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Metalla-aromatic loaded magnetic nanoparticles
for MRI/photoacoustic imaging-guided cancer
phototherapy†

Caixia Yang,‡ab Gan Lin,‡b Congqing Zhu,‡c Xin Pang,b Yang Zhang,b

Xiaoyong Wang,b Xianglin Li,a Bin Wang,*a Haiping Xia *c and Gang Liu *bc

In this study, metalla-aromatic agents (MA) and a cluster of super-

paramagnetic iron oxide nanoparticles (SPIOs) were loaded inside a

micellar carrier (Alkyl-PEI2k-PEG), resulting in MA/SPIOs@Alkyl-

PEI2k-PEG nanoparticles (MASAs). The prepared MASAs with a

photothermal transduction efficiency of 26.6% were also demon-

strated as a potential photodynamic sensitizer to generate ROS

effectively. Under the guidance of MRI/photoacoustic imaging,

combined photothermal and photodynamic therapy achieved a

synergistic anti-tumor effect, significantly improving the therapeutic

efficacy of MASAs both in vitro and in vivo. This work shows that the

developed MASAs are a potential theranostic agent for dual-modal

imaging-guided cancer phototherapy.

Introduction

Cancer is a major public health problem throughout the whole
world.1 However, clinical cancer therapies are mainly confined
to some conventional treatments, such as surgery, radiotherapy
or chemotherapy, which still suffer from critical obstacles
including radio-resistance and multidrug resistance.2 As an
emerging treatment modality, photothermal therapy (PTT)
has attracted great attention, in which the photothermal agents
can convert absorbed light into local heat to selectively kill the
surrounding tumour cells. Besides minimal invasiveness
against normal tissues, PTT also shows outstanding controll-
ability, high efficiency and selectivity as well as low systemic
toxicity. Moreover, it is effective against almost all kinds of

tumours including malignancies, benign tumours and even
resistant ones.3–5

So far, a variety of nanomaterials have been applied
as photothermal agents for cancer treatment. Among them,
inorganic nanomaterials including gold nanostructures,6–8 carbon
nanotubes,9,10 graphene oxide,11–13 Pd nanoplates,14 CuS15 and
transition-metal dichalcogenides16 have demonstrated great
potential in PTT. Despite many achievements, they may be
retained in the body for a long time after administration, thus
causing safety concerns limiting their translation toward clinical
application. Compared with inorganic nanomaterials, near
infrared region (NIR)-absorbing organic agents show more
rapid clearance from the body and minimized long-term toxicity,
and thus represent a promising alternative to inorganic agents in
PTT cancer therapy.17–20

However, incomplete ablation involved in PTT will result in
tumour re-growth which is an intractable issue to eradicate
tumour tissues completely using a single PTT modality. It was
recently reported that synergistic therapies by combining PTT
with other types of treatment have the potential to fully root out
malignant cells, decrease recurrence and bring an overall better
treatment efficiency against tumours.18,21,22 Photodynamic
therapy (PDT) is a clinically approved treatment modality and
offers numerous advantages, such as low toxicity to normal
tissues, avoidance of intrinsic or acquired resistance, reduced
long-term morbidity, etc.23,24 To date, it has been found that
PTT and PDT dual-modality therapies are more effective than
PTT or PDT alone owing to the synergistic effects.25

It is a critical issue to obtain detailed information on the
disease during therapy. So far, numerous kinds of imaging
modality have been applied in imaging-guided cancer therapy
to get such detailed information in the disease location. However,
each modality has intrinsic limitations as well as its own
advantages. To compensate these limitations, multimodal
imaging, the combination of different imaging modalities, has
been demonstrated to be superior in acquiring more detailed,
reliable and accurate information about disease sites.26–32 Photo-
acoustic imaging (PA/PAI) possesses a high spatial resolution of
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optical imaging, but insufficient penetration depth due to the
limitation of the photoacoustic effect. In contrast, magnetic
resonance imaging (MRI) offers excellent spatial resolution and
high soft tissue contrast, as well as deep tissue penetration.33–37

Due to the complementary features of these two imaging mod-
alities, PA/MRI dual-modal imaging has shown numerous great
advantages in getting access to more accurate and comprehensive
information, and thus is a powerful tool in imaging-guided cancer
therapy.16,38

