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A B S T R A C T

A multifunctional CO/thermo/chemotherapy nanoplatform is here reported, which is composed of mesoporous
carbon nanoparticles (MCN) as near infrared (NIR)-responsive drug carrier, doxorubicin (DOX) as chemother-
apeutic drug and triiron dodecacarbonyl (FeCO) as thermosensitive CO prodrug. The nanoplatform could absorb
near-infrared (NIR) light and convert it into ample heat to trigger CO release and could also release DOX in the
acidic tumor microenvironment. More importantly, the generated CO molecules successfully increase cancer cell
sensitivity to chemotherapeutics by the ferroptosis pathway. Subsequently, under the guidance of photoacoustic
imaging, the FeCO-DOX@MCN nanoplatform demonstrates high treatment efficacies in vitro and in vivo by
combination of chemotherapy, photothermal therapy and gas therapy. This multifunctional platform with ex-
cellent antitumor efficacy has great potential in precision cancer therapy.

1. Introduction

Conventional chemotherapy suffers from the severe limitation of
toxic side effects, and reducing the used dosage of chemotherapeutic
drugs has highly significant implication. Controlled drug release [1],
target delivery [2], and imaging guidance [3] can decrease the dosage
of chemotherapeutic drugs without affecting cancer therapy perfor-
mance. Moreover, the effectiveness of any single therapy in reaching
the ideal therapeutic effect has usually been limited. Therefore, the
development of novel nanomedicines with a capability for combined
therapy in combating cancer is urgently anticipated. Mesoporous
carbon nanoparticles (MCN) have been widely studied as promising
candidate carriers for drug delivery in cancer chemotherapy because of
their good biocompatibility, high drug loading capacity [4], and ex-
cellent photoacoustic imaging performance [5]. More importantly,
MCN have strong absorbance in the near-infrared (NIR) region, high
photothermal conversion efficiency, and low toxicity in vivo [6].
Therefore, it can be anticipated that the combination of chemotherapy
with photothermal therapy based on the MCN platform could enhance
therapeutic efficacy.

Some novel multifunctional therapy strategies involve chemody-
namic therapy (CDT), chemophototherapy (CPT), and nanocatalytic

biomedicine [7–9]. In particular, the development of unique gas-gen-
erating nanoplatforms has recently been proposed for a more efficient
therapeutic effect [10–14]. As an emerging therapeutic modality with a
“green” feature, therapeutic gases such as nitric oxide (NO), carbon
monoxide (CO), and hydrogen sulfide (H2S) have been considered to
induce cancer cell death [15–17]. CO is now well established as a small-
molecule messenger in the human body and shows a delicate balance
between cytoprotective and cytotoxic properties [18]. However, high
local concentration of CO, as from inhalation, can achieve a cytotoxic
effect because they reduce the oxygen-carrying capacity of hemoglobin
(Hb), which is, however, beneficial in the sense that it kills cancer cells
[9]. It has been reported that CO can compel cancer cell apoptosis by
targeting mitochondria to enhance reactive oxygen species (ROS)
generation and mitochondrial collapse [19]. To date, massive efforts
have been devoted to exploring various kinds of CO-releasing systems
that could be triggered by certain stimuli such as pH, heat, H2O2, and
light [20–22]. Based on the fast progress of gas therapy, the develop-
ment of combined therapy for broad biomedical applications has fo-
cused especially on the ability of gas molecules to increase cancer cell
sensitivity to chemotherapeutics. Zheng et al. [23] reported an in-
novative CO-producing photocatalyzed nanomaterial for enhanced
cancer chemotherapy. This research verified that CO could increase
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cancer cell sensitivity to chemotherapeutics 1000-fold while simulta-
neously protecting normal cell growth and viability [11]. However, to
the best of our knowledge, the mechanism of this sensitivity is unclear.
Therefore, understanding the mechanism of carbon monoxide-en-
hanced chemotherapy sensitivity has guiding significance for sub-
sequent research.

Ferroptosis, a new form of regulating cell death, is iron- and reactive
oxygen species (ROS)-dependent and has attracted much attention in
cancer research [24]. To date, some regulation mechanisms and sig-
naling pathways of ferroptosis have been identified, and lipid perox-
idation accumulation and ROS production have been pharmacologi-
cally inhibited by the lipid peroxidation inhibitor ferrostatin-1 [25].
This paper presents the construction of a DOX and hydrophobic iron
carbonyl (FeCO) prodrug co-loaded MCN nanoplatform (FeCO-DOX@
MCN) to realize the combination of chemotherapy, photothermal
therapy and gas therapy. The breast cancer MCF-7 cell line was used as
a model cellular system to evaluate treatment efficacy. The results
showed that the FeCO-DOX@MCN nanomedicine could effectively kill
cancer cells and that the released CO greatly increased cell sensitivity to
chemotherapeutics. In addition, cell viability was significantly im-
proved when the small molecule ferrostatin-1 was added, which was
selected as a typical inhibitor of ferroptosis. Therefore, the conclusion
can be drawn that ferroptosis is an important factor in CO-increased
cancer cell sensitivity to chemotherapeutics. Subsequently, the FeCO-
DOX@MCN nanomedicine was intravenously injected into MCF-7
tumor-bearing mice and guided by photoacoustic (PA) imaging, which
proved efficient intratumoral accumulation of FeCO-DOX@MCN. This
finding highlighted that the FeCO-DOX@MCN nanomedicine demon-
strated high treatment efficacy by combination of chemotherapy,
photothermal therapy and gas therapy. This development will open a
new avenue for designing and developing novel multifunctional mate-
rials for cancer therapy.

2. Materials and methods

2.1. Materials

Phenol, formalin aqueous solution, pluronic F127, di-
chloromethane, trichloromethane, triiron dodecacarbonyl (Fe3(CO)12),
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), and ferrostatin-1 (Fer-1) were purchased
from Sigma-Aldrich Chemical Co. Doxorubicin hydrochloride (DOX)
was obtained from Beijing Maiso Chemical Technology Co., Ltd. Cy 7
was obtained from Beijing Okeanos Co., Ltd. DSPE-PEG-NH2 (5000)
was bought from Pengsheng Biotechnology Co., Ltd. Dulbecco's
Modified Eagle Medium (DMEM/High Glucose 1X) was purchased from
GE Healthcare Life Science (Hyclone™, Pittsburgh, USA). Fetal bovine
serum (FBS) and trypsin-ethylene diamine tetraacetic acid (Trypsin-
EDTA, 0.05%) were purchased from Life Science (Gibco™, Pittsburgh,
USA). A Cell Counting Kit-8 (CCK-8) was purchased from Beyotime
Institute of Biotechnology (Nanjing, China). A calcein AM/propidium
iodide (PI) apoptosis detection kit was purchased from 7Sea
Pharmatech Co., Ltd. (Shanghai, China). DCFH-DA reactive oxygen
species assay kits were bought from Nanjing KeyGen Biotech, Inc.
Ultrapure water was obtained from a Millipore pure water system. All
chemicals were of analytical-reagent grade and used without further
purification.

