore, tuning the variation of the particle
sizes is extremely significant and considerable. To understand
the formation mechanism of AuNR@SiO,@Gd,O(CO3), NAs
from AuNR@SiO, NAs, a set of experiments regarding the syn-
thesis duration were conducted following TEM observations.
The variations in the length and diameter of the NAs (Fig. 3b
and c) exhibit the collapse of AuNR@SiO, core-shell nano-
structures and the reconstruction of AuNR@SiO,@Gd,0(CO3),
NAs. In the initial stage of reaction II, a quite large pH value
(>11) is achieved due to the over-dosage of urea reagents;
meanwhile, a comparatively high temperature (>80 °C) leads
to the destruction of the surface amorphous silica via disso-
ciating Si-O bonds. The monosilicate and polysilicate species
converted by resolved silica rapidly dissolve in aqueous
solution. The absorption of residual ultrathin silica close
to gold nanorods makes the nanoparticles oxygen-enriched.
Bicarbonate ions, once decomposed from urea, could combine
with Gd** ions and then deposit on the surface of silica-modi-
fied Au nanorods. The outer layer thickness can be precisely
controlled by not only the amount of gadolinium raw reagents
added but also the prolonged duration. However, longer reac-
tion times (>3 h) cannot lead to coarsening of the NAs further.

Plasmonic optical properties and intracellular TPL imaging

The unique localized surface plasmon resonance of gold nano-
rods has found its applications in both bioimaging diagnosis
and photothermal therapy, especially for a strong long-wave-
length plasmonic longitudinal absorption band originating
from free electron collective oscillations along the length axis
of the gold nanorods. To validate the SPR properties of both
PEGylated AuNR@SiO,@Gd,0(CO3), DBNAs and CSNAs, we
investigated their optical absorption with AuNR cores of the
close length-to-diameter aspect ratio (Fig. 4a). Compared with
pure gold nanorods, both Gd-engineered CSNAs and DBNAs
exhibit a close shape of SPR bands, despite the slightly
decreased longitudinal SPR peak values. The DBNAs have a
more intense SPR absorption ability than that of CSNAs, which
may be contributed to the shell slightly impeding the light
penetration.*® When the gold nanorod is coated with silica
and gadolinium oxide carbonate nanolayers, its longitudinal
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Fig. 3 (a) Schematic illustration of the formation mechanism and the fabrication procedures of the distinct core—shell and dumbbell PEGylated

AuNR@SiO,@Gd,0(CO3), NAs. The gold nanorod is labeled with the {111} facet in the end, the {110} facet in the side and the [001] direction across
the longitudinal axis. (b—g) Typical TEM images of the NA transformation from the precursor AUNR@SIO, NAs to the final AuUNR@SIO,@Gd,O(COs),
NAs in reaction Il with a duration of 0, 0.5, 1, 2, 3 and 5 h, respectively. (h) The length and diameter histogram of the relevant NAs regarding the

different synthesis durations.

SPR bands shift to the red wavelength region due to the larger
local refractive index of silica and gadolinium oxide carbonate
than that of aqueous solutions around gold nanorods. In the
UV-visible-NIR absorption spectra, the maximum SPR absorp-
tion of the DBNAs and CSNAs is observed at 773 and 791 nm,
respectively, in comparison with the original gold nanorods
with a maximum SPR absorption peak at 735 nm. The CSNAs
used are the core-thin shell NAs and we employ them to the
TPL and PTT assays because the CSNAs with a thick shell
exhibit a relatively weak SPR absorptivity (Fig. S15f). The
extinction spectra and corresponding TEM images of AuNRs,
AuNR@SiO, NAs and AuNR@SiO,@Gd,0(CO5), NAs with two
kinds of gold nanocores with aspect ratios of 3.3 and 4.2
(Fig. S167) present the close and strong SPR absorptions of the

precursors and finally yielded NAs.