In our previous study, we reported a new type of NIR-absorbing
organic agent as a photothermal agent, metalla-aromatic
complexes.39 These compounds exhibited comparable photo-
thermal heating efficiency with gold nanostructures and carbon
nanotubes,8,10 both of which are commonly used photothermal
agents. In the present study, we also found that these metalla-
aromatic compounds can generate reactive oxygen species (ROS)
under 630 nm laser irradiation, which makes them a potential
candidate for PTT and PDT synergistic therapy (Fig. 1). Metalla-
aromatics (MA), along with superparamagnetic iron oxide nano-
particles (SPIOs), were encapsulated into a micellar carrier
(Alkyl-PEI2k-PEG) to obtain a MA/SPIOs@Alkyl-PEI2k-PEG drug
delivery system (MASAs). Benefiting from the so-called enhanced
permeability and retention effect (EPR), the selectivity of MA in
the tumour region was obviously enhanced.40 Furthermore, these
MA and SPIOs contained micellar nanovehicles which also
demonstrated great capacity as multi-functional contrast agents
for MRI and PA imaging. All of these facts render our developed
nanomicelles as a potential theranostic platform for dual-modal
imaging-guided PTT/PDT synergistic therapy.

Experimental
Synthesis, purification and characterization of MASAs

Iron oxide (IO) nanocrystals were synthesized by thermal decom-
position of iron(III) acetylacetonate. MASAs were prepared according
to our previous report with some modifications.41 Briefly, the IO

nanocrystals were mixed with an amphiphilic polymer (Alkyl-
PEI2k-PEG) and MA in chloroform (10 mg IO, 10 mg MA and
5 mg amphiphilic polymer in 1 mL chloroform). The mixed
solution was added into distilled water (5 mL) as droplets under
sonication. The resulting solution was shaken overnight to
evaporate the chloroform. Finally, the nanoparticles were
obtained by centrifugation (2000 rpm, 10 min).

The sizes of the MASAs were determined by dynamic light
scattering (DLS) (NanoZS 90, Malvern, USA) and transmission
electron microscopy (TEM) (Tecnai G2 Spirit BioTwin, FEI, USA).
Zeta potentials were determined by a zeta potential analyzer
(NanoZS 90, Malvern, USA). The encapsulation efficiency of MA
was determined by measuring the amount of unloaded MA in the
sediment. The content of Fe was calculated using atomic absorp-
tion apectroscopy (AAS).

Phototherapy performances of the MASAs

The photothermal heating effect of the MASAs was determined
by irradiating a series of MASA solutions in PBS (pH 7.4) with
different MA concentrations from 1 to 100 mg mL�1 using a
NIR laser (wavelength, 808 nm; power density, 1 W cm�2) for a
pre-determined period, and the real-time temperature rises
were recorded by a FLIR Ax5 thermal camera.

The photothermal conversion efficiency of the MASAs was
measured according to the previously reported method.42,43

The photothermal conversion efficiency was calculated using
the reported equation. Reactive oxygen species (ROS) measure-
ment was carried out using 20,70-dichlorodihydrofluorescein
(DCFH) as a probe.44

Evaluation of the MR/PA imaging capacity of the MASAs

The T2 relaxivity of the nanoparticles was measured using a
9.4 T MR scanner (Bruker 94/20 USR, Germany) at room
temperature as described.41 T2-Weighted MR images were
acquired using a fast spin-echo (FSE) sequence with the following
parameters: TR/TE = 2500/33 ms (T2), 256 � 256 matrices.
The value of r2 was obtained through curve fitting of the 1/T2

relaxation time (s�1) vs. the iron concentration (mM Fe). The
PA images of the MASAs were acquired using a preclinical PA
imaging system (Endra Nexus 128, Ann Arbor, MI) under 800 nm
laser with moderate laser energy at B5 mJ cm�2. The laser
maintains a pulse width of 7 ns, and a repetition rate of 20 Hz.

Cell uptake assay

Before experiments, SCC-7 cells were grown in DMEM medium
containing 10% fetal bovine serum (FBS) and 1% streptomycin/
ampicillin at 37 1C with 5% CO2. Perls staining (neutral red
method) was employed to visualize the internalization of the
MASAs. Images were obtained using an inverted fluorescence
microscope (Nikon, Ti-U).

