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Abstract 

In this report, we present a mesoporous carbon nanosphere that can target drugs to tumors and 
image tumor biomarkers. A single-strand DNA (P0 aptamer) aptavalve was capped on the surface 
of doxorubicin-loaded oxide mesoporous carbon nanospheres (Dox-OMCN-P0) through π-π 
stacking for real-time imaging-guided on-demand targeting drug delivery. The Dox-OMCN-P0 
could not only realize the detection of MUC1 tumor marker with a wide linear range (0.1 - 10.6 
μmol/L) and a low detection limit (17.5 nmol) based on different apparatuses, but also achieve 
in-situ targeting imaging of cellular MUC1 concentration in vitro and in vivo via “off-on” 
fluorescence biosensing. Much attractively, as a real-time feedback of the diagnostic/imaging 
outcomes, Dox-OMCN-P0 accomplished the on-demand targeting drug delivery in quantitative 
response to MUC1. Controllable chemotherapy with sustained release and pH-sensitiveness, 
together with the potential photothermal therapy, were also clearly demonstrated. This is a simple 
but advanced platform, which could well achieve the real-time switchable imaging of cellular mucin 
for targeting cancer therapy. 
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Introduction 
Personalized medicine that combines imaging 

and targeted chemotherapy into a single 
nano-platform has emerged as a promising approach 
for cancer treatment due to the numerous advantages 
it offers, such as minimizing off-target toxicity, 
reducing multi-drug resistance, and improving the 
therapeutic index.1-3 In particular, if the diagnostic 
outcomes can be fed back to the therapeutic system in 
real time, to activate on-demand drug delivery, it 
would be a desirable platform for cancer treatment. 

Cancer diagnosis based on fluorescence 
resonance energy transfer (FRET) biosensing has 
proved to be a robust technique due to the fast 
feedback and diffraction-limited spatial resolution of 

fluorescence signals.4,5 Among those, the fluorescence 
quenching-recovering (“off-on”) biosensors are most 
prevailing because of their high specificity, low 
background noise and strong anti-interference 
ability.6-8 While for drug delivery, mesoporous silica 
nanoparticles (MSN) are widely used owing to their 
unique structure, good biocompatibility and the pore 
gate-regularized drug release in response to a variety 
of tumor microenvironment stimuli.9-11 Nevertheless, 
the simultaneous in-situ diagnosis of tumor markers 
via the robust “off-on” biosensing cannot be 
accomplished with the drug delivery due to the 
optical transparency of MSN.12,13 Comparatively, 
oxide mesoporous carbon nanospheres (OMCN) are 
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much superior to MSN, such as the unique 
sp2-hybridized framework for photothermal therapy 
and photoacoustic imaging,14,15 and the special π-π 
stacking with anticancer drugs for pH-sensitive 
release.16 Most interestingly, it was found that OMCN 
could be used as a fluorescence quencher to build 
sensitive “off-on” aptasensor for multiple 
diagnosis/targeting imaging of cancers in vitro and in 
vivo.17 Therefore, in this work, a P0 aptavalve was 
gated on OMCN to construct the in-situ diagnosis and 
drug delivery platform, where the real-time 
switchable imaging of cellular mucin for on-demand 
targeting drug delivery can be well achieved. 

In this report, the preparation of the real-time 
imaging-guided on-demand targeting drug delivery 
system and its functionalizing process were presented 
(Scheme 1). Firstly, OMCN was prepared,18 which had 
a uniform spherical morphology with a diameter of 
about 100 nm and highly ordered body-centered cubic 
Im3m mesostructure with a pore size of 2.8 nm (Fig. 
1A, 1B, S1A and S1B). The anticancer drug 
doxorubicin (Dox), which can simultaneously act as 
the therapeutic agent and the fluorescence probe, was 
loaded into the mesopores of MCN via π-π adsorption 
and electrostatic interaction. By optimizing the 
loading amount to 0.05 mg/mg (Dox/OMCN) and 
the loading time to 6 h, the Dox fluorescence could be 
completely quenched by OMCN (Fig. S2). 
Consequently, a ssDNA aptamer (P0) (Fig. S3),19 
which specifically binds to the cancer cell-surface 
mucin1 (MUC1) marker,20,21 was used to cap the 
mesopores of OMCN via π-π adsorption, to impede 
the premature escape of the drug from the 
mesochannels.  

