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ABSTRACT: We developed a simple and efficient method to synthesize a novel probe for both computed tomography (CT)
and fluorescence imaging. Gold nanospheres were coated with positively charged mesoporous silica (Au@mSiO2-TTA) using a
one-pot method to cohydrolyze quaternary ammonium silane and tetraethyl orthosilicate. Subsequently, IR-783, a negatively
charged and water-soluble near-infrared fluorescent dye, was electrostatically adsorbed into the silica shell. Transmission electron
microscopy imaging, X-ray powder diffraction, and energy dispersive X-ray spectroscopy indicated that Au@mSiO2-TTA had a
clear core−shell structure, was monodisperse, had a large surface area (530 m2/g), and had a uniform pore size (2.2 nm). The
mesoporous structure could effectively load fluorescent dye. After loading, the zeta potential of the nanoparticle dropped from 48
mV to 30 mV, and after additional modification with polyvinylpyrrolidone, it further reduced to 6 mV. Probe fluorescence was
stable over time, and the probe was an effective CT contrast agent and as a near-infrared fluorescent probe. The half-life of the
probe in the blood was 1.5 h, and the probe was mainly distributed in the spleen and liver 4 h after injection. Tissue sections
showed that major organs were normal and without visible morphological changes, 6 days post injection, indicating the
biocompatibility of the probe.
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■ INTRODUCTION

Multimode colocalized imaging can overcome the short-
comings of individual imaging techniques and realize the
complementary advantages of multiple techniques; it can
provide physicians and researchers with the information needed
to make accurate and professional judgments regarding the
location of lesions and optimal treatment plans.1−6 At present,
commonly used imaging methods in hospitals include X-ray
projection imaging, X-ray computed tomography (CT)
imaging, magnetic resonance imaging (MRI), ultrasonic
imaging, and positron emission tomography (PET). Among
the various imaging modalities, CT produces high spatial
resolution and a computer-visualized 3D structure of deep
tissue. With increasing detector sensitivity and increasing data

processing speeds, the temporal and spatial resolution of CT
continue to improve.7,8 Nevertheless, conventional CT imaging
is usually used to image high-density tissue, bone, stones, and
other hard foreign objects, not for soft tissues with weak X-ray
absorption such as tumors. CT imaging cannot be used to
differentiate between the lesions and surrounding normal tissue
because the two tissue types do not differ in X-ray absorption.9

Therefore, contrast agents were used to enhance the difference
between the irradiated tissues. Iodinated contrast agents are
widely used in clinical applications because iodine has a high
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atomic number and a high X-ray attenuation coefficient.
However, iodinated agents are not used because they produce
good contrast but because they are of low cost and low toxicity.
In practice, iodinated agents must be used in large doses to
achieve an obviously enhanced effect because these agents are
quickly cleared by the kidneys and have a short circulation
time.10

Nanoparticles are rapidly gaining importance for their
application in nanobiotechnology owing to their large surface
area and diverse constituent materials.11−15 In recent years,
nanoparticles containing Au, Bi, Ta, Lu, and Yb, all elements
with high X-ray attenuation coefficients, have been used in CT
imaging research.16−21 Among them, gold nanoparticles (Au
NPs) are low toxicity and easily modified.22−24 However,
considering that the sensitivity of CT is not high enough for
imaging at the molecular and cellular levels, if a more highly
sensitive imaging technique could integrate together with CT
nanoparticle as a probe, the composite probe would be versatile
in the level of structure that could be visualized.
Fluorescence imaging is a real-time, noninvasive, and

sensitive imaging technique; it can provide cellular and even
molecular level information and can be applied to biomedical
detection. However, there are some obstacles to using
fluorescence imaging in vivo including a low signal-to-noise
ratio due to tissue autofluorescence and poor light penetration
in the visible light range. Near-infrared (NIR) fluorescence
materials overcome some of the obstacles encountered in
fluorescence imaging in vivo; blood and tissues show minimal
autofluorescence in the wavelength range of 700−1000 nm,
minimizing intrinsic background interference. The 700−1000
nm range is a good window for imaging as it is possible to
obtain a high signal-to-noise ratio.25−27 However, fluorescence
imaging suffers from low spatial resolution and limited
penetration depth, even at NIR wavelengths. Therefore, it
would be ideal to combine CT and fluorescence imaging to
develop a complementary imaging method with high spatial
resolution and high sensitivity.
To fabricate this kind of multifunctional composite probe,