Cellular single oxygen detection

A reactive oxygen species assay kit (DCFH-DA) was used to
evaluate the production of singlet oxygen in SCC-7 cells. After
SCC-7 cells were incubated with MASA sample solutions of
different concentrations (MA concentration: 0, 1, 5, 10, 30, 50,

Fig. 1 Schematic of MA-loaded nanoparticles for dual-modal MRI/PA
imaging-guided synergistic PTT/PDT cancer therapy.
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100 mg ml�1) for 6 h, the medium was replaced with fresh
DMEM medium (without FBS) containing 10 mM DCFH-DA and
further incubated for 20 min. After the incubation, the cells
were washed 3 times with fresh medium to remove the redundant
DCFH-DA and irradiated with a 630 nm NIR laser (power density:
130 mW cm�2) for 5 min. Finally, the cells were collected to
determine the fluorescence intensity of DCF in the cells using a
multimode reader (Victor 3 V).

PTT/PDT cell killing assay

SCC-7 cells (1 � 10 000) were seeded on 96-well plates and
incubated with MASA samples (MA concentration: 1, 5, 10, 30,
50 mg ml�1) for 6 h, and then the medium was replaced with
fresh medium. In the PTT group, the cells were irradiated with
an 808 nm NIR laser (power density, 1 W cm�2) for 10 min,
while the cells in the PDT group were irradiated with a 630 nm
NIR laser (power density, 130 mW cm�2) for 5 min. The
untreated cells were set as the control group. In addition, the
cells in the PTT/PDT group were first irradiated with an 808 nm
NIR laser for 10 min, and then treated with a 630 nm NIR laser
for 5 min. The power densities of 808 nm and 630 nm were 1 W
cm�2 and 130 mW cm�2 respectively. After the irradiation, the
cells were incubated overnight and methylthiazolyl tetrazolium
(MTT) assays were carried out to evaluate the cell viability.

To further demonstrate that cell death was caused by the
produced ROS, we incubated the cells with 2 mM N-acetyl-L-
cysteine (NAC, sigma, A9165) for 30 min.45 After irradiation at
630 nm for 5 min, an MTT assay was performed to determine
the cell viability.

The cell death caused by the synergistic PTT/PDT effect was
also confirmed by Calcein AM/PI staining. The cells were grown
in DMEM medium and incubated with MASAs (MA concen-
tration: 50 mg ml�1) for 6 h. After irradiation at 808 nm and
630 nm, the cells were stained with Calcein-AM (AM, 2 mM) and
propidium iodide (PI, 4 mM) for 30 min. Images were acquired
using an inverted fluorescence microscope (Nikon, Ti-U).

In vitro magnetic resonance imaging

The SCC-7 cells (5 � 105) were seeded in 6-well plates and
incubated with MASAs with different Fe concentrations (1, 5,
10, 30 mg mL�1) for 24 h. The cells were then harvested by
trypsinization and re-dispersed in 1% agarose gel for MRI
analysis. The T2 relaxation measurements were performed
using a 9.4 T MRI scanner (Bruker 94/20 USR, Germany) with
a 4 cm volume coil and using spin-echo imaging sequences.
Images were acquired using the following parameters: repetition
time (TR) = 2500 ms, echo time (TE) = 30 ms, acquisition matrix =
256 � 256 mm, and slice thickness = 1 mm. The signal intensities
of each sample were acquired by using the analysis program
provided by the MRI scanner. And the T2 signal intensity of
the treated cells was displayed as a percentile relative to the
untreated ones.

Animal models

Animal studies were performed according to a protocol approved
by Xiamen University Laboratory Animal Center. Animal models

were established by subcutaneous injection of 5 � 106 SCC-7 cells
in 100 mL serum-free DMEM medium into the dorsal part of
the mice.

In vivo MR/PA imaging

In vivo MRI studies were performed using a 9.4 T imaging
system (Bruker 94/20 USR, Germany) by using a mouse coil
(Bruker) for transmission and reception of the signal. A multi-
section T2-weighted FSE sequence (TR = 2500 ms; TE = 33 ms;
FOV = 40 mm � 40 mm; slice thickness 1 mm; flip angle 180)
was used for all of our studies. MRI scans were performed
before and 3, 6, 12 and 24 h after contrast agent administration
at a dose of 6 mg (Fe) kg�1 body weight. Signal intensity (SI) was
measured at pre-determined time points, and the relative SI
was displayed as a percentile relative to the SI before injection.