Nanoscale

Unfortunately, it is hard to detect their photoluminescent
signals through a conventional Edinburgh spectrofluorophot-
ometer system. However, by means of ultrashort laser pulses,
gold nanorods could exhibit distinguished two-photon-
induced luminescence due to their strong SPR frequency
coupled with the extremely enhanced electromagnetic fields
around their surfaces. It has been reported that the two-
photon action cross-section of gold nanorods is larger than
2000 GM (1 GM = 107°° em” s per photon). Two-photon laser
scanning confocal microscopy images of PEGylated DBNAs
and CSNAs in HeLa cells (Fig. 4(b-g)) were obtained using a
femtosecond Ti-sapphire oscillator (800 nm) as the excitation
source and tuning the emission wavelength in the range of 620
to 700 nm. After coincubation for 2 h, remarkably visible red
fluorescence images were observed in the cytoplasm of living

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) UV-visible-NIR spectra of AuNRs, core—shell and dumbbell NAs in water. The lines have been normalized to keep the same transverse

absorption peak value. (b, c) Two-photon laser scanning confocal microscopy images, (d, e) bright-field inverted microscopy images and (f, g) the
merged images of Hela cells incubated with 20 pg mL™ core—shell (b, d, f) or dumbbell (c, e, g) NAs. An 800 nm laser light was used for excitation
and the image was obtained via tuning the emission in the red channel with a wavelength in the range of 620 to 700 nm. (h) Plots of the relaxation
rate (1/T,) as the linear function of Gd** concentration of the Gd-DTPA, dumbbell and core—shell NAs with a thin or thick shell. The slope is just the
longitudinal relaxivity (ry). () The corresponding in vitro T;-weighted MR phantoms. (j, k) In vivo MR images of 4 T1 xenografted tumors in Balb/c
nude mice (23 mg) before and after administration with 10 pmol kg~ core—-shell (j) or dumbbell (k) NAs into the tail vein of mice. The tumor part is
labeled with the red cycle. (1) Temperature increase curves of PBS, core—shell and dumbbell NAs (0.1 pmol L™ Au) in the same volume aqueous solu-
tion irradiated with a 800 nm NIR laser at 1.0 W cm™2. The temperature rise as the nonlinear function of exposure times. (m) Time-dependent cell
viability of Hela cells incubated with 100 pg mL™ core—shell or dumbbell NAs under laser illumination of 800 nm excitation (1.0 W cm™2). The
assays without any NAs or laser were conducted as the control under the same conditions.

cells, indicating the unique two-photon imaging capability rescence and the successful internalization into tumor cells

and effective uptake of two kinds of the NAs. Two-photon-
excited luminescence from the cores of gold nanorods has
been considered as a series of steps including a sequential
absorption of photons for creating a combination of an elec-
tron in the d-band and a hole in the sp-band, as well as a
further relaxation of electron-hole pairs for emitting bright
visible light. The first photon located in the sp conduction
band below the Fermi surface creates a hole, and then the
second photon excites an electron in the d-band to the hole in
the sp conduction band. The clear red intracellular fluo-

This journal is © The Royal Society of Chemistry 2017

indicate that the two nanostructures can be further developed
into an efficacious two-photon luminescence targeted nano-
probe for in vivo biolabeling and bioimaging applications.

