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High-Efficient Clearable Nanoparticles for Multi-Modal
Imaging and Image-Guided Cancer Therapy
Qiaolin Wei, Yao Chen, Xibo Ma, Jianfeng Ji, Yue Qiao, Bo Zhou, Fei Ma, Daishun Ling,
Hong Zhang, Mei Tian,* Jie Tian,* and Min Zhou*

Renal-clearable nanoparticles have made it possible to overcome the
toxicity by nonspecific accumulation in healthy tissues/organs due to their
highly efficient clearance characteristics. However, their tumor uptake
is relatively low due to the short blood circulation time and rapid body
elimination. Here, this problem is addressed by developing renal-clearable
nanoparticles by controlled coating of sub-6 nm CuS nanodots (CuSNDs)
on doxorubicin ladened mesoporous silica nanoparticles (pore size ≈6
nm) for multimodal application. High tumor uptake of the as-synthesized
nanoparticles (abbreviated as MDNs) is achieved due to the longer blood
circulation time. The MDNs also show excellent performance in bimodal
imaging. Moreover, the MDNs demonstrated a photothermally sensitive
drug release and pronounced synergetic effects of chemo-photothermal
therapy, which were confirmed by two different tumor models in vivo. A
novel key feature of the proposed synthesis is the use of renal-clearable
CuSNDs and biodegradable mesoporous silica nanoparticles which also
are renal-clearable after degradation. Therefore, the MDNs would be rapidly degraded and excreted in a reasonable period in living body and avoid
long-term toxicity. Such biodegradable and clearable single-compartment
theranostic agents applicable in highly integrated multimodal imaging and
multiple therapeutic functions may have substantial potentials in clinical
practice.
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1. Introduction
The ideal anticancer nanoparticle (NP)
formulation for clinical translation should
be able to target tumor sites efficiently,
fully exert their therapeutic function, and
minimize their accumulation in normal
tissues/organs effectively.[1,2] This generally requires rapid excretion of NPs from
the living body and/or the efficient degradation of drug delivery carriers into nontoxic products.[3–6] Renal-clearable NPs
which can be excreted via renal clearance
system have shown great potentials to
decrease the systemic toxicity by avoiding
the nonspecific accumulation in healthy
tissues/organs.[7,8] The clearable NPs with
ultrasmall (less than 6 nm) size and suitable surface property can be efficiently
cleared through the renal system with
minimal accumulation in normal tissues
and organs after the systemic administration.[5,9–13] As we know, functional nanomaterials have shown great prospects in
cancer diagnosis and treatment by taking
advantages of the ability of nanoparticles to accumulate in the tumor tissue
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through enhanced permeability and retention (EPR) effect.[14–17]
Notably, nanomaterials can achieve extravasation from bloodstream and accumulation in tumor site at much higher concentration than small-molecule drugs, largely owing to their
longer blood circulation time. Nevertheless, the EPR effect is
significantly weakened in the case of renal-clearable NPs, such
as silica NPs,[18] quantum dots,[7,19] and carbon nanodots.[20,21]
The underlying reason is attributed to the rapid excretion
nature of renal-clearable NPs, making it difficult to accumulate
into the tumor. For example, the tumor passive targeting efficiency of the ultrasmall silica NPs (Cornell dots, C dots), the
first renal-clearable inorganic nanoprobes for clinical trials,
was only 0.9 %ID g−1.[18] Even though increased to 1.5 %ID g−1
after conjugation with an active targeting c-RGD peptide,[22]
the targeting efficiency of tumor-targeted C dots is still much
lower than the tumor uptake of conventional NPs with strong
EPR effect. Recently, we developed ultrasmall CuS nanodots
(CuSNDs) which is smaller than renal clearance threshold (≈6
nm) for tumor imaging and near-infrared (NIR) laser-induced
photothermal therapy (PTT).[23] The CuSNDs can be efficiently
excreted from the body through the kidney within 24 h after
systemic administration due to their ultrasmall size. However,
the tumor uptake of the CuSNDs is much lower (only 3.62 %ID
g−1) than larger-sized (19 nm) CuS NPs (7.6 %ID g−1) owing
to its short blood circulation time. Furthermore, due to the
size limitation for renal clearance, most of the renal-clearable
NPs are difficult to load drug for cancer therapy, and thus
severely circumscribe their theranostic applications. Although
modification of renal-clearable NPs, such as chemical conjugation of target ligands or drugs, may enhance their tumor
uptake or therapeutic function, the particle size can be easily
enlarged (>6 nm) when the functional groups were introduced.
As a result, these NPs become too large to pass through the
pores of the glomerulus for the renal clearance.[5] Indeed, it
is of paramount importance to develop theranostic nanomaterials with both cancer imageable and therapeutic functions,
which concurrently combine strong tumor uptake ability and
good renal-clearable property. To this end, we herein developed a biodegradable and renal-clearable theranostic system,
namely ultrasmall CuSNDs-sealed, doxorubicin (DOX)-loaded
mesoporous silica NPs (abbreviated as MDNs) for theranostic
applications. The MDNs show multimodal imaging capabilities
including positron emission tomography (PET), photoacoustic,
and infrared thermal imaging, and chemo-photothermal effect
for imaging-guided combination cancer therapy.