 

 
Scheme 1. Schematic preparation of OMCN-based fluorescence sensing 
platform and real-time switchable imaging of cellular mucin for on-demand 
targeting drug delivery. 

As shown in Fig. 1A, S1B and S1C, the P0-capped 
Dox/OMCN (Dox-OMCN-P0) maintained its uniform 
spherical morphology and had a similar size as 
pristine OMCN. In addition, it also kept the 
semi-graphitic Im3m mesostructure as evidenced by 
the obvious peaks at q values of 0.74 and 1.25 nm-1 in 
SAXS pattern,22 the typical (002) and (100) reflections 
of graphitic carbon at 2θ values of 24.6° and 40.2° in 
XRD pattern,23 and the similar symmetry A1g mode 
and E2g mode to graphitic carbon atoms at 1360 cm-1 
(D-band), 1600 cm-1 (G-band) and 2933 cm-1 (2D-band) 
in Raman spectrum, respectively (Fig. S4).24 In 
contrast, some polymer-like species, composed of the 
aptamer (P0) were coated on every nanospheres in 
Dox-OMCN-P0 (the arrows in Fig. 1C and S1C), and 
this coating made it difficult to observe the ordered 
mesopores in the TEM images (Fig. S1C). In 
consideration of the relatively larger size of P0 than 
that of mesopores, it can be concluded that P0 was 
coated on the surfaces of OMCN to act as the gate 
keeper of mesopores. This distinctive coating could be 
further visualized by the EDX patterns and mappings, 
which showed the obvious N and P signals due to the 
surface coating of P0 (Fig. 1C-H, S1A and S1C). 
Moreover, the results of BET surface area showed an 
obvious decrease from 621.7 m2/g (OMCN) to 408.8 
m2/g (Dox-OMCN-P0), which indicated the successful 
loading of Dox into mesopores (Fig. S5A). Besides, 
owing to the small defected pores (interior 
micropores) created in the carbon matrix via 
oxidation, an ongoing increase of pore size 
distribution ranged from 5 to 1.8 nm was observed 
(Fig. S5B and S5C). The coating amount was 1.79 μmol 
P0/mg OMCN according to the typical UV-absorption 
of P0 (Fig. S6). Owing to the sealing of fluorescent 
anticancer drug Dox into semi-graphitic 
mesochannels of OMCN by P0, the constructed 
Dox-OMCN-P0 could act as an “off-on” fluorescence 
aptasensor for cancer imaging. At the same time, the 
diagnostic outcomes could be fed back to the 
therapeutic system to activate the targeting and 
pH-sensitive on-demand drug delivery in real time. 
As shown in Fig. S7 and S8, the pH-triggered drug 
release (fluorescence recovery), which cooperated to 
the sub-acid environment in tumor, could be further 
regulated by the P0 cap (Fig. S9). With the increased 
concentration of P0 cap, a gradually decreased release 
of Dox accompanied with faded fluorescence recovery 
was observed at even pH 5.0 (Fig. 2A). When P0 cap 
reached 2 μmol/L, Dox could be well sealed into 
mesopores and exhibited no obvious release. Notably, 
the P0 cap was switchable and could be detached from 
OMCN via the specific binding to its receptor, MUC1 
tumor maker (Fig. S10). In addition, well 
performances of P0 cap and MUC1 responsive Dox 
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release under normal (pH 7.4) and bio-mimic 
environment were also observed (Fig. S11-16), which 
further consolidated its applicability in complexed in 
vivo environment. 

