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Abstract

The combination of chemotherapy and photothermal therapy shows great potential to achieve synergistic anti-tumor effect. How-

ever, it is still a great challenge to design stimuli responsive drug release systems with integrated photothermal/chemotherapy

functions. In this paper, novel rod-like carbon nanomaterials (RCNs) were prepared by soft template hydrothermal method with

glucose as raw materials, which were proved to have good biocompatibility, excellent drug-loading capacity and high photother-

mal efficiency. After that, RCNs we used to load doxorubicin (DOX) for integrated photothermal/chemotherapy toward cancer,

which demonstrated good treatment efficiency under NIR irradiation. Our approach provided a novel NIR-responsive nano

platform for combined photothermal/chemotherapy toward cancer, which was considered to be of great potential in anticancer

applications.
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Abstract

The combination of chemotherapy and photothermal therapy shows great potential to achieve synergistic
anti-tumor effect. However, it is still a great challenge to design stimuli responsive drug release systems
with integrated photothermal/chemotherapy functions. In this paper, novel rod-like carbon nanomaterials
(RCNs) were prepared by soft template hydrothermal method with glucose as raw materials, which were
proved to have good biocompatibility, excellent drug-loading capacity and high photothermal efficiency.
After that, RCNs we used to load doxorubicin (DOX) for integrated photothermal/chemotherapy toward
cancer, which demonstrated good treatment efficiency under NIR irradiation. Our approach provided a
novel NIR-responsive nano platform for combined photothermal/chemotherapy toward cancer, which was
considered to be of great potential in anticancer applications.
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1 Introduction

Due to their serious metastasis and secondary infection, cancers have been the leading cause of human death.
The general treatments of cancer include surgery[1, 2], chemotherapy[3, 4] and radiotherapy[5, 6], and so on.
With the rapid development of nanotechnology and materials science, nano-drug delivery systems have caused
more and more attention in the cancers’ diagnosis[7] and treatment[8]. Among them, they include carbon
nanomaterials[9-11], silica nanoparticles[12-14], gold nanoparticles[15-18] and so on. Among them, carbon
nanomaterials have attracted extensive attention due to excellent water-solubility, high biocompatibility
and low toxicity. It is worth to mention that nanoparticles below 200nm which have large specific surface
area and drug loading capacity, could cause endocytosis and be taken up the cancer cells more easily, thus
have a higher therapeutic efficiency. However, it is still a great challenge to prepare well-dispersed carbon
nanoparticles (< 200nm) with novel structures. On the other hand, glucose is considered to be an excellent
raw material for preparing carbon nanomaterials, not only glucose is nontoxic and abundant bio-resource,
but also it has been proved that the functional glycosylation groups retained on the surface of obtained
carbon materials could help them to penetrate the cell membrane barrier more flexibly[19].

In recent years, stimuli responsive controlled nano-drug delivery systems have been proposed to improve the
efficiency of treatment, such as temperature stimuli[20, 21], magnetism stimuli[22] and pH stimuli[23]. For
example, Qi group developed a novel magnetic-targeted pH-responsive doxorubicin hydrochloride (DOX)
carrier based on mesoporous NiFe2O4 nanospheres. The effective drug release amounts could increase more
than 60% at pH 4.0 than that at neutral conditions within 48 h. Yang group prepared a novel multifunctional
WS2-IO@MS-PEG nanoscale platform [24]. Stimulated by NIR laser, the photothermal effect of WS2 would
trigger high efficiency release of DOX loaded in the platform, thereby lead to an increased killing efficiency
for cancer cells. Darwin K. and his colleague synthesized chitosan - and nitrogen-doped graphene quantum
dots with high drug carrying capacity and pH-controlled sustained drug release, which showed anticancer
effects at the low concentration against lung cancer cell loading DOX[25]. At present, it is still a considerable
challenge to obtain novel responsive nano-platforms with simple fabrication, good biocompatibility and high
treatment efficiency.

In this paper, novel rod-like carbon nanomaterials (RCNs) were prepared by soft template hydrothermal
method using glucose as raw materials. A series of characterizations were performed, which showed that
the prepared carbon nanoparticles had excellent drug-loading capacity and high photothermal efficiency, in
addition to good water solubility, stability and biocompatibility. After that, RCNs we used to load DOX
for integrated photothermal/chemotherapy for cancer, which demonstrated good treatment efficiency. Our
approach not only provided a new-typed carbon nano platform for drug delivery, but also supplied a new
approach for practical cancer therapy in the future.