2. Results and Discussion
2.1. Synthesis and Characterization of MDNs
As shown in Figure 1a, the anticancer drug DOX was firstly
loaded into the pores of the biodegradable mesoporous silica NPs
(MSNs), which is proposed for the cancer chemotherapy. Then,
ultrasmall sized CuSNDs were adsorbed onto the surface of
MSNs to endow their application for light-triggered PTT. As the
size of the CuSNDs (slightly smaller than 6 nm) perfectly matches
the pores of the MSNs (around 6 nm), thus most of the MSNs’
pores were sealed by the coated CuSNDs to prevent the premature
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drug release simultaneously. Conjugation of radioisotop-64Cu
and strong NIR absorbance of MDNs make them suitable for
PET, photoacoustic, and thermal imaging. The representative transmission electron microscope (TEM) images of MSNs
are shown in Figure 1b. Whereas the average diameter showed
≈102 nm, the size of the as-synthesized MDNs increased to
≈110 nm (Figure 1c) after CuSNDs coating, as evidenced by many
tiny nanodots coated over the surface of MDNs. High-resolution
TEM images (Figure 1d) exhibited that the size of the ultrasmall
CuSNDs are around 5.8 nm. Moreover, the element mapping
images obtained from energy-dispersive X-ray spectroscopy
(Figure 1e,g) further validated Cu distribution pattern matched
well with the distribution patterns of Si map, suggesting CuSNDs
were uniformly distributed over MSNs. The dynamic light scatting results were shown in Figure 1h, which clearly demonstrated that the MDNs maintained its hydrodynamic size around
120 nm in water. The surface charge of the MDNs was almost
neutral as indicated by zeta potential analysis (Figure S1, Supporting Information). Importantly, the UV–vis–NIR spectra
(Figure 1i) of MDNs displayed strong absorption in the NIR
region of the CuSNDs. Exposure of the MDNs solution under continuous-wave NIR laser (808 nm) irradiation resulted in the raised
solution temperature ranging from 31.6 to 92.1 °C with various
power densities (Figure 1j). From the temperature change curves,
obvious heating effect was observed, which further validated that
the efficacy of MDNs as a photothermal coupling agent. No particle aggregation was observed after 5 d of incubation in PBS solution at 37 °C, and the temperature elevation curves and thermal
images showed there is almost no differences at 1, 3, or 5 d
(Figures S2 and S3, Supporting Information), indicating the excellent physiological stability of MDNs. With a 2 optical density (OD)
of MDNs aqueous solution, the temperature elevated by 23.2 °C
within 10 min, and the pure water only raised by only 1.1 °C,
suggesting that NIR light can be transformed to thermal energy
mediated by MDNs rapidly and efficiently.

2.2. Drug Release Profiles, Cytotoxicity, and Anticancer
Therapy In Vitro
The DOX loading efficiency of the MDNs were determined
to be as high as 20.2% (by weight). We further evaluated the
drug release kinetics to check whether DOX could be efficiently
released from MDNs under the NIR laser. When MDNs were
incubated in PBS with or without NIR laser exposure, the accumulated released DOX was extremely low (≈1%) over a period
of 60 min. However, when the MDNs were irradiated by NIR
laser, about 80% of DOX was quickly released from the MDNs
by the laser power of 1.0 W cm−2, even increased ≈90% DOX
by 1.5 W cm−2, suggesting NIR laser-triggered drug release as a
result photothermal effect of CuSNDs on the surface of MDNs.
Under the NIR laser irradiation, the temperature of the MDNs
can be elevated rapidly by the photothermal energy conversion
of the CuSNDs. Thus, the constructed MSNs was destroyed by
the high temperature to promote DOX release from the cracked
pores of MSNs.
We also carefully assessed the cytotoxicity of the MDNs in
vitro with MTT assay. After the incubation of MDA-MB-231
breast and HepG2 liver cancer cells with the MDNs in various
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Figure 1. Design and characterization of the nanoparticles. a) A schematic illustration to show the formation of MDNs. b) TEM of mesoporous silica
nanoparticles (MSN), c) TEM of CuS coated MSN-DOX nanoparticles (MDNs). d) High resolution of MDNs. e–g) Elemental mapping images (Si, Cu)
of MDNs. h) Size distribution of MDNs; i) UV–vis spectra of MDNs and CuSNDs. j) Temperature elevation of the MDNs solutions (80 µg mL−1 of
[CuS]) with different NIR laser power (808 nm).

