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Abstract

Loading and controlled release of sufficient hydrophobic drugs to tumor cells has been the 

bottleneck in chemotherapy for decades. Here we report the development of a fluorescent and 

mesoporous carbon nanoshell (FMP-CNS) that exhibits a loading capacity for hydrophobic drug 

paclitaxel (PTX) as high as ~80 wt% and releases drug in a controllable fashion under NIR 

irradiation (825 nm) at a intensity of 1.5 W/cm2. The high drug loading is primarily attributed to 

its mesoporous structure and to the supramolecular π-stacking between FMP-CNSs and PTX 

molecules. The FMP-CNS also exhibits wavelength-tunable and upconverted fluorescent property 

and thus can serve as an optical marker for confocal, two-photon, and near infrared (NIR) 

fluorescence imaging. Further, our in vitro results indicate that FMP-CNSs demonstrate high 

therapeutic efficacy through the synergistic effect of combined chemo-photothermal treatment. In 
vivo studies demonstrate marked suppression of tumor growth in mice bearing rat C6 glioblastoma 

after the administration with single intratumoral injection of PTX-loaded FMP-CNS.

Introduction

Multifunctional drug delivery nanoparticles with high payload, controlled drug release, and 

imaging capability are highly desirable in medicine to increase therapeutic efficacy, 

minimize adverse effects of cytoxic drugs, and facilitate treatment monitoring.1-8 As many 

chemotherapeutic drugs are poorly water-soluble, much effort has been focused on the 

development of multifunctional drug delivery nanomaterials for delivering hydrophobic 

drugs.9-12 To date, a number of nanocarriers, including carbon nanotubes, magnetic 

nanoparticles, peptides, liposomes, mesoporous silica nanoparticles, lipid and polymeric 

nanoparticles have been investigated to deliver hydrophobic drugs, reduce side effects, and 
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improve therapeutic outcomes.13-17 While the side effects of hydrophobic drugs have indeed 

been reduced, the current nanocarrier formulations still suffer from some limitations. For 

example, covalent conjugation of hydrophobic drugs onto nanocarriers has very low drug 

loading capacity (PTX, ~10 wt%), leading to inadequate therapeutic efficacy.17 Hydrophobic 

drug molecules loaded in liposomes or nanoparticles such as micelle and lipid 

nanaoparticles by hydrophobic interactions often exhibit burst release rather than sustained 

release. Further, most nanocarriers do not provide controlled release of pre-loaded drug 

molecules in response to a given stimulus.18, 19

Mesoporous silica nanoparticles (MSNs) with ajustable pore sizes and large surface areas 

are an alternative delivery system that improves the drug loading capacity and release 

behavior.20-25 Typically, the loading capacity of MSNs for the hydrophobic drug can not be 

higher than 30 wt%.26 Most MSNs exhibit weak hydrophilicity for water dispersion and/or 

potentail toxicity for in vivo applications; drug-loaded MSNs could easily flocculate when 

used in aqueous solutions.25, 27, 28 Also MSNs generally lack intrinsic optical properties for 

imaging and do not have controlled-drug release capacity.29-30 In contrast to MSN-based 

nanocarriers, mesoporous carbon nanoparticles (MCN) demonstrate lower cytotoxicity and 

higher drug loading capacity due to their combined higher surface areas and pore volumes 

and to their carbon hydrophobic interaction with hydropbic drugs.32-36 However, existing 

MCNs lack wavelength-tunable fluorescent properties for NIR optical imaging and/or 

photothermal effect for light-responsive drug release.37-42 Recently, fluorescent carbon 

quantum dots have attracted attention because of their unique optical properties, good 

aqueous stability and excellent photothermal effect.43-45 The small size and surface area of 

these quantum dots, however, limit their loading capacity for hydrophobic drugs.46, 47

In this study, we developed a simple fluorescent, mesoporous carbon nanoshell (FMP-CNS) 

as a hydrophobic drug carrier that bears functions of stimuli-responsive drug release, 

multimodal optical imaging, and combined photothermal/chemo-therapy. The synthesis of 