2.2. Characterization

Transmission electron microscope (TEM) images were taken on a
transmission electron microscope (Tecnai G2 20 TWIN, FEI, USA) op-
erated at an acceleration of 200 kV by dropping the dispersion onto a
carbon-coated copper grid. Dynamic light scattering (DLS) and zeta
potential were measured at 25 °C on a Zetasizer Nano ZS90 analyzer
(Malvern Instruments, Ltd., UK). The Brunauer-Emmett-Teller (BET)

and Barrett-Joyner-Halenda (BJH) methods were used to determine the
surface area, the pore size distribution, and the pore volume. Fourier
transform infrared (FT-IR) spectra were obtained using a Thermo-Fisher
Nicolet 6700 Fourier transform infrared spectrometer with KBr pellets.
Raman spectra were obtained using an XploRA laser Raman spectro-
meter (HORIBA Jobin Yvon, France) with an excitation of 532 nm. The
X-ray diffraction patterns were obtained using a D8 ADVANCE power
diffractometer with Cu Kα1 radiation (1.5405 Å). Confocal laser scan-
ning microscopy (CLSM) images were obtained using a Nikon C2+
laser scanning confocal microscope (Nikon, Japan). Flow cytometry
analysis was performed at 37 °C on a Beckman Coulter Gallios flow
cytometer. Both photoacoustic and ultrasound images were recorded on
a high resolution preclinical PAI system (VevoLAZR, FujiFilm
VisualSonics, Inc., USA) with consecutive excitation of 680–970 nm and
a focal depth of 2 cm. Photothermal effects were tested on an 808-nm
consecutive NIR laser with a spot size of 5 mm × 6 mm (Changchun
New Industries Optoelectronics Technology, Ltd., China). Thermal
images were taken on an infrared thermal-imaging camera thermo-
graphic system with an accuracy of 0.1 °C (InfraTec, VarioCAM™ re-
search, Germany).

2.3. Synthesis of mesoporous carbon nanoparticles (MCN)

Mesoporous carbon nanoparticles were synthesized by the soft
template method previously described [26]. Typically, 0.6 g of phenol,
2.1 mL of formalin aqueous solution (37 wt%) and 15mL of sodium
hydroxide aqueous solution (0.1M) were heated to 70 °C and stirred for
0.5 h to obtain a low molecular weight phenolic solution, followed by
addition of 15mL of aqueous medium containing 0.96 g of pluronic
F127 (Mw=12600). After the mixture was stirred for another 2 h at
66 °C, 50mL of water was added to the solution and continuously re-
acted for 16 h, after which the deposit was observed. The system was
left undisturbed for a while until the deposit was dissolved, after which
18mL of the obtained solution was transferred into an autoclave, di-
luted with 56mL aqueous medium, and heated at 130 °C for 24 h. After
cooling to room temperature, the products were collected by cen-
trifugation, washed with distilled water several times, and dried at
50 °C under vacuum for 8 h. The products were then further carbonized
under an N2 atmosphere with a heating rate of 2 °C min−1 at 700 °C for
3 h. The final samples were denoted as MCN nanoparticles.

2.4. Synthesis of PEG-modified MCN nanoparticles

Typically, MCN nanoparticles were dispersed in 20mL of tri-
chloromethane containing 10mg of DSPE-PEG (5000). After continuous
ultrasound bombardment for 30min, the DSPE-PEG molecules were
modified onto the surface of MCN nanoparticles.

2.5. Synthesis of MCN/PEG-Cy 7

MCN nanoparticles were modified by DSPE-PEG-NH2 with mass
ratio (1:1) in CHCl3 solution and concentrated in vacuo to remove
CHCl3 solution, followed by centrifugation (11000 rpm, 10min) and
washed with deionized water for several times. Subsequently, 5 mg Cy
7, 15mg EDC and 15mg NHS were added into the mixture and stirred
for 24 h. Excess EDC, NHS, and Cy 7 were removed by centrifugation
with distilled water. MCN/PEG-Cy 7 was dispersed in PBS solution and
stored at 4 °C.

2.6. DOX and Fe3(CO)12 loading on MCN nanoparticles (DOX@MCN)

A total of 10 mg of modified MCN were added to 5mL of di-
chloromethane in a 25-mL Schlenk tube containing a magnetic stir bar.
The mixture was degassed by freeze-pump-thaw for three cycles and
then left frozen. Afterwards, 1 mL of trichloromethane solution con-
taining 0.9mg of DOX was added to the above solution under N2 and
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stirred at room temperature for 2 days in the absence of light.
Similarly, 10mg of modified MCN nanoparticles were added to 5mL

of trichloromethane in a 25-mL Schlenk tube containing a magnetic stir
bar. The mixture was degassed by freeze-pump-thaw for three cycles
and then left frozen. Afterwards, 1 mL of trichloromethane solution
containing 0.9mg of DOX and 5mg of Fe3(CO)12 was added to the
solution under N2 and stirred at room temperature for 2 days in the
absence of light.

2.7. Measurement of CO release from FeCO-DOX@MCN nanoparticles by a
skeletal muscle horse myoglobin method and DOX release test

Skeletal muscle horse myoglobin was dissolved completely in
phosphate-buffered saline (PBS; 57 μM, pH=7.4) and then degassed by
adding an excess of sodium dithionite (100mM, 100 μL) under N2 at-
mosphere. FeCO-DOX@MCN nanoparticles were dispersed in PBS,
bubbled with N2 for 5min, and then added to the solution. The reaction
solution was immediately transferred into a UV quartz cuvette. After
808-nm NIR laser irradiation for a period of time, the UV–vis spectrum
of the solution was determined.

To investigate DOX release performance, 10mg of FeCO-DOX@
MCN nanoparticles were suspended in 5mL of PBS with pH 6.0 or pH
7.4 and shaken in the dark. The temperature of the PBS solution was
maintained at 37 °C or 50 °C. After a specified time interval, the sus-
pension was centrifuged, and 20 μL of the liquid supernatant was col-
lected and measured by UV–vis to determine the DOX release amount.

2.8. Measurement of photothermal performance

Typically, FeCO-DOX@MCN nanoparticles were dispersed in water
to achieve concentrations of 6.25, 12.5, 25, 50, and 100 μgmL−1.
Subsequently, 200 μL of FeCO-DOX@MCN suspension were irradiated
by a consecutive 808-nm NIR laser with a spot size of 5mm×6mm for
5min at power densities of 1W cm−2 and 2W cm−2. The distance be-
tween the laser and the FeCO-DOX@MCN suspension was 5 cm. An
infrared thermal imaging camera was used to record the temperature
change, and its accuracy was 0.1 °C. Temperature change was recorded
every 20 s.

2.9. Cell culture

Human breast cancer cell line (MCF-7 cells, tumor cells), human
lung adenocarcinoma cell line (A549 cells, tumor cells), and human
cervical carcinoma cell line (HeLa cells, tumor cells) were purchased
from Shanghai Meixuan Biotechnology Co., Ltd. (China) and cultured in
Dulbecco Minimum Essential Medium (DMEM) supplemented with
10% (v/v) FBS and 1% antibiotics (penicillin/streptomycin, 100 U/
mL). A549 cells were cultured in RPMI-1640 containing 10% (v/v) FBS
and 1% antibiotics (penicillin/streptomycin, 100 U/mL). HeLa cells
were cultured in DMEM containing 10% (v/v) fetal calf serum and 1%
antibiotics (penicillin/streptomycin, 100 U/mL). Cells were incubated
in a 5% CO2 atmosphere at 37 °C.

2.10. In vitro cytotoxicity assay

A cytotoxicity assay of MCN nanoparticles was performed using the
standard Cell Counting Kit-8 (CCK-8) method as previously described
[27]. MCF-7 cells were seeded into a 96-well plate at a density of
5× 104/well. After culturing for 12 h, the culture medium was re-
moved and added to varying concentrations of MCN nanoparticles
(12.5, 25, 50, 100, and 200 μgmL−1) for culturing for another 24 h.
CCK-8 diluted by DMEM was then added to each well for incubation for
1.5 h. Subsequently, the 96-well plates were measured by an enzyme-
linked immunosorbent assay (ELISA) reader (Epoch 2 Microplate
Spectrophotometer, BioTek Instruments, Inc., USA) at an absorbance
value of 450 nm. Cytotoxicity was expressed as the percentage of viable

cells compared with that of untreated control cells.
In addition, the cytotoxicity assay of iron ion and DOX were mea-

sured. After MCF-7 cells were seeded into a 96-well plate for culturing
for 12 h, the culture medium was removed and added to varying con-
centrations of ferric ion/ferrous ion (1.25, 2.5, 5 and 10 μgmL−1) and
DOX (0.79, 1.57, 3.14 and 6.27 μgmL−1) for 24 h. CCK-8 diluted by
DMEM was then added to each well for incubation for 1.5 h and the 96-
well plate was measured by an enzyme-linked immunosorbent assay
(ELISA) reader at an absorbance value of 450 nm. Cytotoxicity was
expressed as the percentage of viable cells compared with that of un-
treated control cells.