In vivo PA images were acquired using a preclinical PA
imaging system (Endra Nexus 128, Ann Arbor, MI) under an
800 nm laser with a moderate laser energy of B5 mJ cm�2. The
laser maintains a pulse width of 7 ns, and a repetition rate of
20 Hz. Isoflurane was used to maintain the anesthesia of the
mice, and the water heating system of the Endra Nexus 128 kept
the mice warm. The tumour PA images were acquired before
and 3, 6, 12 and 24 h after intravenous injection of MASAs (MA:
20 mg kg�1). The photoacoustic signal intensity was evaluated
by analyzing the region of interest (ROI).

In vivo PTT/PDT synergistic therapy

When the tumours reached B40 mm3 (about 7 days after
transplantation), the animals were randomly divided into
6 groups (n = 3): (a) PBS administered only; (b) PBS adminis-
tered and 808/630 nm laser irradiated; (c) MASAs administered
only; (d) MASAs administered and 808 nm laser irradiated (PTT
group); (e) MASAs administered and 630 nm laser irradiated
(PDT group); and (f) MASAs administered and 808/630 nm laser
irradiated (PTT/PDT synergistic therapy group).

In the PTT group, the tumours were exposed to an 808 nm
laser of power density 1 W cm�2 for 10 min. Meanwhile, the
ones in the PDT group were exposed to a 630 nm laser of power
density 130 mW cm�2 for 5 min. The temperature rise in the
tumour tissues during the PTT was recorded by an IR camera
(FLIR Ax5) in real time. The tumour volumes of each group were
measured every other day to evaluate the anticancer efficacy for
14 days. It was calculated as follows: V = L�W2/2, where L is the
tumour dimension at the longest point, and W is the tumour
dimension at the widest point. The tumour volumes are nor-
malized against the original volumes at day 0. The body weight
of the mice also measured every other day to observe the acute
toxicity of the MASAs.

Ex vivo histological staining

One day after PTT/PDT treatment, tumour tissues were collected
and fixed in a 4% formaldehyde solution followed by hematoxylin
and eosin (H&E) staining. The major organs of the mice were
collected 30 days post the injection of MASAs (MA: 7.5 mg kg�1).
Subsequently, these organs were fixed in 4% formaldehyde
solution, processed into paraffin, sectioned at 8-micron thickness,
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stained with H&E and examined by an inverted fluorescence
microscope (Nikon, Ti-U).

Statistical analysis

The data were statistically analyzed by Student’s t-test and
P o 0.05 was considered statistically significant.

Results and discussion
Preparation and characterization

The multifunctional nanoparticles were formed through the
self-assembly of MA and SPIOs with amphiphilic polymer
(Fig. 2A and B). Fig. S1 (ESI†) shows the results of UV-visible
spectroscopy in water. The encapsulation efficiencies were 66%
and 79% for MA and SPIO, respectively. The results of DLS
indicated that the sizes of these nanoparticles were around
85 nm (Fig. 2C). Such small hydrodynamic size is favourable for
the EPR effect to increase the accumulation of nanoparticles
in tumour sites.40 Transmission electron microscopy (TEM)
data showed that these nanoparticles possess a uniform size
distribution (Fig. 2D). As shown in Fig. 2E, the multifunctional
nanoparticles were stable at room temperature and no sediment
was observed after six days. It should be noticed that the SPIOs
formed cluster structures in the core of the nanoparticles, which
resulted in a significantly high r2 value (295.1 Fe mM�1 s�1)
(Fig. 2F), making the MASAs a great MRI T2 contrast agent.46

As expected, the as-prepared nanoparticles also showed enhanced
PA signal intensity with an increase in MA concentration (Fig. 2G).

Phototherapy behaviours of the nanoparticles

One critical feature of PTT agents is to effectively convert the
absorbed NIR light to heat, which can be applied in tumour
thermal ablation.47–50 To investigate the photothermal heating
efficiency of the MASAs, sample solutions with different con-
centrations of MA were exposed to an 808 nm laser (Fig. 3A).

It was found that the photothermal effect of the nano-
particles displayed a concentration-dependent manner and
the temperature of the solution with the highest MA concen-
tration (300 mg mL�1) rose rapidly by 51.8 1C. In contrast, the
temperature rise of water during the irradiation was negligible
(from 27.5 1C to 30.2 1C). Although SPIO nanoclusters could
elevate the temperature slightly upon laser irradiation, it was
found that the photothermal heating effect of the MASAs was
mainly caused by the MA (Fig. S2, ESI†).

