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ABSTRACT: Multimodality imaging is highly desirable for
accurate diagnosis by achieving high sensitivity, spatial−temporal
resolution, and penetration depth with a single structural unit.
However, it is still challenging to integrate fluorescent and
plasmonic modalities into a single structure, as they are natu-
rally incompatible because of significant fluorescence quench-
ing by plasmonic noble-metal nanoparticles. Herein, we report
a new type of silver@AIEgen (aggregation-induced emission
luminogen) core−shell nanoparticle (AACSN) with both
strong aggregated-state fluorescence of the AIEgen and distinctive plasmonic scattering of silver nanoparticles for multimodality
imaging in living cells and small animals. The AACSNs were prepared through a redox reaction between silver ions and a redox-
active AIEgen, which promoted synergistic formation of the silver core and self-assembly of the AIEgen around the core.
The resulting AACSNs exhibited good biocompatibility and high resistance to environmental damage. As a result, excellent
performance in fluorescence imaging, dark-field microscopy, and X-ray computed tomography-based multimodality imaging was
achieved.

■ INTRODUCTION

Biological detection and clinical diagnostics propel the devel-
opment of advanced technologies for subcellular, cellular, and
tissue imaging.1,2 To this end, various types of bioimaging probes
have been developed with high sensitivity, spatial−temporal
resolution, and excellent depth penetrability.3,4 Fluorescence (FL)
imaging is an essential tool for in situ visualization of bioanalytes
at the molecular level and monitoring complex biological pro-
cesses in real time.5 The red to near-infrared fluorescence could
offer minimized autofluorescence interference in living systems.6

However, the performance of most fluorophores is still limited by
the photobleaching effect and moderate signal-to-noise ratio, and
their applicability for in vivo imaging is restricted to a superficial
region.7,8 Although inorganic nanoparticles such as quantum dots
or upconverting nanoparticles possess bright fluorescence and

good photostability,9−12 their heavy metal components would
cause further toxicity concerns.13,14 To obtain complementary
information for the fluorescence imaging modality, it is ideal to
integrate other imaging modalities with high signal-to-noise ratio,
high spatial resolution, and deep tissue penetration capability in a
single probe. For example, the localized surface plasmonic
resonance (LSPR) of the noble metal has been applied to dark-field
microscopy (DFM) imaging with high signal-to-noise ratio.15−17

The extremely large scattering cross-section of DFM prevents
interference of the ensemble averaging effect for optical
scattering imaging and single-nanoparticle analysis.18 Also,
noble-metal nanoparticle-based computed tomography (CT)
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could offer high spatial resolution, 3D tomography information,
and deep tissue penetration capability for in vivo imaging.19,20

However, direct combination of fluorophores and noble metals
in a single nanostructure would cause severe loss of fluores-
cence signals due to quenching effects of the plasmonically active
noble-metal nanoparticle via fluorescence resonance energy
transfer (FRET) or electronic transfer (ET).21−24 Spatial sep-
aration of these two components in multilayered nanostructures
is possible, yet the ensemble fluorescence intensity is com-
promised by the self-quenching effect at high local fluorophore
concentration as well as their limited photostability.25−27

Unlike conventional organic fluorophores, luminogens with
aggregation-induced emission (AIEgens)28 with propeller-shaped
structures provide a superior choice for light-up fluorescence
imaging.29−32 As isolated molecules, the rotor-containing AIEgens
undergo low-frequency motions and dissipate exciton energy,
leading to fast nonradiative decay of the excited states and weak
emission. In the aggregated form, the radiative pathway is pre-
dominant for strong emission via the restriction of intra-
molecular rotation, vibration, and motion.8,33 The AIEgen
aggregates exhibit large absorptivity, robust luminosity, strong
photobleaching resistance, no random blinking, and excellent

biocompatibility.34,35 They have been widely applied for in vitro
and in vivo bioimaging, including specific biomolecular
analysis,36,37 real-time organelle or cellular imaging,38−40 long-
lasting drug delivery tracking,41 and high-resolution cerebral
vessel visualization.42,43 Aggregation of AIEgens could be induced
by enzymatic catalysis,44 chemical reaction,45,46 environmental
response,47 etc. However, reduction of metal ion-induced AIEgen
aggregation and synergistic formation of metal@AIEgen core−
shell nanostructures have not been previously demonstrated.
Herein, we report the preparation of a new class of plasmonic