the most important issue is choosing the NIR fluorescent
material. An ideal NIR fluorescent probe needs to meet the
following basic requirements: both the excitation and
fluorescence emission wavelengths should be in the NIR
range for good tissue penetration and low attenuation; the
Stokes shift should be large so that absorption and emission
processes do not interfere with each other; the molar
absorption coefficient and quantum yield should be high for
strong fluorescence intensity; the chemical and photophysical
properties should support a long luminescence time in solvent;
the probe should be biocompatible and soluble in water to
avoid dye aggregation in an aqueous environment; and the
chemical stability should be sufficient under physiological
conditions in vivo.26 These requirements greatly narrow the
choice of suitable materials. Current NIR probes fall into two
categories: inorganic nanoparticles and organic molecules.
Inorganic NIR contrast agents mainly consist of quantum
dots (QDs) and other nanoparticles. It has been reported that
some rare earth doped up-conversion materials (anti-Stokes)
can meet the above requirements.28−33 However, the up-
conversion material usually requires a high energy laser for
excitation and rare earth dopants are not naturally occurring in
the body, both factors contributing to incompatibility with in
vivo biological imaging. Compared with inorganic probes,
organic NIR fluorescent dyes are very attractive candidates for

imaging because the newly developed NIR dyes have improved
photophysical properties, biocompatibility, high fluorescence
quantum yields, and do not contain extra heavy metal elements,
so they are amenable to large-scale chemical synthesis. Organic
NIR fluorescent dyes can be compounded together with
nanoparticles to make a multifunctional imaging probe. At
present, the most common NIR dyes are cyanine dyes such as
trimethine cyanines (Cy3), pentamethine cyanines (Cy5),
heptamethine cyanines (Cy7), and their derivatives. The
Food and Drug Administration has approved indocyanine
green (ICG) for use as an indicator of blood flow and liver
function for 60 years. However, poor photostability, low
quantum yield, high plasma protein binding rate, undesired
aggregation, and aqueous instability of free ICG has limited its
application as a fluorescence contrast agent for in vivo
imaging.25,26

Combining an NIR dye and Au nanoparticle is the second
hurdle in constructing a multifunctional composite nanoprobe.
Au nanoparticles can quench fluorescence within a certain
distance, so the distance between the NIR dye and Au
nanoparticle must be carefully controlled to avoid fluorescence
quenching.34,35 Because of its unique mesoporous structure,
mesoporous silica (mSiO2) is broadly applied in biotechnology.
mSiO2 has many pores and a large surface area; the pores can
be used as chambers for loading NIR dyes, and the expansive
surface area can be easily modified by functional molecules
including the binding of NIR dyes.36,37 Further, mSiO2 is
biocompatible and is optically transparent, meaning that light
can easily penetrate mSiO2 to excite internal NIR dyes in
mesopores. In a previous study, ICG was reacted with
aminopropyltrimethoxysilane (APTES), and the resulting
molecule was used to modify the surface of a gold nanorod
coated with mSiO2, which was then used as a CT/fluorescence
bifunctional probe.38 However, the fluorescent dye binding rate
was low using this particular modification method, and the
approach did not make full use of the advantages of mSiO2 for
loading additional ICG into the mesopores; the fast hydrolysis
speed of APTES is likely to cause the aggregation of
nanoparticles, resulting in poor dispersion, which is not useful
for in vivo application. Further, gold nanorods have strong
absorption in the NIR spectral region, greatly reducing the
intensity of NIR excitation and fluorescence emission. In
aqueous solution or blood plasma, ICG undergoes physico-
chemical transformations, such as aggregation and irreversible
degradation, which reduce its fluorescence quantum effi-
ciency.26 Together, these results suggest that the combination
of gold nanorods and NIR dye was not conducive to in vivo
imaging. It is crucial to look for other suitable NIR fluorescent
dyes that can be easily and substantially loaded into mSiO2.
IR-783 is a new type of water-soluble cyanine dye with a rigid

