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Abstract

Optical nanomaterials with intense absorption in near-infrared (NIR) region hold great promise for biomedical
applications such as photothermal therapy (PTT) and photoacoustic imaging (PAIl). In this work, we report
mesoporous carbon nanospheres (Meso-CNs) with broadband and intense absorption in the UV-Vis—NIR
region (300—1400 nm) and explore their potential as a multifunctional platform for photoacoustic imaging and
chemo-photothermal therapy.

Methods: Meso-CNs were prepared by a “silica-assisted” synthesis strategy and characterized by transmission
electron microscope and optical spectroscopy. We investigated the photothermal conversion and
photoacoustic imaging of Meso-CNs in comparison with single-walled carbon nanotubes (SWCNTs), graphene
and gold nanorods (GNRs). In vitro cellular assays and in vivo chemo-photothermal combination therapy were
performed.

Results: The absorption coefficients of Meso-CNs are 1.5-2 times higher than those of SWCNTs and
graphene and are comparable to those of GNRs in both the first and the second near-infrared optical windows
(NIR-l and NIR-Il) of tissues. When exposed to an NIR laser, the photothermal and photoacoustic signal
generation of Meso-CNs are also stronger than those of SWCNTSs, graphene, and GNRs. DOX was loaded
into Meso-CNs with a high efficiency (35 wt%) owing to the unique mesoporous structure. Particularly, the
drug release from Meso-CN:is is sensitive to both pH and NIR light stimulation. In vivo chemo-photothermal
combination therapy demonstrates a remarkable inhibition effect on tumor growth under NIR laser treatment.

Conclusions: We have developed Meso-CNs for photothermal conversion and photoacoustic imaging. The
porous structure also serves as a drug carrier and the drug release can be controlled by pH and external light.
The high drug loading capacity, superior photothermal and photoacoustic generation, together with the
apparent chemo-photothermal therapeutic effect, make Meso-CNs a promising platform for cancer
theranostics.

Key words: mesoporous carbon nanospheres, near-infrared absorption, drug delivery, photoacoustic imaging,
photothermal therapy.

Introduction

Optical materials with strong absorption have
attracted a considerable amount of attention because
of their widespread applications such as
photocatalysis [1-3], solar cells [4-6], and photonic
devices [7, 8]. Particularly, nanomaterials with intense
absorption in the near-infrared (NIR) region are
promising for biomedical applications including

photothermal therapy (PTT) and photoacoustic
imaging (PAI) [9-12]. PTT is a newly developed
treatment modality that is minimally invasive
compared to other cancer therapies such as
radiotherapy and surgery. The nanomaterials used in
PTT can generate heat under light irradiation to
increase the local temperature of a tumor and kill
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cancer cells [13-17]. PAI has emerged as a novel
imaging modality that integrates optical excitation
with ultrasonic detection, which provides deep tissue
penetration and a high spatial resolution for
theranostics [18-23]. Because a photoacoustic signal is
primarily determined by the thermal expansion
induced by a pulsed laser, the contrast agents for PAI
are naturally applicable to PTT, which endows
photothermal materials with a key position in optical
theranostic systems [24, 25].

Currently, there is a large amount of interest in
the development of various light-absorbing materials
such as metallic nanoparticles [26-31], semiconducting
polymer nanoparticles [32-36], and carbon-based
nanostructures  [37-39]. Notably, carbon-based
nanostructures have received tremendous attention
owing to their outstanding physical and chemical
properties. Carbon nanotubes (CNTs) and graphene
have been widely used in biomedical imaging and
phototherapy applications. In 2005, DNA-coated
single-walled carbon nanotubes (SWCNTs) were first
developed by Dai and coworkers for in vitro cancer
cell PTT [40]. Since then, many different groups have
explored PTT using various bioconjugated CNTs as
photothermal agents [41-45]. Encouraged by the
successful use of CNTs for biomedical applications,
graphene has also provided many new opportunities
in biomedicine. Since 2008, a large number of groups
have reported graphene- and graphene oxide
(GO)-based  biomedical applications including
biosensing [46, 47], bioimaging [48, 49], drug and gene
delivery [50-53], and PIT cancer treatment [54-58].
Despite the widespread investigations of CNTs and
graphene in biomedical research, their practical
applications are constrained by their poor dispersity
and stability in aqueous solutions.

