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ABSTRACT: Under evolutionary pressure from chemo-
therapy, cancer cells develop resistance characteristics such
as a low redox state, which eventually leads to treatment
failures. An attractive option for combatting resistance is
producing a high concentration of produced free radicals in
situ. Here, we report the production and use of dispersible
hollow carbon nanospheres (HCSs) as a novel platform for
delivering the drug doxorubicine (DOX) and generating
additional cellular reactive oxygen species using near-infrared
laser irradiation. These irradiated HCSs catalyzed sufficiently
persistent free radicals to produce a large number of heat
shock factor-1 protein homotrimers, thereby suppressing the
activation and function of resistance-related genes. Laser irradiation also promoted the release of DOX from lysosomal DOX@
HCSs into the cytoplasm so that it could enter cell nuclei. As a result, DOX@HCSs reduced the resistance of human breast
cancer cells (MCF-7/ADR) to DOX through the synergy among photothermal effects, increased generation of free radicals, and
chemotherapy with the aid of laser irradiation. HCSs can provide a unique and versatile platform for combatting chemotherapy-
resistant cancer cells. These findings provide new clinical strategies and insights for the treatment of resistant cancers.

■ INTRODUCTION

The development of resistance to chemotherapy and
subsequent treatment failures are serious obstacles in cancer
therapy.1 Once resistance develops, higher doses of available
drugs may be ineffective, resulting in strong toxic side effects.2,3

Oncologists must switch their patients to alternative treatment
regimens or, if alternatives are either unavailable or
unacceptable, offer palliative care. Doxorubicine (DOX) is a
widely accepted drug used to suppress the growth and survival
of human breast cancers; however, under selection pressure,
cancer cells frequently develop DOX resistance by over-
expressing the multidrug resistance gene (MDR-1) or by
encoding an efflux pump protein, P-glycoprotein (Pgp) that
exports the drug and prevents intracellular levels of the DOX
from reaching therapeutic levels.4 Other mechanisms of
resistance are mutations to the pro-apoptosis protein, p53,
which allows such cells to escape apoptosis,5,6 and adaptations
which allow cancer cells to endure the oxidative stress induced
by toxic drugs and maintain redox homeostasis, a low redox
state.7−9 To improve cancer therapy outcomes, strategies must
be developed to correct or combat these adaptations,
particularly oxidation resistance.8

Countermeasures to inhibit these forms of resistance have
included attempting to restore normal endocytosis (to increase
the uptake of anticancer agents),10−12 suppressing the
expression of exporter proteins or weakening their func-
tions,13−16 repressing the expression of antiapoptosis pro-
teins,17,18 suppressing detoxification abilities, and increasing
levels of oxidative stress.19,20 The design of nanomaterials with
the tunable properties21 offers great promise for combatting
resistance. Multifunctional nanocarriers have been shown to
successfully deliver and release drugs,10,22 carry small interfering
RNA (siRNA),15 and increase oxidative stress through extrinsic
physical stimuli.23−26 However, few reports have examined
whether nanocarriers can simultaneously overcome the main
characteristics of DOX-resistant cancer cells by enabling higher
intracellular accumulation of drugs, improving sensitivity to
those drugs, and interfering with redox homeostasis. This
strategy could reduce or eliminate treatment resistance, and
increase the likelihood of long-term treatment success.17
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Previous studies have established that gold nanorods22,27 and
graphene28,29 nanomaterials as efficient drug and gene carriers
for biomedicine. Carbon nanomaterials have attracted much
attention for cancer therapy.28−31 In particular, porous carbons
and hollow carbon nanospheres (HCSs) have higher surface
areas and larger pore volumes than gold nanorods.32−37 As
HCSs feature sp2- and sp3-bonded carbon atoms and many
mesopores on their external and internal surfaces, they have a
great capacity to adsorb and load relatively large amounts of
drugs.38−40 Moreover, carbon nanospheres provide more
biocompatibility compared with tube- and lamella-like nano-
materials, because the latter are at greater risk of rupturing the
membrane structures of cells.41,42 In addition, these sp2 and sp3

carbon nanostructures usually exhibit good catalytic activity43

and can induce the generation of free radicals in the biological
systems.44−47 This potential to upset redox homeostasis and/or
to trigger stress-mediated responses in biological systems44,48,49

may be essential to overcoming chemotherapy resistance.
Although HCSs have many features which should make them

effective carriers for chemotherapeutic agents, there are two
obstacles to their use. First, HCSs prepared using conventional
methods are usually too large to be effectively internalized by
most cancer cells. Second, due to the incidental coalescence
and sintering of all carbon nanostructures during high