concentrations, no significant inhibition (Figure 2c,d) of the
cellular viability was observed, even at the higher concentration (100 ppm), indicating the minimal cytotoxicity of the
MDNs. We further evaluated synergistic anticancer efficacy
against MDA-MB-231 and HepG2 cancer cells in vitro. As
expected (Figure 2e), no obvious inhibition was observed
over the control cells, CuSNDs and MDNs group, while free
DOX, and CuSNDs with laser treatment (CuSND + Laser), and
MDNs with laser treatment (MDNs + Laser) showed obvious
cytotoxicity to the MDA-MB-231cells. About 40% of cells were
killed by free DOX due to its anticancer effect, and about 62%
of cells were killed in the CuSND + Laser group owing to the
photothermal effect. When the cells were treated by MDNs +
Laser, 99% of cells were killed, which can be attributed to the
synergistic effect of chemotherapy and PTT. Similar results
were found in the HepG2 cell line (Figure 2f). Furthermore,
the live/dead cell staining fluorescence images are in good
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agreement with MTT assay results. As shown in Figure 2g,h,
MDA-MB-231 and HepG2 cells treated with CuSNDs and
MDNs without NIR laser irradiation were highly viable. Upon
the treatment of DOX and CuSNDs + Laser, the percentage
of dead cancer cells increased significantly. Remarkably,
almost all the cells were killed in the case of MDNs + Laser
group. These results collectively confirmed that the MDNs are
potentially efficient chemo-photothermal agents for cancer
treatment.

2.3. In Vivo Photoacoustic Imaging, Radiolabeling, PET Imaging,
Pharmacokinetics, and Biodistribution
Photoacoustic imaging is an emerging imaging modality
combining the advantages of deep tissue penetration of ultrasound imaging with high contrast of optical imaging.[24–26]
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Figure 2. Drug release characteristics, cell viability, and in vitro photothermal therapy of MDNs. a,b) DOX release profiles of MDNs with/without
laser treatments under physiological condition (pH = 7.4). Data shown as mean s.d. (n = 3). The release of DOX accelerated under laser irradiation.
c,d) Cell viability of MDA-MB-231 breast cancer cells and HepG2 liver cancer cells treated at different concentration of MDNs for 48 h. e,f) Photothermal
destruction of MDA-MB-231 breast cancer cells and HepG2 liver cancer cells treated with PBS (control), laser only, DOX, MDNs, CuSNDs plus laser,
and MDNs plus laser, respectively. After incubation of PBS (control), CuSNDs, DOX, MDNs for 2 h, then the cells in CuSNDs and MDNs groups were
irradiated by 808 nm NIR laser for 5 min. The error bars indicate the s.d. g,h) Fluorescence images of MDA-MB-231 and HepG2 cancer cells after
various treatments, respectively. The cells were co-stained with calcein AM (green, living cells) and propidium iodide (red, dead cells). Scale bar, 50 µm.

Since the MDNs have high absorbance in the NIR region, their
time-dependent accumulation in tumors could be monitored
by photoacoustic imaging. We next investigated the feasibility
of using MDNs for in vivo tumor photoacoustic imaging.
Figure 3a shows representative photoacoustic images of a
mouse with MDA-MB-231 breast tumor, which are acquired
at 1, 5, and 24 h after intravenous administration of MDNs.
As expected, MDNs initially accumulated in the tumor tissue,
allowing tumor visualization at 1 h after i.v. injection. Then, the
photoacoustic intensity increased at 5 h, and reached higher
level at 24 h postinjection. These results demonstrated that the
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constructed MDNs showed substantial tumor homing ability,
probably due to the EPR effect.
Radiolabeling technique was used extensively to assess the in
vivo characteristics of NPs due to its unlimited tissue depth and
high sensitivity.[27–29] We labeled MDNs with positron-emitting
isotope 64Cu to investigate the pharmacokinetics, biodistribution, and PET imaging in vivo. PET is explored as a noninvasive, real-time, highly sensitive imaging modality to evaluate
dynamic process of the NPs after administration in the living
body.[29] Compare to other imaging modalities such as fluorescence imaging, PET imaging is not limited by penetration depth
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Figure 3. In vivo imaging of MDNs after intravenous injection. a) Photo
acoustic imaging of MDNs at different time, the contrast in the tumor
(yellow dashed circle) was selectively enhanced. b) PET imaging of MDNs
at different times, the tumor uptake (yellow arrow) was continuously
enhanced, white dashed circle: bladder area.