2 Experimental sections

2.1 Materials

Pluronic F127 (EO106PO70EO106) was purchased from Sigma-Aldrich Co. Ltd. (U.S.A.). Concentrated
sulfuric acid was purchased from Sinopharm Chemical Reagent Co. Ltd. (China). Doxorubicin, glucose
and absolute alcohol were purchased from Aladdin Co. Ltd. (China). All chemicals were used as received
without further purification.

2.2 Characterization

2
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The microstructure and morphology of the prepared samples were observed by transmission electron mi-
croscopy (TEM, SU8220, Hitachi, Japan). The surface groups of RCNs and DOX@RCNs were characterized
by FT-IR spectrometer (Spectrum 3, PerkinElmer, America). The absorbance was measured by UV-vis-NIR
spectrophotometer (LAMBDA365, PerkinElmer, America). The specific surface area was measured by sur-
face comparator (ASAP2460, Micromeritics, America). The temperature of the solutions was recorded by a
thermal imaging camera (FLIR ONE Pro, Wilsonville, OR). Confocal microscopy photos were taken by an
Olympus BX51 fluorescence microscope (Olympus, Tokyo, Japan).

2.3 Synthesis of RCNs

3.0g of F127 and 1.5g of glucose were dissolved in the 1.8M sulfuric acid solution, stirring for 10 h. Then, 30mL
of the mixture was transferred to a 50mL Teflon-lined stainless steel autoclave for hydrothermal treatment
for 30h at 140°C. After cooling to the room temperature, the products were collected by centrifugation and
washed with water and ethanol several times. The obtained samples were dried at 60°C in vacuum oven
overnight.

2.4 Synthesis of DOX@RCNs

200mg RCNs were dispersed into 50mL deionized water and treated with ultrasound for 20 min. After the
ultrasonication, 40mg DOX was added to the above-mentioned dispersions stirred slowly overnight. Then,
centrifugation was performed to eliminate the unadsorbed DOX. So far, DOX@RCNs were prepared. The
drug loading rate was obtained by measuring the absorbance of the supernatant by UV-vis-NIR spectropho-
tometer. The adsorption capacity was calculated by the following formula:

q is the adsorption capacity of DOX sample, mg/g; C0 is the initial concentration of DOX, mg/L; C is the
concentration of DOX in the solution after adsorption, mg/L; V is the volume of solution, mL; m is the mass
of adsorbent, g.

2.5 Photothermal Effects of RCNs and DOX@RCNs

Temperature changes were recorded during continuous NIR irradiation (808nm, 2.0w) to the solutions of
RCNs at different concentrations (0, 25, 50, and 100μg/ml) for 600s. The temperature was recorded every
25s using a thermal imaging camera. To test the photothermal stability of the obtained RCNs, six cycles
of heating and cooling for the solution were recorded. The photothermal conversion efficiency (η) of the
RCNs solution was calculated according to the previous literature[26]. For the DOX@RCNs composites,
temperature rise curve were firstly recorded during NIR irradiation (808nm, 2.5w) to the solutions of RCNs
at 50μg/ml for 600s, then the temperature reduction curve was continued without NIR irradiation for another
700s.

2.6 Release of DOX for the DOX@RCNs under NIR irradiation

In brief, 10ml of DOX@RCNs aqueous solution (50μg/ml) was put in a dialysis bag (3,500Da), then soaked
in a beaker containing 50mL PBS solution. The drug delivery experimental system was further put in the
thermostat water bath (37), while the DOX@RCNs dialysis bag was adjusted to be irradiated by an 808nm
laser (2.5W/cm2). At a certain interval (20 min), 2mL of PBS buffer was removed from beaker for analysis,
and an equal amount of PBS buffer at the same temperature was replenished. The release of DOX at
each time point was measured by UV-vis-NIR spectrophotometer at the corresponding absorbance. The
drug release experiment without laser irradiation was also performed using the similar methods as blank
reference. The calculation formula is as follows:

3
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Er is the cumulative release of drugs;Ve is the replacement volume of PBS solution;V0 is the total volume of
the release medium;Ci is the concentration of the released liquid during each replacement sampling; mdrug

is the total mass of the drug carried by the nanoparticles; n is the number of PBS replacement.