temperature annealing, HCSs are very difficult to disperse in
an aqueous solution, making intravenous administration of
drugs associated with HCSs and their circulation in the blood
almost impossible. Thus, although it is still a great technical
challenge, it is highly desirable to produce HCSs having a
uniform size below 100 nm that can also be easily dispersed in
water. Our synthesis meets these criteria, resulting in solvent-
dispersible, discrete, and uniformly sized HCSs suitable for
biomedical applications.
Inspired by the important properties of sp2 and sp3-carbon,

we have designed HCSs with an optimal diameter of ca. 90 nm
as a versatile platform for administering treatments to drug-
resistant cancers that will not only deliver drugs such as DOX
but can increase the intracellular redox state in response to brief
laser irradiation. We had measured the time-dependent changes
of cellular reactive oxygen species (ROS) after mild hyper-
thermia stimulus by a laser and observed a persistent
correlation of increased oxidative stress status with an increased
expression of the HSF-1 gene that combats drug resistance.
Our approach demonstrates novel physical properties for HCSs
and how their synergistic effects can overcome chemoresistance
adaptations in cancer cells. These innovations should improve
the efficacy of cancer treatments and improve the durability of
patient responses to those treatments.

Figure 1. Characterization of hollow carbon nanospheres (HCSs). (a and b) SEM and (c) TEM images, (d) N2 adsorption−desorption isotherms,
(e) zeta potential measurement, (f) FTIR spectrum, (g) Raman spectrum, and (h) DOX loading capacity of HCSs (DOX@HCSs) in water at 30 °C
as determined from the absorption spectrum at 480 nm. (i) FTIR spectra of free DOX, and DOX@HCSs. (j) The fluorescence emission spectra of
60 μg mL−1 DOX, 110 μg mL−1 DOX@HCSs, and 50 μg mL−1 HCSs.
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■ RESULTS AND DISCUSSION

Preparation and Characterization of HCSs and DOX@
HCSs. Discrete HCSs were synthesized by confined nanospace
pyrolysis using polybenzoxazine polymer nanospheres as the
carbon precursor. The scanning electron microscope (SEM)
image in Figure 1a shows that these HCSs were spherical, with
a uniform diameter of 90 nm; the higher resolution image in
Figure 1b shows that they have a rough surface. The
transmission electron microscope (TEM) image (Figure 1c)
confirmed this spherical morphology and indicated a hollow
nanostructure containing a cavity with a diameter of ca. 70 nm
and a carbon shell ca. 10 nm in thickness. This unique
nanostructure, featuring mesopores, a rough surface, and a
hollow cavity, is appropriate for adsorbing and delivering drug
molecules or other active substances.
We evaluated the porosity of these nanocarbons using

nitrogen adsorption- desorption measurements. As shown in
Figure 1d, N2 adsorption−desorption isotherms of HCSs show
a type H2 hysteresis, characteristic of mesopores. The
adsorption isotherm exhibits a slight step at a relative pressure
(P/P0) of 0.14−0.32, corresponding to a pore size of 2.7 nm
(inset in Figure 1d). The HCSs had a BET surface area of 434
m2 g−1 and a total pore volume of 0.62 cm3 g−1. The zeta
potential of HCSs was measured in aqueous solutions at
different pH values. The surface charge of the sample was
shown to switch from positive to negative as the pH increased
from 1 to 13 (Figure 1e). In the pH scale ranging from 6 to 13,
the zeta potential value was >30 mV or < −30 mV, indicating
that these nanoparticles were stably dispersed in an aqueous
solution (Supporting Information Figure S1b and Table S1)
and in physiological media or buffers containing 10% fetal
bovine serum (Supporting Information Table S2). In addition,
the negatively charged carbon surface should be able to adsorb
positively charged DOX molecules with a zeta potential of 21.6
± 0.2 mV through electrostatic interaction.
A Fourier transform infrared spectroscopy (FTIR) was used

to analyze the functional groups present in the HCSs. Broad

peaks at 3430 and 2735 cm−1 (Figure 1f) can be attributed to
the stretching vibration of O−H and C−H, respectively. The
prominent intense contribution at ca. 1618 cm−1 can be
assigned to the CO stretching vibration.28 Together, the
peaks at 1875, 1442, 1376, 1272, 886, and 825 cm−1 indicated
the existence of deformation vibrations of C−H and O−H
bands in HCSs.50,51 These results suggest that the HCSs
possess oxygen-containing groups such as hydroxyl, carboxyl, or
alkoxy, which were introduced by thermal decomposition of the
organic polymer.50,51 These oxygen-containing groups probably
form strong hydrogen bonds with water molecules, thereby
increasing the dispersibility of HCSs in water.
The local graphitic structure of the sample was examined

using Raman spectroscopy. As shown by Raman spectra
(Figure 1g), two most intense features were observed, namely
the G peak at ca. 1585 cm−1 and a band at ca. 1340 cm−1,
historically referred to as the D peak. The G peak arises from
doubly degenerate zone center E2g mode, while zone-boundary
phonons give rise to the D peak in defect-containing graphite.52