and can visually, quantitatively assess the uptake of the NPs.
Micro-PET/CT (µPET/CT) images obtained after i.v. administration of [64Cu]MDNs at various time points are presented in
Figure 3b. The radioactivity at the tumor site increases gradually until 24 h, demonstrating continuous accumulation of the
MDNs in the tumor. The results were consistent with photoacoustic imaging results. The high PET signals can be found in
the tumor, liver, and spleen. It is noted that a strong signal at
bladder area can be found at 4 h after the administration, suggesting that NPs can accumulate in the bladder, and be excreted
through the renal-urinary system.
The pharmacokinetics profile of the 64Cu-labeled MDNs
([64Cu]MDNs) was measured by gamma counter to evaluate
their blood concentration at different time intervals. As shown
in Figure 4a, the blood circulation of the MDNs well conforms the two-compartment model. After the first distribution phase (rapid decline, half-life: 0.64 ± 0.17 h), the MDNs
in circulating blood exhibited a long second elimination phase
(the major process for MDNs clearance) with a half-life of
15.87 ± 0.14 h. Nanoparticles with suitable modification such as
poly(ethylene glycol)[30] or polyvinylpyrrolidone (PVP)[31] mole
cules usually exhibited related long blood circulation time. In
this study, PVP was used during the synthesis of CuSNDs on
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Figure 4. In vivo dynamic properties of MDNs after intravenous injection.
a) Pharmacokinetics of MDNs in mice from 0 to 24 h after intravenous
injection (n = 5). b) Biodistribution of MDNs 24 h post-injection (n = 5).

the nanocomposites surface. The introducing of PVP may play
an important role to enhance the circulation time of MDNs in
vivo. The long circulation of the MDNs detains the macrophage
clearance in the mononuclear phagocytic system, which may
facilitate the tumor accumulation MDNs by EPR effect.
Since the MDNs can be degraded and excreted from the body
and may result from fast renal clearance and/or rapid removal
by the mononuclear phagocytic system (MPS), we further
investigated the biodistribution and clearance of [64Cu]MDNs.
Quantitative biodistribution analysis (Figure 4b) showed high
tumor uptake of the MDNs (7.14 %ID g−1) at 24 h after i.v.
injection, which was almost two times higher than CuSNDs
(3.62 %ID g−1[23]). Notably, the efficient tumor uptake of the
MDNs should be attributed to their long circulation time in the
blood (MDNs: 15.87 vs CuSNDs: 11.69[23]). In good agreement
with PET imaging, the signals of the MDNs were also found in
other major organs, such as liver, kidney, and spleen. The high
level of liver and spleen uptake of the MDNs is possibly owing
to MPS absorption, whereas the uptake in kidney can be possibly correlated with renal excretion.
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2.4. In vivo Anticancer Therapy in MDA-MB-231
Breast Tumor Model
Chemo-photothermal therapy, combined chemotherapy with
photothermal therapy, was a promising cancer treatment
strategy to cure solid tumor. The cytotoxicity of chemotherapeutic drugs can be enhanced at high temperature, and thus
induced a synergistic effect to kill the cancer cells efficiently.[32]
Since MDNs combined with laser treatment demonstrated
more efficient inhibition of the MDA-MB-231 and HepG2
cancer cells in vitro, we next sought to determine their therapeutic efficacy in vivo using these two murine tumor models.
In the first tumor model (MDA-MB-231), we observed the
highest level of tumor uptake at 24 h by both photoacoustic
imaging and PET imaging after MDNs i.v. injection. Therefore, we decided to select this time point to treat the tumors
by NIR laser (Figure 5a). Although the raised temperature may
not high enough to ablate all the tumor cells, it is ready to efficiently trigger the rapid release of DOX. In contrast, the temperature of tumor surface was only 38.9 °C for saline-injected
mice after the same exposure period. Based on these findings,
we next carried out in vivo antitumor efficacy study on the
MDA-MB-231 breast cancer model to check whether the combined photothermal effect can effectively inhibit tumor growth.
As shown in Figure 5b, tumor treated by PBS or CuSNDs grew
rapidly with the experimental days. The mice treated with DOX
or MDNs did not show obvious tumor suppression, due to the
weak antitumor efficacy of the individual chemotherapy in the
single injection of DOX and MDNs. As for the mice exposed
to NIR laser irradiation, significant inhibition of tumor growth
was found. Excitingly, when MDNs were combined with laser
irradiation, tumors in the group 7 (MDNs + Laser) were effectively eliminated posttreatment, suggesting improved combinational anti-tumor efficacy. After 21 d treatment, there was no
overt body weight loss in all groups (Figure 5c), indicating that
the MDNs mediated laser irradiation induced no significant
systemic toxicity to the treated mice. Histological analysis of
the tumor tissues was performed to investigate the anti-tumor
activity at cellular level. Hematoxylin and eosin (H&E), TUNEL,
and Ki-67 staining assays (Figure 5d), clearly displayed that
no obvious destruction was found in the mice from control,
CuSNDs, and MDNs groups. For those mice treated with either
DOX or CuSNDs, tumor cells experienced dramatic changes
with a certain number of cells in apoptotic state. Clearly,
tumors were almost completely eradicated in group 7. From the
histological analysis of the skin tissues at the sites where the
tumor was initially developed before the treatment, no tumor
cells were found, and normal skin tissue characteristics were
shown in the bottom of the Figure 5d.
In clinic, [18F]fluorodeoxyglucose (18F-FDG) PET imaging
is a commonly used technique to evaluate the anti-tumor efficacy.[33,34] We used 18F-FDG PET to assess changes in metabolic activity after various treatments. As shown in Figure 5e,
all the mice display uptake before the treatments, indicating
high malignancy in the mice. At 21 d posttreatment, microPET
showed no tumor 18F-FDG uptake in mice treated by MDNs +
Laser. In contrast, in the case of PBS, CuSNDs, DOX, MDNs,
or CuSNDs + Laser groups, tumor 18F-FDG uptakes were still
high before and after the treatment. As for the mice in control,
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CuSNDs, and MDNs groups, the tumor-to-muscle (T/M) ratios
increased gradually with the increasing time. However, the T/M
ratios of the mice in MDNs + Laser group decreased significantly, down to 0 on day 7 and day 21. Collectively, the tumor
growth study, histological analysis, and 18F-FDG PET imaging
results demonstrate great anti-tumor efficacy of MDNs with the
laser treatment.