The photothermal conversion efficiency (Z) is one important
parameter for characterizing the efficiency of photothermal
heating effects. It was calculated using the reported method.42,43

The ts was determined as 87.2 s from the linear time data versus
�ln(y) obtained from the cooling stage (Fig. 3B). By using the
reported equation, the Z value of the MASAs was found to be
about 26.6%, which was comparable with that of Au nanorods
and Cu9S5 nanocrystals, both of which are commonly investigated
photothermal agents.43,51 As photothermal stability greatly
affected the PTT efficiency, we further tested the photothermal
stability of the nanoparticles by irradiating samples with an

808 nm laser for 5 min followed by switching the laser off, and
repeating the laser on-and-off process for several cycles (Fig. 3C).
It was observed that the temperature increase in the samples (MA
concentration: 100 mg mL�1) remained very stable even after
5 repeated laser on-and-off cycles, indicating no obvious loss of
photothermal heating capacity during the laser irradiation. The
excellent photothermal stability was also confirmed by the results
of UV-vis spectroscopy (Fig. S3, ESI†). In contrast, the temperature
increase in the sample containing indocyanine green (ICG), which
is one of the commonly used photothermal agents, just remained
37.6% of that in the first cycle at the same concentration (Fig. S4,
ESI†). These results demonstrated the great photothermal con-
version efficiency and excellent photothermal stability, rendering
MASAs a promising photothermal agent for PTT.

Fig. 2 Nanoparticle preparation and characterization. (A) Schematic illus-
tration of nanoparticle preparation. Multifunctional nanoparticles were
obtained by assembly of MA and SPIO with PEGylated cationic amphiphile
(Alkyl-PEI2k-PEG). (B) Image of an MASA aqueous solution and free MA in
CHCl3. (C) Dynamic light scattering characterization of MASAs. (D) TEM
image of MASAs, scale bar: 100 nm. (E) Photographs of MASA samples
incubated in water, PBS, FBS and DMEM. (F) T2 relaxation rate (1/T2, s�1) as
a function of Fe concentration (mM) for MASAs at 9.4 T. (G) PAI signals of
MASAs with different MA concentrations (0, 50, 100, 300 mg mL�1).
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The potential of MASAs applied in PDT was also explored.
Since ROS generation played a critical role in determining the
therapeutic effect of PDT, the ability of MASAs to generate ROS
was therefore investigated.44 Fig. 3D showed that the fluores-
cence of DCFH rises with increasing concentration of mixed
nanoparticles, indicating that MASAs had the ability to gener-
ate ROS under a 630 nm laser. In addition, the UV-vis spectrum
(Fig. S3, ESI†) revealed no obvious change in the spectrum,
suggesting a good photostability of MASAs during the PDT.
Considering the good performances in photothermal heating
as well as ROS generation, our multifunctional nanoparticles
can be regarded as a suitable platform for PTT/PDT synergistic
therapy.

In vitro behaviors

Before analysing the in vitro photo-therapeutic efficacy of the
nanoparticles, the dark cytotoxicity of free MA and MASAs was
measured in two different cell lines, 4T1 and U87 cells. It was
found that the free MA induced obvious cytotoxicity even at
relatively low concentration (10 mg mL�1), and the cell viability
decreased to around 50% at 100 mg mL�1 (Fig. S5, ESI†).
In contrast, the MA containing nanoparticles showed excellent
biocompatibility and did not induce obvious cytotoxicity
(Fig. S6, ESI†).

As mentioned above, the r2 value of MASAs was determined
as 295.1 Fe mM�1 s�1, which was much higher than that of the
commercial T2 contrast agent Feridex (98.3 Fe mM�1 s�1).
Generally, a higher r2 value brings a better contrast agent for
T2 MRI imaging. Under a 9.4 T MRI scanner, the nanoparticle
treated cells displayed a significant decrease in signal intensity
compared with the control one (Fig. 4A). The cellular inter-
nalization of MASAs was confirmed by Prussian blue staining
(Fig. S7, ESI†). SPIO-based MRI contrast agents had the ability to
shorten the spin–spin relaxation time, bringing hypointensities in
T2-weighted images. Thus taking their performance in MRI and

PA into account, MASAs show great potential to track the loaded
agents during delivery.