fluorescent silver@AIEgen core−shell nanoparticles (AACSNs)
for multimodality imaging. AACSNs were fabricated via a redox
reaction between the phenolic hydroxyl group of an AIEgen
and silver ions (Ag+). The formation of silver nanoparticles
(AgNPs) simultaneously induced aggregation of AIEgens
around the AgNP to form core−shell hybrid nanostructures
(Scheme 1). The electron donor−acceptor (D−A) structure of
AIEgens guided their intermolecular self-assembly to form the
organic shell layer with tunable shell thickness and fluorescence
intensity under various AIEgen concentrations. This facile strat-
egy overcame the challenges of integrating fluorescent and
plasmonic modalities into a single probe with preserved properties.

Scheme 1. Schematic Illustrations of the Synthesis, Tunable Properties, and Multimodality Imaging Application of AACSNa

aThe redox AIEgen possessed an electron donor−acceptor (D−A) structure. (a) The synthesis of AACSN included (i) a reduction reaction and
(ii) an AIEgen self-assembly process. (b) The obtained AACSN had a tunable shell thickness and fluorescence properties. (c) Integration of
fluorescent and plasmonic moieties for multimodality imaging. In a conventional fluorophore’s system, the fluorescence was quenched via a FRET or
ET process, while in an AIE system, these two moieties coexisted with tunable shell thickness (Rx). As a result, the AACSN could be applied in FL,
DFM, and CT multimodality imaging.
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The AACSN was successfully demonstrated with FL, DFM, and
CT imaging.

■ RESULTS AND DISCUSSION
Synthesis, Characterization, and Properties of AACSNs.

AACSNs were prepared via a redox reaction and subsequent
self-assembly process using a phenol-group-containing redox
AIEgen (TPE-M2OH) and Ag+ as precursors (Scheme 1).
Synthesis and characterization of TPE-M2OH were detailed in
the Supporting Information (SI) (Figure S1). TPE-M2OH
exhibited an apparent AIE property. No fluorescence was
emitted when it was dissolved in a good solvent, tetrahydrofur-
an (THF), whereas strong aggregated-state emission with 9.3 times
enhancement in intensity appeared in water (Figure S2).
Co-incubation of Ag+ and TPE-M2OH in alkaline solution
(pH 10.5) led to quick darkening of the solution color, indi-
cating the occurrence of a redox reaction. As shown in Figure 1a,
compared to TPE-M2OH, the reaction product exhibited sig-
nificantly enhanced fluorescence with an emission maximum at
640 nm, indicating the formation of TPE-M2OH aggregates.
In addition, an obvious increase of absorbance appeared in the
range between 400 and 500 nm with a maximum at 485 nm,
which corresponded to the characteristic absorption of AgNP
(Figure 1b). Changes in solution color and fluorescence inten-
sity could be directly visualized in photographs of the reaction
mixture taken under ambient light and 365 nm UV light
(Figure 1c). Powder X-ray diffraction (XRD) analysis revealed
formation of a silver crystallite that matched with the standard
JCPDS pattern (No. 04-0783) (Figure 1d). Transmission

electron microscopy (TEM) images showed the production of
a uniform near-monodisperse core−shell structure with a mean
diameter of about 85 nm (Figure 1e and Figure S5). A high-
resolution TEM image of a single particle showed that the
diameter of the AgNP core was about 45 nm and the AIEgen
shell thickness was about 20 nm. The lattice spacing (ca. 2.04 Å)
of the core matched well with the distance of the adjacent facet
(200) of the silver crystallite, which corresponded to the peak
at 2θ = 44.3° in the XRD pattern (inset of Figure 1f). The
amorphous layer around the core with light contrast could be
attributed to the as-formed organic AIEgen aggregate.
The shell thickness and fluorescence properties of AACSN

were tunable using various concentrations of the AIEgen for the
reaction. The as-prepared AACSN was purified via centrifuga-
tion before characterization (Figure S6). As shown in Figure 2a,
the fluorescence of the AACSN was steadily enhanced by
increasing the TPE-M2OH concentration from 50 μM to 625 μM
(Figure 2c). Meanwhile, an increased concentration of TPE-
M2OH led to a higher concentration of AgNPs, as revealed by
the absorption spectra (Figure 2b). TEM images showed that
near-spherical AACSNs were produced under all the tested
conditions (Figure 2d and Figure S7). The shell thickness
increased from 16.9 nm to 29.8 nm as the concentration of
TPE-M2OH increased from 125 to 500 μM (Figure 2c).
The hydrodynamic size of the AACSNs via dynamic light
scattering (DLS) measurements also presented an increasing
trend (Figure S8). In addition, the reaction time and temper-
ature played important roles in tuning the shell thickness
(Figures S9−S12). The Förster distance between the AgNP

