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Exfoliated FePS3 nanosheets for T1-weighted
magnetic resonance imaging-guided near-infrared
photothermal therapy in vivo
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ABSTRACT Developing bifunctional nanoplatforms in-
tegrating advanced biological imaging with high-performance
therapeutic functions is interesting for nanoscience and bio-
medicine. Herein, thin-layered FePS3 nanosheets modified
with amine polyethylene glycol (FePS3-PEG) are synthesized
by ultrasonicated exfoliation of bulk FePS3 single crystals
under Ar atmosphere and in situ chemical functionalization
with amine PEG. The prepared FePS3-PEG nanosheets give a
photothermal conversion efficiency of 22.1% under 808-nm
laser and evident T1 relaxation (r1 = 2.69 (mmol L−1)−1 S−1) in
external magnetic fields. Biologically experimental results in
vitro and in vivo demonstrate that FePS3-PEG nanosheets have
good biocompatibility and exhibit excellent photothermal
therapy (PTT) effect under clear T1-weighted magnetic re-
sonance imaging (MRI). The characteristics of FePS3-PEG
nanosheets enable them to be a promising nanomedicine for
T1-weighted MRI-guided near-infrared PTT of cancers.

Keywords: photothermal therapy, near infrared, T1 magnetic
resonance imaging, thin-layered FePS3 nanosheets, bifunctional
nanomedicine

INTRODUCTION
Recently, functional two-dimensional (2D) nanomaterials
with superior optical and magnetic properties have been
widely studied for biological imaging, diagnosis and
therapy [1–7]. 2D transition metal sulfides or oxides, such

as MoS2 [8,9], TaS2 [10], WS2 [11], and MnO2 [12], have
attracted more attention because of their unique physi-
cochemical characteristics. For example, MoS2 nanosheets
were used for photothermal ablation of tumors and MnO2
nanosheets were investigated for magnetic resonance
imaging (MRI) [8,9,12,13]. However, few 2D transition
metal compounds possess both advanced photothermal
properties and T1-weighted MRI (T1-MRI) functions.

Ternary layered metal phosphorus trichalcogenides
(TLMPT) consisting of three elements exhibit some novel
properties because of their chemical and structural di-
versity as compared with binary layered metal phosphides
or metal dichalcogenides [14–16]. Their intrinsic physi-
cochemical characteristics such as optical absorbance,
band gap, and magnetism, can be modulated by the
choices of elements, which extends the applications of
TLMPT in the fields of optoelectronic devices, biological
imaging and therapy. Ternary layered iron phosphorus
trichalcogenide (FePS3) as a kind of typical TLMPT has
special magnetic property and wide-range optical absor-
bance [17–19]. The unique structure of FePS3 makes it
potentially applicable in the electrochemical catalysis and
optoelectronic device [19–21]. Nevertheless, there has
been no report on the exfoliated thin-layered FePS3
nanosheets for both biological T1-MRI and near-infrared
(NIR) photothermal therapy (PTT) of tumors.

In this work, bulk FePS3 single crystals are ultra-
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sonically exfoliated into thin-layered FePS3 nanosheets
and in situ modified with amine polyethylene glycol
(PEG-NH2) for T1-MRI and NIR PTT (Scheme 1). The
PEG-functionalized FePS3 (FePS3-PEG) nanosheets show
good photothermal effect under 808-nm laser and evident
T1 relaxation in external magnetic fields besides their
good colloidal stability and low biological toxicity. These
prominent properties enable FePS3-PEG nanosheets to be
a kind of promising bifunctional agents for positive-
contrast MRI and NIR PTT of tumors.