2.11. Cell uptake assay

For CLSM imaging, MCF-7 cells were seeded in a 35-mm glass-bot-
tomed dish, cultured for 12 h, and added to FeCO-DOX@MCN nano-
particles (500 μL, 50 μgmL−1). After culturing for 4 h at 37 °C and 4 °C,
the culture medium was removed, and the nanoparticles were washed
three times with PBS. Then, 1mL of methanolic solution of 4′,6-dia-
midino-2-phenylindole (DAPI, 1.5 μgmL−1) was added to the glass-
bottomed dish to stain the nuclei at 37 °C for 15min. Afterwards, the
cells were washed with PBS three times to remove residual nano-
particles and dead cells. Finally, the cells were observed by confocal
laser scanning microscope (CLSM). For flow cytometry analysis, MCF-
7 cells were seeded in a 6-well plate for 12 h and added to FeCO-DOX@
MCN nanoparticles (500 μL, 50 μgmL−1). After culturing for 4 h, the
culture medium was removed, and the nanoparticles were washed three
times with PBS. The cells were then digested by pancreatic enzymes for
3min and analyzed by flow cytometry.

The cell uptake of MCN/PEG-Cy 7 (500 μL, 50 μgmL−1) was mea-
sured by CLSM. MCF-7 cells were seeded in a 35-mm glass-bottomed
dish, cultured for 12 h, and added to MCN/PEG-Cy 7 at 37 °C. Then, the
culture medium was removed, and the nanoparticles were washed three
times with PBS. Afterwards, 1 mL of methanolic solution of 4′,6-dia-
midino-2-phenylindole (DAPI, 1.5 μgmL−1) was added to the glass-
bottomed dish to stain the nuclei at 37 °C for 15min for CLSM mea-
surement. The uptake of free DOX by MCF-7 cells was measured at 37 °C
and 4 °C for study the difference of FeCO-DOX@MCN nanoparticles.

In addition, the Bio-TEM images of MCF-7 cells before and after
endocytosed MCN nanoparticles were captured. For measuring the
distribution of MCN nanoparticles in MCF-7 cells, we collected the cell
suspension and dispersed in glutaraldehyde (2.5%) for 12 h. Then, the
cell suspension was washed by PBS for three times, immobilized by
osmic acid (1%), dehydrated by ethyl alcohol with different mass
fraction and permeated by acetone and EPON812 for 24 h. Afterwards,
the sample was embedded and cutted into slices for dye and electron
microscopy observation.

2.12. Measurement of CO release from FeCO-DOX@MCN nanoparticles in
cells using COP-1

The intracellular CO molecule was detected using a CO probe (COP-
1). COP-1 was synthesized according to Chang's method [28]. The
synthesis proceeded as follows: 1H NMR (400MHz, CDCl3) δ 7.04 (s,
1H), 6.98 (d, J=7.6 Hz, 1H), 6.88 (d, J=7.5 Hz, 1H), 5.98 (s, 2H),
3.98 (s, 2H), 2.85 (s, 6H), 2.55 (s, 6H), 1.47 (s, 6H).

Before COP-1 was added, MCF-7 cells were planted in a glass-bot-
tomed dish and cultured for 12 h 500 μL FeCO-DOX@MCN solution in
DMEM (50 μgmL−1) was then added to each dish. After incubation for
4 h, the MCF-7 cells were irradiated under an 808-nm laser for different
time periods. Afterwards, the medium was removed and replaced with
500 μL fresh medium containing COP-1 (1 μgmL−1). After 10min, cells
were washed twice with PBS to remove residual COP-1 and observed by
CLSM (Ex: 485 nm, Em: 528 nm).
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2.13. In vitro chemotherapy, phototherapy therapy, and gas therapy assay

To investigate the effects of chemotherapy, phototherapy therapy,
and gas therapy in vitro, MCF-7 cells were seeded in 96-well plates at a
density of 5×104 cells per well. After 12 h cultivation, MCN, DOX@
MCN, and FeCO-DOX@MCN suspensions were added to the wells and
co-incubated for another 4 h. Then the MCF-7 cells were irradiated
under an 808-nm laser for 5min. As controls, MCF-7 cells and a free
DOX solution with the same amounts, but without any addition were
used. After cultivation for 12 h, cells were subjected to a viability test
by the CCK-8 assay. For CLSM imaging, cells were cultured in 35-mm
glass-bottomed dishes at a density of 5× 104 cells per dish for 24 h.
MCN, DOX@MCN, and FeCO-DOX@MCN suspensions (500 μL,
50 μgmL−1) were then added to the dishes and co-incubated for an-
other 4 h. Then the MCF-7 cells were irradiated under an 808-nm laser
for 5min. As controls, MCF-7 cells and a free DOX solution with the
same amounts, but without any addition were used. Afterwards, cells
were stained with calcein acetomethoxyl (Calcein-AM, 10mM in PBS)
and propidium iodide (PI, 10mM in PBS) for 15min at 37 °C under 5%
CO2 atmosphere. Green fluorescence and red fluorescence indicated
live cells and dead cells respectively. Fluorescence images of cells were
captured using CLSM. The excitation/emission wavelengths of Calcein-
AM and PI were 499/515 nm and 495/635 nm respectively.

2.14. Measuring the inhibition effect of ferrostatin-1 addition and reactive
oxygen species (ROS) generation

Typically, MCF-7, A549, and HeLa cells were seeded into 96-well
plates at a density of 5×104 cells per well. After 12 h cultivation, MCN,
DOX@MCN, FeCO@DOX, and FeCO-DOX@MCN suspensions were
added to the wells and co-incubated for 3 h. Then ferrostatin-1 (5 μL,
1 μM) added to the FeCO-DOX@MCN group for cultivation for another
1 h. Cells were irradiated under an 808-nm laser for 5min. As controls,
MCF-7, A549, HeLa cells, and a free DOX solution with the same
amounts, but without any addition were used. Afterwards, cells were
subjected to a viability test using the CCK-8 assay.

For ROS measurement, MCF-7, A549, and HeLa cells were seeded
into 35-mm glass-bottomed dishes at a density of 5×104 cells per dish
for 24 h, and a FeCO-DOX@MCN suspension (500 μL, 50 μgmL−1) was
then added to the dishes and co-incubated for another 3 h. Then fer-
rostatin-1 (50 μL, 1 μM) and NaN3 (50mM) were added to FeCO-DOX@
MCN group for cultivating another 1 h. Then the cells were irradiated
under an 808-nm laser for 5min. As controls, cells without any addition
of FeCO-DOX@MCN suspension were used. Afterwards, all cells were
stained with 10×10−6 M DCFH-DA (an ROS probe, Ex: 488 nm, Em:
537 nm). Fluorescence images of cells were captured using a confocal
laser scanning microscope. CLSM images were collected under the same
instrument settings.

Before the flow cytometry measurement, MCF-7, A549, and HeLa
cells were seeded in a 6-well plate for cultivation for 12 h and added to
FeCO-DOX@MCN nanoparticles (500 μL, 50 μgmL−1). After culturing
for 4 h, cells were irradiated under an 808-nm laser for 5min.
Afterwards, all cells were stained with 10×10−6 M DCFH-DA. Finally,
cells were digested by pancreatic enzymes for 3min and analyzed by
Gallios flow cytometry.