Magnetic properties and tumor-targeted MR imaging

The paramagnetic Gd** ions in the DBNAs and CSNAs primar-
ily contribute to the positive signal enhancement in MRI and
serve as T;-weighted contrast agents. The typical paramagnetic
characteristics of PEGylated AUNR@SiO,@Gd,0(CO;), DBNAs
and CSNAs at room temperature were verified by the field-
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dependent magnetization curves and electron paramagnetic
resonance (EPR) spectra (Fig. S171). The broad EPR spectra
disclose a strongly coupled spin interaction of paramagnetic
Gd®" ions, which is expected to increase the water proton
spin-lattice T, relaxation surrounding Gd** ions. To assess the
relaxation properties of the NAs, the longitudinal relaxation
times in various Gd*" concentrations were obtained utilizing a
0.55 T Mini-MR system (Fig. 4h). The Gd*" concentrations of
all samples were quantified by the inductively coupled plasma
mass spectroscopy (ICP-MS). The relaxivity values of the
CSNAs with a thin or thick shell and the DBNAs were
measured to be nearly 5 times as large as that of the commer-
cial MR contrast agent Gd-DTPA. The thin shell CSNAs possess
a higher relaxivity in comparison with the thick shell CSNAs
because of the larger specific ratio of specific surface to shell
volume.*®***° m vitro MRI pseudo color pictures of the NAs
(Fig. 4i) imaged by a 0.5 T clinical MRI system reveal a much
brighter color than that of Gd-DTPA in the same Gd concen-
tration. We also performed in vivo T;-weighted MR imaging of
the 4T1 subcutaneously-xenografted tumor mice with intrave-
nous administration of 10 pmol kg™" core-shell (Fig. 4j and
Fig. S18a-et) or dumbbell NAs (Fig. 4k and Fig. S18f-jt). After
1 h, an observable signal enhancement appears in tumors via
passively targeted accumulation, signifying the feasibility of
applying both NAs as tumor-targeted CAs. It is noteworthy that
the quantified Gd** concentration utilized in the MRI assess-
ment is about 1/15 of a clinically-used standard Gd-DTPA dose
(0.1-0.2 mmol kg™'). Overall, both in vitro and in vivo T;-
weighted MRI results disclose that the core-shell and dumb-
bell PEGylated NAs are potential candidates as targeting nano-
probes for cancer imaging diagnosis.

In vitro PTT performance

A gold nanorod exhibits an excellent photothermal conversion
efficiency because of its intense longitudinal SPR bands
extending to the near-infrared regions, which can be employed
for hyperthermia tumor therapy under the irradiation of a
near-infrared continuous-wave laser. The photothermal conver-
sion properties of both CSNAs and DBNAs with maximum
plasmonic absorbance around 800 nm were explored using
800 nm irradiation with a low laser power density of 1.0 W cm™>
for 10 min (Fig. 41). Compared with a temperature rise of
29.04 °C in the irradiated PBS buffer solutions, the tempera-
ture of the DBNAs in PBS solutions rapidly reached the highest
at 55.77 °C, and the temperature for the CSNA mixtures was
53.22 °C. Even for a duration of 4 min, the temperature could
rise to 46.20 °C. The temperature rising rate reaches almost
11 °C min~", displaying a good photothermal conversion rate
at first 4 min. After 6 min, the temperature rising rate
decreases to less than 1 °C min~", conducive to avoiding a
superheated damage to normal organs. The photothermal con-
version efficiencies of CSNAs and DBNAs have been calculated
as 17.2% and 20.6%, respectively (eqn (S1)f), which are close
to the reported Au nanorods (21%).”" After 10 min of exposure,
both CSNAs and DBNAs retain the original structure and mor-
phology (Fig. S197) as well as the unchanged SPR absorption
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intensity (Fig. S207), indicating an excellent photothermal
stability. To further evaluate the PTT efficacy of the as-
synthesized NAs, a series of experiments based on the photo-
thermal killing of cancer cells were conducted using a NIR
laser with 1.0 W em™> power and tested via CCK8-based cell
viability assays. According to the results of the CCKS8 tests
(Fig. 4m), less than 3% of HeLa cells were dead in the absence
of the DBNAs, CSNAs or lasers after 10 min of the PTT experi-
ment, whereas about 80% of HeLa cells were dead in the
presence of the therapeutic NAs under a continuous 800 nm
laser irradiation for 10 min. The efficient photothermal killing
of the cervical carcinoma HeLa cells observed in the case of
both DBNAs and CSNAs render them an eligible nano-
theranostic candidate for cancer therapy in clinical appli-
cation. To further evaluate the effect of thermal treatment on
inhibiting tumor growth, we took advantage of a well-known
modelling software package, CompuCell3D,**>® to simulate
the spatiotemporal variation of a tumor subjected to evaluated
temperatures. In silico tumor growth models as well as the
dynamic curves at ambient and evaluated temperatures quali-
tatively demonstrate that the heat indeed inhibits angiogenesis
and prevents tumor growth (Fig. S21 and S227).