EXPERIMENTAL SECTION

Materials
Iron powder (99.95%), red phosphorus powder (99.95%),
sulfur (S) powder (99.9%) and dimethyl sulfoxide were
purchased from Sigma-Aldrich (USA). Amine poly-
ethylene glycol HCl salt (PEG-NH2HCl-3K) was pur-
chased from JenKem Technology Co., Ltd. (China).
Dulbecco modified Eagle’s medium (DMEM), propidium
iodide, calcein-acetoxymethyl ester, 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and
fetal bovine serum (FBS) were purchased from HyClone
Boichem Co., Ltd. (China). Human cervical cancer
(HeLa) and 4T1 breast cancer (4T1) cells were supplied
by KeyGen Biotech Co., Ltd. (China). All aqueous solu-
tions were prepared by using ultrapure water (Millipore,
18.2 MΩ).

Synthesis of FePS3-PEG nanosheets
Few-layered FePS3-PEG nanosheets were prepared by

exfoliation of bulk FePS3 single crystals. The bulk FePS3
single crystals were ground into small powders by mortar
grinding, and then 50 mg of the FePS3 powders was ad-
ded into a 25-mL Schlenk tube. The tube was air-evac-
uated and backfilled with pure Ar. After the vacuum-Ar
cycle was repeated for three times, the tube was sealed
and protected with Ar. Ar-saturated PEG-NH2 aqueous
solution (33.3 mg mL−1, 15 mL) was added into the tube
and sonicated for 9 h. The resultant colloidal suspension
was firstly centrifuged at 6000 r min−1 for 15 min to re-
move unexfoliated FePS3 powders and then centrifuged at
10,000 r min−1 for 15 min to get FePS3-PEG nanosheets.
The FePS3-PEG nanosheets were stored at 4°C for next
use.

Characterizations
Scanning electron microscopy (SEM) image and energy
dispersive X-ray spectroscopy (EDS) of bulk FePS3 single
crystals were characterized by JSM-7600F (JEOL, Japan).
Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were taken on HT7700
(Hitachi, Japan) with an acceleration voltage of 100 kV
and JEM-2100F (JEOL, Japan) with an acceleration vol-
tage of 200 kV, respectively. X-ray diffraction (XRD)
pattern was obtained by using a D8 ADVANCE X-ray
diffractometer (Bruker, Germany) with Cu Kα radiation
(λ = 1.54178 Å). X-ray photoelectron spectroscopy (XPS)
spectra were recorded on a PHI 5000 VersaProbe with Al
Kα radiation (hν = 1486.6 eV). Raman measurements
were carried out on a micro-Raman spectroscopy system
(Renishaw, UK) equipped with a 532-nm laser. Photo-

Scheme 1 Schematic presentation of preparing FePS3-PEG nanosheets and their applications for T1-MRI and NIR PTT in vivo.
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thermal effect and imaging were measured by a thermal
infrared imager (Fotric 225RD). Absorption spectra were
recorded by using an ultraviolet-visible-infrared (UV-vis-
NIR) spectrophotometer (Shimadzu UV-3600, Japan).
The concentration of FePS3-PEG nanosheets was de-
termined by an Optima 5300DV inductively coupled
plasma optical emission spectrometer (Perkin Elmer,
USA). Size distribution of the FePS3-PEG nanosheets in
aqueous suspension was determined by a zeta potential
analyzer (Zeta PALS, USA). Fourier transformed infrared
spectroscopy (FTIR) spectra of FePS3-PEG nanosheets
were measured by an FTIR spectrometer (PE-Spectrum
Two, USA).

Photothermal properties of FePS3-PEG nanosheets
FePS3-PEG nanosheets aqueous suspension (200 µL) in a
200-µL centrifuge tube was irradiated by 808-nm laser
(0.69 W cm−2) for 10 min to measure their photothermal
properties. The temperature change of FePS3-PEG
nanosheets in aqueous suspension was monitored by an
infrared thermometer. The power density was recorded
by a digital power meter. Photothermal heating curves of
FePS3-PEG nanosheets with various concentrations (0,
4.1, 8.2, 16.3, 32.7 and 65.3 µg mL−1) were obtained by
measuring their temperature changes under 808-nm laser
with different power densities. Photothermal conversion
efficiency (PCE) of FePS3-PEG nanosheets was evaluated
according to their photothermal heating and cooling
curves.