2.7 Cell Experiment

The cytotoxicity of RCNs and DOX@RCNs was assessed by MTT assay. MCF-7 cells were inoculated in
plated in 96-well plates for 24h at the standard cell culture system. MCF-7 cells were treated with culture
medium containing different concentrations (0-200μg/mL) of RCNs (or DOX@RCNs) for 24h. Subsequently,
20μL MTT was added to each well and incubated with the cells for 3h. After that, the liquid in each hole
was sucked out and 150μL DMSO was added, then the value of each hole at the optimal absorbance (490nm)
was measured and compared using a microplate reader. When evaluating the effect of PTT on cells, the
MCF-7 cells were firstly inoculated for 24h, then the RCNs (or DOX@RCNs) was added incubated with
irradiation with NIR light (808nm, 2.5W/cm2) for 5 min, and the same method was used for measurement.
In addition, in order to intuitively display the cell apoptosis promoted by nanomaterials, the experimental
cells after 4 min irradiation were stained by DAPI and fluorescein-dUTP for 20 min, then taken photographs
by confocal laser imaging systems.

3 Results and discussion

The novel RCNs were synthesized by soft-template hydrothermal method. As indicated in the TEM image
(Figure 1 ), it was apparently demonstrated the products were constituted principally by rod-shaped carbon
particles with relatively uniform dispersion and regular particle size. And the average size of the carbon rods
was measured to be approximately 85-120nm in length, and 35-50nm in width. This novel morphology might
be originated from the rodlike glucose-F127 monomicelles form, in which the polymerization, dehydration
and nucleation of glucose took place, and finally form the rod-shaped nano structures.

The hydrodynamic diameter of RCNs was then measured by DLS. As shown inFigure S1, the size of the
particles was calculated to be 110nm, which was consistent with the TEM results. Furthermore, the stability
test of the RCNs was characterized by DLS over 2 weeks, as shown inFigure S2 . It could be seen that
the size exhibited almost negligible changes, which proved that the RCNs possess good stability in aqueous
solution system.

The surface functional groups of carbon nanomaterials were further analyzed by FT-IR. Figure 2 showed
that the absorption peak at 3600-3200cm-1 was the stretching vibration of hydroxyl O-H, the absorption peak
at 3000-2800cm-1 was the stretching vibration of saturated C-H, the absorption peak at 1770-1680cm-1 was
the stretching vibration of ester carbonyl C=O, and the absorption peak at 1250-1000cm-1was the stretching
vibration of ester C-O.

The UV-vis-NIR spectra of the obtained RCNs in aqueous solution was shown in Figure 3 , which revealed
that the samples possessed high absorption in the NIR region around 650-900nm. The excellent NIR ab-
sorption characteristic of the samples encouraged us to explore their photothermal properties. The RCNs
aqueous solution with different concentrations were irradiated under an 808nm laser at 2.5W/cm2 power
density. As shown in theFigure 4 , under 808nm laser, the water temperature only increased by 3°C within
5 min. And it could be seen that the temperature of the RCNs solution increased more and more rapidly as
the concentration increased. When the concentration was 50μg/mL, the temperature could raise to 45 in 5
min, while the concentration was 100μg/mL, it could raise to 54. The photothermal conversion efficiency of
RCNs was calculated to be about 23.7 % using the reported literature. In the course of 6 cycles of photother-
mal heating and natural cooling (Figure S3 ), the photothermal heating effect did not change significantly,
indicating that the RCNs had good photothermal stability.
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In order to improve the therapeutic effect of the nanomaterials toward tumors, the nanocomposite with
integrated thermo-chemotherapy performance was fabricated, while the classic DOX was used as the model
anti-tumor drug. By the analysis of the DOX@RCNs, the drug loading rate of DOX for the nanocomposites
was calculated to be 17.4%. The photothermal heating test was further arranged for the DOX@RCNs at
the concentration of 50μg/mL. It could be seen in the Figure 5 that the temperature could raise to 39 in 5
min, and 52 in 10 min, which showed excellent photothermal heating effect.

The drug release experiment under 808 nm laser radiation was explored, it could be seen from Figure 6 that
the release rate of DOX in the composites could achieve at 34.6% in 60 min, after 2h, the rates was calculated
to be 64.7%. In the comparative experiments without irradiation, the corresponding releasing rates were
calculated to be 5.7% and 7.2%, respectively. It could be concluded that infrared radiation can significantly
increase the release of DOX, further realize integrated treatment of hyperthermia and chemotherapy.