2.15. Cystathionine β-synthase (CBS) protein, and glutathion peroxidase 4
(GPX4) protein analysis by western blot

To investigate the CBS protein expression, MCF-7 cells, A549 cells
and HeLa cells were seeded into 6-well plate, cultured for 12 h, and
added to FeCO-DOX@MCN nanoparticles (500 μL, 100 μgmL−1) and
Ferrostatin-1 (Fer-1). After culturing for 4 h, irradiated with an 808 nm
laser (2W cm−2, 5 min) and further cultured for another 1 h the culture
medium was removed, and the nanoparticles were washed three times
with PBS. At the end of incubation, CBS expression in cells was

analyzed by western blot method [29]. Cells were lysed on ice in the
lysis buffer, containing 1% protease inhibitors and phosphatase in-
hibitors (Sangon Biotech, Shanghai). After centrifugation at 12000 rpm
for 10min, supernatants were collected. Protein concentrations in su-
pernatants were determined by BCA method (Bio-Rad, Hercules, CA,
USA). Samples were separated on 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, and transferred to polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After
blocking with skimmed milk in TBST (TBS with 0.1% Tween-20, pH
7.6) for 1 h, membranes were incubated with rabbit anti-CBS antibody
(1:1000, UK) at 4 °C overnight. After washing three times with TBST,
the membranes were further incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Protein brands of interest were
detected by chemiluminescence substrate (Millipore) using Amersham
Image 600 (GE, USA).

In addition, the expression of GPX4 in MCF-7 cells were measured
by the above method. The collected protein were separated on 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis for mea-
suring the expression of GPX4 and transferred to polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After
blocking with skimmed milk in TBST (TBS with 0.1% Tween-20, pH
7.6) for 1 h, the membranes were incubated with rabbit anti-GPX an-
tibody (1:1000, UK) at 4 °C overnight. After washing three times with
TBST, the membranes were further incubated with horseradish perox-
idase-conjugated secondary antibodies for 1 h. Protein brands of in-
terest were detected by chemiluminescence substrate (Millipore) using
Amersham Image 600 (GE, USA).

2.16. Immunofluorescence microscopy

MCF-7 cells were seeded into 6-well plate, cultured for 12 h, and
added to FeCO-DOX@MCN nanoparticles (100 μL, 100 μgmL−1) and
Ferrostatin-1 (Fer-1). After culturing for 4 h, irradiated with an 808 nm
laser (2W cm−2, 5 min) and further cultured for another 1 h the culture
medium was removed, and the nanoparticles were washed three times
with PBS. Then, cells were fixed in 4% (w/v) paraformaldehyde in
phosphate buffer saline (PBS) for 10 min and then permeabilized with
0.25% Triton X-100 in PBS for 10 min. Upon washing with PBS, blocked
with 3% goat serum (Songon Biotech) in PBS for 1 h at room tem-
perature. Subsequently, incubated with rabbit anti-CBS antibody
(1:1000, UK) for 1 h, and then incubated with a secondary antibody
(1:1000, goat anti-rabbit IgG conjugated to Alexa Fluor 488, CST,
Boston, MA, USA) for 45 min. DAPI (40, 6-diamidino-2-phenylindole,
Songon Biotech) and TRITC-conjugated phalloidin (Yeasen, Shanghai,
China) was used to label nuclei and actin filament, respectively. After a
final washing with PBS, a laser scanning confocal microscope (LSCM,
C2+, Nikon, Tokyo, Japan) was applied to capture images.

2.17. Animal model

BALB/c female nude mice (4–6 weeks old) were purchased from
Shanghai BK Laboratory Animal Co., Ltd., China. All animal experi-
ments were conducted in accordance with the “Guide for the Care and
Use of Laboratory Animals” of the Institute of Laboratory Animal
Resources and approved by the ethics committee of Fudan University.
MCF-7 cells were subcutaneously implanted into each nude mouse.

2.18. In vitro and in vivo photoacoustic (PA) imaging

For in vitro PA imaging, different concentrations (0, 6.25, 12.5, 25,
50, and 100 μgmL−1) of FeCO-DOX@MCN nanoparticles were inserted
into polyethylene capillaries and fixed in the PA imaging system. The
maximum absorption wavelength of FeCO-DOX@MCN nanoparticles,
which was measured over the range of 680 nm–970 nm, occurred at
716 nm. Both PA and ultrasound (US) signals were acquired with the
laser wavelength set at 716 nm. For in vivo PA imaging, MCF-7 tumor-
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bearing mice were prepared by subcutaneous injection of 5×106 MCF-
7 cells (100 μL) into the right foreleg of each mouse. After 13 days,
when tumor volume reached approximately 200mm3, a FeCO-DOX@
MCN solution (8mgmL−1, 100 μL) was injected into the mice through
the caudal vein. After anesthetization with 5% isoflurane, tumor-
bearing mice were subjected to PA imaging, and PA signals in the tumor
area were recorded at different time points (0, 1, 2, 4, 6, 8, and 24 h).
The PA signal of the FeCO-DOX@MCN nanoparticles was acquired
using the unmixing spectral modules of the PA imaging system to ex-
clude signals from hemoglobin and oxygenated hemoglobin in vivo.

2.19. In vivo biodistribution and pharmacokinetics of FeCO-DOX@MCN
nanoparticles

Biodistribution and pharmacokinetics of FeCO-DOX@MCN nano-
particles were investigated in MCF-7 tumor-bearing nude mice to
evaluate tumor delivery property. Eight mouse models were randomly
divided into two groups when the tumor volume reached 60mm3 and
intravenously injected with 100 μL of FeCO-DOX@MCN nanoparticles
at a dose of 8mgmL−1. At 2 h or 24 h after injection, four mice from
each group were sacrificed, perfused with saline. Heart, liver, spleen,
lung, kidney and tumor from each mouse were collected and 1mL acid
mixture (V[perchloric acid]: V[hydrochloric acid] = 1: 4) was added into each
sample to dissolve Fe content, the solutions were left at room tem-
perature for 2 days and heated to 60 °C and kept at this temperature for
another 12 h. After carefully filtered through a 0.22 μm membrane
(Millipore, USA), Fe content in each sample were measured using ICP-
AES.

For pharmacokinetics study, eight female BALB/c mice (aged 6–7
weeks) were randomly divided into two groups and intravenously in-
jected with FeCO-DOX@MCN nanoparticles (100 μL, 8mgmL−1). 50 μL
of orbital venous blood from each mouse was collected at different time
points after injection (0.25, 1, 2, 4, 6, 8, 12, 24 h). All the blood samples
were dissolved in 950 μL of PBS solution and 0.5 mL acid mixture, and
then centrifuged 12000 rpm for 10min. After carefully filtered through
a 0.22 μm membrane (Millipore, USA), Fe content in each sample were
measured using ICP-AES.

2.20. In vivo chemotherapy, thermal therapy, and gas therapy

The tumor model was developed as described above, When the tu-
mors had grown to 60mm3, the nude mice were randomly separated
into five groups (n= 5 for each group) for various treatments: PBS
solution as a control, free DOX without laser irradiation, MCN with
laser irradiation, DOX@MCN with laser irradiation, and FeCO-DOX@
MCN with laser irradiation. The doses of DOX that were injected into
each tumor-bearing mouse were 3.2 mg kg−1 body weight. The doses of
MCN, DOX@MCN, and FeCO-DOX@MCN were 40mg kg−1 body
weight. The MCF-7 tumor-bearing mice were irradiated by an 808-nm
laser (2.0W cm−2) for 10min at 2 h post-injection of nanoparticles, and
the temperature of each tumor region was recorded using an infrared
camera. After the treatment, the tumor volumes and body weights of
the mice were measured every other day. The volume was calculated as
V= a2×b/2 (where a and b represent the maximum and minimum
diameter of the tumors respectively). When the tumor volume reached
close to 1500mm3 on the 16th day, the mice were dissected and their
tumors and major organs, including heart, liver, spleen, lungs, and
kidneys, were harvested, fixed with 4% paraformaldehyde, sectioned
into slices, and stained with hematoxylin and eosin (H&E) for histolo-
gical analysis.