Here, we report colloidal mesoporous carbon
nanospheres (Meso-CNs) in the form of stable
suspensions exhibiting broadband and intense
absorption in the UV-Vis-NIR region. We performed
side-by-side comparisons of photothermal conversion
and photoacoustic generation from the Meso-CNs
with SWCNTs, graphene, and gold nanorods (GNRs).
The Meso-CNs possess absorption coefficients that are
1.5-2 times higher than those of CNTs and graphene
in the broad wavelength region and are comparable to
those of GNRs in both the first and second NIR optical
windows (NIR-I and NIR-II) of biological tissue. The
anticancer drug doxorubicin (DOX) was loaded into
Meso-CNs with a high efficiency (35 wt%) owing to
the large surface area, appropriate pore sizes and
large pore volume of Meso-CNs. A combination
therapy was finally carried out with DOX-loaded
Meso-CNs, demonstrating an apparent
tumor-suppression effect by using a relatively low

drug dosage and laser power density. The high drug
loading capacity, together with the excellent
photothermal and photoacoustic signal generation,
makes Meso-CNs a promising platform for cancer
theranostic applications.

Results and Discussion

Synthesis and characterizations of Meso-CNs

Meso-CNs were prepared by an effective
approach called the “silica-assisted” synthesis
strategy (Figure 1A) [59]. Both transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM) were used to characterize the morphology of
the Meso-CNs. The obtained Meso-CNs are
monodisperse and have a uniform particle size of 200
nm with a well-defined spherical morphology (Figure
1B, Figure S1A). A large number of mesopores can be
clearly observed from the spherical framework, and
the pore size is roughly estimated to be ~2.5 nm
(Figure S1B, C). For comparison, microporous carbon
nanospheres (Micro-CNs) with a similar size of 200
nm were prepared in the absence of silica and a
surfactant (Figure 1C). The N> adsorption—desorption
isotherm of the Meso-CNs (Figure 1D) exhibits a
typical type-IV hysteresis, indicative of the presence
of mesopores. It can be seen that the adsorption
isotherm shows an apparent capillary condensation
step at a relative pressure (P/Po) of 0.14-0.32,
corresponding to a pore size of 2.5 nm, as calculated
with the Barrett—Joyner—-Halenda (BJH) method. The
isotherm of the Micro-CNs shows a type-I reversible
sorption profile, indicating a microporous structure.
The Brunauer-Emmett-Teller (BET) surface areas of
the Meso-CNs and Micro-CNs are 1044 m?/g and 435
m?/g, and the total pore volumes are approximately
0.6174 cm3/g and 0.2613 cm3/ g.

The X-ray diffraction (XRD) patterns reveal that
both the Meso-CNs and Micro-CNs possess an
amorphous nature (Figure 1E). In addition, no
obvious peak was observed in the small-angle X-ray
scattering (SAXS) spectrum of the Meso-CNs (Figure
51D), indicating the mesopores in Meso-CNs are not
ordered. Raman spectroscopy of the Meso-CNs and
Micro-CNs show typical D and G bands at 1350 cm™
and 1580 cm™ (Figure S1E), which are consistent with
other carbon materials. The Cls X-ray photoelectron
spectroscopy (XPS) data for the Meso-CNs reveal that
the carbon surface is dominated with C-C or C-H
species (284.8 eV) along with smaller concentrations
of C-0O (286.2 eV) and O-C=0 (288.5 eV) originating
from the reaction of HF with carbon during the
removal of silica (Figure 1F). Therefore, compared to
Micro-CNs or other carbon nanomaterials such as
SWCNTs and graphene, Meso-CNs exhibit excellent
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dispersibility in water because of their highly negative
surface zeta potential of -35.5 mV (Figure S2A). The
colloidal solutions of Meso-CNs are stable for more
than one month without sign of agglomeration
(Figure S2B). Optical density of Meso-CNs and
Micro-CNs was measured when they were dispersed
in water at the same concentration (30 pg/mL). The
results showed that the optical density of Meso-CNs
was approximately five times higher than that of
Micro-CNs  (Figure 1G). Therefore, the high
absorption of Meso-CNs is likely related to their
unique mesoporous structure and high surface area,
although the exact mechanism needs to be further
investigated.

