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A B S T R A C T   

Recently two-dimensional (2D) nanomaterials-mediated photothermal therapy (PTT) has become an important 
tool for treating cancer. However, visually monitoring the localization of nanoagents in cancer cells remains a 
key challenge. Herein, exploring high photostability, and high biocompatibility probes for monitoring PTT are 
still highly desirable. In this study, a novel optical probe named PEG@ReSe2 nanosheets (polyethylene glycol, 
PEG; rhenium diselenide, ReSe2) was prepared and employed to perform in vivo two-photon imaging for 
monitoring PTT in esophageal cancer cells. Under the illumination of a near-infrared (NIR) femtosecond laser at 
820 nm with the output power as low as 5 mW, the PEG@ReSe2 nanosheets showed significant two-photon 
features, producing a significant photoluminescence emission band at 637 nm. In addition, the prepared 
PEG@ReSe2 nanosheets exhibited high resistance to photobleaching. Also, the PEG@ReSe2 nanosheets showed 
low cytotoxicity for cancer cells, providing a high viability of more than 90%. More importantly, the PEG@ReSe2 
nanosheets could enter cancer cells and work as a two-photon probe for visually displaying the PTT process. After 
12 h incubation, the PEG@ReSe2 nanosheets produced strong two-photon signals in KYSE150 cancer cells, 
enabling them to perform in vivo bi-channel bioimaging. In light of its photothermal effects, the PEG@ReSe2 
nanosheets also could serve as a sensor for monitoring PTT under low-power infrared laser irradiation. This study 
suggests that, the PEG@ReSe2 nanosheets could serve as a superior two-photon biosensor for monitoring the PTT 
process in cancer nanomedicine.   

1. Introduction 

Recently advanced two-photon fluorescence (TPF) imaging has 
attracted worldwide attention in the biomedical field, because of its 
unique advantages of non-invasiveness, suppression of photodamage/ 
phototoxicity and high penetration depth [1–3]. Under the illumination 
of near-infrared (NIR) light, the TPF signal with a higher frequency can 
be generated when fluorescent molecules simultaneously absorb two 
low-frequency photons [4,5]. At earlier times, water-soluble, and 
well-targeted two-photon organic dyes were widely applied for TPF 
imaging [6,7]. However, most two-photon organic dyes usually have the 
drawbacks of small two-photon absorption cross section and low 
brightness of TPF imaging, making it require high power laser for 
two-photon excitation [8,9]. In addition, pulsed lasers having high peak 
power are preferred instead of commonly used continuous lasers. In 

contrast to common optical imaging, two-photon-based bioimaging can 
effectively reduce autofluorescence, lower photobleaching and achieve 
high-resolution in vivo imaging, showing great potential in cancer 
diagnosis, treatment and non-invasive monitoring of drug delivery [3, 
10–12]. Therefore, it is of considerable significance to integrate TPF 
imaging approach with cancer therapy, enabling to monitor the photo
thermal therapy (PTT) process and evaluate therapeutic outcomes. 

To date, 2D nanomaterials-mediated PTT has been considered an 
efficient strategy for treating cancer [13–19]. Owing to their significant 
absorption features in the NIR region, 2D nanoagents involved in PTT 
usually have good photothermal conversion ability, indicating that they 
can efficiently absorb a large proportion of photons and produce heat. 
Then, the photoluminescence performance of photothermal nanoagents 
would be relatively weakened. Herein, it needs to find a balance be
tween photothermal effects and photoluminescence for photothermal 
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nanoagents. Meanwhile, it is of considerable importance to real-time 
monitor the dynamic localization of nanoagents for improving the 
outcome of PTT. Based on these observations, developing a novel optical 
probe with high photostability, high biocompatibility, and high bio
imaging ability in cancer cells, are highly desirable. 

In the graphene family, the derivatives of graphene, such as gra
phene oxide and nitrogen-doped graphene, were first reported for per
forming TPF bioimaging, due to their large surface area and strong 
photoluminescence as well as high biocompatibility. For example, the 
derivatives of graphene not only achieve deep TPF imaging in cells and 
tissues, but also track specific bio-analytes via deep TPF imaging [8,20]. 
Afterward, a prototype member in the transition metal dichalcogenides 
(TMDCs) family, molybdenum disulfide (MoS2) has been widely studied. 
It has been proposed that, MoS2 nanosheets have shown photothermal 
effects employed for PTT [21]. In addition, functional MoS2 quantum 
dots were prepared and targeted for TPF bioimaging in prostate cancer 
cells [22]. However, it is still difficult for monitoring the PTT process 
using MoS2 quantum dots, because of its low photothermal conversion 
efficiency. In the phosphorene family, functional black phosphorus (BP) 
quantum dots were successfully employed for PTT, due to its excellent 
photothermal conversion efficiency [23]. However, BP quantum dots 
usually showed poor stability exposure to ambient air. Moreover, 
few-layered BP nanosheets hardly have stable photoluminescence. Thus, 
the member from TMDCs family has shown higher stability compared to 
phosphorene family. 