As shown in Fig. 4B, the cell viabilities in the PDT, PTT and
PTT/PDT groups decreased with an increase in MA concentration.
Considering the negligible dark cytotoxicity of MASAs, the
improved efficiency was attributed to the laser which can induce
rapid generation of heat and ROS from MASAs in the PTT and
PDT groups respectively. It was also noticed that the photo-
therapeutic efficacy of MASAs in PTT/PDT was significantly higher
than that in PDT alone and or PTT alone. At the highest MA
concentration of 50 mg mL�1, the cell viability in the PTT/PDT
group decreased to 27%, while 48% and 62% of cells were alive in
the PTT and PDT groups, respectively (Fig. 4B).

To investigate the in-depth mechanism of cell death in the
PDT group, nanoparticle-treated SCC-7 cells were incubated
with N-acetyl-L-cysteine (NAC) before laser irradiation. It has
been reported that NAC is an effective ROS scavenger and
protects SCC-7 cells from ROS damage.45 As shown in Fig. 4B,
the viability in the group without NAC decreased with an
increase in MA concentration. However, MASAs did not induce
obvious cytotoxicity with laser irradiation when the cells were
treated with NAC. There were no significant differences (P 4 0.05)
between the viabilities of cells in the NAC-treated group and in the
control group, suggesting that cell death in the PDT group was
mainly caused by the generation of ROS. The photo-therapeutic
effects of MASAs on SCC-7 cells were also confirmed by calcein
AM and propidium iodide (PI) co-staining (Fig. 4C), indicating an
enhanced cancer cell killing effect of synergistic PTT/PDT therapy.

In vivo MR/PA imaging and phototherapy

One important function of theranostic nanoplatforms is to
image the delivery process and obtain information about drug
accumulation in the disease region.52–54 To get such information,
in vivo MRI and PA imaging was performed on SCC-7 tumour
bearing mice when the tumour size reached 100 mm3 in our

Fig. 3 MASA performances in PTT, PDT, MRI and PAI. (A) Temperature
increase curves of MASA samples with different MA concentrations (0, 1,
10, 50, 100, 300 mg mL�1) irradiated with an 808 nm laser (1 W cm�2,
10 min). (B) Determination of photothermal conversion efficiency.
(C) Investigation of the photostability of MASAs containing 100 mg mL�1

MA. (D) Assessment of ROS generation of MASAs under a 630 nm laser
(130 mW cm�2, 5 min).

Fig. 4 MASA MRI performances and phototherapy efficiency on SCC-7
cells. (A) In vitro MRI signals of SCC-7 cancer cells treated with different
concentrations of MASAs. (B) Cell viabilities after various kinds of therapy
modalities at different concentrations of MASAs. Cell viabilities were
investigated by standard MTT assays. (C) Fluorescence images of AM/PI
stained cells after different therapies, scale bar: 200 mm.
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study. Before and after intravenous injection of MASAs, we
performed MRI and PA imaging to confirm the MASA accumula-
tion in the tumour areas. As shown in Fig. 5A, the T2 value of the
tumour section reached the lowest at 6 h post injection and then
increased slightly, suggesting the highest accumulation of MASAs
at the 6 h time point. The photoacoustic images (Fig. 5B) showed
the vasculatures of the tumours, which was displayed with
transverse maximum intensity projection (MIP). The post-
injection scan images show more blood vessels and remarkably
increased contrast compared to that before injection. Identical
regions of interest (ROI) were selected in each image to further

analyse the PA signal intensity. And the normalized PA intensity
curve showed that the tumour signal intensity reached the
highest value at 6 h post injection, which was consistent with
the results of MRI.