FMP-CNSs is a simple and high yield process. FMP-CNSs exhibits sustainable and 

wavelength-tunable fluorescence properties and functions as a multi-modal optical imaging 

agent under a broad range of excitation wavelength from 405 nm to 900 nm. PTX, a 

hydrophobic drug, is chosen as a model drug to demonstrate our nanocarrier due to its 

excellent stability and being primary chemotherapy drug for glioblastoma (GBM), cell lung 

cancers, breast cancers, and ovarian carcinoma.48, 49 Our results showed that FMP-CNSs 

demonstrate a high-level PTX loading capacity. Furthermore, FMP-CNSs can effectively 

absorb the near infrared (NIR) light and convert it to heat, thus, establishing an NIR-

responsive drug release capability and combined photothermal/chemo-therapeutic efficacy 

as demonstrated both in vitro and in vivo.

Results and discussion

Synthesis and characterization of FMP-CNSs

Fig. 1a is the schematic represenation of the formation FMP-CNSs. FMP-CNSs are obtained 

by a three-step process. In step I, uniform and monodispersed SiO2@FMP-CNSs 

nanoparticles (Fig. S1) are prepared by a solvothermal method using SiO2 nanoparticles as a 

template and 3-aminophenylboronic acid (APBA) as a carbon precursor. APBA molecules 
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are adsorbed onto the surface of charged SiO2 through the electrostatic attraction between 

the positively charged amino groups of APBA molecules and the negatively charged SiO2 

and the hydrogen bonding between the hydroxyl groups on APBA molecules and SiO2 

surface. Under high temperature (200°C) and pressure produced by the gasification of 

solvent acetone in a sealed reactor, the chemical bond of C-H in the APBA molecules is 

ruptured, leading to the formation of carbon-based free radicals. These small carbon-based 

free radicals further form relatively large carbon-based fragments with disordered 

(amorphous carbon) or ordered (graphene quantum dots) structure due to the chemical bond 

between conjugated double bonds of carbon-based free radicals. These carbon-based 

fragments on SiO2 are highly mobile and form a loosened coating layer containing 

amorphous carbon and graphene quantum dots on SiO2. Meanwhile, the O2 decomposed 

from the H2O2 rapidly reacts with the carbon fragments to generate the hydrophilic hydroxyl 

and carboxyl groups on the surface of carbon-based fragments. In step II, complete erosion 

of the SiO2 core is achieved by mixing SiO2@FMP-CNSs nanoparticles with ammonia 

water at 200°C to form FMP-CNSs.

The morphology and structure of the as-prepared FMP-CNSs were characterized by 

transmission electron microscopy (TEM). TEM image in Fig. 1b shows that FMP-CNSs 

have a good monodispersity and hollow cavity. SEM image (Fig. S2) of FMP-CNSs 

indicates their highly uniform spherical nanostructure with a average diameter of ~70 nm. 

The high-magnification TEM image (inset in Fig. 1b) of a single FMP-CNS further indicate 

that the carbon shell has a thickness of 15 nm. The crystallinity and phase of FMP-CNSs 

were investigated by Raman spectroscopy (Fig. 1c). The peak at 1581 cm−1 (G-band) is 

associated with the E2g mode of graphite, which is related to the vibration of sp2-hybridized 

carbon atoms in a two-dimensional hexagonal lattice.50, 51 The peak at 1340 cm−1 (D band) 

is ascribed to the vibration of carbon atoms with dangling bonds in the termination plane of 

disordered graphite or glassy carbon.52 The low intensity ratio of D-band to G-band (ID/IG) 

suggests that FMP-CNSs exhibit an appreciable degree of graphitization. The 

crystallographic structure of the as-prepared FMP-CNSs was further examined by X-ray 

powder diffraction (XRD). The observed characteristic reflection of 002 in the XRD pattern 

(Fig. S3a) can be indexed to the bulk graphite.53 The XPS survey spectrum (Fig. S3b) 

reveals that carbon (78.8%), oxygen (15.3%), nitrogen (4.5%) and boron (1.4%) are present 

on the surface of FMP-CNSs.