Figure 1. Characterization of AACSNs. (a) FL spectra and (b) absorption spectra of TPE-M2OH with or without adding Ag+ and Ag+ alone under
pH 10.5 condition. (c) Digital photos of an AIEgen solution under ambient light (left) and 365 nm UV light (right) with or without Ag+. (d) XRD
spectrum of AACSN and standard JCPDS pattern (04-0783) of the silver crystallite. (e) TEM and (f) high-resolution TEM images of the AACSNs.
Inset indicates crystallite pattern of the core with a lattice spacing of 2.04 Å.
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core and the AIE shell was calculated to be 6.89 nm (Figure S13).
Therefore, strong emission of the AACSN could be achieved
when the shell thickness exceeded the Förster distance.
We subsequently investigated the performance of AACSN

for DFM imaging. In single-particle microscopy, the fluores-
cence signal (red) and scattering signal (cyan) were observed as
numerous isolated spots (Figure 3a,b). The perfect overlapping
of fluorescence and DFM signals suggested that the two signals

originated from the same particles (Figure S14). Particles in the
selected area in fluorescence and DFM images were further
characterized with scanning electron microscopy (SEM). Each
spot was identified as a single particle, confirming that the fluo-
rescence and DFM signals originated from individual particles
(Figure 3c and Figure S14).
We next evaluated the stability of the AACSNs under an

oxidative environment by monitoring the DFM signal over the

Figure 3. Single-nanoparticle analysis of AACSNs (∼20 nm shell thickness). (a) FL image of AACSNs. (b) DFM image of AACSNs of the same
region. (c) SEM image of AACSNs in the yellow box area in FL and DFM images and high-amplification images of each numbered area. The FL and
DFM imaging were obtained under a 100× oil objective.

Figure 2. Tuning the shell thickness of AACSNs. (a) FL spectra and (b) absorption spectra of obtained AACSNs under different concentrations of
TPE-M2OH. (c) Dependence of shell thicknesses and FL intensities at 640 nm on TPE-M2OH concentrations. (d) Representative TEM images of
AACSNs produced by 50, 125, 250, 375, and 500 μM TPE-M2OH from 1 to 5, respectively. Their corresponding statistic shell thicknesses were
0 nm (without obvious shell), 16.9 ± 1.68 nm (n = 248), 19.8 ± 1.75 nm (n = 230), 24.3 ± 2.49 nm (n = 252), and 29.8 ± 2.75 nm (n = 214),
respectively. “n” is the number of nanoparticles in the TEM images for statistic calculation.
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incubation time (Figure S15). As a control, the DFM signal
of sodium citrate-capped AgNPs dimmed continuously with a
more than 50% intensity decrease after 3 h. In contrast, the
signal of the AACSNs remained almost unchanged during the
same period. This enhanced stability against oxidization could
be attributed to the protective shell formed by self-assembly of
AIEgen molecules on AgNPs.
The dependence of TPE-M2OH aggregation on Ag+

concentration was further investigated. In the absence of Ag+

in alkaline buffer, no absorption or fluorescence change was
observed for TPE-M2OH (Figure 1a,b). However, when the
Ag+ concentration increased from 0 μM to 1500 μM, the
fluorescence intensity of the mixture gradually increased to a
maximum at 200 μM of Ag+ and then dropped at higher Ag+

concentrations (Figure S16). These results suggested that the
Ag+ played a crucial role in inducing shell formation and AIE
fluorescence. The fluorescence intensity was expected to be
dependent on the AIE shell thickness and the concentration
of formed AACSNs. The continuous increase in absorbance
suggested that more AgNPs were produced with increasing Ag+