Toxicity assays

Due to the toxic CTAB included in the synthesis of gold nano-
rods and the possibility of Gd*" ions dissociating from the
nanoparticles, evaluating the preliminary in vitro and in vivo
toxicity is particularly important and a prerequisite for clinical
bioapplications. CTAB was principally extracted via repeatedly
washing gold nanorods with NH,NO; solution, hot acid
ethanol and deionized water in the first synthesis step. In the
second step, it can be removed thoroughly owing to the high
temperature of 80 °C and vigorous stirring. The successful
CTAB elimination can be verified by FTIR (Fig. S3a-ct), which
could be justified from the nearly vanished C-H bonds shown
in Fig. S3b.t Free Gd*" in the organs of living bodies may
be a threat to the patients with impaired renal function, which
may cause nephrogenic system fibrosis syndrome. To estimate
the relative Gd*" leakage of the PEGylated AUNR@SiO,@Gd,O
(CO3), NAs, we dispersed them in PBS solutions and continu-
ously stirred for 48 h at 37 °C. After filtrating the mixture solu-
tions, we measured the concentration of the free Gd*" utilizing
ICP-MS. The obtained relative Gd** leakages of both DBNAs
and CSNAs are close to 2.0 x 107>, which is negligible for clini-
cally-used Gd-agents. In addition, we evaluated the intracellu-
lar toxicity, apoptosis, and proliferation using a normal
human liver L-O2 cell line and the in vivo immunotoxicity in
Balb/c mice (Fig. 5). Relative cell viabilities of normal L-O2
cells and carcinoma HeLa cells incubated with the DBNAs and
CSNAs for 48 h were determined by the cell counting kit solu-
tion colorimetric assays. Fig. 5a shows that more than 90% of
the normal liver L-O2 cells were alive and less than 10% of the
cervical carcinoma HeLa cells were activated at a very high
Gd*" dosage of 200 pg L™, suggesting a negligible cytotoxicity
of the synthesized NAs. Fig. 5b presents the data on the immuno-
toxicity and acute toxicity of the NAs injected into Balb/c mice.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Normalized cell viability of the normal human liver L-O2 cells and cervical carcinoma Hela cells after incubation with various concen-
trations of core—shell or dumbbell NAs for 48 h at 37 °C. (b) In vivo immunotoxicity data on the generation level of ROS on neutrophils and the
expression level of CD69 on lymphocyte cells of peripheral blood measured by flow cytometry at 48 h after administration in Balb/c mice (21.7
mg kg%, mean + SD, n = 5). (c) Proliferation index of L-O2 cells incubated with PBS, Gd-DTPA, DBNAs and CSNAs (10 uM) for 24, 48 and 72 h. (d)
Apoptosis analysis of L-O2 cells measured by flow cytometry stained with Annexin-V/PI at the FL2-A channel for 48 h (mean + SD, n = 3). Ql is the
region where cells should not turn up; Q2 represents the apoptosis or dead cells in the later period; Q3 represents the apoptosis cells in the early

stage; Q4 displays the normal living cells.

No immunological reactions occurred and no obvious changes
were observed in the generation level of ROS and the
expression levels of CD69 on the negative control, clinical Gd-
DTPA, the DBNAs and CSNAs, indicating an in vivo safety of
the NAs in suitable dosages at a certain time. Furthermore,
cell cycle analysis and apoptosis of L-O2 cells were assessed by
flow cytometry stained with Annexin-V/PI (Fig. 5c¢ and d and
Fig. S23 and S247), which discloses that both DBNAs and
CSNAs have no influence on cell survival and possess a satis-
factory biocompatibility in comparison with the negative
control groups and commercial Gd-DTPA. However, more long-
term nanotoxicity assays are necessitated to appraise their bio-
medical performances for practical utilization of these NAs in
clinical administration.

Experimental
Materials and reagents

Gold(m) chloride trihydrate (HAuCly-3H,0, >49% Au basis),
gadolinium nitrate hexahydrate (Gd(NOj3);-6H,0, 99.9%), silver
nitrate (AgNOj3, >99.0%), sodium borohydride (NaBH,, >98%),
L-ascorbic acid (AA, >99.0%), ammonia hydroxide solution
(NH,OH, 28% NH; in H,0, >99.99%) and hexadecyltrimethyl-
ammonium bromide (CTAB, >99%) were purchased from
Sigma-Aldrich, United States. Tetraethyl orthosilicate (TEOS,
>99.0%) was the product of China National Medicine
Company. Urea (> 99.0%), ethanol (> 99.7%), hydrochloric