Magnetic resonance relaxivity and imaging of FePS3-PEG
nanosheets
The longitudinal (T1) relaxation times and magnetic re-
sonance images of FePS3-PEG nanosheets were acquired
using an MRI system (Bruker BioSpin MRI GmbH spect,
Nanjing Medical University, China). The r1 value was
calculated by fitting the 1/T1 relaxation time (s−1) versus
the concentration of FePS3-PEG nanosheets. MRI of 4T1
tumors after intravenous injection of FePS3-PEG
nanosheets (300 µg mL−1) (dosage = 200 µL of each mice)
at different given times (0, 4, 8 and 24 h) was carried out
on the same MRI system.

Cytotoxicity assay of FePS3-PEG nanosheets in vitro
HeLa cells (104 cells per well, 100 µL suspension) were
seeded into each well of 96-well plates and incubated for
12 h. After that, the culture medium in wells was removed
and then FePS3-PEG nanosheets with different con-
centrations (0, 10, 20, 30, 40, 50 and 60 µg mL−1) dis-
persed in DMEM were added into the corresponding

wells, respectively. Five wells were set for each sample.
After being incubated under 37°C and 5% CO2 for 24 h,
each well was washed with phosphate buffered saline
(PBS, pH 7.4, 0.01 mol L−1). MTT (20 µL, 5.0 mg mL−1)
dissolved in PBS (pH 7.4, 0.01 mol L−1) was then added
into each well, which was incubated under 37°C and 5%
CO2 for an additional 4 h. Dimethyl sulfoxide (200 µL)
was added to replace MTT solution in each well for dis-
solving the formed formazan crystals. The absorbance of
cells in each well at 570 nm was measured by a Microplate
Spectrophotometer (PowerWave XS2, BIOTEK, US) to
evaluate the cytotoxicity of FePS3-PEG nanosheets. Cell
viability (%) = (mean absorbance of treatment group/
mean absorbance of control) × 100%.

Photothermal therapy in vitro
HeLa cells (104 cells per well, 100 µL suspension) were
seeded into each well of 96-well plates to be incubated for
12 h. After that, culture medium in wells was removed
and FePS3-PEG nanosheets with various concentrations
(0, 10, 20, 30, 40, 50 and 60 µg mL−1) dispersed in DMEM
were added. After being incubated under 37°C and 5%
CO2 for 4 h, each well was irradiated by 808-nm laser
(1.0 W cm−2) for 10 min and then incubated for another
12 h. Standard MTT assay was carried out to determine
the cell viability. HeLa or 4T1 cells in 96-well plates were
imaged by an Olympus FV1000 confocal microscope after
being co-stained with propidium iodide and calcein-
acetoxymethyl ester. Cytotoxicity and photothermal kill-
ing effect of FePS3-PEG nanosheets towards 4T1 cells
were carried out by using the similar operations except
the incubation conditions of 4T1 cells, which were in-
cubated in Roswell Park Memorial Institute medium
(RPMI-1640) containing 10% FBS and 1% penicillin/
streptomycin at 37°C under 5% CO2.

Photothermal imaging and therapy in vivo
To test the photothermal imaging and therapeutic effect
of FePS3-PEG nanosheets in vivo, 4T1 tumor-bearing
mice were randomly divided into four groups (5 mice in
each group), referred as G1, G2, G3 and G4. Four groups
were intravenously injected with 200 µL of saline (G1),
FePS3-PEG nanosheets (300 µg mL−1) (G2), saline (G3)
and FePS3-PEG nanosheets (300 µg mL−1) (G4), respec-
tively. The mice in G3 and G4 groups were exposed to
808-nm laser (1.0 W cm−2) for 10 min. Photothermal ef-
fect and corresponding photothermal imaging of FePS3-
PEG nanosheets in vivo were measured by using an in-
frared thermal imaging camera to record the temperature
change of tumor sites and their real-time images during
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PTT. Tumor volume and body weight of mice were re-
corded every two days in a period of 3 weeks. Tumor
volume = 4π/3 × (tumor length/2) × (tumor width/2)2.
Relative tumor volume (V/V0) refers to the ratio of the
tumor volume at the concerned time after treatment (V)
to the initial tumor volume (V0). For histological analysis,
tumor tissue and major organs (heart, liver, spleeny, lung
and kidney) of mice harvested from the control and
treatment groups were fixed with 4% polyoxymethylene
PBS (pH 7.4, 0.01 mol L−1) and embedded in paraffin,
which were cut into slices and stained with hematoxylin
and eosin (H&E) for imaging. Vein blood was detected in
automatic whole blood count (HEMAVET950, USA) for
blood routines. 4T1 tumor-bearing or nude mice were
purchased from Nanjing OG Pharmaceuticals, Co., Ltd.
(China).