In addition, the in vivo anticancer efficacy and ROS generation of
before and after adding Fer-1 were also measured. The tumor model
was developed as described above, when the tumors had grown to
60mm3, the nude mice were randomly separated into three groups
(n = 5 for each group) for various treatments: PBS solution as a control,
FeCO-DOX@MCN with laser irradiation and FeCO-DOX@MCN + Fer-1
with laser irradiation. The doses of FeCO-DOX@MCN and Fer-1 that
were injected into each tumor-bearing mouse were 40 mg kg−1 body
weight.

For ROS detection, the tumor-bearing mice were treatmented by
nanoparticles and NIR laser and then tumors were removed. The re-
moved tumors were dispersed in liquid nitrogen for 10 s and transferred
to dry ice for preparing the frozen tissue sections. Tumors were stained
with dihydroethidium (DHE, an ROS probe, Ex: 510–560 nm, Em:
590 nm) and 4′,6-diamidino-2-phenylindole (DAPI, a nuclear staining
reagent, Ex: 330–380, Em: 420 nm). Fluorescence images of tumors

Scheme 1. Schematic illustration of multifunctional nanoplatform for photoacoustic imaging-guided combined therapy enhanced by CO induced ferroptosis. (A)
Preparation process of FeCO-DOX@MCN nanoparticles. (B) Mechanism for controlled drug release and combined therapy.
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were captured using fluorescence microscope (Nikon Eclipse Ti-SR,
Japan).

3. Results and discussion

3.1. Fabrication and characterization of FeCO-DOX@MCN

The fabrication of FeCO-DOX@MCN nanoparticles is illustrated in
Scheme 1. First, MCN nanoparticles were synthesized by a soft template
method [26]. Fe3(CO)12 (FeCO), and DOX were then co-loaded into the
mesoporous channel of the MCN nanoparticles. Fig. 1A and B showed
that the monodisperse mesoporous polymer nanoparticles (MPN) and
MCN nanoparticles had the same uniform size of 120 nm in diameter,
which indicated that the particles size did not change after carbonation.
Raman spectroscopy was used to provide information on the disordered
and defective structure of the as-synthesized samples [30]. Two strong
peaks centered at 1350 cm−1 and 1590 cm−1 were observed on the
MCN nanoparticles, which corresponded to the D and G bands respec-
tively (Fig. S1, Supplementary Data). Dynamic light scattering (DLS)
measurements indicated that the average particle size of the PEG-
modified MCN nanoparticles (198 ± 10 nm) was a little bigger than
that of the MCN nanoparticles (188 ± 10 nm) (Fig. 1C). As further
confirmation of this chemical modification, the zeta potentials of me-
soporous polymer nanoparticles (MPN), MCN, and PEG-modified MCN
showed that the potential of the PEG-modified MCN was close to zero,
which suggested successful modification (Fig. S4, Supplementary Data).
In addition, the DLS particle size of MCN nanoparticles (we named the
PEG modified MCN nanoparticles as MCN nanoparticles for con-
venience in this papaer) dispersed in fetal calf serum (FBS) and culture
medium Dulbecco Minimum Essential Medium (DMEM) showed an
insignificant change compared with MCN nanoparticles dispersed in
aqueous medium, indicating the good stability of MCN nanoparticles in
different medium (Fig. S2, Supplementary Data). N2 adsorption-deso-
rption isotherms and the corresponding pore-size distributions of the
nanoparticles showed in Fig. 1D and E. The mesoporous structure of
MCN and FeCO-DOX@MCN nanoparticles were measured by the type
IV isotherm and the corresponding pore size distributions, which
showed that the surface area and pore volumes were decreased from
758m2 g−1 and 0.298 cm³g−1 to 34m2 g−1 and 0.078 cm³ g−1,

respectively. Therefore, Fe3CO12 and DOX were loaded in the meso-
porous channels of MCN nanoparticles. MCN nanoparticles were mod-
ified by DSPE-PEG (5000), which endowed MCN nanoparticles hydro-
phily. The hydrogen bond between modified MCN nanoparticles and
DOX could promote DOX loading into the mesoporous channels. To
obtain further verification of Fe3CO12 loading in MCN, FT-IR absor-
bance spectra were generated and are shown in Fig. 1F. After Fe3CO12

loading, the spectrum of the FeCO-DOX@MCN nanoparticles exhibited
new bands in the 2100–1900 cm−1 region, in the same area as the
absorption peak corresponding to CO. Compared to MCN, the results
indicated the presence of Fe3CO12 in FeCO-DOX@MCN nanoparticles.
The loading capacities of DOX and Fe3(CO)12 in FeCO-DOX@MCN na-
noparticles were calculated as 8.5% and 3.3% respectively [19].

3.2. Photothermal effect of FeCO-DOX@MCN

Use of nanomaterials with high NIR absorption and photothermal
effects is highly desirable. The photothermal effect of FeCO-DOX@MCN
nanomedicine was investigated using an 808-nm NIR laser at con-
centrations ranging from 0 to 100 μgmL−1 (Fig. 2A and B). The tem-
perature of pure water increased minimally during the 5-min irradia-
tion. In contrast, the temperatures of the FeCO-DOX@MCN suspensions
(100 μgmL−1) gradually increased to 57 °C and 79 °C under an NIR
laser with a power density of 1W cm−2 and 2W cm−2 respectively.
Moreover, the temperature gradually increased with increasing FeCO-
DOX@MCN concentration at the same NIR laser power intensity. To
calculate the photothermal conversion efficiency (η), the photothermal
performance of the FeCO-DOX@MCN nanoparticles under an 808-nm
laser with a power intensity of 1W cm−2 was measured (Fig. 2C). Si-
multaneously, the UV–vis spectrum of FeCO-DOX@MCN nanoparticles
at a concentration of 25 μgmL−1 (Fig. 2D) and the heat-transfer time
constant calculated from the cooling period (Fig. S5, Supplementary
Data.) were measured. Finally, the η value of the FeCO-DOX@MCN
nanoparticles was calculated as 46.3% according to the formula de-
scribed by Roper et al. [31]. Therefore, the superior photothermal
performance of FeCO-DOX@MCN nanoparticles might be due to this
strong photothermal conversion ability, which can rapidly convert NIR
optical energy into heat during irradiation.

Fig. 1. TEM images of MPN (A), MCN (B); DLS diameters of MPN, MCN, and modified MCN (C); Nitrogen adsorption-desorption isotherms of MCN and FeCO-DOX@
MCN (D) and the corresponding pore size distributions (E); FT-IR spectra of DOX, MCN, DOX@MCN, Fe3CO12, and FeCO-DOX@MCN (F).
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3.3. Controlled drug release and detection of CO

To evaluate drug release behavior, the FeCO-DOX@MCN nano-
particles were dispersed in the release medium (pH 7.4 or 6.0) at 37 °C
and 50 °C respectively. Fig. 3D showed cumulative DOX release from
the FeCO-DOX@MCN nanoparticles under different conditions. Ob-
viously, the FeCO-DOX@MCN nanoparticles exhibited pH-dependent
drug release behavior. Within the 10 h, about 35% of the DOX was
released from FeCO-DOX@MCN nanoparticles in the pH 7.4 medium,
but many more DOX molecules (70%) were released in the pH 6.0
medium. On the other hand, the DOX release rate at 50 °C was much

faster than at 37 °C in both the pH 6.0 and 7.4 media, which could be
attributed to decreased intermolecular force.