This journal is © The Royal Society of Chemistry 2017

acid (HCI, 35%-37%) and nitric acid (HNOj;, 69%-72%) were
acquired from Guangzhou Chemical Reagent Factory. Agar
(BR1200) and  o,o-dicarboxyl  polyethylene  glycol
(HOOC-PEG-COOH, MW: 10000) were purchased from
Shanghai Yuanye Biological Science and Technologies Co. Ltd.
Magnevist (Gd-DTPA) was obtained from Berlex Laboratories,
Inc., USA. Fetal Bovine Serum (FBS), Dulbecco’s Modified
Eagle’s Medium (DMEM) and Phosphate-Buffered Saline (PBS)
were procured from Gibco, Switzerland. Cell Counting Kit-8
(CCK8) was provided by Dojindo Laboratories, Japan. Annexin
V-FITC, Propidium Iodide (PI) and anti-mouse CD69-FITC were
purchased from Becton Dickinson Pharmingen, USA.
Deionized water used throughout all experiments was ultra-
pure Milli-Q water with an electrical resistivity of 18.25 MQ cm
(25 °C).

Characterization

TEM images and EDX spectra were recorded using a FEI
Tecnai G2 Spirit instrument operating at 120 kV with a single
tilt holder. HR-TEM, SAED, EELS-EFTEM, HAADF-STEM, EDX
elemental mapping and line scanning were recorded on a
Tecnai G2 F30 transmission electron microscope at an acceler-
ating voltage of 300 kV. The TEM samples were prepared by
drop-casting the synthesized nanocomposites dispersed in
ethanol onto a carbon-coated 400-mesh Cu grids and evaporat-
ing the solvent overnight. The size distribution histograms of
the nanoarchitectures were calculated by counting over 250
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particles with Image-Pro Plus 5.0, and hydrodynamic size dis-
tributions were measured using the DLS method (EliteSizer,
Brookhaven). XRD patterns were obtained on a D-MAX 2200x
VPC using Cu-Ko radiation with a zero-background sample
holder. The absorption spectra were recorded on a UV-visible-
NIR spectrophotometer (UV-3150). FTIR spectra were
measured using a Fourier transmission infrared spectrometer
(EQUIN-OX 55) using a KBr pellet technique. High resolution
XPS patterns were determined using an X-ray photoelectron
spectrometer (ESCALab250, 26 kV). EPR data were collected on
a Bruker EPR spectrometer (A300-10-12). Magnetization curves
(M-H) at room temperature were acquired by using a magnetic
property measurement system equipped with a superconduct-
ing quantum interference device (SQUID, Quantum Design).
The Gd*" ion concentrations of the samples were determined
by ICP-MS (Optima 7300DV, PerkinElmer).

Synthesis of the monodisperse gold nanorods

Monodisperse AuNRs were synthesized via the well-known
seed-mediated growth approach referred from the previously
reported protocol with a slight modification. In this method,
the seed solution was prepared by dissolving 0.364 g of CTAB
in 8.34 mL of deionized water. Then 0.5 mL of HAuCl, (6 mM)
and 1.16 mL of ice-cold NaBH, (10 mM) were added into the
solution. After rapid stirring for 2 min, the mixture was main-
tained at 27 °C in a water bath for 2 h. To prepare the growth
solution, 1.82 g of CTAB was dissolved in 42 mL of deionized
water. Then 6 mL of HAuCl, and 1 mL of HCI (37%) were
added into the solution. Subsequently 1.2-1.6 mL of ascorbic
acid (50 mM) was added into the solution with stirring. In the
meantime, the mixture turned from yellow to colorless. After
performing the above procedures, 50 pL of seed solution pre-
pared before was injected into the growth solution with gentle
stirring for 10 s. Then the mixture was maintained in a 27 °C
water bath for 12 h. Finally, the reaction products were col-
lected by centrifugation at 7000 rpm for 30 min and then were
dispersed in 25 mL of CTAB.