The surface property of FMP-CNSs was characterized by FT-IR, as shown in Fig. S4. An 

absorption peak of the -OH group at 3380 cm−1 and a C=O stretching mode at 1704 cm−1, 

respectively, of the carboxylic acid groups conjugated with condensed aromatic carbons 

were observed.54 These peaks indicate the presence of the carboxyl and hydroxyl groups on 

FMP-CNSs. The hydrodynamic diameter (Dh) (Fig. 1d) of FMP-CNSs is about 82.5 nm in 

water with narrow size distribution, suggesting that they are very stable in water and do not 

form aggregates. In addition, FMP-CNSs were well-dispersed in cell culture medium 

containing 10 % serum and indicated excellent stability in 7 days (Fig. S5).

The UV–Vis absorption spectrum (Fig. 1e) of FMP-CNSs shows a sharp absorption at ~242 

nm, which is ascribed to the π-π* transition of aromatic domains in the carbon shell.55 A 

shoulder peak at 288 nm is also observed, which is possibly attributable to n-π* transition of 
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C=O bonds in the carbon shell.56 Furthermore, a weak absorption in the NIR region of 650–

900 nm of FMP-CNSs at low concentration (1 µg/mL) was observed (Fig. S6), which may 

result from the aromatic, highly π-conjugated carbon structure and suggest that the 

nanocarrier can serve as a photothermal agent.57 When the aqueous dispersion of FMP-

CNSs was exposed to a UV lamp with a light wavelength of 365 nm, a green light was 

emitted and readily observed (inset in Fig. 1e).

The photoluminescence (PL) property of FMP-CNSs was studied and preformed under 

different excitation wavelengths (λex). As shown in Fig. 1f, when λex increases from 240 

nm to 540 nm, the emission peak gradually shifts to longer wavelengths and the PL intensity 

gradually increases and then decreases. This tunable PL property (emission wavelength and 

intensity) of FMP-CNSs can be attributed to the quantum confinement of conjugated π-

electrons in an sp2 network and the nitrogen and boron atom doping, which induces 

significant local distortion and thus creates various energy gaps.58-60 The PL quantum yield 

of FMP-CNSs was determined to be 9.5% using rhodamine B as a standard (Table S1). 

FMP-CNSs also demonstrate excellent photostability since only slight change (Fig. S7) in 

PL intensity was observed after 2 h continuous exposure of FMP-CNS solution to the 

excitation light of λex = 360 nm in a fluorospectrometer. More importantly, the PL spectra 

(Fig. 1g) of FMP-CNSs excited by long-wavelength light from 980 to 740 nm clearly 

demonstrate upconverted emissions from 535 to 454 nm. The upconversion PL behavior of 

FMP-CNSs can be attributed to their multiphoton active processes.61 These results indicate 

that FMP-CNSs can be used as excellent optical marker for bioimaging without need of 

organic dyes which are mostly short-lived and costly.

Multi-modal optical imaging of FMP-CNSs

After confirming the strong fluorescence capability and tunable emission wavelength of 

FMP-CNSs, SF-763 human GBM cells were selected as a model to evaluate the optical 

cellular imaging function of these FMP-CNSs as a fluorescent marker. Fig. 2 a-c shows the 

laser scanning confocal images of SF-763 cells incubated with FMP-CNSs under laser 

irradiation at wavelengths of 405, 488, and 546 nm, respectively. Results show that FMP-

CNSs produced a bright fluorescence and can illuminate SF-763 cells in multicolor forms. 

Meanwhile, the confocal images (Fig. S8) of SF-763 cells did not show a fluorescent signal 

change after 14 days, which indicates that FMP-CNSs have excellent photostability and can 

be used for long-term cellular imaging. Fig. 2 d-f show images of two-photon fluorescence 

(d), DAPI nuclear stained (e) and their overlay (f) of SF-763 cells after uptaking FMP-CNSs 

and excited by a wavelength of 900 nm. It is clear that the cells can be also illuminated by 

the upconverted fluorescence emitted by FMP-CNSs under excitation of an NIR laser.

In vivo NIR imaging is now widely utilized owing to their high photon tissue penetration 

with reduced background autofluorescence.62 To investigate possible application of FMP-

CNSs for in vivo NIR imaging, they (100 µL, 1mg/mL) were injected into nude mouse 

subcutaneously at two different spots on the back. The mouse was then imaged using an 

IVIS in vivo imaging system. As shown in Fig. 2g-l, fluorescence of FMP-CNSs can be 

observed at excitation wavelengths of 605, 640, 675, 710 and 745 nm. Furthermore, the PL 

spectra of FMP-CNSs confirmed their NIR emission under different excitation wavelengths. 
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The capability of FMP-CNSs for NIR in vivo fluorescence imaging indicates their potential 

uses as optical nanoprobes in biomedical imaging.