The CO release behavior was investigated by a typical myoglobin
(Mb) method [32]. After irradiation at different NIR laser power den-
sities, the intensity of the myoglobin band at 430 nm decreased, but
that of the other band at 410 nm increased, indicating CO binding to the
iron center in Mb and Mb transforming into MbCO (Fig. S6,
Supplementary Data) [33]. To calculate the CO release amount, FeCO@
MCN nanoparticles were investigated under the 808-nm NIR laser
(Fig. 3A). The CO release by FeCO@MCN nanoparticles increased at
higher NIR power densities, whereas FeCO@MCN nanoparticles

Fig. 2. Photothermal performance of FeCO-
DOX@MCN dispersion at different con-
centrations evaluated by 808-nm laser irra-
diation: (A) 1W cm−2, (B) 2W cm−2; (C)
Photothermal performance of FeCO-DOX@
MCN dispersion at a concentration of
25 μgmL−1 under NIR irradiation by an
808-nm laser at a power intensity of
1W cm−2 for various periods, with the laser
cut off when the temperature became stable,
and (D) UV–vis spectrum of FeCO-DOX@
MCN dispersion at a concentration of
25 μgmL−1.

Fig. 3. (A) Cumulative CO release from FeCO@MCN and Fe3(CO)12 after exposure to 808-nm laser irradiation with different power densities; CLSM images of MCF-
7 cells after endocytosis of FeCO-DOX@MCN nanoparticles stained with COP-1 (B) and the intensity of fluorescence (C). The scale bar is 30 μm; (D) Cumulative DOX
release from FeCO-DOX@MCN nanoparticles under different pH conditions; CLSM (E) and flow cytometry analyses (F) of FeCO-DOX@MCN nanoparticles after
uptake by MCF-7 cells. The scale bar corresponds to 30 μm.
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showed no CO release without NIR irradiation and pure Fe3CO12

showed only slight CO release under NIR irradiation at a power density
of 2W cm−2. This suggested that MCN played a key role in NIR-re-
sponsive CO release and that the amount released increased with higher
NIR power density.

After verifying the CO-generation capability of FeCO@MCN nano-
particles, it was necessary to explore their intracellular CO-producing
ability. A fluorescent CO probe (COP-1) was synthesized according to
the method proposed by Chang [28]. As shown in Fig. 3B and C, the
green fluorescence intensity of the FeCO-DOX@MCN group was re-
markably enhanced under irradiation by an 808-nm laser at longer ir-
radiation time, whereas the control group in the absence of laser irra-
diation exhibited only minor fluorescence. This suggested that CO was
released from FeCO-DOX@MCN nanoparticles under NIR laser irra-
diation in cells.

3.4. In-vitro cytotoxicity and cell uptake of FeCO-DOX@MCN

The cytotoxicity of MCN nanoparticles to MCF-7 cells was assessed
using a Cell Counting Kit-8 (CCK-8) assay [27]. Cell viability was found
to be almost equal to that of control even at a concentration of
200 μgmL−1 for the MCN nanoparticles in this study, indicating no
cytotoxicity for MCN nanoparticles (Fig. S7, Supplementary Data). To
verify that MCN nanoparticles could be phagocytosed by MCF-7 cells, a
cellular uptake experiment was carried out by incubating MCF-7 cells
with FeCO-DOX@MCN nanoparticles at 37 °C. As shown in Fig. 3E and
F, a red fluorescence signal from the DOX molecules within the FeCO-
DOX@MCN nanoparticles could be observed after uptaked at 37 °C, and
the red fluorescence intensity was enhanced at extended incubation
durations, suggesting that FeCO-DOX@MCN could efficiently enter
MCF-7 cells. Meanwhile, the confocal pictures of MCF-7 cells after en-
docytosis of FeCO-DOX@MCN nanoparticles at 4 °C in both low and
high magnification were captured (Fig. S11, supplementary data). The
CLSM results of FeCO-DOX@MCN nanoparticles at 4 °C also showed
that the endocytosis amount of FeCO-DOX@MCN nanoparticles in-
creased with time prolong to 4 h. Therefore, FeCO-DOX@MCN nano-
particles could be internalized in cancer cells and the endocytosis
amount increased with time at extended incubation durations.

In addition, for further confirm the phagocytosis, DSPE-PEG-NH2

was used to modify the surface of MCN nanoparticles and then modified
with Cy 7 dye to construct MCN/PEG-Cy 7 for the cellular uptake be-
havior by CLSM. The red fluorescence of nanoparticles from Cy 7 dye
reach much brighter with time prolong to 4 h (Fig. S12, supplementary
data), indicating the cellular uptake of nanoparticles, which also in-
dicated that MCN nanoparticles could be phagocytosed by MCF-7 cells.
Afterwards, the Bio-TEM images of MCF-7 cells and MCF-7 cells in-
cubated with MCN nanoparticles for 4 h were measured. MCN nano-
particles were clearly visible in lysosome as labeled by red arrow (Fig.
S10, supplementary data). There were no nanoparticles in raw MCF-
7 cells. Therefore, we can conclude that MCN nanoparticles could be
phagocytosed by MCF-7 cells.

3.5. In vitro photothermal therapy efficacy of FeCO-DOX@MCN

It is well-known that CO can protect normal cells from apoptosis and
meanwhile promote cancer cell apoptosis in regulating physiological
processes [35]. In this study, chemotherapy, photothermal therapy, and
gas therapy with FeCO-DOX@MCN nanoparticles were further in-
vestigated using MCF-7 cells as a model cell line. Fig. 4A showed the
cell viability of MCF-7 cells after different treatment under NIR irra-
diation. Free DOX could kill cancer cells, and only 50% cell viability
was obtained after treatment at a concentration of 6.27 μgmL−1.
Moreover, cell viability was decreased significantly by photothermal
therapy with the MCN nanoparticles against cancer cells. When DOX@
MCN nanoparticles were added to MCF-7 cells under NIR irradiation at
a power density of 1W cm−2, cell viability decreased to 30%, which

was lower than with the free DOX and MCN groups. Although most cells
underwent apoptosis under the synergy of chemotherapy and photo-
thermal therapy, cell viability further decreased to 14% when cells
were treated with chemotherapy, phototherapy, and gas therapy. In
addition, cell viability was further decreased when the NIR power
density was increased to 2W cm−2 (Fig. 4B). Meanwhile, confocal
fluorescence imaging of calcein acetoxymethyl ester (calcein-AM) and
propodium (PI) co-stained with MCF-7 cells also revealed the combined
therapeutic efficacy of FeCO-DOX@MCN nanoparticles (Fig. 4C).
Therefore, it could be concluded that the FeCO-DOX@MCN nano-
particles as a multifunctional platform could achieve good combined
therapeutic efficiency by integrating chemotherapy, photothermal
therapy, and gas therapy.

In addition, ferrostatin-1 (Fer-1) as an inhibitor of ferroptosis was
used to study the relations between the enhanced therapy and ferrop-
tosis. Fig. 4D, E and F showed cell viability of MCF-7, A549, and HeLa
cells after different treatments. The viability of MCF-7 and A549 cells
dramatically increased when Fer-1 was added to the FeCO-DOX@MCN
group, but there was no obvious cell viability change when adding Fer-
1 to HeLa cells. The increased viability might be attributed to the
overexpression of CBS in MCF-7 cells, resulting in greatly decreased
ROS [34,35]. For rule out the enhancement of iron ion to ferroptosis,
the cell viability of MCF-7 cells after 24 h incubation with iron ion and
DOX were also measured. The cell viability showed no obvious differ-
ence to free DOX group whether iron ion or ferric ion was added to DOX
group, which confirmed that the iron ion has no enhancement (Fig. S9,
supplementary data).

CO can sensitize breast cancer cells to doxorubicin by inhibiting the
activity of cystathionine β-synthase (CBS), which is an enzyme that can
promote elevated GSH/GSSG to alter redox homeostasis [35,36]. In
other words, the redox homeostasis caused by CO reduces antioxidant
capacity and promotes ROS in cancer cells. Ferroptosis, a form of reg-
ulating cell death, is iron- and ROS-dependent [37]. The term ferrop-
tosis was coined to describe the form of cell death induced by the small
molecule erastin, which inhibits the import of cystine, leading to GSH
depletion and inactivation of the phospholipid peroxidase glutathione
peroxidase 4 (GPX4) [38,39]. Consequently, we speculated that the way
that CO increases cancer cell sensitivity could result from ferroptosis.
Afterwards, the small molecule Fer-1 was used as a typical inhibitor of
ferroptosis in cancer cells to study whether the carbon monoxide-in-
creased cancer cell sensitivity to chemotherapy was related to ferrop-
tosis [40].