cyclohexenyl substitution introduced into the middle of a
polymethine linker and a substituted central chlorine atom in
the cyclohexene ring, which together, remarkably increased the
photostability and fluorescence quantum yield. It was also
found that IR-783 was biocompatible and did not accumulate in
normal cells.39,40 Therefore, it has some features of an ideal
NIR fluorescent dye. If the pores of mSiO2 could be modified
with a cluster of positive charge, IR-783 could easily enter into
the mSiO2 channels by electrostatic adsorption, as its two
sulfonic acid groups have a strong negative charge. The large
surface area and pore volume of mSiO2 could load a large
number of IR-783 molecules, and once loaded into pores, the
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IR-783 molecules could effectively resist external environment
changes.
In this paper, we used positively charged mSiO2 to directly

coat Au nanospheres by cohydrolysis of N-trimethoxysilyl-
propyl-N,N,N-trimethylammonium chloride (TTA) and tetrae-
thoxysilane (TEOS). The hydrolysis rate of TTA is slower than
that of APTES, which ensures that nanoparticles will not
agglomerate during the process of coating the mSiO2 shell.

41

We found that the positively charged mSiO2 maintained
mesoporous structure, IR-783 could be easily adsorbed into the
mesoporous structure through electrostatic interaction, and the
method of fabricating the composite nanoparticle Au@mSiO2-
TTA/IR-783 was simple and effective. The probe Au@mSiO2-
TTA/IR-783/PVP could be used for CT and fluorescence
imaging, both in vitro and in vivo, after being modified with
polyvinylpyrrolidone (PVP). Therefore, this multifunctional
nanoprobe is expected to be effective for both vascular tumor
imaging and biomedical research.

■ EXPERIMENTAL SECTION
Materials and Instruments. Chloroauric acid (HAuCl4·4H2O),

TEOS, hydrochloric acid (HCl), ammonia (NH3·H2O), polyvinylpyr-
rolidone K30 (PVP-K30), and cetyltrimethylammonium bromide were
purchased from Sinopharm. TTA (50% in methanol) was purchased
from China Beijing J&K Chemical Scientific Co. Ltd. The
heptamethine cyanine dye IR-783 (2-[2-[2-chloro-3-[2-[1,3-dihydro-
3,3-dimethyl-1-(4-sulfobutyl)-2H-indol-2-ylidene]-ethylidene]-1-cyclo-
hexen-1-yl]-ethenyl]-3,3-dimethyl-1-(4-sulfobutyl)-3H-indolium) was
purchased from Sigma-Aldrich. Male nude mice (body weight 20−
22 g) were purchased from the animal experimental center of Hubei
Provincial Epidemic Prevention Station. The instruments include
Tecnai G2 20 U-Twin 200 kV high-resolution transmission electron
microscope (FEI, USA); Nano-ZS90 Zatasizer (Malvern, UK);
VERTEX 70 Fourier-transform infrared spectrometer (Bruker,
Germany); Empyrean B.V. X-ray diffractometer (PANalytical, Hol-
land); LS45/55 luminescence spectrophotometer (PerkinElmer,
USA); novAA400 absorption spectrometer (Jena atomic, Germany);
Self-build wide-field fluorescence imaging optical system42 (light filter
wavelength used for fluorescence imaging was set at 700 ± 8 nm in
excitation with fwhm of 40 ± 8 nm, at 808 ± 8 nm in emission with
fwhm of 40 ± 8 nm), and CT imaging system43 (spatial resolution is
100 μm, tube voltage is 50 kV, tube current is 0.8 mA). All animal
experimental operations were approved by Huazhong University of
Science and Technology animal ethics committee.
Synthesis of Au@mSiO2-TTA Nanoparticles. Au nanoparticles

coated with TTA-doped mSiO2 (Au@mSiO2-TTA) were prepared as
follows. HAuCl4 solution (3.5 mL, w/v 1%) was added to 150 mL of
ultrapure water and heated to boiling under stirring. Sodium citrate

solution (6 mL, w/v 1%) was rapidly injected, and the resulting
mixture was boiled for another 30 min. Then the Au colloid was slowly
cooled down to room temperature. Without any further treatment, the
resultant colloidal gold solution was directly added to 10 mL of CTAB
solution (0.1 M), the mixture was stirred for another 15 min, ammonia
was added to adjust the pH value to 10, and the solution was stirred
for another 10 min. According to the requirements, Au@mSiO2 with
different thicknesses of mSiO2 could be obtained by changing the
amount of TEOS. After TEOS was added, the reaction continued to
react for 10 h at room temperature. As an example, the synthesis of 75
nm Au@mSiO2-TTA is described. TEOS (240 μL) was added and
reacted for 3 h, and then 100 μL of TTA methanol solution, together
with 100 μL of TEOS, was added and reacted for 10 h before finishing.
The sediment was collected by centrifugation and dispersed in ethanol
by sonication, and then hydrochloric acid was added until the pH was
less than 1. After 30 min, the sample was centrifuged and dispersed
again. The final product, Au@mSiO2-TTA, was obtained after
alternately washing with ethanol and water and was then stored in
ethanol at the original Au colloid concentration.