Within 5 min, the temperature of the irradiated tumour
region with MASA injection increased to about 52 1C rapidly
(Fig. 5C and D). Meanwhile, there was negligible temperature
increase in regions without laser irradiation. In contrast, the
temperature of the tumour region in the PBS group just showed
a limited temperature increase (to 40 1C) when exposed to
irradiation. All these results demonstrated the accumulation of

Fig. 5 In vivo MASA MR/PA imaging and phototherapy efficiency evaluation in SCC-7 tumour-bearing mice. (A) In vivo MR imaging at different time
points (0, 3, 6, 12, 24 h), scale bar: 1 cm; inset is the normalized reduction of MRI signals in the tumour region at pre-determined time points. (B) In vivo PA
imaging at different time points; inset is normalized PAI signal enhancements in the tumour area at pre-determined time points, scale bar: 0.5 cm.
(C) Infrared thermographic maps of SCC-7 tumour-bearing mice treated with PBS or MASAs under laser irradiation. (D) Temperature increase curves of the
irradiated area of tumour-bearing mice with PBS or MASA injection (i.v.). (E) Tumour growth curves and (F) representative photographs of mice bearing SCC-7
tumours and H&E staining of the tumour region after different therapies. The black arrows show the position of the tumors. Scale bar: 50 mm.
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MASAs in the tumour region, which had been confirmed by the
data of MRI and PA imaging.

The growth rates of the tumours were also recorded to verify
the in vivo therapeutic efficacy of MASAs for 14 days (Fig. 5E).
The tumour growths in the PTT, PDT, and PTT/PDT treatment
groups showed significant delay, when compared to the PBS
alone group (P o 0.01). The MASAs alone did not induce any
effect in inhibiting tumour growth. Meanwhile, PBS plus 808/
630 nm laser irradiation also failed to cause a delay in tumour
growth. It was noted that the therapeutic effect of the nano-
particles in the PTT group was slightly higher than that in the
PDT group. The main reason may be due to the shallower tissue
penetration depth of the 630 nm laser compared with 808 nm,
resulting in insufficient generation of ROS from MA and sub-
sequent lower suppression efficiency in tumour growth. In addition,
there were tumour recurrences in the PTT group after 10 days, which
may be due to the incomplete ablation of tumour issues. In marked
contrast, the tumour size in the PTT/PDT group was maintained at
0% during the therapy (day 2 to day 14). The enhanced improvement
of therapeutic effect demonstrated the advantages of the synergistic
PTT/PDT over a single modality treatment alone.

To further study the phototherapy effect of MASAs, H&E
staining of tumour tissue sections was performed 24 h after
treatment (Fig. 5F). The tumour tissues treated with PBS,
nanoparticles and PBS plus laser irradiation showed indiscernible
necrosis with infiltrating tumour cells and pleomorphic nuclei.
The tumour tissues remained undamaged and intact, indicating
the minimal dark toxicity of MASAs and negligible damage of the
laser alone. In contrast, there was notable necrosis, decreased
tumour tissue intensity and disturbed tumour architecture in the
three phototherapy groups, especially in the PTT/PDT group.
Karyopyknosis was common in the PTT/PDT combined treatment
group, consistent with the tumour growth rates.

The long-term toxicity of the MASAs was assessed by moni-
toring the changes in body weight and major organ H&E
staining. During the whole therapy, there were no significant
body weight changes in the treated mice (Fig. S8, ESI†). The
major organs from SCC-7 tumour-bearing nude mice of each
group were also analysed. No visible organ damage was detected
in the stained slices (Fig. S9, ESI†), suggesting that MASAs did not
induce general toxic side effects in mice for 2 weeks. The typical
biodistribution and clearance of nanoparticles depend on their
size and surface characteristics, predominantly by action of the
liver and spleen macrophages. It is noteworthy to mention that
the metalla-aromatic agent MA exhibits excellent thermodynamic
stability according to our previous research.39,55,56 The metallic
element osmium in MA might be eliminated through urine/feces
and we are now working on the biodistribution of MASAs used as
intravenous theranostics for a better toxicological understanding
of MASAs.

Conclusions

In summary, MASAs were successfully synthesized and used
for MRI/PA dual-modal imaging-guided PTT/PDT synergistic

tumour therapy. The enhanced stability in aqueous solution,
high photothermal-conversion efficiency and photothermal
stability offer the nanoplatform powerful capabilities for highly
effective PTT. The great ability of ROS generation further
facilitates MA as a promising photosensitizer for PDT. Com-
bined with effective photothermal and photodynamic activities,
the tumour recurrence rate was greatly reduced after PTT/PDT
therapy. Preferential accumulation of the MASAs around the
tumour tissue was demonstrated with MRI/PA dual-modal
imaging. Finally, the MASAs showed good biocompatibility
and biosafety, making them a promising candidate for cancer
theranostic applications.
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