concentration. The TEM images showed that the shell
thickness of AACSNs generated at 1000 μM Ag+ was much
thinner than that generated at 200 μM Ag+ (Figure S17),
leading to lower fluorescence intensity at 1000 μM Ag+.
The formation of AACSNs was also highly dependent on pH
(Figure S18). It had been previously reported that the phenol
group possessed reducing capability in alkaline condition.48 The
mixture of Ag+ and TPE-M2OH under neutral pH presented
no apparent color change (Figure S19). Because TPE-M2OH
was insoluble, emissive TPE-M2OH aggregates were formed
and even precipitated out when the molar ratio of Ag+ to TPE-
M2OH surpassed 1.5. However, there was no core−shell
structure formed in the TEM images (Figure S19d). Under
elevated pH, the phenol group of TPE-M2OH was depro-
tonated, and thus TPE-M2OH became soluble in the aqueous
medium, which resulted in the disappearance of FL signals at
around pH 10.5 (Figure S20). The FL was recovered upon Ag+

addition (Figure S16) as a result of TPE-M2OH aggregation
induced by reduction of Ag+ at elevated pH. In short, the redox
capability of TPE-M2OH in alkaline condition determined the
AgNP generation, which in turn induced the self-assembly of
TPE-M2OH to form AACSNs.
Mechanistic Investigation of AIEgen Self-Assembly.

The roles of the molecular structure of TPE-M2OH in self-
assembly were explored with two redox AIEgen analogues:
TPE-N2OH and TPE-2OH (Figure S1). They also exhibited
obvious AIE properties with 8.4 and 8.9 times enhancement in
fluorescence intensity after aggregation in water, respectively
(Figures S3 and S4). Like TPE-M2OH, both TPE-N2OH and
TPE-2OH contained two phenol groups in their molecular
structure acting as electron donors, whereas they were different
in electron acceptor domains. Cyclic voltammetry (CV) measure-
ments showed that the oxidation potentials of TPE-N2OH, TPE-
2OH, and TPE-M2OH were located at 0.763, 0.952, and 1.234 V,
respectively (Figure S21), indicating that all the molecules were
redox-active with reducing capability in the order TPE-N2OH >
TPE-2OH > TPE-M2OH. After incubation with Ag+ under
alkaline condition, TPE-M2OH self-assembled into a shell layer
with strong FL (Figure 1a,e), whereas TPE-N2OH and TPE-
2OH did not form a shell layer and no emission was detected
(Figure 4d,e,g,h and Figure S22). X-ray photoelectron spectros-
copy data also suggested the binding of TPE-M2OH to the silver
nanocore (Figure S23). The difference in the size of the AgNP

produced by the three AIEgens could be attributed to their
different redox potentials, which were not the determinant
factors for AIEgen self-assembly.
When the phenol group was deprotonated in alkaline

condition, TPE-M2OH would form electron-rich and -poor
domains that were located at opposite ends. Under the same
conditions, TPE-N2OH and TPE-2OH formed two electron-
rich ends and one electron-rich end, respectively (Figure 4a,c,f).
Therefore, the self-assembly capability of TPE-M2OH should
be closely related to its electron D−A structure. The density
functional theory calculation of TPE-M2OH verified its typical
D−A structure, in which the HOMO and LUMO were contrib-
uted by its electron-rich and electron-poor tail, respectively.
However, the HOMO and LUMO orbitals of TPE-N2OH and
TPE-2OH were not separated (Figure S24). The D−A struc-
ture of TPE-M2OH was further supported by its solvatochro-
mic effect, leading to a gradual red-shift of the FL maximum
with increasing solvent polarity (Figure S25). The single-crystal
structure of TPE-M2OH (CCDC ref number 1817311) further
confirmed the head-to-tail intermolecular arrangement pattern,
formed by electrostatic interaction, hydrogen bonding, and
intermolecular C−H···π interactions (Figure S26).

In Vitro and in Vivo Multimodality Imaging. The
colloidal stability and cytotoxicity of AACSNs were investigated
before imaging studies. As shown in Figure S27, the absorbance
and fluorescence intensity of AACSNs exhibited little change
after 15-day storage. The hydrodynamic size distribution and
average diameter after storage were similar to the freshly pre-
pared samples (Figure S28). Tests in cell lysates and serum
further indicated the good stability of AACSNs in a bioenvi-
ronment (Figures S29 and S30). The cytotoxicity assay showed
that the HeLa cells maintained over 95% viability at a concen-
tration of 100 μg/mL AACSN (Figure S31). This concen-
tration corresponded to 67.4 μg/mL of AgNPs through ICP-
AES measurement. The bare AgNPs synthesized by sodium
citrate with a similar diameter caused ∼50% cell death at a
concentration of 15.0 μg/mL. The improved biocompatibility
of AACSN could be attributed to isolation of AgNPs by the
AIEgen shell, which minimized their toxicity to living cells.49