2.5. In vivo Anticancer Therapy in HepG2 Tumor Model
In the second tumor model (HepG2 liver cancer), similar antitumor effects were found. As shown in Figure 6a, the tumor
growth of the mice treated by MDNs + Laser was significantly
inhibited, showing remarkable improved therapeutic efficacy
compared to other treatment groups. We also did not find
any obvious body weight change in all the treatment groups
(Figure 6b). For HepG2 tumor model, we evaluated the acute
histopatholical changes at 2 d postinjection. From the images
of H&E stained tumor slices (Figure 6c), whereas almost all the
tumor cells in the mice of the MDNs + Laser group showed
necrotic status, tumor cells in DOX and CuSNDs + Laser
groups were only partially destroyed. In sharp contrast, no
obvious necrosis was observed in CuSNDs and control groups.
Similar antitumor effects were also found by TUNEL staining
and Ki-67 staining assays. Quantitative analysis (Figure 6d–f)
showed that treatment with MDNs + Laser were most effective
in inhibiting tumor cell growth, with ≈97% of necrotic cells.
Mice treated with CuSNDs + Laser and DOX showed about
38% and 30% of necrotic cells, whereas the MDNs, CuSNDs,
and saline (control) groups showed 13%, 13%, and 11% of
necrotic cells, respectively. The treatment with MDNs + Laser
also revealed a substantial increase in the number of blood
apoptosis, as determined by TUNEL assay. Furthermore, a
more significant reduction of Ki-67-positive tumor cells was
also noticed in the tumor tissues in the case of the MDNs +
Laser group compared with the others.