As shown in Fig. 2B and S10, the P0 gate could be 
gradually opened through improving the 
concentration of MUC1 and their incubation time, 
which was thereafter accompanied by the increased 
drug release and fluorescence recovery. Interestingly, 
the recovered fluorescence intensity was linear to the 
MUC1 concentration with a linear range of 1.06 – 10.6 
μmol/L, with a detection limit of 101 nmol/L, 
respectively. In addition, using a more sensitive 
Infinite M1000 Pro microplate reader for fluorescence 
measurement, the detection limit was reduced to 17.5 
nmol/L and the linear range was 0.1 - 5.3 μmol/L in 
PBS 5.0 (Table S1 and Fig. S17). Moreover, the gate 
opening mediated by MUC1 was specific and the 
interferential proteins could not cause obvious 
fluorescence recovery (Fig. S18). These results 
suggested that Dox-OMCN-P0 was a potential 
theranostic platform which could simultaneously 
achieve the specific imaging of MUC1 and the 
controllable drug release via the switchable aptavalve. 
Further investigations by confocal fluorescence 
microscopy and flow cytometric assay showed that 
Dox-OMCN-P0 could deliver Dox into MCF-7 cancer 
cells but not MCF-10A normal cells, and the delivery 
exhibited time-dependent behaviour (Fig. 3A, S19 and 
S20). This is anticipated because the MUC1 in cancer 
cells specifically opened the pore gates of 
Dox-OMCN-P0, allowing the drug to be gradually 
released into MCF-7 cells. It is a kind of targeting drug 
delivery regulated by MUC1. This was confirmed by a 
parallel control experiment, where superfluous P0 (30 
μmol/L) was pre-incubated with MCF-7 cells before 
the addition of Dox-OMCN-P0. No obvious 
fluorescence recovery was observed in different time 
periods (Fig. S21), which indicated the good sealing of 
the mesopores due to lack of enough MUC1 opener 
after being competitively bonded by the pre-added P0. 
Whereas, when different concentrations of MUC1 
opener were pre-added into MCF-7 cells before being 
incubated with Dox-OMCN-P0, a remarkable 
fluorescence recovery together with gradual drug 
release happened, and the mean fluorescence 
intensity was significantly positive correlation to the 
pre-added concentrations of MUC1, which hence 
suggested a potential quantitative detection of the 
cellular MUC1 for tumor imaging (Fig. 3B and 3C, Fig. 
S22). The primary MUC1 concentration on MCF-7 was 
calculated to be 2.33 μmol/L according to the fitting 
equation of flow cytometry. Most importantly, the 
drug release was also targeting and on-demand in 
response to the MUC1 concentration, which was 

therefore a personalized medicine according to the 
tumor progression (Fig. S23). Owing to the special 
delivery of Dox into MCF-7 cells, Dox-OMCN-P0 
could also be used as the therapeutic agent for cancer 
therapy. As indicated by the live-dead images and 
cytotoxicity results in Fig. 4, Dox-OMCN-P0 exhibited 
a concentration-dependent cytotoxicity, which was 
obviously elevated on MCF-7 cells as compared to 
MCF-10A cells due to the targeting effect. Meanwhile, 
the higher cytotoxicity of 36 h incubation than that of 
24 h incubation revealed that more drugs were 
released from the pores and entered cells via 
prolonged incubation time, which was in agreement 
with the drug release profiles (Fig. S24). Nevertheless, 
at both incubation time, Dox-OMCN-P0 exhibited 
lower cytotoxicity than the pure Dox (Table S2), 
which suggested the relative sustained-release 
performance of Dox-OMCN-P0. Although the IC50 of 
Dox-OMCN-P0 was comparatively higher due to the 
relatively inadequate drug, the nano-carrier of 
OMCN-P0 was nontoxic (Fig. S25), by which the dose 
could be increased. More importantly, Dox-OMCN-P0 
could serve as the heat-producing agent for cancer 
photothermal therapy,25 even irradiated under a 980 
nm laser in vitro and in vivo (Fig. S26, S27 and Movie 
S1), which might synergistically improve the outcome 
of chemotherapy. Therefore, Dox-OMCN-P0 was also 
an excellent on-demand targeting delivery system for 
cancer therapy. 