Synthesis of the Au@mSiO2-TTA/IR-783/PVP Probe. Eighty
milliliters of Au@mSiO2-TTA was mixed with IR-783 ethanol solution
(after mixing, the final concentration of IR-783 was 50 nM) and kept
for 2 h to obtain full absorption. After alternate washing with ethanol
and centrifugation, Au@mSiO2-TTA/IR-783 composite nanoparticles
were obtained. Five milliliters of PVP-K30 aqueous solution (0.1 mg/
mL) was added to the sediment and dispersed by sonication. After 30
min, the solution was centrifuged to remove the excess PVP, and an
appropriate amount of water was added to make an Au@mSiO2-TTA/
IR-783/PVP probe solution.

Au@mSiO2-TTA/IR-783/PVP for CT and Fluorescence Imag-
ing in Vitro. The probe was prepared at different concentrations. The
Au concentrations were 4.5, 9, 13.5, 18, 22.5, and 28 mg/mL, and the
probe CT imaging was carried out using a self-built CT imaging
system. The NIR fluorescent imaging was carried out using a self-built
wide-field fluorescence imaging optical system, and Au concentrations
were 0.025, 0.05, 0.1, 0.2, and 0.4 mg/mL. Phagocytosis and the
fluorescence stability of the Au@mSiO2-TTA/IR-783/PVP probe
were observed both inside and outside of cells. RAW 264.7 cells
(murine macrophage cell line) were cultured in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% (v/v) newborn calf serum
and penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively)
in a humidified atmosphere of 5% CO2 at 37 °C for 48 h. The culture
medium was exchanged for medium containing the probe at
concentration of 0.1 mg/mL for another 48 h. After that, the cells
were washed with PBS and then fixed in 4% paraformaldehyde for 30
min. Some cells were scraped from the dish bottom, collected by
centrifugation, and embedded in resin. Cell sections were observed
under the electron microscope. Another cell sample was immersed in
4% paraformaldehyde for fluorescence imaging.

Au@mSiO2-TTA/IR-783/PVP for CT and Fluorescence Imag-
ing in Vivo. Nude mice were injected with probe at a dose of 200 μL,

Scheme 1. Schematic Illustration of the Synthetic Procedure. Positively-Charged Mesoporous Silica Modified Gold
Nanospheres Loaded with Near-Infrared Fluorescent Dye for in Vivo X-Ray CT and Fluorescence Dual Mode Imaging
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at a probe concentration of 50 mg/mL. CT imaging of nude mice was
carried out using a self-built CT imaging system. The CT image was
acquired prior to injection of Au@mSiO2-TTA/IR-783/PVP as well as
at appropriate time points after administration. To ensure the imaging
position was stable, mice were anesthetized through intraperitoneal
injection of chloral hydrate and urethane at a 1:1 ratio (10 wt %,
respectively). NIR fluorescence imaging of nude mice was carried out
using a self-built wide-field fluorescence imaging system. Male nude
mice were randomly divided into two groups, and probe was injected
into mice by tail vein injection. One group was dissected 1, 2, 4, 12, 24,
and 48 h after injection (three mice were anatomized at each time
point). The hearts, lungs, livers and spleens, kidneys, and intestines
were collected and weighed after cardiac perfusion. These organs were
ground and digested with aqua regia. After centrifugation and
appropriate dilution, the concentrations of Au were measured by
atomic absorption spectroscopy (AAS) and used to examine the probe
distribution in mice organs. Blood specimens were collected from
another group via the orbital venous plexus 5 min and 0.5, 1, 3, 6, 10,
16, and 24 h after injection (blood from three mice was collected at
each time point). The blood was also digested with aqua regia. After
appropriate depuration, the concentrations of Au were measured by
AAS to investigate the metabolism of the probe in the blood. To
characterize probe toxicity in vivo, the heart, liver, spleen, lung, kidney,
and intestine were cut into thin slices and stained with hematoxylin−
eosin (HE) to observe tissue morphology.