2.6. Degradation, Metabolism, and Pilot Toxicity Study
MSNs are biodegradable in the physiological environment,[35–39]
and the produced silicon has been shown to be biocompatible in the human body[40,41] and can be biodegrade into soluble silicic acid followed by urinary excretion.[42,43] Although
the urinary system is expected to eliminate ultrasmall particles
(<6 nm) due to their capability to pass the glomerular filtration
barrier. However, some nanoparticles even smaller than 6 nm
are still captured by MPS organs, such as liver and spleen,
and are not renal-clearable. The possible factor may have
contributed to the interaction between the nanoparticles and
serum protein.[1,23] We found that the protein adsorption can
be significantly decreased and the blood compatibility can be
obvious improved, when PVP, a neutral hydrophilic polymer,
was introduced during the synthesis of nanoparticles.[23] Therefore, the systemic investigation of the clearance characteristics
of the MDNs were necessary to evaluate their in vivo features.
Figure 7a shows TEM images of the MDNs in FBS solution
with different time. Therefore, the analysis of major elements of

1704634 (6 of 12)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.afm-journal.de

Figure 5. Comparative investigation of inhibiting tumor effectiveness in vivo (MDA-MB-231 model). a) Infrared thermal images and temperature elevation curves of MDA-MB-231 tumor-bearing mice i.v. injected with saline, CuSNDs, MDNs under NIR laser radiation, respectively. b) Relative growth
curves of tumors after various treatments, *p < 0.05, **p < 0.01, ***p < 0.001, indicate significant differences between the MDNs plus laser group and
the other groups (n = 3). c) Body weight of mice from different groups. d) Representative H&E, TUNEL, and Ki-67 staining of tumors 21 d after various
treatments, no tumor was found at MDNs plus laser group, Scale bars: 50 µm. e) Tumor growth evaluation by 18F-FGD PET imaging.

MDNs, Si and Cu, were used to assess the residual amounts in
vivo at different time post-injection. At the selected time intervals, mice (n = 3) were killed and major organs were treated for
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inductively coupled plasma mass spectrometer (ICP-MS) analysis (Figure 7b,c), except high level of Cu in liver and spleen,
the Cu residues in kidney were found four hours after i.v.
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Figure 6. Comparative investigation of inhibiting tumor effectiveness in vivo (HepG2 tumor model). a) Relative growth curves of tumors after various
treatments. b) body weight of mice from different groups. c) Representative H&E, TUNEL, Ki-67, and HSP70 staining of tumors at 21 d after various
treatments, Scale bars: 50 µm. d–f) Percentages of necrosis, TUNEL positive cell, and HSP70 positive at 2 d after various treatments. *p < 0.05,
**p < 0.01, ***p < 0.001, indicates significant differences between the MDNs plus laser group and the other groups (n = 3).

administration of MDNs, indicating rapid clearance characteristics of Cu by renal-urinary system in the body. Urine samples
excreted from Swiss mice at 4 h after injection of MDNs were

Adv. Funct. Mater. 2017, 1704634

analyzed by TEM and UV–vis–NIR spectroscopy (Figure 7d,e).
From the TEM images, ultrasmall NPs with average size of
≈5.2 nm was found in the urine. UV–vis–NIR spectroscopic
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Figure 7. Biodegradation, bio-clearance properties, and in vivo toxicology of the nanoparticles. a) TEM images of MDNs after NIR laser irradiation
(808 nm, 1 W cm−2) at pH = 7.4 in PBS solution with different time. The images demonstrated the degradation under laser irradiation. b,c) Time
dependent elements analysis of major organs after intravenous injection of MDNs (n = 3). d,e) TEM and UV–vis spectra of urine samples 4 h after
intravenous injection of MDNs. f) Scheme of clearance behavior of MDNs after intravenous injection.