To elucidate the mechanism of CO, we first measured the CBS ex-
pression in MCF-7, A549 and HeLa cells by means of the western blot.
As shown in Fig. 5A and B, the CBS expression of FeCO-DOX@
MCN + Laser group showed lower levels compared with the control
group and FeCO-DOX@MCN group. But added Fer-1 in FeCO-DOX@
MCN + Laser group, the CBS expression was significantly higher. The
CBS expression in A549 cells of FeCO-DOX@MCN + Laser group (Fig.
S15A and S15C, supplementary data) also showed lower levels com-
pared with the control group and FeCO-DOX@MCN group. After adding
Fer-1 in FeCO-DOX@MCN + Laser group, the CBS expression slightly
increased, which is similar to MCF-7 cells. The inhibitory effect of CBS
protein expression in A549 cells was not as obvious as in MCF-7 cells,
which may be the reason of the cell viability in MCF-7 cells dramati-
cally increased when Fer-1 was added to the FeCO-DOX@MCN group
than in A549 cells. The CBS expression in HeLa cells was no significant
change in the different groups (Fig. S15B and S15C, supplementary
data). The adding of Fer-1 could not increase the CBS protein expres-
sion and the cell viability in HeLa cells. Therefore, CO could inhibit CBS
expression to enhance the effect of ferroptosis and the inhibitory effect
was much obvious in MCF-7 cells. Afterwards, the immunofluorescence
results in MCF-7 cells showed in Fig. 5C. Cell nucleus was stained by
DAPI (blue color), actin filament was stained by phalloidin (red color)
and CBS protein was stained by anti-CBS antibody (green color). The
CBS expression was lower in FeCO-DOX@MCN + Laser group
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compared with FeCO-DOX@MCN group and higher in FeCO-DOX@
MCN + Laser + Fer-1 group than in FeCO-DOX@MCN + Laser group.
Consequently, CO could inhibit CBS expression to enhance the effect of
ferroptosis.

Ferroptosis is driven by certain inducers that can directly or in-
directly deactivate glutathione peroxidase 4 (GPX4), the lipid repair
enzyme, to block cellular antioxidant defense [41]. Therefore, the
western blot of the GPX4 protein expression in MCF-7 cells was

Fig. 4. Cell viability of the MCF-7 cells after 8 h incubation with free DOX, MCN, and DOX@MCN and FeCO-DOX@MCN suspensions with 5min NIR irradiation, and
then culture in fresh DMEM culture medium for another 12 h: (A) 1W cm−2, (B) 2W cm−2; (C) CLSM images of MCF-7 cells stained with calcein-AM and PI after
incubation with 100 μgmL−1 FeCO-DOX@MCN nanoparticles for 4 h and NIR laser irradiation (808 nm, 2.0W cm−2, 5 min), The scale bar corresponds to 100 μm;
Cell viability of MCF-7 (C), A549 (D), and HeLa (E) cells after 8 h incubation with free DOX, MCN, DOX@MCN, FeCO-DOX@MCN, and FeCO-DOX@MCN + Fer-1
suspensions upon 5 min NIR irradiation.
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measured. The FeCO-DOX@MCN + Laser group down-regulated the
GPX4 level compared with the control group and FeCO-DOX@MCN
group (Fig. S16, supplementary data). However, this decline was
slightly reversed once the ferroptosis inhibitor of Fer-1 was added,
suggesting the carbon monoxide-increased cancer cell sensitivity to
chemotherapy was related to ferroptosis.

Afterwards, intracellular ROS production by FeCO-DOX@MCN na-
noparticles was measured using 2‘,7‘-dichlorofluorescein diacetate
(DCFH-DA) as a fluorescent indicator [42]. As shown in Fig. 6A, the
green fluorescence was observed by CLSM in MCF-7, A549, and HeLa
cells when added to FeCO-DOX@MCN nanoparticles under NIR irra-
diation, whereas no significant green fluorescence was observed in the

control or in the FeCO-DOX@MCN nanoparticles without NIR irradia-
tion. Note that the green fluorescence weakened when Fer-1 was added
to MCF-7 and slightly weakened in A549 cells, but was minimally
weakened in HeLa cells. For further confirm the ROS production, the
CLSM images when FeCO-DOX@MCN nanoparticles and NaN3 as the
ROS scavenger were endocytosed by MCF-7, A549, and HeLa cells were
captured. The green fluorescence disappeared in all three cells after
adding the ROS scavenger, which could demonstrate the presence of
ROS in reverse side in this system (Fig. S14, supplementary data).
Moreover, the fluorescent intensity was consistent with the results of
CLSM using flow cytometry (Fig. 6B, C and D), which could indicate the
intracellular ROS production by FeCO-DOX@MCN nanoparticles in

Fig. 5. Western blot for the detection of CBS protein expression, β-actin was a loading control (A) and the corresponding intensity of the expression of CBS protein
(B); (C) CLSM images of MCF-7 cells stained with DAPI (blue color), phalloidin (red color) and anti-rabbit IgG (green color). The scale bar corresponds to 10 μm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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MCF-7 cells.
The lone distinctive morphological feature of erastin, the typical

drug of ferroptosis, treated cells involved mitochondria that appeared
smaller than normal with increased membrane density [40]. Using
transmission electron microscopy, we observed that the morphological
feature of MCF-7 cells after different treatment. The mitochondria of
MCF-7 cells treated with FeCO-DOX@MCN nanoparticles under NIR
under 808 NIR irradiation was smaller with increased membrane den-
sity than free MCF-7 cells. Whereas Fer-1 was added, the morphologic
change of mitochondria disappeared (Fig. S13, supplementary data),
which was consistent with ferroptosis. Therefore, ferroptosis was one
possible pathway by which CO could increase cancer cell sensitivity to
chemotherapeutics in MCF-7.

3.6. In vivo photoacoustic imaging and tumor accumulation of FeCO-
DOX@MCN

Due to their strong NIR absorption, carbon nanomaterials have been
extensively used as contrast agents in photoacoustic imaging (PA) [43],
which can provide the local nanoparticle distribution in the tumor re-
gion. The PA signal of FeCO-DOX@MCN nanoparticles exhibited a
linearity enhancement in vitro with increasing concentrations, which
illustrated the excellent PA property of FeCO-DOX@MCN nanoparticles
(Fig. S17, Supplementary Data). With the help of PA imaging, FeCO-
DOX@MCN suspensions (100 μL, 8mgmL−1) were intravenously in-
jected into MCF-7 tumor-bearing mice, and PA signals in the tumor area
were recorded at different time points (0, 1, 2, 4, 6, and 24 h). As shown
in Fig. 7A and C, the PA signal increased gradually within the first 2 h
post-injection at the tumor site from both PA images and ultrasound
images and then decreased, which indicated that the maximum nano-
particle enrichment in the tumor region was achieved approximately
2 h post-injection. The PA images of the MCN suspensions (100 μL,
8mgmL−1) at different time points (0, 1, 2, 4, 6, and 24 h) were also

measured (Figs. S18 and S19, Supplementary Data) and were consistent
with the case of FeCO-DOX@MCN nanoparticles. Encouraged by these
results, the researchers then evaluated in vivo antitumor photothermal
therapy performance in MCF-7 tumor-bearing mice. Based on PA ima-
ging results, all the tumor-bearing mice were exposed to 808-nm NIR
laser irradiation for 10min at a laser power density of 2W cm−2 at 2 h
post-injection. As shown in Fig. 7B and D, the temperature of tumor
tissue with MCN and FeCO-DOX@MCN treatment rapidly increased
from 33 °C to 46 °C, whereas the tumor temperature in the control
group showed no significant change, suggesting that the FeCO-DOX@
MCN nanoplatform could effectively convert NIR light energy into heat
in vivo.