■ RESULTS AND DISCUSSION

The Au nanoparticle was synthesized by sodium citrate
reduction, a well-characterized and widely used method.
Sodium citrate was adsorbed onto the surface of the Au
nanoparticle as a reducing agent and stabilizer. The nucleation
time was short. The synthesized gold colloidal solution was
directly added to an aqueous solution of CTAB, and then TTA
and TEOS cohydrolyzed on the surface of the Au nanoparticle,
forming a positively charged mSiO2 shell under alkaline
conditions (Scheme 1). This one-pot, two-step synthetic
method greatly simplified the experimental procedure but was
of high efficiency and high yield. Transmission electron
microscopy (TEM) results showed that the Au@mSiO2-TTA
particle had a core−shell structure with a 20 nm diameter gold
core (Figure 1B1,B2), and the mesopores were well-distributed
on the mSiO2 shell. There were no visible morphological
changes compared with Au@mSiO2 without TTA (Figure
1A1,A2). Au@mSiO2-TTA was well dispersed, had a uniform
particle size distribution, and exhibited no particle adhesion,
factors that indicate the probe is suitable as an in vivo imaging
agent. Energy dispersive X-ray spectroscopy (EDX) and X-ray
diffraction (XRD) of the particle showed that there were no

Figure 1. Characterizations of (A) Au@mSiO2 and (B) Au@mSiO2-TTA. (A1, A2, B1, B2) TEM under different magnifications; (A3, B3) EDX; (A4,
B4) XRD, the red lines corresponding to the diffraction peaks of Au, the JCPDS standard is No. 02−1095, the black lines corresponding to the
diffraction peaks of SiO2, the JCPDS standard is No. 50−0057; (A5) N2 adsorption−desorption isothermal curves and (B5) pore size distribution
curves of (a) Au@mSiO2 and (b) Au@mSiO2-TTA.

Figure 2. (A)CT imaging of different concentrations of the Au@mSiO2-TTA/IR-783/PVP probe; (B) CT imaging of the same concentrations of
Au@mSiO2-TTA, Au@mSiO2-TTA/IR-783, and Au@mSiO2-TTA/IR-783/PVP, respectively; (C) the relationship between the concentrations and
Hounsfield unit (HU) values; and the concentrations of probe are labeled as Au concentrations. The corresponding concentrations (mg/mL) of
each sample are provided beside the respective images.
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differences in basic composition or structure between the pure
Au@mSiO2 (Figure 1A3,A4) and the Au@mSiO2-TTA
composite particles (Figure 1B3,B4).
The surface area and pore volume of Au@mSiO2-TTA

determined the loading capacity of mSiO2. A thick mSiO2 shell
has a larger surface area and higher loading capacity. A larger
amount of NIR fluorescent dye IR-783 is likely to produce
stronger fluorescence intensity and a higher signal-to-noise
ratio. However, a thicker mSiO2 shell might decrease the CT
imaging effectiveness per unit mass, meaning that the Au@
mSiO2-TTA particle size should be moderate. Consequently,
the mSiO2 shell of the Au@mSiO2-TTA particle should be
sufficiently thick to ensure sufficient loading of IR-783 and to
prevent IR-783 from quenching by the Au nuclear core (studies
have shown that fluorescence quenching occurred when the
fluorescent molecule was close to the Au nanoparticle44) but

thin enough to improve CT X-ray absorption per unit mass of
the probe. To balance these opposing size limitations, the size
of the diameter of the Au@mSiO2-TTA particle was made 75
nm, and the thickness of the mSiO2 shell was about 27 nm. The
N2 adsorption−desorption isotherm curve indicated that the
resulting Au@mSiO2-TTA particle had a high Brunauer−
Emmett−Teller (BET) surface area (530 m2/g), large pore
volume (0.8 cm3/g), and uniform pore size (2.2 nm). A
similarly sized Au@mSiO2 particle possessed a slightly larger
surface area (620 m2/g), pore volume (0.9 cm3/g), and pore
size (2.5 nm). Although the pore volume and surface area
slightly decreased after doping with TTA, it still maintained a
relatively high surface area and pore volume and should
effectively load dyes (Figure 1A5,B5).