By immersing these HCSs in a DOX/DMSO solution, the
effective DOX storage capacity was monitored by UV−vis-NIR
absorption spectrometry at 480 nm (Supporting Information
Figure S2a). The effective capacity of HCSs in DOX loading as
a function of reaction time is shown in Figure 1h. The amount
of DOX loaded in the HCSs was found to be approximately
54.5%. This high capacity was attributed to the large surface
area to pore volume ratio, the formation of cavities, and
electrostatic interactions between the positively charged DOX
molecules and the negatively charged carbon surface of the
HCSs. The graphite plane in HCSs can interact strongly with
the DOX aromatic molecule through π−π stacking, which also
contributes to the high loading capacity.40 As measured by
FTIR spectra, DOX@HCSs exhibited characteristic peaks
between 750 and 1750 cm−1 for DOX (Figure 1i). As shown
in Figure 1j, the fluorescence emission spectra of DOX, DOX@
HCSs, and pure HCSs. Compared with DOX and DOX@
HCSs, adsorption on the carbon surface quenched the

Figure 2. (a) The cellular accumulation of DOX in the formulation of DOX@HCSs. MCF-7/ADR cells are incubated with 12 μg mL−1 DOX and 22
μg mL−1 DOX@HCSs for 6, 12, and 24 h (LysoTracker, green; DOX, red; Hoechst, blue). (b) Intracellular localization of DOX@HCSs after uptake
for 6 h observed by confocal microscope. TEM images of the localization of HCSs (c) before and (d) after NIR irradiation. (e) Changes in the
lysosomal membrane permeation induced by the photothermal effects determined by AO staining. E/L indicates endo/lysosomes. (f) Enhanced
DOX release from intracellular DOX@HCSs induced by the photothermal effects and DOX entry into the nuclei (DOX, red; Hoechst, blue).
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fluorescence of DOX at an equivalent dosage (60 μg mL−1),
also indicative of successful loading of DOX into the HCSs.
Cytotoxicity, Cell Uptake, and Localization of HCSs

and DOX@HCSs. To demonstrate that whether the HCSs
carrying DOX are able to reduce DOX resistance in cancer
cells, we evaluated their effectiveness as follows. We confirmed
the resistance to DOX of cultured human breast cancer cells
(MCF-7/ADR) by treating samples with different DOX
concentrations. The half-inhibitory concentration (IC50) was
defined as the concentration at which a drug reduces cell
viability by 50%. Based on CCK-8 assay, cell viability results
show that MCF-7/ADR cells had a high capacity to tolerate
DOX, with an IC50 which was approximately 24.6 times higher
than that of sensitive human breast cancer cells (MCF-7) after
48 h (Supporting Information Figure S3a,b). HCSs were shown
as a biocompatible nanocarrier with MCF-7/ADR cells and
normal human breast epithelial cells (MCF-10A) (Supporting
Information Figure S3c,f). HCSs induced a low toxicity (less
than 10%) to MCF-7/ADR cells below 10 μg mL−1, while
DOX-loaded HCSs (DOX@HCSs) caused cytotoxicity in a
dose- and time-dependent effect (Supporting Information
Figure S3c,d). We then prepared a mild dose consisting of 10
μg mL−1 HCSs, 12 μg mL−1 DOX, and the equivalent 22 μg
mL−1 DOX@HCSs for use in the following experiments.
MCF-7/ADR cells tend to accumulate DOX to a less degree

compared with sensitive cells due to high expression of the
membrane pump protein Pgp responsible for DOX efflux.
More specifically, MCF-7/ADR cells are capable of internaliz-
ing higher amount of DOX in the form of DOX@HCSs
compared with free DOX alone. Results showed that DOX@
HCSs were internalized in a time-dependent manner and that
DOX accumulation increased by nearly three times after 24 h
(Figure 2a). In the DOX@HCSs drug delivery system, HCSs

were used as nanocarriers to encapsulate DOX, which increased
the amount of internalized DOX by endocytosis and reduced
DOX efflux by Pgp proteins. As shown in Figure 2b, the red
fluorescence indicated DOX and the green fluorescence
indicated the lysosome. The colocalization results show that
after 6 h incubation, the DOX@HCSs or the released DOX
mainly localized in the lysosomes and seldom in the nuclei
(Figure 2b). The TEM results confirmed the localization of
HCSs in the endo/lysosomes after 24 h uptake (Figure 2c, and
Supporting Information Figure S4a,b).
The temperature at which the cancer cells were exposed to