All animal experimental procedures were conducted in
conformity with institutional guidelines for the animal
care and use of laboratory animals, and protocols were
approved by the Institutional Ethics Committee for La-
boratory Animals of Nanjing Han & Zaenker Cancer
Institute (SYXK(SU)2017-0040).

RESULTS AND DISCUSSION
High-quality bulk FePS3 single crystals prepared by a
chemical vapor transport (CVT) method (see the details
in the Supplementary information) were characterized by
SEM. As shown in Fig. S1a, they clearly display layered
shapes. EDS characterization and the corresponding
analysis in Fig. S1b confirm the compositions of Fe, P and
S elements in the bulk FePS3 single crystals. The XRD
pattern of bulk FePS3 single crystals (Fig. S2) shows the
diffraction peaks at 2θ of 13.9°, 27.8°, 37.7°, 42.5° and

57.6°, which are in good agreement with (001), (002),
(201), (003) and (004) planes of the monoclinic structure
of FePS3, respectively, according to the standard cards
(JCPDS 30-0663 and JCPDS 33-0672) [18–22].

Bulk FePS3 crystals were ground into small powders,
which were then directly exfoliated into FePS3 nanosheets
under ultrasonication in the Ar-saturated aqueous solu-
tion containing PEG-NH2. The prepared FePS3-PEG na-
nosheets were characterized by TEM, HRTEM, XRD,
Raman and XPS. TEM image (Fig. 1a) reveals the 2D
morphology of the product with the average lateral size of
less than 200 nm, which is consistent with the result of
dynamic light scattering characterization (Fig. S3). EDS
mapping images of Fe, P and S elements can be clearly
observed from Fig. 1b. The HRTEM image of FePS3-PEG
nanosheets (Fig. 1c) shows the lattice spacing of 0.641 nm
attributed to (001) plane of FePS3 [20,21,23]. XRD pattern
of the prepared FePS3-PEG nanosheets (Fig. 1d) presents
the typical diffraction peaks of FePS3 with the monoclinic
crystalline structure (JCPDS 30-0663), suggesting the
successful synthesis of thin-layered FePS3-PEG
nanosheets through our simply ultrasonic exfoliation
[18–22]. Raman spectra (Fig. 1e) give the peaks at 160.5,
211.5, 241.8, 273.9, 376.8, 482.0 and 580.8 cm−1. The peak
at about 160.5 cm−1 corresponds to Eu-type mode of the
P2S6 unit in FePS3-PEG nanosheets [17,20]. Three peaks
at 211.5, 273.9 and 580.8 cm−1 are attributed to three Eg-
type modes (Eg

(1), Eg
(2) and Eg

(3)) of FePS3-PEG na-
nosheets, and the Raman peaks at 241.8, 376.8 and
482.0 cm−1 are attributed to three A1g-type modes (A1g

(1),
A1g

(2) and A1g
(3)) of FePS3-PEG nanosheets [18,20]. The

difference of peak positions at 241.8 and 376.8 cm−1 is
about 135 cm−1, indicating that the layer number of the

Figure 1 (a) TEM and (b) EDS mapping images of FePS3-PEG nanosheets. (c) HRTEM image of FePS3-PEG nanosheet. The scale bars in (a–c) are
200, 50 and 5 nm, respectively. (d) XRD pattern and (e) Raman spectrum of FePS3-PEG nanosheets.
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exfoliated FePS3-PEG nanosheets is about 4 layers [18].
The surface chemical compositions and states of FePS3-