Figure 3. (A1) Visible light image and (A2) fluorescence image of
different concentrations of Au@mSiO2-TTA (lower half) and Au@
mSiO2-TTA/IR-783/PVP (upper half). The corresponding concen-
trations (mg/mL) of each sample are provided beside the respective
images. (B1) Visible light image and (B2) fluorescence image of
concentrated collected RAW 264.7 macrophages incubated with probe
for 48 h. The excitation filter wavelength was set to 700 ± 8 nm, fwhm
40 ± 8 nm, and the emission filter wavelength was set to 808 ± 8 nm,
fwhm 40 ± 8 nm.

Figure 4. TEM images of ultrathin slices of (A) RAW264.7 cells alone and (B) incubated with Au@mSiO2-TTA/IR-783/PVP for 48 h. Panel D is an
enlarged image from a region of panel A; Panels C, E, and F are enlarged images from regions of panel B.

Figure 5. Images of nude mice 4 h after probe injection, from the (A)
back side and (B) abdominal side using (1) bright field and (2) NIR
fluorescence.
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Au@mSiO2 had a strong negative potential (−40 mV), and
Au@mSiO2-TTA possessed a very strong positive potential
(+48 mV) after doping with TTA (Figure S1A, Supporting
Information). Once the negatively charged NIR fluorescent dye
IR-783 was mixed with the positively charged Au@mSiO2-
TTA, IR-783 adsorbed onto the Au@mSiO2-TTA through
electrostatic adsorption between sulfonic groups (negatively
charged) and quaternary ammonium silane (positively
charged). Knowing whether IR-783 attaches firmly is very
important for in vivo use. If IR-783 can easily dissociate from
mSiO2, the fluorescence of the composite probe would
gradually become weak, which is not beneficial to multifunc-
tional imaging. However, we found that the probe fluorescence
intensity and wavelength were stable over time after the excess
dye was washed from the particles twice. The fluorescence
intensity in the washes declined rapidly after several rounds of
washing. It became very weak after the third round, indicating
that IR-783 had firmly adsorbed onto the Au@mSiO2-TTA
particle (Figure S2A, Supporting Information). We also found
that the fluorescence wavelength of the washing liquid (803
nm, Figure S2Ba, Supporting Information) was slightly shorter
than the wavelength of the fluorescent probe (812 nm, Figure
S2Aa, Supporting Information), which might be due to the
Au@mSiO2-TTA particle strongly attracting a large number of
IR-783, which aggregated and caused a red shift.45,46 Even if the
probe was washed three times, the IR-783 was still difficult to
wash off due to its strong binding ability, and the wavelength of
the probe still showed a red shift (810 nm, Figure S2Ac,
Supporting Information). This phenomenon indicates that the
mutual adsorption capacity is very strong and that Au@mSiO2-
TTA was able to capture a large number of IR-783 molecules
from the solution. The dye must have a very slow off-rate once
absorbed onto the Au@mSiO2-TTA particle. Both electrostatic
interactions and the complementary shape of the pore’s binding
pocket may contribute to stable loading. When the dyes
entered the mesoporous structure, they docked similar to ships
in the harbor. The dyes were tightly bound in the small
chamber spaces of the mesoporous silica where the surrounding
environment was more stable and the dyes were less vulnerable
to external disturbances. The dye was shielded from washing
and substitution by homogeneously charged molecules. With

washing, weakly bound fluorescent dye directly exposed to the
external solvent would dissociate, while the tightly bound
internal dye would not, explaining why the fluorescence
intensity of the washes decreased until the third wash, where
it was minimal. The red shift phenomenon was also observed
for IR-783 alone in solution under different concentrations
(Figure S3, Supporting Information). Along with the red shift,
the fluorescence intensity was reduced, indicating that an
appropriate ratio of Au@mSiO2-TTA to IR-783 is important
for fabricating a complex probe with high luminous intensity.
When the concentration of IR-783 was 50 nM in Au@mSiO2-
TTA solution, the potential of purified Au@mSiO2-TTA/IR-
783 dropped down to about +30 mV (Figure S1A, Supporting
Information), meaning that the probe was not yet saturated
with IR-783, but since spectral changes such as the red shift and
drop in signal intensity also occurred at 50 nM, more
adsorption of IR-783 would not necessarily increase fluo-
rescence intensity. Therefore, 50 nM was chosen as the final
concentration of IR-783.
The dye loading capability of the mesoporous silica shell