Drug loading and release of FMP-CNSs

Full nitrogen sorption isotherms were measured to quantify specific surface area and pore 

sizes of FMP-CNSs. As shown in Fig. 3a, N2 sorption–desorption isotherms exhibit II-type 

curves for FMP-CNSs, which is typical for mesoporous materials. The determined 

Brunauer–Emmett–Teller (BET) surface area and total pore volume of FMP-CNSs are 

259.99 m2 g−1 and 0.38 cm3 g−1, respectively. The surface area of FMP-CNSs is larger than 

the reported hollow carbon nanospheres (239.5 m2 g−1) and hollow carbon dots (16.4 m2 

g−1).8,46 However, FMP-CNSs has a surface area smaller than the reported hydrophilic 

mesoporous carbon nanoparticles (864 m2 g−1).37 The average Barrett–Joyner–Halenda 

(BJH) pore diameters (Fig. S10) of FMP-CNSs calculated from the desorption branch of the 

isotherm range from 1.9 nm to 4.8 nm. The hollow inner structure, mesoporous carbon shell 

and large surface area of FMP-CNSs are suitable as carriers for drug delivery application. 

The drug loading capacity of FMP-CNSs was tested by mixing of PTX in ethanol solution 

with aqueous solution of FMP-CNSs and quantified by HPLC-MS of initial PTX solution 

and separated PTX solution (Fig. 3b). The drug loading capacity of FMP-CNSs for PTX was 

800.4 mg/g (~80.4 wt%), which is much higher than that previously-reported other 

mesoporous silica-based nanocarriers and hybrid micelles (<30.9 wt%).26,63, 64 The 

appearance of the characteristic UV-Vis absorption peak of PTX at around 200 nm (Fig. 3d) 

confirms the successful loading of PTX molecules in FMP-CNSs.

The high drug loading capacity of FMP-CNSs can be attributed to several factors. First, the 

large surface areas of central hollow cavity and mesoporous carbon shell provide ample 

space for drug storage. Second, PTX molecules interact with FMP-CNSs through the 

supramolecular π-stacking between the conjugated rings of PTX molecules and aromatic 

rings of FMP-CNSs as well as the hydrogen bonding between the hydroxyl group of PTX 

and surface carboxyl group of FMP-CNSs. Third, the use of two solvents (ethanol and 

water) rather than ethanol alone in drug loading also promotes the drug loading. For 

example, after PTX dispersed in ethanol enters FMP-CNSs in DI water by diffusion (Fig. 

S11a), the ethanol would escapes from FMP-CNSs, and PTX tend to remains in FMP-CNSs 

due to the strong molecule interactions between PTX and FMP-CNSs as well as the 

repulsion from hydrophilic water molecules outside of FMP-CNS shell. When the process of 

loading PTX was carried out in ethanol only (i.e., PTX in ethanol with FMP-CNSs in 

ethanol) (Fig. S11b), the drug loading capacity of FMP-CNSs for PTX is only 20%. In this 

case, PTX molecules were loaded into FMP-CNSs due to the molecule interactions between 

PTX and FMP-CNSs but in the absence of water repulsion. The appearance of the 

characteristic UV-Vis absorption peak of PTX at around 200 nm (Fig. 3c) confirms the 

successful loading of PTX molecules in FMP-CNSs with ethanol only. However, the high 

absorption intensities at 200 nm and 230 nm indicate that the drug loading of FMP-CNSs for 

hydrophobic anti-cancer PTX is more efficient in the mixing solvent than in ethanol only. 