DOX and DOX@HCSs had a noticeable impact on efficacy.
Although the MCF-7/ADR cells exhibited higher accumu-
lations, DOX@HCSs at 37 °C did not decrease cell viability to
a greater degree compared with free DOX did (Supporting
Information Figure S3b,d) due to the low release profile, which
is ca. 20% of DOX alone (Supporting Information Figure
S2e),and therefore,the HCSs had poor capability to overcome
resistance (Supporting Information Figure S3e). However, as
shown by DOX release profile in Supporting Information
Figure S2e at 43 °C, DOX@HCSs displayed a higher level
efficiency of DOX release (ca. 40%), suggesting that photo-
thermal treatment using NIR irradiation may reduce the
survival of resistant cells.

Photothermal Effects of HCSs under NIR Laser
Irradiation. Uniform and discrete HCSs had strong and
wide range of light absorption, from ultraviolet to near-infrared
(Supporting Information Figure S2b); thus, HCSs should
exhibit excellent heat generation under near-infrared irradiation.
When irradiated, HCSs exhibited a power density-dependent
photothermal therapy effect (Supporting Information Figures
S2c) that correlated with the deaths of cells containing HCSs
(Supporting Information Figure S5a,b). On irradiation by a 780

Figure 3. Using laser irradiation and intracellular HCSs to combat DOX resistance. (a) Changes in the viability of MCF-7/ADR cells after treatment
with HCSs and DOX@HCSs in the presence and absence of laser irradiation. (b) Changed sensitivity of HCSs-treated MCF-7/ADR cells to DOX at
48 h after laser irradiation. (c) The effects of laser irradiation on the accumulation of DOX in MCF-7/ADR cells. (d and e) The impact of laser
irradiation and HSF-1 gene inhibitor (Quercetin, QUT) on gene expression related to DOX-resistance at (d) the mRNA level and (e) the protein
level. Asterisk (*) indicates significant differences between the test samples and the control and pound symbol (#) shows significant differences
between test samples and the HCSs together with near-infrared (NIR) laser irradiation (HCSs + NIR) (p < 0.05). (f) The change in the number of
hsf-1 protein homotrimers in the nucleus after laser irradiation.
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nm femtosecond laser, a rapid photothermal conversion
occurred in MCF-7/ADR cells after the uptake of HCSs for
24 h (Supporting Information Figure S2d). When we used a
laser of a medium power density (2.4 W cm−2), the irradiated
cell pellet temperature reached 45 °C, which was not sufficient
to cause acute cell death (10% death ratio). However, heat from
a higher power-density laser-induced small blisters and
ruptured the cell membranes to result in direct cell death.53

As shown by TEM images, most HCSs remained in the endo/
lysosomes or large vesicles after being internalized (Figure 2c,
Supporting Information Figure S4a,b). However, after laser
irradiation, some HCSs did enter the cytoplasm (Figure 2d,
Supporting Information Figure S4c,d), which suggested that
photothermal treatment could change the lysosomal membrane
integrity and allow DOX to reach the cytoplasm. The integrity
of the lysosomal membranes during laser irradiation was
revealed by AO staining as shown in Figure 2e. Results from
staining show that laser irradiation increased the lysosomal
membrane permeation (LMP), while a separate treatment by
laser irradiation or HCSs did not change the LMP because a
fast temperature rise generated vapor cavitation that ruptured
the membrane structure.53,54 An increase in LMP may help the

leakage of DOX@HCSs from lysosomes and allow for easier
DOX entry to the nuclei.
DOX@HCSs were able to gradually release DOX in an acidic

environment like the lysosomes, as shown by the DOX release
profile in artificial lysosomal fluid (Supporting Information
Figure S2f). There was limited DOX diffusion into the nucleus
and therefore limited cell death. After irradiating of the cells,
DOX@HCSs released DOX more quickly than nonirradiated
states did and some of the DOX were able to target the nuclei
after only 3 h, suggesting that the photothermal effects may
combat DOX resistance (Supporting Information Figure S6).
One reason was that DOX release depended on both
temperature and pH. Under laser irradiation, the drug release
rate became much faster because the laser-converted heat
dissociated the strong interactions between DOX and the
carbon matrix. We observed that an acidic environment of pH
4.5 produced a greater effect on DOX release in the
nanospheres compared to a pH 7.0 environment (Supporting
Information Figure S2e,f). Overall, results suggested that
photothermal effects may accelerate the release of DOX from
DOX@HCSs in the lysosomes and then enable the DOX to
enter the nuclei (Figure 2f).