3.7. Pharmacokinetics and biodistribution

To assess the circulation capability in blood of FeCO-DOX@MCN
nanoparticles, BALB/c mice were intravenously injected with FeCO-
DOX@MCN nanoparticles. Blood was collected at different time points
and Fe content was measured using ICP-AES. There was 5.27 ± 2.58%
ID/g of FeCO-DOX@MCN nanoparticles remain in blood at 24 h post
injection (as shown in Fig. 7E). Furthermore, the in vivo biodistribution
of nanoparticles was investigated. At 2 h or 24 h post injection, organs
and tumors were dissected for Fe content measurement. For instance,
the accumulation of FeCO-DOX@MCN nanoparticles in tumors were
3.9 ± 1.69% and 1.88 ± 1.29% ID/g, respectively (as shown in Fig.
S7F). Moreover, other than decreased tumor accumulation, FeCO-
DOX@MCN nanoparticles also showed significantly reduced uptake in
liver spleen and lung, whereas increased in kidney, which means na-
noparticles could be metabolized after 24 h injected. Meanwhile, bio-
safety in vivo were evaluated by the blood chemistry and blood panel
analysis (Table S1 and Table S2, Supplementary Data), which showed
negligible differences between FeCO-DOX@MCN group and control
group, indicating a good biosafety of FeCO-DOX@MCN in vivo.

Fig. 6. CLSM (A) and flow cytometry analyses (B, C, D) of reactive oxygen species (ROS) generation in MCF-7, A549, and HeLa cells detected using DCFH-DA (ROS
fluorescent label) under NIR irradiation. The scale bar corresponds to 100 μm.
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Fig. 7. PA imaging (A) and intensity (C) in the tumor area after intravenously injected FeCO-DOX@MCN nanoparticles were recorded at different time points after
intravenous administration; thermal images (B) and local temperature (D) of MCF-7 tumor-bearing mice exposed to laser irradiation for 10min after tail intravenous
injection of PBS, MCN, and FeCO-DOX@MCN. Pharmacokinetics of FeCO-DOX@MCN nanoparticles over a span of 24 h. (E) In vivo blood retention profiles of FeCO-
DOX@MCN nanoparticles at 24 h post intravenous injection; (F) Biodistribution of FeCO-DOX@MCN nanoparticles in MCF-7 tumor-bearing mice at 2 h and 24 h post
injection.
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Fig. 8. (A) Tumor growth curves after intravenous injection. One dose was administered on day 0. Error bars indicate the SD (n= 5); (B) Body weight changes in the
mice after treatment. Error bars indicate the SD (n= 5); (C) Photographs (left) and weights (right) of typical tumors at the end of the experiment; (D) H&E staining
images of major organs (heart, liver, spleen, lung, kidney and tumor) tissues dissected from each group on the 16th day after different treatment. Tumor-bearing mice
without any treatment were used as a negative control. The scale bar-corresponds to 50 μm *P < 0.05, **P < 0.01, ***P < 0.001.
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3.8. In vivo antitumor combined therapy efficacy

Subsequently, the anticancer efficiency after intravenous injection
was investigated. MCF-7 tumor-bearing mice were randomly divided
into four groups (n=5) to evaluate the therapeutic effect in vivo. As

demonstrated in Fig. 8A, compared to the control group, the tumors still
grew in both the free DOX group and the MCN + Laser group, which
meant that not only chemotherapy, but also phototherapy could elim-
inate tumors to a certain extent. For the DOX@MCN + Laser group,
tumor growth was obviously inhibited, indicating that the synergistic

Fig. 9. (A) Tumor growth curves after intravenous injection. One dose was administered on day 0. Error bars indicate the SD (n = 5); (B) Body weight changes in the
mice after treatment. Error bars indicate the SD (n = 5); (C) Photographs of typical tumors at the end of the experiment; (D) Tumor weight changes in the mice after
treatment; (E) CLSM of reactive oxygen species (ROS) in tumor stained with DAPI (blue color) and DHE (ROS fluorescent label, red color) after different treatment.
The scale bar-corresponds to 50 μm *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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effect of chemotherapy and phototherapy was substantial. When loaded
with Fe3CO12, tumors in three tumor-bearing mice were completely
eliminated in the FeCO-DOX@MCN + Laser group, and the other two
tumors were mostly eliminated. Most impressively, no apparent weight
loss could be seen in any of the groups of mice (Fig. 8B), suggesting that
the FeCO-DOX@MCN nanoparticles were reasonably safe. As shown in
Fig. 8C, the results agreed fairly well with the tumor growth curves. At
the 16th day post-injection, all mice were sacrificed because of the
extensive tumor burden of the control group, and the major viscera
(heart, liver, spleen, lungs, and kidneys) were excised and co-stained by
hematoxylin and eosin (H&E). As shown in Fig. 8D, there were no ob-
vious tissue damages or noticeable pathological changes were found in
the Control group and FeCO-DOX@MCN + Laser group (Fig. 8D). In
contrast, the heart slice of the free DOX group exhibited degeneration
necrosis of myocardial cells, myocardial fiber rupture, and interstitial
hyperemia and edema, which was due to the cardiotoxicity of DOX
[44]. As for the anticancer efficiency, almost all of the tumor cells
maintained intact morphology in the Control group, Free DOX group
and MCN + Laser group. In contrast, large quantities of cells lost their
cellular integrity morphology in both the DOX@MCN + Laser group
and the FeCO-DOX@MCN + Laser group. H&E staining toward tumor
slice showed that the cell-killing effect was slightly in Free DOX group
and MCN + Laser group but rather profound in FeCO-DOX@
MCN + Laser group. Overall, these results suggested that FeCO-DOX@
MCN could reduce the cardiotoxicity or even systemic toxicity of DOX
and the in vivo antitumor outcomes agreed fairly well with the in vitro
cytotoxicity data, which could serve as an effective nanoplatform for in
vivo cancer chemotherapy, phototherapy, and gas therapy.

In addition, the in vivo anticancer efficacy and ROS generation be-
fore and after added Fer-1 were measured. As shown in Fig. 9, com-
pared to the Control group, tumor growth was obviously inhibited in
FeCO-DOX@MCN + Laser group, which indicated that FeCO-DOX@
MCN nanoparticles have good effect of inhibition on tumor growth.
When Fer-1 was added, the inhibition rate of tumor growth slightly
reduced. The changes of tumor volume and body weight, photographs
of tumor and tumor weight were provided in Fig. 9. Afterwards, the
ROS production in tumor was measured using dihydroethidium (DHE)
as a fluorescent indicator. As shown in Fig. 9E, the red fluorescence was
observed by CLSM in tumor in FeCO-DOX@MCN group, whereas few
red fluorescence was observed in the control. When Fer-1 was added,
the red fluorescence became weaken, which demonstrated that the ROS
production in tumor and the production of ROS was related to ferrop-
tosis. Therefore, we can conclude that the combined therapy was en-
hanced by CO induced ferroptosis.

4. Conclusion

In summary, a multifunctional cancer therapy platform has been
developed in this study, and the loading of DOX and Fe3CO12 in MCN
successfully realized the combination of chemotherapy, photothermal,
therapy and gas therapy. In addition, this study has confirmed that
ferroptosis is one pathway of CO-increased cancer cell sensitivity to
chemotherapeutics. With their inherent photoacoustic imaging prop-
erty and excellent photothermal conversion capability, FeCO-DOX@
MCN nanoparticles have exhibited superior oncotherapeutic effect in
MCF-7 tumor-bearing mice compared to individual chemotherapy or/
and photothermal therapy. The three-modal combined therapy strategy
integrating traditional chemothermal therapy with emerging gas
therapy opens a new pathway for enhanced cancer therapy.
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