could be measured by the amount of IR-783 per unit area.
Using the synthesis of the Au@mSiO2-TTA/IR-783/PVP
probe as an example, the mass of Au@mSiO2-TTA was
composed of two parts, the mass of gold particles and the mass
of mesoporous silica. The gold nanoparticles came from the
reduction of chloroauric acid, and the mesoporous silica was
derived from the hydrolysis and polymerization of TEOS and
TTA. The mass of Au@mSiO2-TTA was calculated to be about
0.0648 g. The specific surface area of the Au@mSiO2-TTA
particle was 530 m2/g, and the surface area of the product
under experimental conditions was 33.48 m2. The amount of
IR-783 adsorbed into the mesoporous silica shell was equal to
the initial amount added minus the remaining amount in the
discarded washes. Within the linear range of the instrument, the
fluorescence intensity of the solution is proportional to the
concentration of the substance in the solution, so the ratio of
the residual dye can be calculated by the fluorescence intensity.
Using the fluorescence intensity of the original solution and the
washes (Figure S2B, Supporting Information), we calculated
that the amount of fluorescent dye adsorbed into the
mesoporous silica per unit area was about 8.4 × 10−14 mol/cm2.

Figure 6. CT images of nude mice (A) before and (B) 4 h after injection from different views (1−3).
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Since macrophages will strongly phagocytize the positively
charged nanoparticles, it is necessary to further modify Au@
mSiO2-TTA/IR-783 to avoid this complex probe form being
quickly engulfed and cleared.47,48 PVP-K30 is water-soluble,
biocompatible, and adsorbs to the surface of silica. PVP-K30
can shield against blood proteins adsorbing onto the surface of
the probe and can reduce the immunogenicity of the probe.
Furthermore, PVP-K30 is a nonionic surface active agent, and it
can effectively reduce the surface potential of probe, improving
probe dispersion and viscosity.49,50 Therefore, PVP-K30 was
used to further modify the probe. The results indicate that the
probe potential declined to +6 mV (Figure S1A, Supporting
Information) after modification; the hydrated diameter changed
from 158 to 160 nm but not significantly (Figure S2B,
Supporting Information). Since this is the hydrated diameter, it
is larger than the size obtained from the transmission electron
microscope.

Fourier transform infrared (FT-IR) was used to characterize
the composite particles (Figure S4, Supporting Information). In
addition to the absorption of SiO2 (1091−1095 cm−1),
methylene and methyl C−H asymmetric stretching vibration
appeared at 2925 and 2982 cm−1, respectively, after TTA
doping; C−C skeleton bound vibration appeared at 1140−1250
cm−1 after IR-783 adsorption; CH2 bending and deformation
appeared at 1466 and 1426 cm−1, respectively; and CO
stretching vibration was found at 1664 cm−1 after PVP
modification.51 The four curves indicate that TTA, IR-783,
and PVP-K30 were assembled onto the nanoparticle step by
step during the reaction.

Probe for CT and Fluorescence Imaging in Vitro. Au
possesses a high X-ray attenuation coefficient, and CT imaging
of different concentrations of Au@mSiO2-TTA/IR-783/PVP
(Figure 2A) produced different CT values; CT values increased
linearly with Au concentrations (Figure 2C). Differences

Figure 7. CT images of nude mice injected with the probe (A, 0.5 h; B, 1 h; C, 2 h; and D, 4 h after injection) from different views (1 and 2).
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between CT images of Au@mSiO2-TTA and Au@mSiO2-
TTA/IR-783/PVP were not evident (Figure 2B). NIR

fluorescent imaging of different probe concentrations was also
conducted. The fluorescence intensity became stronger with
increased probe concentration. However, since Au@mSiO2-
TTA had no NIR fluorescent dye, in contrast to Au@mSiO2-
TTA/IR-783/PVP, it did not produce a fluorescent signal
(Figure 3A2). Strong fluorescence intensity could be obtained
when the probe concentration over 0.1 mg/mL. Very high
concentrations would slightly weaken the fluorescence
intensity. The composite probe and cells were coincubated
for 48 h. It was found that once the probe entered the cells, the
color of the enriched cells changed from white to a red wine
color, which was the color of the Au nanoparticles (Figure 3B1).
The cells containing the probe produced strong NIR
fluorescence, while the control cells without probe added
produced no fluorescence. Strong fluorescence intensity was
stable over time within the cells, and there were no adverse
quenching effects due to phagocytosis (Figure 3B2). Ultrathin
sections of cells were observed under TEM. Compared with the
control cells (Figure 4A), there were many black particles in the
enriched cells, and the probe was internalized into the
cytoplasm (Figure 4B).