Figure 4. Overcoming DOX resistance by increasing redox status with irradiated HCSs. Changes in the cellular ROS level of MCF-7/ADR cells
under irradiation according to (a) confocal images and (b) flow cytometry. Cells were exposed to 10 μg mL−1 HCSs beforehand and then irradiated
by a 2.4 W cm−2 laser for 8 min. (c) According to flow cytometry, changes in accumulated DOX when laser-irradiated MCF-7/ADR cells were
treated with/without the free radical inhibitor N-acetyl-cysteine (NAC). (d) Impact of intracellular ROS levels on the expression of HSF-1, MDR-1,
and TP53 genes. The asterisk (*) shows significant differences between test samples and the sample under laser irradiation (HCSs + NIR) (p <
0.05); the pound symbol (#) indicates significant differences between test samples and the control. (e) Change in the DOX sensitivity of MCF-7/
ADR cells treated with 55 μM H2O2. Asterisk (*) indicates significant differences between control and test samples. All data were described as mean
value and standard derivation (n = 3).
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Combatting Resistance under Laser Irradiation. After a
24 h uptake of HCSs or DOX@HCSs, MCF-7/ADR cells were
irradiated with a 2.4 W cm−2 NIR laser for 8 min. Cell viability
decreased, while laser irradiation alone caused negligible effects
on viability. In contrast, DOX@HCSs caused a time-dependent
cytotoxicity (Figure 3a) due to greater DOX accumulation
(Figure 2a) and increased DOX release during irradiation
(Figure 2f). Laser irradiation thus reduced the IC50 to 2.5 μg
mL−1 48 h post-NIR irradiation as shown by cell viability result
in Figure 3b and improved the ability of cells to accumulate
DOX (Figure 3c).
As reported previously,55,56 the increased expression of the

HSF-1 gene and the formation of hsf-1 protein homotrimers is
known to suppress the expression of both Pgp protein and the
mutant p53, which allows more DOX to accumulate inside cells
and improves sensitivity to DOX. Therefore, the reduction in
DOX resistance is highly dependent on the activation of the
HSF-1 gene. The effects of laser irradiation on the resistance of
MCF-7/ADR and possible mechanisms are illustrated in
Supporting Information Figure S8. As shown in Supporting
Information Figure S8c, a minimal DOX was observed entering
the nuclei when MCF-7/ADR cells were treated with HCSs
and DOX together. In contrast, 48 h after irradiation, high
amount of DOX was distributed inside the nuclei for these cells.
These results indicated that laser irradiation resulted in greater
DOX accumulation inside the nucleus most likely via an HSF-1
gene-mediated pathway after photothermal stimulus.17 Mean-
while, the expression of resistance-related molecules, such as
HSF-1 gene or its encoding hsf-1 protein, TP53 or the mutated
p53, and MDR-1 or its encoding Pgp was modulated to
decrease the resistance of MCF-7/ADR cells toward DOX
(Figure 3d−f).
We next used quercetin (QUT), an HSF-1 gene inhibitor57

that suppresses the expression of the HSF-1 gene, to treat
MCF-7/ADR cells. After irradiation alone, the intracellular
mRNA levels of HSF-1 were maintained at a low level (Figure
3d), which allowed MCF-7/ADR cells to remain resistant with
high levels of mutant p53 and Pgp (Figure 3e). However, laser
irradiation stimulated the expression of the HSF-1 gene and the
formation of homotrimers of hsf-1 protein that can translocate
to the nuclei, thereby suppressing the resistance pathway
(Figure 3f). When laser irradiation and DOX treatment were
combined, cell viability decreased to ca. 50% at 48 h. But when
QUT was added, cell viability remained at approximately 70%,
similar to behavior observed under laser irradiation alone
(Supporting Information Figure S7b). Laser irradiation did
appear to activate HSF-1 gene expression and thereby will help
combat DOX resistance.
HCSs as ROS Generators To Persistently Combat

Chemoresistance. After laser irradiation, MCF-7/ADR cells
containing HCSs remained in a DOX-sensitive state for 48 h
(Figure 3b). This relatively long period suggested that other
factors might be playing a more prominent role than
anticipated in combatting resistance. We observed that the
free radical levels in MCF-7/ADR cells were significantly lower
compared to that in the DOX-sensitive cells (Supporting
Information Figure S8a,b), indicating that a distinct redox state
likely contributed to DOX resistance. The selective pressure of
toxic therapeutic agents favors the evolution of cancer cells with
mutated genes that support drug resistance including more
powerful cellular systems for scavenging free radicals. The
resistant cells can thus maintain a low redox status, retain
normal metabolic functions, and are more resistant to cell death