Furthermore, the red-shift of the characteristic UV absorption peak for PTX at 229 nm after 

PTX was loaded in FMP-CNSs confirms the supramolecular π-stacking between the 

conjugated rings of PTX molecules and aromatic rings of FMP-CNSs.
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The in vitro release of PTX from PTX-loaded FMP-CNSs was investigated using a dialysis 

membrane against a saline solution. Fig. 3d compares the PTX release behaviors from the 

PTX-loaded FMP-CNSs dispersed in PBS solution at 37 °C, with and without NIR light 

irradiation. Without NIR radiation, the release of PTX from FMP-CNSs is slow at a nearly 

steady rate after 10 h. In contrast, a short 5-min exposure to NIR light can speed up the 

release of PTX from FMP-CNSs. When the radiation was turned off, the heating ceases and 

the drug release returns to its regular slow rate. The significantly increased drug release rate 

under NIR light exposure can be attributed to the local heating of FMP-CNSs produced by 

the efficient photothermal conversion of the fluorescent carbon shell. Fig. 3e confirms the 

photothermal effect of FMP-CNSs upon exposure to NIR light (825 nm) at a power density 

of 1.5 W/cm2, which results in a temperature increase of near 26 °C within 5 min. In 

comparison, the temperature change of water (control) was much less significant under the 

same irradiation condition. The IR thermal imaging (Fig. 3f) of FMP-CNSs further verifies 

their photothermal conversion effect after irradiation by NIR light for 5 min. Such 

photothermal effect of FMP-CNSs not only weakens the drug-host interaction but also 

increases the mobility of PTX at elevated temperatures, therefore, increase the release rate of 

PTX from FMP-CNSs.

Biocompatibility and biodistribution of FMP-CNSs

To evaluatethe therapeutic efficacy of FMP-CNSs in vitro, we firstly tested their cytotoxicity 

in SF-763 cells. FMP-CNSs had negligible cytotoxicity against SF-763 cells after 72 h 

incubation at 4 μg/mL (Fig. 4a). In contrast, cell viability dramatically decreased when 

incubated with PTX-loaded FMP-CNSs. To investigate the photothermal effect of 

nanoparticles, SF-763 cells were irradiated with NIR light (1.5 W/cm2) for 5 min during the 

incubation with FMP-CNSs or PTX-loaded FMP-CNSs. Increased cell killing of FMP-CNSs 

can be observed with the addition of 5 min NIR irradiation even though the concentration of 

FMP-CNSs was only 4 μg/mL. In contrast, NIR irradiation alone has negligible effect on 

cell viability (Fig. S12). Importantly, combinatory treatment with PTX loaded FMP-CNSs 

along with NIR irradiation had more pronounced effect than the individual treatments. The 

cytotoxicity of FMP-CNSs with different treatments was summarized in Table S2. 

Therapeutic efficacies of FMP-CNSs as PTX carriers and photothermal therapy agents 

(calculated by subtracting the cell viability from 100%) for cells treated by (1) 

chemotherapy alone, (2) photothermal treatment alone, (3) additive chemotherapy and 

photothermal therapy, and (4) combined chemo-photothermal therapy is shown in Fig. 4b. 

The additive efficacy was estimated using the relation Tadditive = 100 − (fchemo × 

fphotothermal) × 100, where fchemo and fphotothermal are the fraction of surviving cells after 

independent chemotherapy and photothermal therapy, respectively.65 The combined chemo-

photothermal therapy induced significantly higher cytotoxicity than the additive therapeutic, 

indicating the synergistic effect of PTX-loaded FMP-CNSs treatment.

To examine the biodistribution and possible toxic effects of FMPCNSs, healthy mice were 

injected with 200 μL of 1 mg/mL of FMPCNSs via tail vein and mice receiving no injection 

were used as controls. Mice were euthanized and whole organs of liver, spleen, kidney, lung, 

and heart were harvested at different time points post injection. FMP-CNSs in major organs 

were assessed by measuring the fluorescence intensity of FMP-CNSs using an IVIS imaging 
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system. As shown in Fig. 4c, liver was the dominant organ in accumulation of FMP-CNSs at 

24 h post-injection because of reticuloendothelial system (RES) uptake, followed by the 

kidney, spleen, lung, and heart. At 96 h post-injection, less than 20% of initially-

accumulated FMP-CNSs remained in liver and minimal amounts of FMP-CNSs were found 

in heart, kidney, lung, and spleen (Fig. 4d). Histological analysis on major organs was 

performed to evaluate the tissue compatibility of FMP-CNSs in vivo. Tissues were harvested 

from mice at 96 h after FMP-CNSs injection, fixed in 10% formalin, embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin (H&E). As shown in Fig. 4e, no 

discernible differences in cell morphology and tissue structure were observed between 

treated mice and control mice, suggesting that FMP-CNSs have good tissue compatibility.