Optical properties and photothermal
conversion of Meso-CNs

We investigated the optical absorption and
photothermal conversion of Meso-CNs. Other carbon
materials (SWCNTs and graphene), GNRs with an
absorption peak at 808 nm (GNR808), and GNRs with
an absorption peak at 1120 nm (GNR1120) were used
for comparison. It is notable that the Meso-CNs are
well-dispersed in water without the use of a
surfactant, indicating their hydrophilic surfaces. In
contrast, SWCNTs and graphene are typically
hydrophobic and significant surface modifications (or
surfactants) are required to disperse them in an
aqueous solution. UV-Vis-NIR absorption spectra
show that the Meso-CNs possess a broad absorption
band from the UV to NIR wavelength range (300-1400
nm) (Figure 2A, B). Carbon spheres, porous carbon
spheres, and nanosized carbon dots have been
extensively explored by many groups [60-64].
Typically, these carbon materials exhibit strong UV
absorption and negligible absorption in the NIR
region. The broadband absorption of Meso-CNs is
distinct from previously reported carbon spheres and
nanodots in that they possess intense absorption in
both the NIR-I and NIR-II optical windows. Their
broad and intense NIR absorption makes Meso-CNs a
highly promising PTT agent for cancer therapy. The
absorption coefficients of the Meso-CNs were
determined to be 33.9 L glem™ and 29.1 L g'lem™ at
808 nm and 1120 nm, respectively. The absorption
coefficients of the Meso-CNs and other agents are
presented in Figure S3 and Table S1, which clearly
indicates that the absorption coefficients of the Meso-
CNs are 1.5-2 times higher than those of SWCNTs
and graphene and are comparable to the peak
absorption coefficients of GNR808 and GNR1120. The
superior optical absorption of the Meso-CNs are
promising for PTT and PAI applications in both the
NIR-I and NIR-II optical windows.

To evaluate their photothermal conversion, a

Meso-CN solution was exposed to laser irradiation at
808 nm (1.0 W/cm?, 10 min) and 1120 nm (0.5 W/cm?,
10 min), respectively. A power density of 1.0 W/cm?
is usually used for 808 nm NIR laser-induced heat
conversion [10, 65]. As shown in Figure 2C, the
temperature of the aqueous Meso-CN dispersion
increased by 48 °C after 808 nm laser irradiation. In
contrast, the temperature of pure water increased by
only 9 °C. For 1120 nm laser irradiation, the
temperature of the aqueous Meso-CN dispersion also
increased more rapidly than suspensions of other
materials (Figure 2D). Thus, the Meso-CNs are able to
convert NIR laser energy into heat efficiently owing to
their strong absorption in the NIR region. The
Meso-CNs solution was also exposed to an 808 nm
laser irradation at a power density of 0.5 W/cm? for 10
min. As shown in Figure S4A, the sample solution
upon 808 nm laser irradiation shows a higher rate
regarding the temperature rise than that by 1120 nm
at the same power density. This is mainly due to the
larger absorption coefficient of Meso-CNs at 808 nm
as compare to that at 1120 nm. For pure water sample,
1120 nm laser have a higher photothermal conversion
rate than 808 nm, which may be a disadvantage.
However, the laser irradiation in the NIR-II region has
a deep penetration owing to the reduced scattering
and absorption of biological tissue. Therefore, we
chose both of the two lasers for the following
experiments. The excellent photothermal conversion
ability of Meso-CNs were further confirmed by IR
thermal imaging and photothermal conversion curves
of the Meso-CNs aqueous dispersions. The IR thermal
images and photothermal conversion curves of
Meso-CNs show an obvious concentration-dependent
heating effect of Meso-CNs (Figure 2E, F, Figure S4B,
C). Photothermal response curves of the Meso-CNs by
turning the laser irradiation on and off are shown in
Figure S4D, E. According to a previously reported
method [65, 66], the photothermal conversion
efficiency (7) values of the Meso-CNs at 808 nm and
1120 nm were calculated to be 35.8% and 46.3%,
respectively. These values are comparable to or
slightly higher than those of graphene, SWCNTs and
GNRs under the same experimental conditions. We
examined the photostability of the Meso-CNs, which
were irradiated with 808 nm and 1120 nm lasers for 30
min, respectively. The UV-Vis-NIR absorption and the
particle size distribution of Meso-CNs were measured
before and after laser irradiation (Figure S5). No
significant difference was observed before and after
laser irradiation, indicating the good photostability of
Meso-CNs. The large absorption coefficients and high
photothermal conversion efficiencies of the Meso-CNs
indicate their great potential for PTT and PAI
applications.
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Figure 1. Synthesis and characterization of Meso-CNs and Micro-CNs. (A). Synthesis and application scheme for Meso-CNs as photoacoustic agents and
chemo-photothermal cancer therapy platforms. (B). Typical TEM image of the Meso-CNs. (C). Typical TEM image of Micro-CNs. (D) N2 adsorption—desorption
isotherms of the Meso-CNs and Micro-CNs. (E). XRD patterns of the Meso-CNs and Micro-CNis. (F). XPS spectra of the Meso-CNs. (G). Absorption spectra of
the Meso-CNs and Micro-CNs dispersed in water at a concentration of 30 pug/mL. The inset shows a photograph of Meso-CN and Micro-CN aqueous solutions at

a concentration of 30 yg/mL.