Based on their unique optical properties, excellent stability,
and biocompatibility, AACSNs were employed for in vitro and
in vivo multimodality imaging. For fluorescence imaging,
AACSNs were incubated with HeLa cells for 2 h at 37 °C.
AACSNs could be readily internalized into HeLa cells and emit
strong FL in the cells in a concentration-dependent manner
(Figure S32). A high FL enhancement factor of 25 was
achieved at 7.5 μg/mL AACSN. The intracellular localization of
AACSNs was studied by colocalization with LysoTracker Green
DND-26, a marker for late endosomes and lysosomes. The high
degree of overlapping of green and red color fluorescence with
a Pearson’s colocalization coefficient of 0.89 suggested that
the AACSNs were internalized into endosomes and lysosomes
(Figure S33). The fluorescence and DFM dual-modality
imaging of living cells with AACSNs was then performed.
As shown in Figure 5a,b, HeLa cells incubated with AACSNs
(∼20 nm shell thickness) exhibited both strong fluorescence
and DFM signals in the cells. Punctate patterns of DFM signals
could be clearly visualized in high-magnification cell images.
When AACSNs with reduced shell thickness (24 to 17 nm)
were applied to cell imaging, the DFM signal exhibited negligible
change, whereas the fluorescence signal decreased (Figure S34).
HeLa cells incubated with TPE-M2OH alone also exhibited
fluorescence signals due to formation of intracellular aggregation.
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Figure 5. AACSNs for in vitro and in vivo multimodality imaging. The shell thickness of the AACSNs was ∼20 nm. (a) FL image of HeLa cells. It was
obtained with a 20× objective, and the inset picture with amplified selected area was obtained with a 63× objective. (b) DFM image of the same
region with the same amplification. (c) FL images and (d) CT images of 4T1 tumor-bearing nude mice at different time points after intratumoral
injection of AACSNs. The tumor site is highlighted with a red dotted circle.

Figure 4. Self-assembly mechanism of AIEgens on the surface of AgNPs. Schematics of the electron-rich and -poor domains of (a) TPE-M2OH,
(c) TPE-N2OH, and (f) TPE-2OH under alkaline condition. (b) Schematics of the presumed self-assembly mechanism of TPE-M2OH on the
surface of AgNPs via the attraction between its electron-rich and -poor domains. FL spectra of AgNPs synthesized by (d) TPE-N2OH and
(g) TPE-2OH. TEM images of AgNPs synthesized by (e) TPE-N2OH and (h) TPE-2OH.
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However, no characteristic DFM signals were detected due to
the lack of a AgNP core (Figure S35).
To investigate the X-ray attenuation effects of AACSN

probes (∼20 nm shell thickness), CT imaging was performed
under a wide AACSN concentration range. As shown in
Figure S36, X-ray attenuation of AACSNs possessed a linear
relationship with agent concentrations. The CT signal enhance-
ment of the AACSNs was up to 408 HU at 20 mg/mL con-
centration, which was comparable to the clinical iodinated CT
contrast agent at the same concentration.50 Next, we applied
AACSNs for fluorescence and CT dual-modality imaging in
living mice. BALB/c-nude mice were intratumorally injected
with AACSNs at a dosage of 50 μL (25 mg/mL), followed by
fluorescence and CT imaging at different time intervals. The
fluorescence and CT images both displayed clear signal enhance-
ments in tumor site in comparison with the surrounding tissue
and the preinjection control (Figure 5c,d). The CT signal
enhancement for post injection images was up to 183 HU after
5 h of tracking in CT modality (Figure S37). Intraperitoneal (i.p.)
injection showed accumulation of AACSNs at the tumor site
(Figure S38). Tumor accumulation of AACSNs reached a
maximum after ∼2 h and then gradually cleared from the tumor
site after 10 h (Figure S39). Further in vivo toxicity assessment
(Figures S40 and S41) suggested that AACSNs could offer
good biosafety for in vivo imaging.

■ CONCLUSIONS
In conclusion, we reported a new class of AgNP@AIEgen
core−shell nanoparticles for multimodality imaging in living
cells and animals. In addition to the excellent fluorescence
property of the AIEgen shell, DFM and CT imaging modalities
were successfully integrated into the probe via a AgNP core.
The reported strategy resolved the challenges of integrating
fluorescent and plasmonic materials in a single structure with
preserved properties. The AACSNs exhibited high biocompat-
ibility and colloidal stability to oxidative environments because
of AIEgen shelling. The superior AIE fluorescence together
with the high signal-to-noise ratio of DFM and the deep pene-
tration depth of CT modalities offer great promise for advanced
diagnostic applications.