Encapsulation of gold nanorods with the silica

The silica encapsulating process was employed via a pre-
viously-reported Stober method with some adjustments. After
repeatedly washing and centrifuging (7000 rpm), 10 mL of
selected pure samples diluted with 20 mL of deionized water
was mixed with 0.2 mL of NH,OH ultrasonically. During gentle
stirring (60 rpm), 1 mL of TEOS alcohol solution was injected
into the previous mixtures every 30 min for 2 h (4 times), and
further stirred for 12 h. Then the sample was centrifuged
and washed with alcohol and water alternately 2 times.
The anisotropic dumbbell-like and core-shell AUNR@SiO,
nanoarchitectures were formed in the presence and absence of
10 mg of CTAB in the mixture solution at the initial stage of
the reaction. Before adding the CTAB, we purified gold nano-
rods by three cycles of dispersing them ultrasonically in
NH,NO; solution, hot acid ethanol and deionized water,
respectively, followed by centrifugation.
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Deposition with gadolinium oxide carbonate

The obtained precursors were repeatedly centrifuged at 8000
rpm for 8 min and washed ultrasonically at first. Then the
sample was added into 50 mL of deionized water and mixed
with 1 g of urea. Subsequently, 2 mL of Gd(NO;);-6H,O was
added into the solution to maintain the molar ratio of Gd** as
0.2 mol L™". The mixture was stirred and heated in an 80 °C
water bath for 3 h. 2 mmol of HOOC-PEG-COOH was added to
the reaction solution and this was continuously stirred for 2 h.
The collected sample was centrifuged at 8000 rpm for 8 min
and washed with deionized water 4 times and with alcohol
another 4 times, and then was dispersed in the deionized
water or dried in a vacuum freeze drier to form powder
samples. The prepared particles were denoted as PEGylated
AuNR®@Si0,@Gd,0(CO3), core-shell and dumbbell nano-
architectures (CSNAs and DBNAs).

MRI in vitro

The longitudinal relaxation times of water protons in the pres-
ence of the NAs were measured using a MRI system
(MicroMR-18, Shanghai Niumag Corp., 0.55 T). The NAs were
ultrasonically dispersed in deionized water for 0.5 h at 40 °C.
0.2 mL of boiling agar solution (2.5 wt%) was rapidly injected
into a 0.8 mL colloidal suspension placed in a 1.5 mL tube
and was cooled down immediately to obtain a gel with
0.5 wt% agar. The gel in each tube possessed various Gd*" con-
centrations of 0, 0.02, 0.04, 0.06, 0.08 mM, respectively. A com-
mercially available Gd-DTPA gel, which is used as a clinical T
contrast agent, was prepared by the same way. Gel samples
ensure that the coagulated particles keep a state of homo-
geneous dispersion in measurements. The parameters in the
relaxation time measurement are as follows, IR series: P90
(ps) = 13.00, P180 (ps) = 26.00, TD = 961 720, SW (kHz) = 200,
TR (ms) = 15 000, RGI = 20, RG2 = 3, NS = 2, DI (ms) = 1950,
sampling number = 36. Longitudinal relaxivity (r;) can be
obtained by the linear fitting calculation of 1/T; versus Gd**
concentrations. Another 0.5 T MRI system (MesoMR23-60H-I,
Shanghai TestNiumag Corp.) was adopted to obtain in vitro T;-
weighted MRI images. In this measurement, the samples with
different Gd** amounts were directly dispersed in water
without agar coagulating. The parameters in imaging are as
follows, MSE series: FOV read = 100 mm, FOV phase =
100 mm, averages = 4, TR = 200 ms, TE = 18.2 ms, slices width
=4 mm.

MRI in vivo

An animal model of transplanted tumor on Balb/c nude
mouse was used in the experiment. Animal experiments were
conducted according to the National Institutes of Health
guidelines on the rules of animal’s research and the insti-
tution’s animal board. Images were acquired by using a 1.5 T
clinical MRI system (Siemens Medical Solutions, Erlangen,
Germany). 100 pL PBS with 4T1 murine breast cancer cells (5 x
10°) was subcutaneously administered into the back of each
female Balb/c mouse (4-6 weeks old, around 20 g). After the
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4T1 xenografted tumor grew to approximately 60 mm® for
about 10 days, mice were anesthetized by intraperitoneal injec-
tion of 0.1% sodium pentobarbital (10 pL per g weight). Then
the mice were administered with 10 pmol kg™" of the NAs in
100 pL of PBS (2x buffer) via the tail vein and transported to
the MRI scanner using a surface coil constructed specifically
for small animals (3 inch in diameter). Scanning parameters:
FOV = 64 mm, slice thickness = 2.0 mm, TR = 600 ms, TE =
12 ms, averages = 6.