In vitro photothermal therapy of Meso-CNs

The cytotoxicity of the Meso-CNs in MCF7 and
Hela cancer cells was evaluated using standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays. The Meso-CNs did not show
cytotoxicity when the cells were incubated with a high
concentration of 200 pg/mL for 24 h. The viabilities of
the MCF7 and Hela cells were both >90%, suggesting
good biocompatibility with the Meso-CNs (Figure
3A). The in vitro photothermal effect of the Meso-CNs
was then examined by the MTT assay again. The
results demonstrate that the MCF7 and Hela cells
were killed in a concentration-dependent manner
after NIR light-induced PTT with Meso-CNs. Both
types of cells showed remarkably reduced viabilities
when the Meso-CN concentration was as low as 30

pg/mL (Figure 3B). Moreover, cell staining was
performed to confirm the photothermal effect of the
Meso-CNs. The live/dead cells were differentiated by
calcein-AM (live cells, green fluorescence) and
propidium iodide (PI; dead cells, red fluorescence)
co-staining using fluorescence confocal microscopy.
The staining results indicated a dose-dependent PTT
effect after the cells were exposed to both 808 nm and
1120 nm light irradiation. Almost all of the cells were
killed after incubation with a Meso-CN concentration
of 30 pg/mL followed by PTT treatment (Figure 3C,
D). These results indicate that Meso-CNs exhibited
excellent photothermal effects that can be
conveniently adjusted by both NIR-I and NIR-II light
irradiation.
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Figure 2. NIR optical properties and photothermal characterization. (A) UV-Vis—NIR absorption spectra of Meso-CNs and other photothermal contrast
agents (graphene, SWCNTs, GNR808, and GNR1120) dispersed in water at 30 pg/mL. (B). Photograph of Meso-CNs and other contrast photothermal agents
dispersed in water at 30 pg/mL. Photothermal conversion curves of Meso-CNs and other contrast photothermal agents under irradiation with (C) 808 nm (1.0
W/ecm?2) and (D) 1120 nm (0.5 W/cm?) lasers. IR thermal images of pure water and Meso-CN solutions at different concentrations (5, 10, 20, and 30 pg/mL) under
(E) 808 nm laser irradiation at a power density of 1.0 W/cm2and (F) 1120 nm laser irradiation at a power density of 0.5 W/cmz2 for 3 min.

Light and pH controlled drug release

Because of their unique mesoporous structure,
we investigated the drug loading and release
behaviors using Meso-CNs as a drug carrier.
Meso-CNs were mixed with the anticancer drug DOX
and stirred for 24 h at room temperature. Free DOX
molecules were removed by centrifugation and the
drug loading capacity was calculated by the UV-Vis
absorption spectra (Figure S6). The DOX-loaded
Meso-CNs exhibited a characteristic absorption peak
for DOX at 480 nm, indicating successful drug loading
(Figure 4A). As shown in Table S2, the loading
capacity of DOX in Meso-CNs was calculated to be

~35.0 wt% (35 mg DOX per 100 mg Meso-CNs), which
is higher than that of the previously reported
mesoporous carbon-silica nanocapsules (~23.0%) [67].
The DOX release behavior was further examined for
the Meso-CNs in acidic (pH: 5.2) and neutral solutions
(pH: 7.3) with NIR light irradiation. Figure 4B shows
that the release of DOX is very slow in the neutral
condition. However, enhanced DOX release was
observed when the pH of the dispersion media (PBS)
was adjusted to be mildly acidic. The amounts of DOX
released after 24 h were 14% for a pH of 7.3 and 26%
for a pH of 5.2. The pH-dependent drug release
behavior of DOX can be attributed to the weakened
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hydrogen bonds and electrostatic interactions
between DOX and Meso-CNs with decreasing pH [9,
52]. To examine the light-controlled drug release,
DOX-loaded Meso-CNs were dispersed in a PBS
buffer (pH: 5.2, 37 °C) and then exposed to the 808 nm
and 1120 nm lasers (0.5 W/cm?) at different time
intervals. Out results indicate that the release of DOX
from the Meso-CNs can be repeatedly triggered by
both lasers. The amounts released by the two laser
treatment groups were ~32%, which is 1.2 times
higher than for the same conditions without laser
irradiation (26%) and 2.3 times higher than that of the
group at a neutral pH of 7.3 without laser irradiation
(14%) (Table S3). The photo-induced enhancement of
DOX release is likely due to the thermal expansion of
the porous structure of Meso-CNs. The temperature
increase can also reduce the interactions between
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DOX-loaded Meso-CNis for 5 h, washed with PBS, and
then stained with nucleus dye H33258. Confocal
fluorescence imaging showed that DOX molecules
were efficiently released from the Meso-CNs and
entered the nuclei, indicating successful DOX
delivery. The high loading capacity and the pH/light
double-controlled release make Meso-CNs a unique
platform for drug delivery (Figure 4C, D).
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Figure 3. In vitro cytotoxicity and photothermal therapy effect. (A) Relative viabilities of MCF7 and Hela cells after incubation with various concentrations
of Meso-CN's for 24 h. (B). Relative viabilities of MCF7 and Hela cells after incubation with different concentrations of Meso-CNs and subsequent exposure to 650
nm light at a power density of 0.3 W/cm?2 for 30 min. Confocal images of Calcein AM/Pl-stained MCF7 cancer cells after incubation with different concentrations of
Meso-CNs and irradiation with (C) a 808 nm laser at 1.0 W/cm? for 10 min and (D) a 1120 nm laser at 0.5 W/cm?2 for 20 min. Scale bar: 150 pm.
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Photoacoustic imaging of Meso-CNs