following exposure to chemotherapeutic drugs.7,9 Disturbance
of the redox state in resistant cells seems to be an attractive
choice for combatting resistance.
To explore this avenue, we used NIR laser irradiation on the

internalized HCSs to increase the redox state. After laser
irradiation, MCF-7/ADR cells retained a higher ROS level than
the control or HCSs, DOX@HCSs, or laser irradiation-treated
cells (Figure 4a). The increased production of intracellular free
radicals was time-dependent (Figure 4b, Supporting Informa-
tion Figure S8d,e). Light-activated free radical production
depended on time and reached a maximum after 48 h
(Supporting Information Figure S8e), which helped sensitize
MCF-7/ADR cells to DOX via greater accumulation (Figure
3c), and caused translocation of DOX to the nucleus
(Supporting Information Figures S7a and 8c).
To elucidate the major role of ROS in overcoming resistance,

the ROS inhibitor N-acetyl-cysteine (NAC) was used to
illustrate how the redox state changes the nature of the
resistance. Laser irradiation increased the production of cellular
ROS. After treatment with NAC, MCF-7/ADR cells main-
tained a lower ROS level (Supporting Information Figure S8e)
and also remained in a resistant state, as shown by the activity
of resistance-related genes and DOX accumulation (Figure
4c,d). NAC efficiently inhibited changes in the mRNA levels of
HSF-1, MDR-1, and TP53 genes that were induced by an
irradiation stimulus. Moreover, an elevated ROS level produced
by adding H2O2 significantly increased the sensitivity of MCF-
7/ADR cells to DOX (Figure 4e). This meant that the
increased redox state caused by laser irradiation may be
responsible for increased sensitivity of cells to DOX.
To identify the types of free radicals, we used electron spin

resonance (ESR) to study the electron structure and properties
of HCSs in the presence and absence of NIR irradiation. On
the basis of ESR signal intensity and its double integration area,
HCSs had free electrons which can induce free radicals with a
2.0026 G factor; the signal was significantly increased under
several minutes of NIR irradiation (Figure 5a, Supporting
Information Figure S9a,b). NIR irradiation for 8 min increased
the production of free radicals which reached equilibrium at 15
min (Supporting Information Figure S9b). Following irradi-
ation, the production of free radicals largely depended on the
concentration of HCSs and time post-NIR irradiation.
The accumulation of free radicals was monitored by

measuring CP nitroxide (CP·) due to the oxidation of 1-
hydroxy-3-carboxy-2,2,5,5- tetramethylpyrrolidine (CPH).
CPH can be oxidized to CP· radicals, giving a typical ESR
spectrum of three lines with intensity ratios of 1:1:1. NIR
irradiation increased the amount of CP· radicals oxidized by
HCSs in a time- and dose-dependent manner (Figure 5b,
Supporting Information Figure S9c). HCSs can induce higher
level of free radicals under longer irradiation. After irradiation,
the oxidation of CPH to CP· increased with incubation/
reaction time, suggesting that laser irradiation increased the
catalytic properties of the HCSs.
To explore this further, we studied the species of free radicals

induced by HCSs and NIR irradiation. The spin trap 5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPM-
PO) was used to study free electrons in the systems. After
DEPMPO and H2O2 were added to HCSs, the ESR spectra of
DEPMPO/·OH adducts showed that both HCSs and NIR
irradiation catalyzed the production of ·OH radicals (Figure
5c). When Epigallocatechin gallate (EGCG) was added to
interact with ·OH and scavenge it from the systems, no
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DEPMPO/·OH adduct was formed, but the single line
spectrum of the HCSs themselves also exhibited a unique
signalwas still present (Figure 5c). HCSs also catalyzed the
transient production of singlet oxygen (1O2) during NIR
irradiation. We identified the 1O2 based on the emission spectra
of the 1O2 fluorescene probe 1,3-Diphenylisobenzofuran
(DPBF) (Supporting Information Figure S10a−d). After NIR
irradiation of the HCSs, 1O2 was immediately generated with
the amount depending on the irradiation time (Supporting
Information Figure S10e,f). The HCSs were able to catalyze
both 1O2 and ·OH production and induce increased production
of ·OH radicals as a result of changes in their electron transport
properties under laser irradiation. HCSs alone induced a 80%
rise in the cellular ROS level, while HCSs with laser irradiation
resulted in a 250% increase of cellular ROS levels 48 h

postirradiation (Supporting Information Figure S8e) in agree-
ment with our ESR experiments (Figure 5b,c).
To the best of our knowledge, three factors account for the