In vivo therapy of FMP-CNSs

To examine the efficacy of FMP-CNSs on treating tumors in vivo, mice bearing C6 GBM 

tumors were administrated with FMP-CNSs (200 µL, 1mg/mL) by a single intratumoral 

injection and tumors were then subjected or not subjected (irradiation control) to NIR 

irradiation (825 nm, 1.5 W/cm2) for 5 min at 24 h post injections. Tumor-bearing mice were 

randomly divided into 4 groups with five mice per group, and each group were treated with 

PBS + NIR irradiation (control), PTX-loaded FMP-CNSs without NIR irradiation (i.e., 

chemotherapy only), FMP-CNSs (photothermal therapy only), or PTX-loaded FMP-CNSs 

(combined therapy) + NIR (825 nm) irradiation for 5 min at 1.5 W/cm2. Tumor sizes in mice 

were measured every two days up to 12 days post-treatment. As shown in Fig. 5a and b, the 

tumors in control mice grew rapidly, and NIR irradiation alone did not show observable 

effect on tumor growth (Fig. S13). The tumors in mice treated with PTX-loaded FMP-CNSs 

showed a significant reduction in tumor growth as compared to those in control mice. A 

reduction in tumor growth was also observed in mice treated with FMP-CNSs (no PTX, 

particle control) + NIR irradiation. When NIR irradiation was applied to mice treated with 

PTX-loaded FMP-CNSs, a suppression in tumor growth by this combined photothermal/

chemo treatment was much higher than that of additive photothemal- and chemotherapy 

alone, demonstrating a synergistic therapeutic effect. Without active targeting function, the 

accumulation of PTX-loaded FMP-CNSs in tumors likely resulted from two mechanisms: 

the enhanced permeability and retention (EPR) of NPs and the NP-induced endothelial 

leakiness known as “NanoEL” which causes a leaky phenotype to enhance the access to 

tumors.66-69 Notably, the NIR fluorescence signal (Fig. S14) of FMP-CNSs is also observed 

in tumor at an excitation wavelength of 745 nm, which indicates their potential to serve in 

NIR imaging-guided therapy.

At day 12, tumors from all mice were harvested and weighed. As shown in Fig. 5c, 

compared to photothermal therapy or chemo-therapy alone, the combined treatment (PTX-

loaded FMP-CNSs + NIR irradiation) resulted in the smallest tumor, which collolate the 

tumor growth curve. This high therapeutic efficacy of combined chemo- and 

photothermaltherapy using PTX-loaded FMP-CNSs with a single injection might be 

attributed to much higher drug loading capacity exhibited by our nanocarriers than existing 

nanocarriers (80 wt% vs 20 wt%), the increased drug release under NIR irradiation, and the 

increased cell membrane permeability and internalization caused by local heating of FMP-

CNSs. The last phenomena was also observed in other studies intended to improve the 
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treatment efficiency through combined photothermal/chemo therapy.70, 71 H&E staining of 

tumor sections (Fig. 5d) further confirmed that cells in tumors from the control group largely 

retained their normal morphology with distinctive membranes and nuclear structures while 

most tumor cells from the treated mice, especially those receiving the combined treatment, 

were severely damaged with loss of nuclei. No obvious body weight drop of the mice was 

observed for all treatment groups.

Conclusions

We have synthesized a multifunctional mesoporous carbon nanoshell via a simple method 

using SiO2 nanosphere as a template and APBA as a carbon precursor. The as-synthesized 

FMP-CNSs exhibit excitation wavelength-tunable photoluminescence, which allows FMP-

CNSs to serve as a sustainable confocal, two-photon fluorescence, and NIR imaging contrast 

agent. The central hollow cavity, mesoporous structure of the carbon shell, and the surface 

carboxyl/hydroxyl groups endow FMP-CNSs with high drug loading capacity for 

hydrophobic anti-cancer drugs and excellent dispersibility in aqueous solutions, respectively. 