Next, we explored the photoacoustic generation
of Meso-CNs in both a phantom and living mice. The
photoacoustic properties of the Meso-CNs and other
contrast agents (graphene, SWCNTs and GNR808)
were investigated under 808 nm laser excitation. At
the same mass concentrations (25 pg/mL) in agar
phantoms, the photoacoustic amplitude of the
Meso-CNs was ~1.2, ~1.6, and ~2.1 times higher than
those of graphene, SWCNTs, and GNRS80S,
respectively (Figure 5A, B). The photoacoustic
generation was further examined after subcutaneous
injections of Matrigel-containing solutions of
Meso-CNs, graphene, SWCNTs, or GNR808 at the
same concentration (50 pg/mL) (Figure 5C). The
mouse injected with Meso-CNs showed much higher
photoacoustic signals than those injected with the
other materials, which is consistent with the results
from the phantom experiment (Figure 5D). Therefore,
the efficient photoacoustic generation by the

Meso-CNs represents a significant advance in
high-sensitivity PAI, with potential clinical diagnostic
applications.

In vivo photothermal therapy

Finally, we performed in vivo PTT with H22
tumor-bearing ICR mice. An H22 tumor model was
developed by subcutaneous injection with H22
hepatoma ascites (120 pL/mouse) into the backside of
each ICR mouse. When the tumor volume reached 120
mm?, the mice were divided into seven groups and
intratumorally injected with PBS, Meso-CNs, or
DOX-loaded Meso-CNs. Several groups of mice were
irradiated with the 808 nm or 1120 nm laser at a
power density of 0.5 W/cm? for 20 min. As shown in
Figure 6A, the local temperature of the tumors
injected with Meso-CNs and DOX-loaded Meso-CNs
rapidly rose to 65 °C, whereas the tumors injected
with PBS showed only a little increase under the same
irradiation conditions. After receiving various
treatments, the tumor sizes and body weights of the
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mice were measured every 2 days. There were no
statistically significant differences in the weight
changes among these groups within 10 days (Figure
6B). However, the tumors in the mice without a light
treatment exhibited apparent growth compared with
the treatment groups. Remarkably, tumor growth in
the mice receiving the DOX-loaded Meso-CNs was
effectively inhibited after NIR laser irradiation as a
result of the combined chemo-photothermal therapy
(Figure 6C). Several tumors in the treatment groups
were completely eradicated (Figure 6D). The mice
were sacrificed on the 10t day, and we collected their
tumors and major organs for histology analyses by
hematoxylin and eosin (H&E) staining. The staining
results of the tumor sections further confirmed that
the cells in the tumors injected with Meso-CNs (or
Meso-CNs+DOX) followed by laser irradiation (both
808 nm and 1120 nm) were damaged significantly,
whereas the tumor cells in control groups largely
retained their normal morphologies with distinctive
membrane and nuclear structures. Furthermore, the
histological assessment confirmed that there was no
damage or inflammation in the major organs of each
group (Figure 6E and Figure S7).
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Conclusions