As relatively unexplored members in TMDCs family, ReX2 (X=S, or 
Se) has received considerable attention, due to its usual features. There 
are two forms: ReS2, and ReSe2. Similar to ReS2, ReSe2 was formed by 4 
Re atoms covalently bonding with 6 Se atoms [24]. Unlike most popular 
members such as MoS2 and WS2, ReSe2 exhibited significant in-plane 
anisotropy, and unusual electrical, and optical properties [25–27]. 
Moreover, the photoluminescence property of ReSe2 film was studied by 
the single-photon excitation method. From bulk to monolayer, the 
photoluminescence emission of ReSe2 film was slightly red-shifted from 
1.29 to 1.31 eV [28]. It indicated that, the bandgap of ReSe2 film was 
highly related tothe thickness of ReSe2 film. Conversely, the ReS2 film 
showed a layer-independent bandgap of 1.51 eV [29]. It is worth noting 
that, the narrow bandgap of ReSe2 is rare in TMDs family, making it 
possible for exploring novel optoelectronic sensors. In addition, ReSe2 
showed great potential in the biomedical field. For example, Se is a 
biologically essential trace element, which can further enhance immune 
function and reduce the incidence of cancer [30,31]. To date, most 
fundamental studies involved in ReSe2 have been mainly focused on 
preparation and structure modulation. To the best of our knowledge, 

there were no reports on ReSe2 employed for in vivo TPF bioimaging. 
Herein, we first reported a novel optical probe, namely PEG@ReSe2 

nanosheets, employed for in vivo TPF imaging in esophageal cancer cells, 
as shown in Fig. 1. The ReSe2 nanosheets were yielded on a large scale 
by a top-down exfoliation approach. To enhance biocompatibility, the 
ReSe2 nanosheets were further treated with biological polymer PEG- 
NH2. Interestingly, the prepared ReSe2 nanosheets showed unique TPF 
features under 820 nm femtosecond laser irradiation. Also, the prepared 
PEG@ReSe2 nanosheets exhibited high resistance to photobleaching. 
Owing to their broad photon absorption region, the prepared PEG@R
eSe2 nanosheets can work as a TPF probe for performing in vivo bi-color 
bioimaging and monitoring PTT under low-power infrared laser irradi
ation. It indicated that, excellent two-photon signatures from PEG@R
eSe2 nanosheets have promising applications for real-time tracking PTT 
in biomedical field. 

2. Experimental section 

2.1. Chemicals and materials 

In this study, all the chemicals were of the analytical grade and used 
without further purification. The PEG-NH2 (MW:2000 kDa), ethanol 
anhydrous (97%), and n-methyl-2-pyrrolidone (NMP, 99%, Reagent 
Plus) were bought from Shanghai Ponsure Biotech, Inc, Aladdin Com
pany, and Sigma-Aldrich, respectively. The cells culture media con
taining RPMI Medium Modified (RPMI1640, 99%), Dulbecco minimum 
essential medium (DMEM, 99%), phosphate buffered saline (PBS), and 
fetal bovine serum (FBS, 99%) were purchased from Hyclone. Live & 
Dead Cell Double Staining Kit and cell Counting Kit-8 (CCK-8, 99.9%) 
assay kits were purchased from KeyGen BioTech. The ReSe2 crystal ( 
99.9%) was bought from HQ Graphene Company (Netherlands). Ultra- 
pure water with a resistivity of 18.2 MΩ/cm was employed to wash 
and dissolve PEG@ReSe2 nanosheets. 