Probe for CT and Fluorescence Imaging in Vivo. A
nanoprobe for in vivo application needs to be sufficiently stable

Figure 8. Distribution of probe changed with time in different organs
of mice.

Figure 9. Tissue sections (heart, liver, spleen, lung, kidney, and intestine) stained with HE. Control mice without probe injection (Pre) and mice 4 h,
2 d, and 6 d after probe injection.
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in serum and should have a long blood circulation time so that
the target position can be reached. Fluorescent probe, culture
medium containing serum, and cells were coincubated for 48 h.
The fluorescence intensity of the culture medium remained
unchanged, indicating that the probe was stable (Figure S5,
Supporting Information). The outstanding performance of the
multifunctional probe in vitro suggested that the probe should
also be effective in vivo. The probe was injected into male nude
mice through the tail vein, and then fluorescence imaging
(Figure 5) and X-ray CT imaging (Figure 6) were completed
after 4 h.
As can be seen, the probe was mainly distributed in the

spleen and liver, which could be visualized in high resolution
using both fluorescence and CT imaging. We note that the liver
fluorescence was superior to spleen fluorescence, while the CT
of the spleen was superior to the CT of the liver. We speculate
that the spleen might be richer in probe than the liver, which
partially weakened the fluorescence intensity. It was found that
part of the intestine produced an enhanced CT effect, and this
phenomenon was also observed in previous studies using other
nanoparticles.11,12,33,52

CT imaging of nude mice was also performed at different
time points after probe injection (0.5, 1, 2, and 4 h). The
probes first appeared in the spleen and intestinal tract and then
appeared in the liver (Figure 7), indicating that the probe
selectively accumulates in different organs. The concentration
of probe in the blood was also measured. The probe
concentration in the blood decreased from the initial 2 mg/
mL to 150 μg/mL after 6 h (Figure S6, Supporting
Information), and the half-life of the probe was 1.5 h. Together
with the CT results, these results suggest that mononuclear
phagocytes in the liver and spleen probably engulf probes,
which explains why most of the probe in the blood accumulated
in these organs. The enrichment of probe significantly
increased the HU value for these organs and enhanced CT
performance. The concentration of probe in the blood showed
a downward trend, and the concentration was very low after 24
h.
We also conducted elemental analysis of the different organs

at different time points after probe injection (Figure 8), and we
found that the probe was widely distributed among the main
organs including the liver, spleen, lung, and intestinal tract. The
concentration of probe in the heart gradually declined over
time, probably because the concentration of probe in the heart
is just a reflection of the concentration of probe in the blood.
The test concentration of probe in the liver, spleen, and
intestine gradually increased over 1−4 h (Figure 7). After 24 h,
the probe concentration remained high in the liver, spleen, and
intestine, indicating that the probe is metabolized very slowly in
these organs.
Although organ element analysis showed that the lungs also

possessed a high probe concentration, the CT image did not
capture the shape of the lung. Because of the negative pressure
in the pleural cavity, the internal lung is swollen and full of gas
in this physiological state, resulting in a large volume and low
density, appearing blurry in the fluorescence image. After 48 h,
there was a significant decrease in probe concentration in
various organs. The concentration of Au was higher in the
intestinal tract than in the liver and spleen after 48 h, indicating
that the probe had been gradually excreted out of the body. It is
important to know whether the probe had a negative effect on
the health of the organs. Hence, mice injected with probe were
eviscerated, and the organs were stained with HE to investigate

morphology. The main tissues and organs were normal,
without visible morphological changes (Figure 9) after 6
days, meaning the probe was biocompatible.

■ CONCLUSION
In this paper, a composite nanoparticle (Au@mSiO2-TTA)
coated with positively charged mesoporous silica was prepared
using a one-pot method. NIR fluorescent dye was absorbed
onto the surface by electrostatic interactions, and then CT and
fluorescence dual mode imaging was carried out to characterize
the probe. The method was simple and efficient. Experimental
results in vitro and in vivo indicate that the probe was effective
as a CT contrast agent and as a near-infrared fluorescent probe.
With further improvement and optimization, this multifunc-
tional nanoparticle could be expected to play an important role
in CT/fluorescence dual mode imaging.
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