In conclusion, we demonstrated that the
Meso-CNs prepared by a facile “silica-assisted”
method possess intense broad absorption in the
UV-NIR wavelength region and exhibit excellent
photothermal  conversion and  photoacoustic
generation. The absorption coefficients of Meso-CNs
are 1.5-2 times higher than those of SWCNTs and
graphene in the UV-Vis-NIR wavelength region and
are comparable to those of GNRs in both the NIR-I
and NIR-II optical windows of tissue. Importantly,
DOX was loaded into the Meso-CNs with a high
efficiency owing to the appropriate pore sizes and
large surface area of the Meso-CNs, which could be
utilized for the enhanced killing of cancer cells by
chemotherapeutics. In vivo chemo-photothermal
combination therapy was demonstrated using
DOX-loaded Meso-CNs, achieving a remarkable
tumor growth inhibition effect under NIR laser
treatment. The integrated nanomedicine platform
exhibits great promise as a highly versatile
multimodal theranostic agent against cancers.
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Figure 5. Comparison of the photoacoustic properties of Meso-CNs with graphene, SWCNTSs, and GNR808. (A) Photoacoustic amplitudes of the
photoacoustic reagents based on the same concentration (25 pg/mL) in an agar phantom. (B). Photoacoustic images of the photoacoustic reagents based on the same
concentration (25 pg/mL) in an agar phantom. (C) Photographs of nude mice subcutaneously injected with the photoacoustic reagents. (D) Photoacoustic/ultrasound
co-registered images of the photoacoustic reagents based on the same concentration (25 pg/mL) in vivo. Depth and scale bars: 2 mm.
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Figure 6. In vivo photothermal therapy. (A) IR thermal images of tumor-bearing mice following intratumoral injection of PBS, Meso-CN, or DOX-loaded
Meso-CN solutions under 808 nm or 1120 nm laser irradiation at a power density of 0.5 W/cm? for 15 min. (B) Average body weight of mice after various treatments.
Five mice were used in each group. (C). H22 tumor-growth curves of mice after various treatments. The relative tumor volumes were normalized to their initial sizes.
(D). Photograph of the tumors collected from different groups of mice on the 10t day post treatment. Note that in the laser-treatment groups, some tumors were
completely eliminated after treatment. (E). H&E-stained tumor and major organ tissue slices collected from mice post various treatments. Scale bar: 200 pm.
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500, 600 °C for 2 h with a heating rate of 1 °C/min and
at 800 °C for 5 h with a heating rate of 5 °C/min. 10 %
hydrofluoric acid was mixed with the product and
stirred for 12 h. The Meso-CNs were washed with
water and finally collected by centrifugation.

In a typical synthesis of Micro-CNs, 0.01 mL of
NHiOH (25 wt%) was mixed with 2.82 mL absolute
ethanol solution, 7.04 mL of deionized water, 0.23 g of
CTAB (25 wt% in water) and 0.035 g resorcinol. The
mixture was stirred for 30 min at 35 °C. 0.05 mL of
formaldehyde solution was added to the reaction
solution and stirred for 6 h at 30 °C. After cooling to
room temperature, the mixture was aged at room
temperature overnight without stirring.
Subsequently, the solid product was obtained by
centrifugation and air-dried at 60 °C for 48 h. Then
calcination was carried out in a tubular furnace at 150
°C for 1 h with a heating rate of 5 °C/min under a
nitrogen atmosphere. The temperature was then
raised to 800 °C at 5 °C/min and kept for 2 h.

Characterization of Meso-CNs

The morphology and structure of the Meso-CNs
and Micro-CNs were investigated by TEM (FEI Tecnai
G2 F20 s-twin D573) at 200 kV. SEM characterizations
of Meso-CNs were obtained on a JEOL JSM-6700F
field-emission scanning electron microscope. The
particle size and zeta potential were measured with a
Malvern Nano ZS instrument. The nitrogen
absorption experiments were performed at 77 K on a
Micromeritics Tristar 2420 system with micropore
analysis. XPS were recorded on a ESCALAB250
system using a monochromatic Al KaX-ray source
(1486.6 eV). The XRD measurements were performed
on a Rigaku 2550 diffractometer with Cu Ka radiation
(\ =1.5418 A).

Meso-CNs and Micro-CNs were dispersed in
water at the same concentration and their
UV-Vis-NIR absorption spectra were recorded with a
SHIMADZU UV-2500 spectrophotometer. SWCNTs
and graphene were dispersed in water at different
concentrations using sodium dodecyl sulfate as
surfactant. Meso-CNs, GNR808 and GNR1120 were
dispersed in water at different concentrations without
using surfactant. The UV-Vis-NIR absorption spectra
of the samples were measured with a SHIMADZU
UV-3600 spectrophotometer.