2.2. Fabrication of PEG@ReSe2 nanosheets 

The ReSe2 nanosheets were fabricated by an ultrasonication-assisted 
liquid phase exfoliation method [32]. Both 12 mg bulk ReSe2 and 80 mL 
NMP solvent were added into a beaker. Then, the bulk ReSe2 in NMP was 
treated with continuous probe sonication (JY98-IIIDV, SCIENTZ) for 38 
h with the help of an ice bath. To avoid local high temperature generated 
by probe sonication, there was a sonication delay. For each ultra
sonication period, the turn-on time of probe was 2 s, and the turn-off 
time was 6 s. Afterward, the obtained mixture was first centrifuged at 

Fig. 1. Schematic illustration of PEG-ReSe2 nanosheets employed for in vivo bi-color TPF bioimaging in PTT.  
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6000 rpm for 18 min to remove large-sized ReSe2 nanosheets. To obtain 
small-sized ReSe2 nanosheets, the obtained supernatant was further 
washed by centrifugation at 14300 rpm for 18 min. Finally, the 
small-sized ReSe2 nanosheets were yielded by washing twice with 
ethanol and ultra-pure water, respectively. 

In order to optimize the stability and solubility in different physio
logical conditions, as well as biocompatibility and low cytotoxicity of 
prepared ReSe2 nanosheets, the polymer PEG-NH2 was utilized to 
modify the surface of small-sized ReSe2 nanosheets. It is worth noting 
that, poly ethylene glycol (PEG) are a class of biocompatible polymers, 
which can make nanoagents facilitate tumor targeting. In addition, the 
surface charge of ReS2 nanosheets functionalized by PEG-NH2 moiety is 
positive. For the negatively charged surface of cell membrance, the 
strong electrostatic interaction force can significantly develop the 
cellular uptake behavior. Moreover, PEG-NH2-decorated nanoagents 
have shown high bio compatibility [23,32]. In brief, the PEG-NH2 
molecules (50 mg) were added into ultra-pure water containing 
small-sized ReSe2 nanosheets, and stirred continuously for 12 h. Then, 
the mixture was centrifuged and washed 3 times at 14300 rpm to 
remove the excess PEG-NH2 molecules. Finally, the water-soluble 
PEG@ReSe2 nanosheets were yielded into 1 mL ultra-pure water for 
further experiments. 

2.3. Material characterization 

An ultraviolet-visible spectrophotometer (UV-1780, SHIMADZU) 
was employed to measure the absorbance of PEG@ReSe2 nanosheets in 
different concentrations. Both the thickness and topography of prepared 
PEG@ReSe2 nanosheets were characterized by atomic force microscopy 
(AFM, Dimension ICON, Brooke) and transmission electron microscopy 
(TEM, HITACH HT7700), respectively. The element composition of 
PEG@ReSe2 nanosheets was measured by X-ray photoelectron spec
troscopy (XPS, Thermo Scientific NEXSA, USA). The Raman spectra of 
PEG@ReSe2 nanosheets were obtained by a confocal Raman spectrom
eter (inVia, Renishaw, UK). 

2.4. TPF features of PEG@ReSe2 nanosheets 

To study the TPF features of PEG@ReSe2 nanosheets, a broad 
femtosecond laser (Chameleon Discovery, 80 MHz, Coherent Company) 
with tunable NIR excitation wavelengths (820–1300 nm) was employed. 
To determine the photoluminescence emission of PEG@ReSe2 nano
sheets, a spectrometer (Ocean Optics, USB2000) was applied to record 
photoluminescence spectra excited by tunable excitation wavelengths 
ranging from 820 to 900 nm. Additionally, the photoluminescence 
lifetime of PEG@ReSe2 nanosheets was determined under an excitation 
wavelength of 820 nm. 

To study the feasibility of bioimaging ability of PEG@ReSe2 nano
sheets, a Nikon confocal scanning inverted microscopy that consists of 
A1R MP+ and Carl Zeiss, LSM 800 with Airyscan modules, was 
employed using a 60× oil immersion objective. It is worth noting that, 
there were two imaging channels employed for collecting photons with 
different frequencies. For example, Channel 1 responds to the spectra 
interval from 512 to 558 nm, and Channel 2 stands for the spectra in
terval from 577 to 633 nm. To measure in vitro TPF signals of PEG@R
eSe2 nanosheets, 20 μL lowconcentration PEG@ReSe2 nanosheet 
solution was dropped on a glass slide, and the PEG@ReSe2 nanosheets 
were allowed to dry naturally at room temperature. 

To investigate in vivo TPF imaging effect of PEG@ReSe2 nanosheets, 
400 μL 100 μg/mL PEG@ReSe2 nanosheets were incubated with 
KYSE150 cancer cells in 8-well plates in an incubator for 12 h. After 
washing with PBS, the TPF intensity of PEG@ReSe2 nanosheets in 
KYSE150 cells was continuously monitored by a Nikon confocal 
microscope. 