light-induced free radical generation. First, the surface
structures of carbon play an important role. As shown by
Raman spectra (Figure 1g), HCSs have both sp2- and sp3-
hybridized carbon atoms and the structural characteristics of
graphene endow them with unique electronic and chemical
properties that catalyze the oxidation of small molecules even
under relatively mild conditions.58−60 The dangling electrons in
sp2 and sp3 carbon atoms make these carbon nanomaterials
chemically active, allowing them to catalyze oxidation and
produce ROS such as hydrogen peroxide or hydroxyl
radicals48,49 while also promoting H2O2 to form ·OH in
biological systems.44 Some stress states such as a temperature
increase and H2O2 can trigger ·OH formation due to an
interplay between the components of the electron transfer
chain and sp2, sp3 carbon structures.44,61 Second, laser
irradiation changes the characteristics of HCSs and the local
environment within the cells. Exposure of HCSs to short pulse
laser irradiation not only produces shock photoacoustic
waves,59,62 but also activates carbon-steam chemical reactions
on carbon nanoparticles at high temperature and pressure due
to rapid heating and cooling.63,64 NIR irradiation on the HCSs
also induced the generation of singlet oxygen (1O2) and these
free radicals may improve the HCS catalytic performance. Laser
irradiation probably produced a more active surface on HCSs
that in turn influenced electron transport and increased their
capacity to accept or donate electrons in the cytoplasm or
mitochondria. Third, results demonstrate that laser irradiation
of HCSs can produce photoacoustic forces and vaporization
that rupture the lysosomal membranes and release HCSs into
the cytoplasm. The sp2 and sp3 carbon atoms on HCSs thus
more easily catalyzed the conversion of small molecules in the
cytoplasm to stronger free radicals and trigger persistent ROS.
The particle size and dispersion properties of nanoparticles

are critical to their use in biomedical applications. Generally,
carbon nanoparticles are prepared at high temperatures. Due to
the high surface energy of these nanoparticles and high
temperature sintering effects, these particles are barely
redispersed in solution. This difficulty becomes even greater
as these carbon particles become smaller, for example, below
100 nm. Our synthesis produced solvent-dispersible, discrete,
uniform, and biocompatible HCSs that can be used as drug
carriers in the biomedical fields. The mesopore channels and
hollow void of the HCSs provide excellent drug loading
capacity as compared with other carbonaceous nanocar-
riers.31,65 For biomedical applications, our HCSs exhibit better
dispersion in aqueous solutions than other carbonaceous
nanomaterials, which usually require the use of polyethylene
glycol, surfactants, and macromolecules for good disper-
sion.28−30

Adding to their utility, these HCSs have strong photothermal
transition abilities and can promote the generation of free
radicals under laser irradiation. Use of ROS in combination
with hyperthermia has been reported to sensitize chemo-
therapy,66 but a multifunctional platform that realizes both
modes simultaneously is highly desired for nanomedicine. The
present study has shown that laser-irradiated HCSs can
efficiently sensitize resistant cells to DOX by simultaneously
realizing thermal effects and increasing the redox state in a
time-dependent manner. For HCSs, the initial activation of the
HSF-1 gene expression is due to photothermal stimuli, and its

Figure 5. Production of free radicals by HCSs under NIR laser
irradiation. (a) ESR spectra of 4.5 mg mL−1 HCSs and those under a 5
W power NIR laser irradiation for 8, 15, and 30 min. (b) Time-
dependent accumulation of free radicals based on the oxidation of
HCSs on CPH. ESR signal intensity of CP· with time in the absence
and presence of 40 μg mL−1 HCSs: without irradiation, with laser
irradiation for 8 min, and with laser irradiation for 15 min. (c) ESR
spectra of DEPMPO/·OH adducts in the present of 20 mM DEPMPO
and 5 mM H2O2. (1) control, (2) control with laser irradiation for 5
min, (3) 200 μg mL−1 HCSs, (4) HCSs with laser irradiation for 5
min, and (5) adding 2 mM EGCG in HCSs with laser irradiation for 5
min. The open circle symbol (○) indicates the lines of the
characteristic ESR signal for DEPMPO/·OH. All the spectra are
recorded and averaged from 9 scans.
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continuation is induced by the persistent generation of ROS.
Then, the formation of the hsf-1 protein homotrimer facilitates
the combatting of resistance for a long time. Given these
advantages, the HCSs should be considered as an excellent
platform for combatting chemoresistance in conjunction with
synergistic chemotherapy and laser irradiation stimuli to
produce heat and free radicals.