Photothermal conversion measurements

Meso-CN, graphene, SWCNT, GNRS808 and
GNR1120 water solutions (30 pg/mL, 5.0 mL) were
irradiated with a 808 nm laser at a power density of 1
W/cm? for 10 min and a 1120 nm laser at a power
density of 0.5 W/cm? for 10 min, respectively. The
power density of 1 W/cm? is usually used for 808 nm

NIR laser-induced heat conversion. Pure water was
used as a negative control. Stirrers were used to keep
solutions heated evenly. Temperatures were recorded
every 0.5 s by a digital thermometer with a
thermocouple probe. The same operations were done
on different concentrations of Meso-CN solutions (5,
10, 20, 30 pg/mL). Meso-CN, graphene, SWCNT,
GNR808 and GNR1120 water solution at the same
concentration (30 pg/mL, 1.0 mL) were irradiated
with a 808 nm laser for 3 min and a 1120 nm laser at a
power density of 0.5 W/cm? for 3 min, respectively.
Real-time thermal images of those samples were
recorded with an E8 thermal IR camera (FLIR).

In vitro cytotoxicity assay

The Hela and MCEF7 cell lines were used for in
vitro cytotoxicity assay. The cells were seeded into
96-well plates at a density of 0.8x10* cells/well and
incubated for 24 h. Then the cells were incubated with
200 pL fresh DMEM culture medium containing
Meso-CNs at various concentrations (0, 50, 100, 150
and 200 pg/mL) for 24 h, followed by addition of
MTIT (5 mg/mL in PBS solution) and another 3 h
co-incubation. The growth medium was removed,
and 150 pL DMSO was added into each well to
dissolve all formed formazan crystals. The
spectrophotometric absorbance of the assay was
measured using a microplate reader (BioTek
Cytation3, USA) at 490 nm to determine the cell
viabilities.

In vitro photothermal therapy

Standard MTT assay and Calcein AM and PI
co-staining were carried out to determine PTT efficacy
of the Meso-CNs in vitro. Hela and MCF7 cells were
seeded in 96-well plates (0.8x10* cells/well) and
incubated for 24 h. After rinsing with PBS (pH: 7.3),
the Hela and MCF?7 cells were incubated with 200 pL
fresh DMEM culture medium containing Meso-CNs
at various concentrations (0, 10, 30, 50 and 100
pg/mL) for 4 h and then irradiated by a 650 nm red
laser at 0.5 W/cm? power density for 30 min. The laser
spot was adjusted to fully cover the whole area of
each well. The process of MTT assay was then carried
out to determine the viabilities of the cancer cells.

MCEF7 cells were seeded in 8 glass culture dishes
(6104 cells/well) and incubated for 24 h. Then the 8
glass culture dishes were divided into two groups.
After rinsing with PBS (pH: 7.3), each group was
added into 1 mL fresh DMEM culture medium
containing Meso-CNs at various concentrations (0, 10,
20 and 30 pg/mL). After 4 h incubation, one group
was irradiated by a 808 nm laser at 1 W/cm? for 10
min and another group was irradiated by a 1120 nm
laser at 0.5 W/cm? power density for 20 min.
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Afterwards, the treated cells were costained with
Calcein AM and PI for 30 min. The cells were rinsed
again with PBS and then imaged by an Olympus
confocal microscope.

Drug loading and controllable release

DOX (4 mg) and Meso-CNs (4 mg) were
dispersed into H,O. The final volume of the mixture
was 32 mL and the mixture was stirred for 24 h at
room temperature. The free DOX was removed by
centrifuging at 10282 g for 10 min. Then the
supernatant solution was collected and its absorbance
was measured with a UV-2500. The weight of
unloaded DOX was calculated by absorbance using a
standard curve of absorbance at different
concentrations of DOX (Figure S3A, B). The loading
content (LC, w/w%) of DOX was evaluated from the
equation:

LCpox = (DOX loading weight / weight of Meso-CNs)
% 100%.

Meso-CNs+DOX  were collected after
centrifugation and the concentration of Meso-CNs
was adjusted to 1 mg/mL. The total weight of DOX
loaded in Meso-CNs was calculate by LCpox (35.0%).
DOX release was assessed in PBS buffer (pH: 7.2 or
5.2). Briefly, four glass bottles were prepared, 5 mL
PBS (pH: 7.2 or 5.2) was added, and they were loaded
with a dialysis bag containing 043 mL
Meso-CNs+DOX. Samples were maintained at 37 °C
on a sample heater before treatment, then two
samples dispersed in PBS (pH 5.2) were illuminated
by 808 nm or 1120 nm laser with a power density of
0.5 W/cm?2. Meanwhile, samples were exposed, or
not, to NIR laser repeatedly in 2 h intervals. At every
interval, the PBS was replaced and characterized by
measuring the UV-Vis-NIR absorption spectra with a
UV-2500 spectrophotometer. The release percentages
of DOX were calculated by the absorption spectra of
the PBS using a standard curve of absorbance at
different concentrations of DOX. The release
percentages (RP, W/W %) were evaluated from the
equation:

RPpox= (DOX release weight / DOX initial weight)
x100%.