The photothermal killing effects of PEG@ReSe2 nanosheets were 
characterized by Live & Dead Cell Double Staining Kit. In brief, 200 μL 

work solutions (8 μM PI, 2 μM Calcein-AM) were mixed into KYSE150 
cancer cells incubated with PEG@ReSe2 nanosheets. After 30 min, 
KYSE150 cancer cells incubated with PEG@ReSe2 nanosheets were 
continuously irradiated with a femtosecond laser for 10 min at 820 nm. 
After laser illumination, the cancer cells stained with green fluorescence 
were alive, and the cancer cells labeled with red fluorescence were killed 
by photothermal effects. 

2.5. In vivo cellular toxicity of PEG@ReSe2 nanosheets 

The cellular toxicity of PEG@ReSe2 nanosheets was studied utilizing 
the standard CCK-8 assay. The procedure was performed as follows: cells 
in 96-well plates (≈1 × 104 cells per well) were cultured in fresh me
dium containing different concentrations of PEG@ReSe2 (0, 50, 100, 
200, and 400 μg/mL). After 12 h incubation, both KYSE150 and HeLa 
cells were cleaned several times using PBS for removing residual 
PEG@ReSe2 nanosheets. Then, a fresh culture medium containing CCK- 
8 (1:10 ratio of CCK-8 to culture medium) was injected into 96-well 
plates. After 1 h incubation, the light density values of KYSE150 and 
HeLa cells at 450 nm were recorded with a microplate reader. 

3. Results and discussion 

As the bulk ReSe2 is stacked by weak van der Waals forces in the 
interlayer, few-layered ReSe2 nanosheets can be obtained by a peeling 
method. With the assistance of probe ultrasound and ice-water bath, the 
ReSe2 nanosheets were continuously exfoliated from ReSe2 crystal in 
NMP, as shown in Fig. 2A. The large-sized nanosheets can be removed by 
centrifugal cleaning at 8000 rpm, guaranteeing that the obtained ReSe2 
nanosheets are highly dispersed and homogeneous in size. To further 
enhance the dispersibility and biocompatibility of ReSe2 nanosheets in 
physiological solutions, the polymer PEG-NH2 molecules were applied 
to decorate with small-sized ReSe2 nanosheets obtained by centrifugal 
cleaning at 14300 rpm. As shown in Fig. 2B, the freshly prepared 
PEG@ReSe2 nanosheets showed good dispersibility in three solutions 
such as ultra-pure water, PBS, and cells medium. In addition, the 
quantitative absorbance (Fig. 2B) from PEG@ReSe2 nanosheets in 
various concentrations also showed good dispersibility. 

In particular, our prepared PEG@ReSe2 nanosheets exhibited a 
strong absorption in the NIR region (Fig. 2B). Fig. 2C–E showed the 
elemental composition and bonding configurations of prepared 
PEG@ReSe2 nanosheets measured by XPS, where the binding energy of 
Re and Se elements are consistent with previous reports [33–35]. In 
addition, Raman spectroscopy was carried out to perform fingerprint 
identification of PEG@ReSe2 nanosheets, as shown in Fig. 2F. It can be 
found that, the characteristic Raman band at 124 cm− 1 belongs to the 
in-plane Eg-like mode, and the two Raman band located at 159, and 172 
cm− 1 is ascribed to the out-of-plane Ag-like mode [28,36,37]. Finally, 
both TEM (Fig. 2G) and AFM images (Fig. 2H) clearly showed that, the 
average size of PEG@ReSe2 nanosheets was determined to be 43 nm 
(Fig. 2I), satisfying the size requirements (less than 200 nm) for endo
cytosis. However, the yield of small size ReSe2 nanosheets is highly 
dependent on the ultrasound time, ultrasound power and probe diam
eter [38]. In this study, the yield of small-sized ReSe2 nanosheets (~43 
nm) was about 20% by controlling the sonication time (38 h), sonication 
power (400 W), probe diameter (20 mm), and centrifugation speed 
(6000 rpm, 18 min; 14300 rpm, 18 min). 