Considering that low toxicity is a necessary condition for nano-drugs, the cell viability of MCF-7 cells
incubated with different concentrations of RCNs and DOX@RCNs were conducted. The cell viability of
MCF-7 cells incubated with two novel nano-drugs was shown inFigure 7 . It could be observed that the
carbon nanomaterials exhibit excellent biocompatibility, and have little cytotoxicity to MCF-7 cells up to
a concentration of 300μg/mL. For comparison, the cytotoxicity for DOX@RCNs was slightly stronger. The
cell survival rate decreased gradually with the increasing of the concentration of the sample, when the
concentration was 300μg/mL, the cell survival rate was 78.6%.

Both the RCNs and DOX@RCNs were further explored their potential antitumor activity under NIR irra-
diation against MCF-7 cells. It could be seen that there was almost no cytotoxicity at the concentration
of 50μg/mL for both RCNs and DOX@RCNs without NIR irradiation (Figure 7 ). In contrast, under
NIR irradiation, two novel nano-drugs exhibited enhanced cytotoxicity against MCF-7 cells (Figure S4
). It should be noted that no obvious cell apoptosis occurred after the MCF-7 cells were irradiated in the
culture medium without the nanomaterials. The relative cell viabilities were calculated to be 50.2% at the
RCNs concentration of 50μg/mL after 5 min of continuous irradiation (2.5W/cm2), suggesting the excellent
photothermal toxicity effect of the RCNs. For the DOX@RCNs samples, benefiting from the effective NIR-
sensitive release of DOX, DOX@RCNs exhibited stronger cytotoxicity than that of RCNs, while the relative
cell viabilities decreased to 23.6% at the same test conditions.

In addition, confocal fluorescence microscopy was used to explore the toxicity effects of the nanomaterials
(Figure 8) . DAPI, which could strongly bind to DNA, is a blue fluorescent dye used for fluorescence
microscopy observation of living and fixed cells. In addition, fluorescein-dUTP is a green fluorescent dye
which is used to label apoptotic cells. In this research, in order to display the cell apoptosis promoted by
nanomaterials, DAPI/fluorescein-dUTP assays were performed to intuitively observe live and apoptotic cells.
After 4 min irradiation, it could be seen that obvious apoptosis appeared in the MCF-7 cells for the RCNs
group compared with the control ones, however, much more extensively apoptosis occurs for the DOX@RCNs
group. This phenomenon was consistent with the MTT results.

4 Conclusions

In summary, novel rod-like carbon nanomaterials (RCNs) were prepared by soft template hydrothermal
method with glucose as raw materials, which were proved to have good biocompatibility, excellent drug-
loading capacity and high photothermal efficiency. Furthermore, DOX@RCNs were fabricated for integrated
photothermal/chemotherapy toward cancer, which was proved to hold high photothermal efficiency, as well
as excellent NIR-responsive DOX release properties. In vitro cell experiments indicated that the novel
DOX@RCNs have good application prospects in the field of tumor therapy. This research provided a novel
NIR-responsive nano platform for combined photothermal/chemotherapy toward cancer.
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Figure 1 TEM images of obtained RCNs. The scale is 200nm.
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Figure 2 FITR spectrograms of RCNs. The wavenumber range is 4000-400cm-1.

Figure 3 The UV-vis-NIR spectra of the obtained RCNs in aqueous solution at different concentrations.
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Figure 4 Temperature changes of different concentrations of RCNs aqueous solution with water as an empty
control.

Figure 5 Temperature changes of 50μg/mL of RCNs aqueous solution within 20 min. The first 10 min is
warming by 808nm laser at 2.5W/cm2 power density, and the last is natural cooling.
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Figure 6 Cumulative release curves of DOX from DOX@RCNs at different situations.

Figure 7 In vitro cytotoxicity of RCNs (a) and DOX@RCNs (b) on MCF-7 cells.
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Figure 8 Schematic illustration and fluorescent photomicrographs of the MCF–7 cells after incubation with
control group and RCNs and DOX@RCNs for 24h. Blue fluorescence indicates living and fixed cells, and
green fluorescence indicates apoptotic cells.
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