analysis showed the characteristic extinction spectra of CuSNDs
that peaked at ≈995 nm. Taken together, these data supported
that MDNs were degradable, and the formed CuSNDs were
excreted from the body via renal clearance. However, the uptake
of Si in kidney is much lower than Cu, meaning slower degradation of Si in the body. Moreover, both Si and Cu concentrations in the MPS organs significantly decreased after 14 d,
and almost negligible after 30 d (<1 %ID g−1 in liver, spleen,
and kidney), indicating possible complete metabolization of the
MDNs. These results demonstrated the superiority of MDNs
in escaping macrophage uptake and their quick body clearance
due to their degradable characteristics. Therefore, the biodegradability of the MDNs enables safe clearance from the living
body in a reasonable period (30 d). Therefore, we hypothesized
that the MDNs were degraded into ultrasmall CuSNDs and Si
fragments in the living body within a certain period of time.
The degradation most occurs due to the renal-clearable and biodegradable properties, which can be excreted out of the body via
renal clearance systems (Figure 7f).
Although no obvious cytotoxicity of the MDNs was
observed, the assessment of the potential in vivo toxicity was
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still necessary. We carefully investigated the behaviors of mice
for which the tumors (both MDA-MB-231 and HepG2 tumor
model) were treated by MDNs followed by laser exposure. After
treatments, no appreciable abnormalities in the body weight,
eating, drinking, grooming, activity, exploratory behaviors, urination, or neurological status were noticed. The biosafety of the
MDNs was evaluated by hematology and blood biochemistry
analysis. Compare with the control group, all the parameters in
the other treated groups appear to be normal and the difference
were not statistically significant, indicating no obvious infection
and inflammation in the treated mice. The blood chemistry
analysis showed that there was no significant difference in the
mice of all groups. Blood urea nitrogen and creatinine levels in
mice after treatments are in normal range, indicating kidney
function is normal. Since alanine transaminase and aspartate
transaminase are closely related to the functions of the liver of
mice, the results demonstrate that the MDNs induce no obvious
hepatic toxicity in mice. Therefore, no significant changes in
blood biochemistry and hematology parameters were detected
(p < 0.05), indicating normal liver and kidney functions, and
normal blood clotting and blood chemistry (Figure 8a). The
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Figure 8. Preliminary toxicity study. a) Blood biochemistry tests (1: control; 2: laser only; 3: DOX, 4: MDNs; 5: CuSNDs plus laser; 6: MDNs plus laser)
and b) H&E staining images of the major organs of the mice 21 d after various treatments. Scale bars: 50 µm.
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histology analysis (Figure 8b) demonstrated normal tissue
structures without any noticeable organ damage or inflammatory lesions were observed at the 21th day after treatment. The
preliminary investigations confirmed the MDNs’ biosafety in
vivo, indicating that the MDNs can act as a competent drug carrier for the delivery of DOX to effectively inhibit tumor growth
with minimal toxicity at the tested dose. However, more systematic studies, such as long-term toxicity and immune-compatibility studies, are still necessary before the future clinical
translation.

3. Conclusion
In summary, we have developed a new renal-clearable multifunctional theranostic nanoplatform for the bimodal imagingguided cancer combination therapy. The MDNs shows
excellent appearance on bimodal imaging, including PET
imaging and photoacoustic imaging. Moreover, the porous
structure imparts the high drug loading capability of MDNs,
and shows photothermal sensitive drug release and pronounced synergetic effects of chemo-photothermal combination therapy. High tumor uptake of the as-synthesized NPs
was achieved due to the longer blood circulation time. A key
feature of the proposed theranostic system is to take advantages of biodegradable MSNs with the critical feature of
renal-clearable CuSNDs. Therefore, the MDNs could be rapidly degraded and excreted in a reasonable period in living
body to avoid long-term toxicity. Such biodegradable and
clearable single-compartment theranostic agents with highly
integrated multifunctional imaging modalities and multiple
therapeutic functions may have substantial potentials to clinical practice.