Next, the photoluminescence features of PEG@ReSe2 nanosheets 
were studied using a NIR tunable wavelength femtosecond laser, as 
illustrated in Fig. 3. When the femtosecond laser excitation wavelength 
was tunable between 820 and 900 nm, there was a stable photo
luminescence band located at 637 nm. It indicates that, the photo
luminescence band of PEG@ReSe2 nanosheets was independent of the 
excitation wavelength. To verify the detectable band at 637 nm 
belonged to TPF, the relationship based on photoluminescence intensity 
vs. excitation powder at 820 nm was plotted, as shown in Fig. 3B. There 
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Fig. 2. Preparation and characterization of PEG@ReSe2 nanosheets. A Preparation procedure of PEG@ReSe2 nanosheets. B Absorption spectra of PEG@ReSe2 
nanosheets in different concentrations (0, 50, 100, 200, and 400 μg/mL. Inset: photographs of PEG@ReSe2 nanosheets in three solvents such as ultra-pure water, PBS 
and cell medium, respectively). C–E XPS spectrum of PEG@ReSe2 nanosheets. F Raman spectra of PEG@ReSe2 nanosheets and ReSe2 bulk. G TEM images of 
PEG@ReSe2 nanosheets. H AFM image PEG@ReSe2 nanosheets. I Particle size and thickness distribution of PEG@ReSe2 nanosheets. 

Fig. 3. A TPF spectra of PEG@ReSe2 nanosheets obtained by various excitation wavelengths at 820, 850, and 900 nm. B Logarithmic relationship between TPF 
intensity at 637 nm and excitation power. C Related TPF intensity of PEG@ReSe2 nanosheets obtained by different excitation wavelengths under the same power. D 
Photoluminescence lifetime image of PEG@ReSe2 nanosheets under the excitation of 820 nm. The inset was fitting curve of lifetime. 
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was a fitted slope of 2.0654, showing that, the photoluminescence band 
at 637 nm was from two-photon excitation. In addition, the TPF in
tensity of PEG@ReSe2 nanosheets was measured by changing the 
different excitation wavelengths from 820 to 980 nm under the same 
output power (6 mW), as shown in Fig. 3C. As the excitation wavelength 
is fixed at 820 nm, it can generate the strongest photoluminescence 
band. Moreover, Fig. 3D indicated that, the TPF lifetime of PEG@ReSe2 
nanosheets was determined to be 420 picoseconds (ps) via a double 
exponential decay fitting. 

Recently, multicolor fluorescence imaging with single photon exci
tation has been widely studied, due to its advantages of providing multi- 
channel bioimaging information. To date, a host of emitting materials, 
such as organic fluorescent dyes and semiconductor quantum dots have 
been proposed [39–42]. However, they usually suffer from the draw
back of single-photon excitation, resulting in potential photobleaching 
and low imaging depth. Conversely, the broad photoluminescence band 
of PEG@ReSe2 nanosheets suggests that, it has the potential for multi
channel photoluminescence imaging, furthering improve spatial locali
zation and resolution of bioimaging. 

Considering that the TPF of PEG@ReSe2 nanosheets is not sensitive 
to variation of excitation wavelength, the excitation wavelength in NIR-I 
can be selected. Fig. 3C showed that, with the same excitation power, 
the TPF intensity of PEG@ReSe2 nanosheets rapidly decreases as the 
excitation wavelength approaches to be 900 nm. However, the strong 
TPF signal was still present at 900 nm. Compared to multicolor fluo
rescence imaging produced by multi-dyes loaded nanomaterials, 
PEG@ReSe2 nanosheets show greater potential for bioimaging 
applications. 

An excellent TPF sensor should be having good photostability 
exposure to the irradiation of a femtosecond laser. Thus, the photo
stability of PEG@ReSe2 nanosheets was studied, as shown in Fig. 4A–D. 
After 100 scans, no significant variation was observed in the intensity of 
TPF for PEG@ReSe2 nanosheets. It indicates that it can bear photo
bleaching. Moreover, three-dimensional TPF imaging of PEG@ReSe2 
nanosheets (Fig. 4E) showed that, it is suitable for in vivo TPF imaging in 
cancer cells. 

Prior to in vivo imaging in live cancer cells, we studied the cytotox
icity of PEG@ReSe2 nanosheets by employing a CCK-8 kit. After 24 h 
incubation with different concentrations of PEG@ReSe2 nanosheets so
lutions, the cell viability of HeLa cells and KYSE150 cells were still more 

than 90%, even as the PEG@ReSe2 nanosheets concentrations were as 
high as 400 μg/mL (Fig. 4F). These observations suggests that, our 
prepared PEG@ReSe2 nanosheets have high biocompatibility and low 
cytotoxicity, because of the surface modification of polymer PEG-NH2. 