FMP-CNSs exhibit NIR-responsive drug release property and combined photothermo/

chemotherapy efficacy. Notably, the combined treatment with chemo- and 

photothermaltherapy marked high therapeutic efficacy via a single intratumoral injection in 

vivo. This carbon nanoshell demonstrates great promise for simultaneous imaging 

diagnostics and treatment.
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Fig. 1. 
Synthesis and characterization of FMP-CNSs. (a) a schematic of formation of FMP-CNSs. I: 

surface coating of SiO2; II: erosion of the SiO2 and formation of FMP-CNCs. (b) TEM 

image, (c) Raman spectrum and (d) hydrophilic size distribution of FMP-CNSs. (e) UV-Vis 

absorption spectrum of FMP-CNSs, the inset is photograph of aqueous dispersions of FMP-

CNSs under (left, a) visible light and (right, b) UV light (365 nm); (f) and (g) PL spectra and 

upconverted PL spectra of FMP-CNSs obtained with different excitation wavelengths.
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Fig. 2. 
Laser scanning confocal fluorescence images of SF-763 cells incubated with FMP-CNSs 

under different excitation wavelengths: (a) 405 nm; (b) 488 nm; (c) 546 nm. (d) two-photon 

fluorescence with a excitation wavelength of 900 nm, (e) DAPI nuclear stain, and (f) 

overlaid images of SF-763 cells incubated with FMP-CNSs. In vivo NIR fluorescence 

images of FMP-CNSs-injected mouse under various excitation wavelengths: (g) white light, 

(h) 605, (i) 640, (j) 675, (k) 710, and (l) 745 nm.
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Fig. 3. 
Mesoporous properties and drug loading and release of FMP-CNSs. (a) N2 adsorption/

desorption isotherms of FMP-CNSs. (b) HPLC analysis of initial PTX solution and 

separated PTX solution. (c) UV absorption spectra of free PTX in ethanol, FMP-CNSs in 

ethanol, PTX-FMP-CNSs (loading in mixing solvent) in ethanol, and PTX-FMP-CNSs 

(loading in ethanol only) in ethanol. (d) Release behavior of PTX from PTX-loaded FMP-

CNSs. Inset: the release schematic of PTX from FMP-CNSs with/without NIR irradiation. 

(e) Photothermal heating curves of pure water (control) and FMP-CNSs (0.1, 0.3 and 0.5 

mg/mL) in water under 825 nm laser irradiation at a power of 1.5 W/cm2 for 5 min. (f) IR 

thermal images of FMP-CNSs (0.5 mg/mL) in water under irradiation for 0 min (left) and 5 

min (right).
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Fig. 4. 
In vitro and in vivo biocompatibility assessment. (a) In vitro cytotoxicity of FMP-CNSs and 

PTX-loaded FMP-CNSs with or without NIR irradiation at 1.5 W/cm2 for 5 min, p < 0.01. 

(b) Comparison of therapeutic efficiencies of treatments by chemotherapy, photothermal 

therapy, additive chemotherapy and photothermal therapy, and synergetic chemotherapy and 

photothermal therapy, using FMP-CNSs as PTX carrier. (c) Biodistributions of FMP-CNSs 

in different organs and tissues of nude mice determined at 24 h to 96 h post-injection, p < 

0.01. (d) NIR image of heart, kidney, liver, lung and spleen from FMP-CNSs (left) and PBS 

(right) treated mice at 96 h post-injection using an excitation wavelength of 745 nm. (e) 

H&E stained tissue sections of mouse heart, kidney, liver, lung and spleen obtained from 

mice receiving no injection and those injected with FMP-CNSs at a concentration of 1 mg 

mL−1. The scale bar = 125 μm.
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Fig. 5. 
In vivo therapy of FMP-CNSs and PTX-loaded FMP-CNSs. (a) Photographs of tumors in 

mice treated under different conditions and imaged at pre-defined time points. (b) The tumor 

growth curves of mice treated under different conditions (four mice per treatment group). (c) 

Average weights of tumors harvested from mice at the end of treatments (day 7). (d) H&E-

stained tumor sections collected from mice after treatments (scale bar = 125 μm).
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