PEG nanosheets were confirmed by XPS characteriza-
tions. As shown in Fig. 2a, XPS survey spectrum of FePS3-
PEG nanosheets presents the binding energies of Fe 2p
(720.6 eV), P 2p (132.6 eV), S 2p (162.8 eV) and N 1s
(400.2 eV) [20,21,23,24]. The binding energies of Fe 2p1/2
(722.0 eV) and Fe 2p3/2 (709.0 eV) of Fe2+ can be observed
from high-resolution Fe 2p XPS spectrum (Fig. 2b) [20].
The two peaks at 724.1 and 711.2 eV in Fig. 2b are at-
tributable to Fe 2p1/2 and Fe 2p3/2 of Fe3+, respectively
[20]. High-resolution P 2p XPS spectrum (Fig. 2c) shows
two peaks at 132.8 and 132.0 eV belonging to P 2p1/2 and
P 2p3/2 of P4+, respectively [20,23]. Two peaks at 162.3 and
163.5 eV (Fig. 2d) are assigned to S 2p3/2 and S 2p1/2 of S2−

[20,23]. The N 1s peak at 400.2 eV corresponding to
amine groups (Fig. S4) proves the chemical modification
of FePS3 nanosheets with PEG-NH2 [24]. The FTIR
spectrum of FePS3-PEG nanosheets (Fig. S5) shows the
peak at 570 cm−1 ascribed to (PS3)

2− asymmetric stretch-
ing band of FePS3 [25]. The peaks at 1251, 1650, 2915 and
3445 cm−1 are ascribed to C–O, C=C, C–H and N–H of

PEG-NH2, respectively [26]. All these characterizations
confirm the production of few-layered FePS3 nanosheets
functionalized with PEG-NH2.

The photothermal properties of the prepared FePS3-
PEG nanosheets were explored. As shown in Fig. 3a,
FePS3-PEG nanosheets have wide-range absorbance from
300 to 900 nm. The absorbance of FePS3-PEG nanosheets
increases with their concentrations. The extinction coef-
ficient (ε) of FePS3-PEG nanosheets at the wavelength of
808 nm is estimated to be 5.1 L g−1 cm−1 (Fig. 3b) ac-
cording to Lambert-Beer’s law [27], which is higher than
those of previously reported Au nanorods (3.9 L g−1 cm−1)
[28] and nanosized graphene oxides (3.6 L g−1 cm−1) [29].
Photothermal heating curves in Fig. 3c show that the
temperatures of FePS3-PEG nanosheets increase with
their concentrations under the same irradiated time of
808-nm laser. Photothermal images of FePS3-PEG
nanosheets with various concentrations (0, 4.1, 8.2, 16.3,
32.7 and 65.3 µg mL−1) are presented in Fig. S6a. The rate
of photothermal temperature evolution for FePS3-PEG
nanosheets is dependent on the power densities of
808-nm laser (Fig. S6b). The temperature-evolution curve

Figure 2 (a) XPS survey spectrum of FePS3-PEG nanosheets. High-resolution XPS spectra of (b) Fe 2p, (c) P 2p and (d) S 2p for FePS3-PEG
nanosheets.
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of FePS3-PEG nanosheets (65.3 µg mL−1) during heating
and cooling (Fig. 3c, d) displays that the temperature of
FePS3-PEG nanosheets (65.3 µg mL−1) increases by 37°C
after being irradiated by 808-nm laser (0.69 W cm−2) for
5 min, while that of deionized water only increases by
3.8°C (Fig. 3c). PCE of FePS3-PEG nanosheets was cal-
culated to be 22.1% at the wavelength of 808 nm (Fig. 3e)
according to the reported method [27,30], which is
slightly higher than that of Au nanorod (21%), a re-
presentative photothermal agent [31]. These results de-
monstrate the rapid and efficient conversion of NIR
optical energy into thermal energy by FePS3-PEG na-
nosheets. The photothermal stability of FePS3-PEG na-
nosheets was also investigated. As shown in Fig. 3f, the
photothermal performance of FePS3-PEG nanosheets
shows no evident deterioration after five repeated heating
and cooling operations, indicating the long-term dur-
ability of FePS3-PEG nanosheets as a photothermal agent.
In order to apply FePS3-PEG nanosheets in vitro and in
vivo, their chemical stabilities were also studied. As
shown in Fig. S7, there are almost no changes for FePS3-
PEG nanosheets kept in deionized water, PBS (pH 7.4,
0.01 mol L−1), physiological buffered saline (PBS + 0.9%
NaCl) and DMEM for 5 d.