Further studies, including in vivo imaging and 
fluorescent analysis of tissue homogenate, concerning 
the in vivo real-time imaging-guided on-demand 
targeting drug delivery performances, were 
demonstrated (Fig. 5). The apparent fluorescence 
recovery and drug release were observed in 
tumor-bearing nude mice but not in normal nude 
mice via intravenous injection of switchable 
Dox-OMCN-P0. Moreover, although intravenous 
injection of free Dox could also produce the 
fluorescent signal, there were no obvious differences 
between tumor-bearing and normal nude mice. And 
also, Dox-OMCN-P0 injection resulted in much 
stronger fluorescence as compared to that of free Dox 
injection. These results indicated the P0-mediated 
targeting accumulation and the specific cap opening 
of Dox-OMCN-P0 in response to 
MUC1-overexpressed tumor, which can therefore 
achieve the in vivo cancer imaging and targeting drug 
delivery. Notably, the ex vivo images and fluorescent 
intensities of tissue homogenate indicated a faster 
fluorescence fading in the free Dox-injected 
tumor-bearing mice than Dox-OMCN-P0-injected one, 
especially in the vessels-abundant tumor region.26 
This might be attributed to the easy and quick 
diffusion of the small Dox molecules to the whole 
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body through abundant blood vessels within tumors. 
Whereas, OMCN-P0 nanoparticles could mediate the 
retention of Dox in tumors by the enhanced 
permeability and retention (EPR) effect.27 It is an 

inspiring result where Dox-OMCN-P0 could 
accumulate in tumor via both active and passive 
targeting for real-time imaging-guided on-demand 
drug delivery. 

 

 
Fig 1. (A) High resolution TEM image and (B) IFFT image of OMCN. (C) SEM image and EDX pattern (inset) of Dox-OMCN-P0. (D-H) EDX mappings of carbon, 
oxygen, nitrogen, phosphorus and their merged image of Dox-OMCN-P0, respectively. 

 
Fig 2. (A) Drug release profiles of Dox-OMCN-P0 in PBS 5.0 with different concentrations of P0 cap. The inset was the fluorescent spectra at 10 h release. (B) Drug 
release profiles of Dox-OMCN-P0 in PBS 5.0 with different MUC1 concentrations. The insets were the fluorescent spectra and the linear curve between MUC1 
concentrations and Dox fluorescence intensities after 10 h release. 
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Fig 3. (A) Confocal fluorescence microscopy images of MCF-7 cells incubated with Dox-OMCN-P0 for different time periods. (B) Confocal fluorescence microscopy 
images of MCF-7 cells incubated with Dox-OMCN-P0 for 10 h after pre-adding different concentrations of MUC1. Scale bar: 50 μm (200 ×), 10 μm (900 ×). (C) Linear 
curve of the standard addition method for MUC1 detection by flow cytometry analysis. 

 
Fig 4. (A) Live-dead images of MCF-7 cells incubated with different concentrations of Dox-OMCN-P0 for 24 h. Scale bar: 150 μm. (B) Cell toxicity of MCF-7 cells and 
MCF-10A cells incubated with different concentrations of Dox-OMCN-P0 for 24 h. Data are represented as mean ± SD (n = 3). 
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Fig 5. (A) In vivo (0, 2, 4, 8 and 12 h, from top to bottom) and (B) ex vivo (12 h) fluorescent images of tumor-bearing (I, II) and normal (III, IV) nude mice treated with 
Dox-OMCN-P0 (I, III) and Dox (II, IV), respectively. Green dotted lines indicated the position of tumors. (C) Fluorescent analysis of tissue homogenate of 
tumor-bearing mice treated with Dox-OMCN-P0, Dox and saline for 8 h, respectively. Data are represented as mean ± SD (n = 3). 

 

Conclusions 
In summary, P0 aptavalve was capped on the 

surface of OMCN with ordered mesopores and 
semi-graphitic framework to produce a real-time 
imaging-guided on-demand targeting drug delivery 
platform. This platform can realize the sensitive 
detection of cellular/liquid MUC1 tumor marker and 
the in-situ targeting imaging of cancer cells via the 
“off-on” fluorescence. Meanwhile, this platform can 
also achieve the controllable on-demand drug 
delivery via the switchable gate in quantitative 
response to MUC1. Moreover, the platform can highly 
accumulate in tumor and slowly release the drug with 
pH-sensitiveness. Taking on these virtues and the 
intrinsic photothermal effect of OMCN, 
Dox-OMCN-P0 is considered to be an advanced 
platform for real-time imaging-guided targeting 
cancer therapy. 
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