■ EXPERIMENTAL SECTION
The materials are listed in Section A in the SI. Synthetic routes of
AIEgens, including 2-[{4-[2,2-bis(4-hydroxyphenyl)-1-phenylvinyl]-
phenyl}(phenyl)methylene]malononitrile (TPE-M2OH), 4,4′-{2,2-
bis[4-(diethylamino)phenyl]ethene-1,1-diyl}diphenol (TPE-N2OH),
and 4,4′-(2,2-diphenylethene-1,1-diyl)diphenol (TPE-2OH) are
described in Section B in the SI referring to previous report51 with
modifications. The AIE property of each AIEgen was demonstrated by
studying their AIE fluorescence behaviors in a mixture of THF and
water with different volume ratios (Section C in the SI). Their struc-
tures were characterized by NMR and high-resolution mass spectros-
copy (Section R in the SI).
Synthesis of AACSN Nanoparticles. Typically, the AACSNs

with a 20 nm shell thickness were synthesized as follows: 10 μL of
TPE-M2OH (25 mM dissolved in DMSO) was added to Na2CO3−
NaHCO3 pH buffer (pH = 10.5). Then, 2.0 μL of AgNO3 (100 mM in
water) was added. The total volume was adjusted to 1000 μL. The
mixture was gently shaken at room temperature for 8 h. Afterward, the
product was centrifuged at 12 000 rpm for 3 min and repeated twice.
The generated AACSNs were redispersed in water for subsequent
experiments.
Confocal Imaging of Living Cells. HeLa cells (1.5 × 105 cells per

well) were seeded into a six-well confocal plate (Corning). After 24 h
of incubation, the cells were washed once with 1× phosphate-buffered

saline (PBS). A 10 μL amount of AACSNs (∼20 nm shell thickness,
100 μg/mL) was diluted in 200 μL of Dulbecco’s modified Eagle’s
medium (without serum) at room temperature. Then the cells were
incubated for 2 h at 37 °C in a humidified incubator containing 5%
CO2. After washing with 1× PBS three times, the cells were incubated
with Lysotracker Green (2.0 μL, 1:1000 diluted in serum-free cell
culture medium) for another 20 min. After washing three times, the
fluorescence images were acquired on a Leica TCS SP5 II confocal
laser scanning microscope using a 63× oil immersion objective
(AACSNs were excited at 450 nm, and their emission was collected at
600−700 nm; LysoTracker Green was excited at 476 nm, and its
emission was collected at 500−560 nm).

Dark-Field Imaging. A 100 W halogen light source (U-LH100-3)
was used for DFM imaging. The AACSNs or the cells were placed
on glass slides, and the samples were imaged with a spectrograph
(MicroSpec-2300i, Roper Scientific) and intensified charge coupled
device (CCD) camera (PI-MAX, Princeton Instrument) connected to
the BX51 dark-field optical microscope (Olympus, Japan) equipped
with a DP72 single-chip true-color CCD camera.

In Vivo CT and Fluorescence Imaging.Male BALB/c nude mice
(4 weeks of age) were obtained from Shanghai Slac Laboratory Animal
Co., Ltd. Animal experiments were performed according to protocols
approved by the ethical committee of Shanghai Tenth People’s Hospital
for animal care, and all handling of mice was also in accordance with the
regulations of the National Ministry of Health. In the right flank regions
of the mice, 1.0 × 106 4T1 cells/mouse were subcutaneously injected
to establish the 4T1 tumor model. The volume of tumors was allowed
to reach ∼200 mm3 before the CT/fluorescence imaging. For in vivo
imaging, the mice were intratumorally injected with AACSNs
(∼20 nm shell thickness, 25 mg/mL, 50 μL per mouse). The mice
were scanned before and after injection by a dual-source CT system
(SOMATOM Definition Flash, Siemens, Erlangen, Germany) at
80 kV, 110 mA, and a slice thickness of 0.6 mm. The fluorescence
imaging was acquired using a Bruker In-Vivo F PRO imaging system
(Billerica, MA, USA). The excitation was 485 nm, and the signal
collection was 600−700 nm.
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