Intracellular drug release

DOX (1 mg) and Meso-CNs (1 mg) were
dispersed into H,O. The final volume of the mixture
was 8 mL and the mixture was stirred for 24 h at room
temperature. The free DOX was removed by
centrifuging at 10282 g for 10 min. Then the
precipitate of Meso-CNs+DOX was collected and we
adjusted the concentration of Meso-CNs to 200

pg/mL.

MCEF7 cells (6x10% cells/well) were seeded in
6-well plates and incubated for 24 h. Then the growth
medium was replaced with Meso-CNs+DOX mixture
(0.5 mL) and 2X DMEM (0.5 mL). After 5 h incubation
at 37 °C, the mixture medium was removed and MCF7
were washed with PBS (pH: 7.2) three times. Hoechst
332588 was diluted to 5 pg/mL with DMEM/F-12 and
added into 6-well plates (1 mL/well). After 0.5 h
incubation, MCF7 were washed with PBS (pH: 7.2)
three times and then imaged by an Olympus confocal
microscope.

Photoacoustic imaging

The photoacoustic tomography (PAT) system
used for our experiment is home-made at the Faculty
of Health Sciences of the University of Macau. For the
phantom experimental test, a square chicken breast
(length: 3 mm; width: 2 mm) was embedded into a 3.5
cm diameter solid cylindrical phantom. The phantom
materials utilized were composed of Intralipid as
scatterer, Meso-CNs and other contrast agents
(Graphene, SWCNTs, GNR808) as absorber. Agar
powder (1-2%) was used for solidifying the Intralipid,
Meso-CNs and other contrast agent solutions. We
then immersed the chicken breast solid phantom into
a water tank. The 808 nm optical wavelength were
used for measurements.

The in vivo tests were performed in compliance
with the Guidelines for the Care and Use of Research
Animals established by the Animal Care and Use
Committee at the University of Macau. 8-week-old
female nude mice were employed for the present
investigation. For imaging, the mice were
anaesthetized and injected with Meso-CNs, graphene,
SWCNTs or GNR808 into their backside. After
adjusting to a suitable position upon the backside of
the mice, we performed cross-sectional PAT of those
mice and then the data was further processed to
generate the images.

In vivo photothermal therapy

The animal experiments were performed strictly
in accordance with the governmental guidelines of the
Ministry of Science and Technology of the PR China
for the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of
Jilin University. ICR mice (5-weeks-old, 20-25 g,
female) were obtained from Liaoning Chang Sheng
Biotechnology Co., Ltd. (Liaoning, China). Three mice
were intraperitoneally injected with hepatoma 22
(H22) to form ascites. Then the ascites (120
pL/mouse) were injected subcutaneously into the
backside of ICR mice to prepare tumor-bearing mice.
When the tumors achieved a surface diameter of 6-7
mm, mice were randomly distributed into seven
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groups named (a) Control, (b) Meso-CNs, (c)
Meso-CNs+NIR (808 nm), (d) Meso-CNs+NIR (1120
nm), (e) Meso-CNs+DOX, (f) Meso-CNs+DOX+laser
(808 nm) and (g) Meso-CNs+DOX+laser (1120 nm)
group.

Mice of all groups were anesthetized and
correspondingly intratumorally injected as follows:
(a) 80 pL PBS; (b), (c) and (d) 80 pL Meso-CNs (0.5
mg/mL); (e), (f) and (g) 80 pL DOX+Meso-CNs (0.5
mg/mL, LCpox= 30%). Group (c) and (f) were
exposed to 808 nm laser at 0.5 W/cm? for 20 min at 3 h
post injection. Group (d) Meso-CNs+laser (1120 nm)
and (g) Meso-CNs+DOX+laser (1120 nm) were
exposed to 1120 nm laser at 0.5 W/cm? for 20 min at 3
h post injection. Thermal IR imager was used to
measure the temperature of the tumor area during the
process of laser irradiation. The tumor size and body
weight of each mouse were monitored every two days
to portray the growth curve post-treatment. The
volumes of tumors were evaluated from the formula:
width?xlength/2. The relative tumor volume was
calculated by normalizing the measured tumor
volume size to their initial values. After 10 days, mice
were sacrificed and the tumors were collected for
further histology analysis. The histopathological tests
were performed according to standard laboratory
procedures.
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