Cytotoxicity of FePS3-PEG nanosheets in vitro was
tested by MTT assay using HeLa and 4T1 cells as models.

It can be observed from Fig. 4a, b that the viabilities of
both HeLa and 4T1 cells are still more than 80%, even
though the concentration of FePS3-PEG nanosheets is
over 60 µg mL−1. To evaluate the PTT effect of FePS3-PEG
nanosheets in vitro, HeLa and 4T1 cells were incubated
with FePS3-PEG nanosheets (0, 10, 20, 30, 40, 50 and
60 µg mL−1) and subsequently exposed to 808-nm laser
for 5 min. The viabilities of both HeLa and 4T1 cells
incubated with FePS3-PEG nanosheets decrease sharply
after the treatment of 808-nm laser (Fig. 4a, b), indicating
the strong photothermal killing effect of FePS3-PEG
nanosheets. Fluorescence confocal imaging of treated
HeLa and 4T1 cells further confirms the photothermal
killing effect of FePS3-PEG nanosheets in vitro. As shown
in Fig. 4c, d, most of HeLa and 4T1 cells can be efficiently
killed after being incubated with FePS3-PEG nanosheets
and then treated with 808-nm laser, while most of HeLa
and 4T1 cells incubated with FePS3-PEG nanosheets but
no treatment by 808-nm laser still keep alive.

Bulk FePS3 single crystals as a novel class of magnetic
2D materials can be exfoliated to produce thin-layered
FePS3 nanosheets with small sizes for biological and
medical applications. As observed from the measure-
ments of longitudinal (T1) relaxation time of protons in
FePS3-PEG nanosheets aqueous suspension under ex-
ternal magnetic fields (Fig. 5a), the FePS3-PEG

Figure 3 (a) Absorption spectra of FePS3-PEG nanosheets (38.5, 44.2, 53.5, 65.4 and 82.7 µg mL−1). (b) Normalized absorbance of FePS3-PEG
nanosheets (38.5, 44.2, 53.5, 65.4 and 82.7 µg mL−1) at the absorption wavelength of 808 nm. (c) Photothermal heating curves of FePS3-PEG
nanosheets with various concentrations (0, 4.1, 8.2, 16.3, 32.7 and 65.3 µg mL−1) under 808-nm laser. (d) Temperature evolution of FePS3-PEG
nanosheets (65.3 µg mL−1) exposed to 808-nm laser during heating and cooling. (e) Thermal equilibrium time constant (τ) and PCE (η) of FePS3-PEG
nanosheets. (f) Photothermal stability of FePS3-PEG nanosheets during repeated heating and cooling operations.
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nanosheets exhibit the evident T1 relaxivity (r1 =
2.69 (mmol L−1)−1 S−1). The r1 value is higher than those
of reported tannic acid-Fe@bovine serum albumin com-
plex (1.1 (mmol L−1)−1 S−1) [32], MnO nanoparticles
(0.37 (mmol L−1)−1 S−1) [33], Fe3O4 nanoparticles
(1.1 (mmol L−1)−1 S−1) [34], Fe3O4@MnO nanoparticles
(1.3 (mmol L−1)−1 S−1) [34], zwitterion-coated ultrasmall
iron oxide nanoparticles (1.5 (mmol L−1)−1 S−1) [35], ex-
tremely small iron oxide (0.68 (mmol L−1)−1 S−1) [36], and
is close to commercial ferumoxytol (3.1 (mmol L−1)−1 S−1)
[35] and gadolinium-diethylenetriamine pentaacetic acid
(Gd-DTPA) (3.1 (mmol L−1)−1 S−1) [37]. It suggests that
FePS3-PEG nanosheets are promising as a T1-MRI agent
of cancers. As shown in Fig. 5b and Fig. S8, after in-
travenous injection of FePS3-PEG nanosheets for different
times (0, 4, 8, 24 h), the accumulation of FePS3-PEG
nanosheets on the tumor region results in clear contrast-
enhanced T1-MRI of the tumor site. The high-contrast
T1-MRI of FePS3-PEG nanosheets makes them potentially
applied to guide PTT of tumors.