Two-photon luminescence cell imaging

Human cervical carcinoma HeLa cells in the logarithmic
growth phase were seeded on 24-well culture plates and then
were cultured at 37 °C under 5% CO, overnight. The culture
solution was replaced with a fresh culture solution containing
20 pg mL~" samples for further 1 h incubation at the same
environment. The media containing the excess NAs were
removed. Cells washed with PBS were then fixed and observed
by using a confocal laser scanning microscope (Leica TCS SP8
X) equipped with a femtosecond Ti-sapphire oscillator. The
irradiation light for two-photon laser imaging was set at a
wavelength of 800 nm. The living cell images were observed
with a 620-700 nm band pass filter.

Photothermal heating measurements

The preliminary PTT experiments were conducted with a laser
irradiating the solutions firstly. The aqueous PBS solutions
(100 pL) containing PEGylated dumbbell or core-shell NAs
(0.1 pmol L™" Au) were irradiated with a 800 nm continuous
laser at a power density of 1.0 W em™ for 10 min. The temp-
erature rise was recorded every minute utilizing a thermo-
couple. Each test was conducted in triplicate. For further inves-
tigating the NIR-induced photothermal effect on cell ablation
in vitro, the CCK8-based viability in cell culture media was
determined by incubating the carcinoma HeLa cells in culture
media including the NAs and exposing the samples to an
800 nm laser illumination. The HeLa cell culture protocol was
the same as previously described in TPL cell imaging assays.
The cells treated with the culture media with 100 pg L™ NAs
were irradiated for 2, 4, 6, 8, 10 min exposure times at 1.0
W em™>. Relative cell viabilities were determined using the stan-
dard CCKS8 assays detailed in the following cytotoxicity assay.

Cytotoxicity assays

The CCKS8 colorimetric method was employed to assess the
cell viability levels of the NAs. The normal human liver L-O2
cells and cervical carcinoma HeLa cells were respectively
seeded on 96-well culture plates (NEST Biotech. Co. Ltd,
701001) at a density of 8000 per well and cultured at 37 °C
under 5% CO, in culture media involving DMEM + 10% FBS
and 1640 + 10% FBS. After 24 h, the culture solutions were
replaced with fresh media containing samples of different
Gd*" concentrations. After further incubation for 48 h, 10 puL
of CCK-8 reagent was injected into each well. The cells with
the sample or reagents were cultured for another 2 h at 37 °C
under 5% CO,. The absorbance of the living cells separated
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from the culture media was measured at 450 nm using a
microplate reader (Multiskan MK3, Thermo Scientific) to
obtain the final optical density values and the standard devi-
ation values with three independent repetitions.

Immunotoxici

€ BALB/c nude mice (6-8 weeks old, around 20 g) were p
chased from the animal experiment center of Shanghai R&S
iotechnology Co., Ltd and maintained in the specific patho-
PF) environments during the time of th
ments. Twenty mice TvT f Toups at random:
(1) PBS (100 L, negative control), (2) Gd-DTPA (10 pmol kg™),
(3) DBNAs (10 pmol kg™"), (4) CSNAs (10 pmol kg ™).

ROS assay of peripheral blood neutrophils. After removing
the eyeballs of mice, 20 pL peripheral blood was obtained and
mixed with 4 pL heparin sodium in a tube. 2 mL erythrocytes
were added into the tube and stored in the dark for 2 min.
2 ml PBS was then added. The sample was centrifuged for
5 min at 1200 rpm. The ROS dye, H,DCFDA, was added and its
final concentration was 5 x 10° M. After storing in the dark for
20 min, the cells were resuspended with PBS and then ana-
lyzed by flow cytometry.