4. Experimental Section
Chemicals: All chemicals and reagents were used as received without
any further purification. Doxorubicin hydrochloride (DOX), CuCl2·2H2O
(≥99%), Na2S (≥99.5%), and polyvinylpyrrolidone 10 (wt 10 000) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
modified eagle’s medium (DMEM), trypsin-EDTA and fetal bovine
serum (FBS) were obtained from Gibco-BRL (Burlington, ON, Canada).
De-ionized water (DI water, 18.2 MΩ·cm-1) from Milli-Q purification
system was used in the experiments.
Characterization of Mesoporous Silica Nanoparticles (MSNs): The
nanoparticle size and element mapping were characterized by a FEI
Tecnai F20 transmission electron microscopy (TEM). Ultraviolet–visible–
near-infrared (UV–vis–NIR) spectra were recorded with a Shimadzu
2600 UV–vis–NIR spectrophotometer. The hydrodynamic size was
measured at 25 °C with a Malvern Zetasizer Nano-ZS90. Laser induced
temperature change were measured by an IR thermal imaging system
(Flir A350).
Photothermal Conversion Effect: The photothermal conversion effect of
MDNs and CuSNDs, which was induced by the NIR laser irradiation,
was evaluated by exposing the nanoparticle suspensions to the emitted
radiation of an 808 nm laser. The temperature of the suspension was
monitored, using an IR thermal imaging system.
Animal Model: All animal procedures were performed under the
guideline approved by the Institutional Animal Care and Use Committee
of the Zhejiang University. The tumor models used were established
by subcutaneous injection of 100 µL MDA-MB-231 or HepG2 cell
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suspension (≈5 × 106 cells) into the flank region of the right back of
6-week-old female nude mice (for the photoacoustic imaging, PET
imaging, pharmacokinetics, biodistribution, and therapeutic treatment).
The tumor imaging studies were carried out 10 d after the inoculation
with tumor cells.
In Vivo Photoacoustic Imaging: For in vivo photoacoustic imaging,
nude mice bearing subcutaneous tumors were anesthetized with 1.5%
isoflurane delivered via a nose cone, and then MDNs were injected via
the tail vein. Photoacoustic images were acquired at different time points
postinjection by a multispectral optoacoustic tomography instrument,
and the excitation wavelength of MDNs in photoacoustic imaging
is 980 nm. Ten slices were obtained at each position and averaged to
minimize the influence of animal movement in the images.
In Vivo Pharmacokinetics: Five Swiss mice were i.v. injected with [64Cu]
MDNs (0.074 MBq per mouse), and blood from their retinal vein was
collected before and after intravenous injection at 1 min, 5 min, 10 min,
20 min, 30 min, 40 min, 50 min, 1 h, 2 h, 3h, 4 h, 6 h, 8 h, 12 h, and
24 h, respectively. The radioactivities of blood were counted by a gamma
counter (Packard Cobra, Ramsey, MD, USA). The decay curve of the
copper content in the blood was fitted with a two-compartmental model
to extract the blood half-life.
In Vivo Biodistribution: Subcutaneous tumors on the left flank of
female nude mice (n = 5) were initiated by injection of 1 × 106 viable
cells (MDA-MB-231) in a volume of 0.1 mL. Tumors were allowed
to grow to a volume of 100–200 mm3. Then, the mice were injected
through the tail vein with [64Cu]MDNs (0.74 MBq per mouse). Mice
were sacrificed by CO2 at 24 h after drug administration. Heart, liver,
spleen, lung, kidney, stomach, intestine, muscle, bone, brain, blood, and
tumor were collected and weighted, and radioactivity was counted by a
gamma counter (Packard Cobra, Ramsey, MD, USA).
microPET/CT Imaging: Nude mice bearing subcutaneous MDAMB-231 tumors (tumor diameter = ≈5–7 mm) were used for the μPET
imaging studies. Mice in each group (n = 3) were injected intravenously
with [64Cu]MDNs (7.4 MBq per mouse; 0.2 mL). The animals were
anesthetized with 2% isoflurane and placed in the prone position,
and μPET/CT images were acquired at 10 min, 4 h, and 24 h after
NP injection using an Inveon μPET/CT scanner (Siemens Preclinical
Solutions, Knoxville, TN).
Anticancer Effects of MDNs In Vivo: Subcutaneous tumors on the left
flank of female nude mice were initiated by injection of 1 × 106 viable
cells (MDA-MB-231 or HepG2) in a volume of 0.1 mL. When the size
of tumors reached 40 mm in diameter, the mice were then randomly
divided into seven groups (n = 5, each group), and saline, DOX,
CuSNDs, or MDNs was intravenous injected into the mice: (1) control
group received saline injected only; (2) group received CuSNDs injection
only; (3) group received DOX injection only; (4) group received MDNs
injection only; (5) group received CuSNDs injection plus 5 min 808 nm
laser irradiation; (6) group received MDNs injection plus 5 min 808 nm
laser irradiation. The power density of the NIR laser was 1 W cm−2
and the treatment began at 24 h post injection. During the treatment,
the mice were monitored by an IR thermal camera. The therapeutic
effectiveness of each group was evaluated by measuring the tumor
volumes, which were calculated as (V) = length × width2/2. Relative
tumor volume was defined as V/V0 × 100%, where V0 was the initial
tumor volume prior to treatment. The length and width of the tumors
were monitored by a digital caliper for 21 d. The tumor tissues and major
organs, including heart, liver, spleen, kidney, and lung, from control and
treated groups were isolated and fixed in 4% paraformaldehyde solution
and embedded in paraffin. The sliced tumor tissues were stained with
hematoxylin and eosin (H&E), TUNEL, Ki-67, and HSP70, and then
examined by Olympus BX53 fluorescence microscope (Olympus, Tokyo,
Japan). Twenty-one days after treatments, mice were killed after cardiac
puncture to obtain blood for hematologic and clinical chemistry analysis.
The element analysis was performed by ICP-MS measurement, ICP-MS,
after injection of MDNS, the heart, liver, spleen, lung, kidney, and
brain were weighed and freeze-dried. The samples were digested with
4 mL of aqua regia. The solution was evaporated, and the precipitate
was suspended in an aqueous solution that contained 1.5% HCl and
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0.5% HNO3 and centrifuged at 10 000 rpm for 10 min. The Cu or Si
content in the supernatant was analyzed using an ICP-MS (Elan DRC II
PerkinElmer, Waltham, MA, USA).
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