Based on their NIR photothermal characteristics and
MRI performance in vivo, FePS3-PEG nanosheets were
further studied for MRI-guided PTT of 4T1 tumors. After
4T1 tumor-bearing mouse was intravenously injected
with FePS3-PEG nanosheets and the tumor region was
exposed to 808-nm laser, the temperature of tumor region
increased rapidly from 36.1 to 48.0°C in less than 3 min
(Fig. 5c, G4: green line). In contrast, the temperature of
tumor region displays almost no changes after in-
travenous injection of saline (Fig. 5c, G1: black line) or
FePS3-PEG nanosheets without the treatment by 808-nm
laser (Fig. 5c, G2: red line). The temperature of tumors
treated directly by 808-nm laser without FePS3-PEG na-
nosheets only increases by 4°C (Fig. 5c, G3: blue line).
These photothermal measurements demonstrate the
strong photothermal effect of FePS3-PEG nanosheets in
vivo, which is also confirmed by their corresponding
photothermal imaging of 4T1 tumor-bearing mice
(Fig. 5d). H&E staining of tumor tissues obtained from
G1, G2 and G3 (Fig. 6a–c) shows no significant tumor

Figure 4 Viabilities of (a) HeLa and (b) 4T1 cells incubated with FePS3-PEG nanosheets and then treated without or with 808-nm laser. Fluor-
escence confocal imaging of (c) HeLa and (d) 4T1 cells incubated with FePS3-PEG nanosheets and then treated without or with 808-nm laser. HeLa
and 4T1 cells were co-stained with propidium iodide (red) and calcein-acetoxymethyl ester (green) for fluorescence confocal imaging. Power density
of 808-nm laser: 1.0 W cm−2.
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tissue necrosis, indicating that FePS3-PEG nanosheets do
not result in photothermal ablation effect without
808-nm laser. However, there is a marked contrast from
Fig. 6d that tumor tissues are mostly damaged in G4 and
the tumor growth is significantly suppressed with FePS3-
PEG nanosheets under 808-nm laser.

In order to evaluate the photothermal therapeutic effect
of FePS3-PEG nanosheets in vivo, we also measured the
changes of tumor volume and weight of mice after pho-
tothermal treatments. It can be observed from Fig. 7a that
the tumors of mice treated with both FePS3-PEG na-
nosheets and 808-nm laser are completely ablated after
21 day, while the tumor volumes of mice treated without
FePS3-PEG nanosheets or 808-nm laser increase up to 15-
fold their initial size. Compared with the weight of ex-
cised tumor from control groups, that from the mice
treated with both FePS3-PEG nanosheets and 808-nm
laser can be neglected (Fig. S9), indicating the efficient
photothermal ablation of tumors by FePS3-PEG
nanosheets. The slightly increase of body weight of the
mice in the course of PTT (Fig. 7b) suggests no side effect
of FePS3-PEG nanosheets. The photographs of the 4T1
tumor-bearing mice at various times after different

treatments (Fig. 7c and Fig. S10) clearly present the
photothermal therapeutic effect of FePS3-PEG nanosheets
under 808-nm laser. The biocompatibility of FePS3-PEG
nanosheets in vivo was also evaluated for their practical
biomedical applications. The blood routines of mice after