The expression of CD69 at T-lymphocyte in peripheral
blood. The mice whose eyeballs were removed and peripheral
blood was obtained were killed, and then their lymph nodes
(at the jaw, clavicle, armpits, inguen and intestinal lineage)
were isolated under sterile conditions. The membranes of
lymph nodes were removed and ground using 200 mesh nylon.
The cells were collected after filtration and washed with PBS,
followed by the addition of 400 pL PBS for resuspension. The
cells were stained in the dark for 30 min with anti-mouse
CD69-PE and then analyzed by flow cytometry.

Cell cycle assays

The normal liver L-O2 cells in the logarithmic phase were
digested with pancreatin and added to the culture media con-
taining DMEM + 10%FBS + 1% Gln + 1% P/S. The cell suspen-
sion mixtures were seeded in 6 well culture plates (500 000 per
well for cells) and grown at 37 °C under 5% CO,. Then the
samples with a concentration of 5 pM were added. The data
were recorded after incubating cells for 24, 48, and 72 h. Cells
were washed with 1 mL cold PBS and then separated via cen-
trifugation at 1000 rpm for 5 min twice. 100 pL of cold PBS
and 1 mL of cold 70% ethanol were added, evenly mixed and
then stored at —20 °C overnight. Cells were washed with 1 ml
PBS twice and centrifuged at 1000 rpm for 5 min. The super-
natant was discarded and 400 pL cold PI solution containing
RNase was added. After incubation for another 30 min at 4 °C
in the dark, samples were detected by flow cytometry.

Apoptosis assays

The Annexin V-FITC/PI Apoptosis Detection Kit was used to
assess the apoptosis of PEGylated AuNR@SiO,@Gd,0(CO3),
NAs. 1 x 10° normal liver L-O2 cells were seeded on 12-well
culture plates and then were cultured at 37 °C under 5% CO,
for 24 h. Subsequently, they were incubated with PBS (negative
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control), Gd-DTPA, core-shell and dumbbell NAs for further
48 h. Cells were collected by the trypsin digestion method and
then washed with PBS twice. After the supernatant was dec-
anted, cold 70% ethanol was added and the solution was
gently shaken until cells were well dispersed and then incu-
bated for 30 min at 20 °C. Ethanol was washed off by centrifu-
gation twice with PBS. Cells were resuspended in 195 pL of
PBS. Then, 5 pL of Annexin V-FITC was added and photo-
phobically incubated for 10 min at room temperature. After
washing with PBS twice, cells were resuspended and 10 pL of
PI (20 pg mL™") was added. The apoptosis measurements were
performed on a FACScan flow cytometer (Becton Dickinson, CA).

Conclusions

In summary, we have successfully prepared two multimodal
nanoprobes with distinct core-shell and dumbbell hetero-
architectures via a controlling multistep synthetic strategy. The
monodisperse and uniform nanoarchitectures (NAs) possess a
controllable particle size and unique magnetic-plasmonic pro-
perties with high potential for in vivo applications. Based on
the forming mechanism for two shapes of NAs, CTAB plays a
key role as the structure-directing agent for the formation of
anisotropic dumbbell structures; silica collapse and ensuing
gadolinium reconstruction in the hot alkaline solution are vali-
dated as the underlying mechanism to hold the suitable par-
ticle size. In vitro MR images show that both NAs possess a
larger longitudinal relaxivity and a better phantom imaging
capability than that of clinical Gd-DTPA; in vivo MR images
display a significant signal enhancement in imaging of mice
tumors. In addition, the NAs exhibit a vivid two-photon cell
imaging and striking photothermal conversion ability due to
their superior plasmonic properties in the near-infrared
regions. Compared with the conventional core-shell NAs, the
intriguing dumbbell NAs present more excellent TPL and PTT
abilities owing to their high intense SPR effect. In vitro cyto-
toxicity and in vivo immunotoxicity assays suggest both NAs
are safe, biocompatible and have high potential for cancer
imaging and therapy. Current research could shed new light
on the integration of the magnetic-plasmonic nanosystem and
blaze the trail to rationally design highly efficient nanoprobes
with tunable sizes and anisotropic structures.
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