■ CONCLUSIONS
We have designed and tested a novel platform, HCSs, for
combatting chemoresistance using synergistic chemical therapy
and laser irradiation stimuli to produce heat and free radicals
(Figure 6). These HCSs have a high load capacity, and can

deliver a large amount of a drug into cells. Moreover, laser
irradiation of HCSs can not only induce photothermal effects
but also disrupt the cellular redox state, which releases
persistent free radicals that enhance HSF-1 gene expression
and promote the production of hsf-1 protein homotrimers to
suppress resistance-related pathways. The viability of resistant
cells is reduced because laser excitation of DOX@HCSs not
only releases DOX but also serves as a ROS generator by
triggering the generation of more free radicals. On the basis of
these means of suppressing resistance, the sp2 and sp3 carbon-
based DOX@HCS formulation holds promise in cancer
therapy and should also be explored further as a means to
prevent chemoresistance.
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her scientific editing.

■ REFERENCES
(1) Gottesman, M. M. Annu.Rev. Med. 2002, 53, 615−627.
(2) Buzdar, A. U.; Marcus, C.; Smith, T. L.; Blumenschein, G. R.
Cancer 1985, 55, 2761−2765.
(3) Wong, E.; Giandomenico, C. M. Chem. Rev. 1999, 99, 2451−
2466.
(4) Gottesman, M. M.; Fojo, T.; Bates, S. E. Nat. Rev. Cancer 2002, 2,
48−58.
(5) Brown, J. M.; Wouters, B. G. Cancer Res. 1999, 59, 1391−1399.
(6) Aas, T.; Borresen, A. L.; Geisler, S.; Smith-Sorensen, B.; Johnsen,
H.; Varhaug, J. E.; Akslen, L. A.; Lonning, P. E. Nat. Med. 1996, 2,
811−814.
(7) Åkerfelt, M.; Morimoto, R. I.; Sistonen, L. Nat. Rev. Mol. Cell Biol.
2010, 11, 545−555.
(8) Trachootham, D.; Alexandre, J.; Huang, P. Nat. Rev. Drug
Discovery 2009, 8, 579−591.
(9) Pelicano, H.; Carney, D.; Huang, P. Drug Resist. Update 2004, 7,
97−110.
(10) Wang, F.; Wang, Y. C.; Dou, S.; Xiong, M. H.; Sun, T. M.;
Wang, J. ACS Nano 2011, 5, 3679−3692.
(11) Gao, Y.; Chen, Y.; Ji, X. F.; He, X. Y.; Yin, Q.; Zhang, Z. W.; Shi,
J. L.; Li, Y. P. ACS Nano 2011, 5, 9788−9798.

Figure 6. Combatting the chemotherapeutic resistance of cancer using
hollow carbon nanospheres under NIR laser irradiation. Resistant
cancer cells usually maintain a low redox state to survive in the
presence of toxic DOX. MDR-1 regulates Pgp expression in charge of
DOX efflux, while mutant TP53 encodes mutant p53 protein that
decreases cell sensitivity to drugs. Laser irradiation can not only
produce photothermal effects to promote DOX release and transfer
from lysosomal DOX@HCSs to nuclei, but also activate the HCS
surface to generate persistent free radicals. The increased levels of free
radicals play a crucial role in combatting drug resistance by driving the
formation of hsf-1 protein homotrimers. These homotrimers finally
suppress the expression of the MDR-1 and mutant TP53 genes which
enable the resistance.

Journal of the American Chemical Society Article

DOI: 10.1021/ja511560b
J. Am. Chem. Soc. 2015, 137, 1947−1955

1954

http://pubs.acs.org
mailto:chenchy@nanoctr.cn
mailto:anhuilu@dlut.edu.cn
http://dx.doi.org/10.1021/ja511560b


(12) Liang, X. J.; Meng, H.; Wang, Y. Z.; He, H. Y.; Meng, J.; Lu, J.;
Wang, P. C.; Zhao, Y. L.; Gao, X. Y.; Sun, B. Y.; Chen, C. Y.; Xing, G.
M.; Shen, D. W.; Gottesman, M. M.; Wu, Y.; Yin, J. J.; Jia, L. Proc. Natl.
Acad. Sci. U.S.A. 2010, 107, 7449−7454.
(13) Wang, F. H.; Zhang, D. R.; Zhang, Q.; Chen, Y. X.; Zheng, D.
D.; Hao, L. L.; Duan, C. X.; Jia, L. J.; Liu, G. P.; Liu, Y. Biomaterials
2011, 32, 9444−9456.
(14) Meng, H.; Mai, W. X.; Zhang, H. Y.; Xue, M.; Xia, T.; Lin, S. J.;
Wang, X.; Zhao, Y.; Ji, Z. X.; Zink, J. I.; Nel, A. E. ACS Nano 2013, 7,
994−1005.
(15) Meng, H.; Liong, M.; Xia, T.; Li, Z. X.; Ji, Z. X.; Zink, J. I.; Nel,
A. E. ACS Nano 2010, 4, 4539−4550.
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