Figure 5 (a) Magnetic resonance measurements and imaging (inset) of FePS3-PEG nanosheets. (b) MRI of the tumor sites after intravenous
injection of FePS3-PEG nanosheets for different times (0, 4, 8, 24 h). (c) Temperature evolution of the tumor sites exposed to 808-nm laser after
intravenous injection of FePS3-PEG nanosheets for 12 h. (d) Photothermal imaging of 4T1 tumor-bearing mice. G1: Saline; G2: FePS3-PEG na-
nosheets; G3: Saline + 808-nm laser; G4: FePS3-PEG nanosheets + 808-nm laser. Power density of 808-nm laser: 1.0 W cm−2. Concentration of FePS3-
PEG nanosheets: 300 µg mL−1.

Figure 6 H&E staining of tumor tissues obtained from the mice in
different treatment groups: (a) G1, (b) G2, (c) G3 and (d) G4.
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different treatments were measured to evaluate the risk
factor for PTT of 4T1 tumor-bearing mice. It can be
observed from Table S1 that there are no statistically
significant differences in the results of blood routine
among the 4 groups (G1, G2, G3 and G4), suggesting the
high safety of PTT with FePS3-PEG nanosheets. Fur-
thermore, histological images in Fig. 7d show no in-
flammatory lesion and obvious damage for major organs
of mice treated with both FePS3-PEG nanosheets and
808-nm laser for 21 d, proving that there are no side
effects and tumor metastasis for the use of FePS3-PEG
nanosheets in NIR PTT. All the experimental results
demonstrate that FePS3-PEG nanosheets have good bio-
compatibility and prominent NIR photothermal ther-
apeutic effect for tumors under the guidance of T1-MRI.

CONCLUSIONS
In summary, biocompatible thin-layered FePS3-PEG
nanosheets are synthesized by directly ultrasonic ex-
foliation and in situ chemical functionalization with PEG-
NH2. The resultant FePS3-PEG nanosheets show excellent
NIR photothermal properties with a high PCE (22.1%)
and good photothermal stability. What’s more, FePS3-
PEG nanosheets display evident T1 relaxation (r1 =
2.69 (mmol L−1)−1 S−1) in external magnetic fields and is
promising to replace commercial Gd-based T1-MRI

contrast agents, which dominate T1-MRI clinical appli-
cations. The experimental results in vivo demonstrate that
FePS3-PEG nanosheets have high-contrast T1-MRI and
prominent NIR photothermal therapeutic effect on the
4T1 tumor-bearing mice. FePS3-PEG nanosheets as a
kind of bifunctional 2D nanomaterials are promising for
T1-MRI and NIR PTT in the biomedical applications.
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剥离的FePS3纳米片及其活体内T1加权磁共振成
像介导的近红外光热治疗研究
张颖1,都洪芳1,何盼盼1,沈闯1,李琦1,段叶凡1,邵周伟1,牟菲1,
黄峰3*, 李霈旸2, 高平齐2, 于鹏2*, 罗志敏1*, 汪联辉1*

摘要 开发具有先进生物成像和高性能诊疗功能的纳米平台对于
纳米科学与生物医药研究有重要意义. 本文中, 我们通过在氩气中
超声剥离FePS3单晶并同步化学修饰氨基聚乙二醇制备了氨基聚乙
二醇功能化的FePS3纳米片(FePS3-PEG), FePS3-PEG纳米片在
808 nm激光下的光热转化效率可达22.1%, 并在外界磁场中显示了
明显的T1弛豫效应(r1 = 2.69 (mmol L−1)−1 S−1). 体内外的生物实验
结果表明, FePS3-PEG纳米片具有良好的生物相容性, 在清晰的T1

加权磁成像介导下展现出优异的光热治疗效果. FePS3-PEG纳米片
的特性使其成为有前景的癌症T1加权磁成像介导的近红外光热治
疗纳米药物.
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