Afterward, in vivo bioimaging capability of PEG@ReSe2 nanosheets 
was performed in KYSE150 cancer cells. In the absence of PEG@ReSe2 
nanosheets, there was no detectable two-photon signal in KYSE150 
cancer cells under the illumination of 5 mW femtosecond laser at 820 
nm, as shown in Fig. 5 (Case 1). As the power of the femtosecond laser at 
820 nm was as high as 40 mW, the weak TPF signal from KYSE150 
cancer cells was obtained in Channel 1 (512–558 nm, Case 2, Fig. 5). 
However, the strong TPF images (Case 3, Fig. 5) of PEG@ReSe2 nano
sheets in KYSE150 cancer cells were produced by a femtosecond laser at 
820 nm as low as 5 mW. Moreover, the TPF signals appeared in both 
Channel 1 and Channel 2, clearly showed the outline of KYSE150 cancer 
cells. It means that, the PEG@ReSe2 nanosheets can enter KYSE150 
cancer cells through endocytosis. Compared with the intensity of TPF 
signals in KYSE150 cancer cells, the intensity of TPF signals from 
PEG@ReSe2 nanosheets PEG@ReSe2 nanosheets was enhanced by 
almost 18 times. To determine the imaging depth, the penetration depth 
of TPF signals in KYSE150 cells was measured to be 12.3 μm (Case 4, 
Fig. 5) via the Z-scan technique. It can be found that, the PEG@ReSe2 
nanosheet can stain the entire KYSE150 cancer cells and exhibit a clear 
TPF image. Moreover, Moreover, the 3D TPL images (Case 4, Fig. 5) of 
PEG@ReSe2 nanosheets incubated with cancer cells clearly showed that, 
the PEG@ReSe2 nanosheets in cancer cells has a significant distribution 
depending on imaging depth. When the focal plane was scanned into the 
middle layer of cancer cells, the TPL signals from PEG@ReSe2 nano
sheets can be still detected. Based on this observation, it can be deduced 
that, the PEG@ReSe2 nanosheets have entered cancer cell interior 
through endocytosis. Therefore, the PEG@ReSe2 nanosheets have good 
permeability. Thanks to the broad TPF spectrum of PEG@ReSe2 nano
sheets, bi-color TPF imaging can be achieved in KYSE150 cells, indi
cating that PEG@ReSe2 nanosheets have great promising in in vivo bi- 
color TPF imaging in living cells. Compared with MoS2 quantum dots 
(QDs) with a photofluorescence emission at 430 nm [43], the 
two-photon emission spectrum of ReSe2 nanosheets is located at 637 nm, 
showning has lower scattering and absorption of photons. More 
importantly, ReSe2 nanosheets can be employed to perform 
dual-channel bioimaging in a low-power excitation condition, 

Fig. 4. In vitro TPF images of PEG@ReSe2 
nanosheets obtained from various scans 
under the illumination of femtosecond laser 
at 820 nm with an output power of 3 mW. 
Noting that, each scan takes ~2.1 s. A 1 
scan; B 50 scans; C 100 scans; D Variations 
in TPF intensity of PEG@ReSe2 nanosheets 
(selected 4 points) experiencing different 
numbers of scans corresponds to Fig. 4A–C. 
E Three-dimensional TPF image of 
PEG@ReSe2 nanosheets; F In vivo cells 
viability of KYSE150 and HeLa treated with 
different concentrations (0, 50, 100, 200, 
and 400 μg/mL) of PEG@ReSe2 nanosheets. 
The scale bar is 50 μm.   
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producing higher imaging resolution and brightness. 
Finally, the feasibility of PEG@ReSe2 nanosheets employed for 

monitoring PTT was studied, as shown in Fig. 6. In the absence of 
PEG@ReSe2 nanosheets, the KYSE150 cancer cells were continuously 
irradiated for 10 min by a femtosecond laser at 820 nm. When the power 
was 10 mW, the viability of KYSE150 cancer cells was almost 100% 
(Case 1). As the power was increased to be 45 mW, almost 40% of 
KYSE150 cancer cells were killed (Case 2). Owing to excellent absorp
tion capability for NIR photons, the PEG@ReSe2 nanosheets can produce 
a significant photothermal effect on KYSE150 cancer cells. When the 
power was 5 mW, the KYSE150 cancer cells can be efficiently killed 
(Case 3). Unlike MoS2 QDs, ReSe2 nanosheets have significant photon 
absorption in a NIR region (Fig. 2(B)), indicating that the photothermal 
conversion efficiency of ReSe2 nanosheets should be higher than that of 
previously reported MoS2 QDs. 

Under the irradiation of an ultrafast pulsed laser, the PEG@ReSe2 
nanosheets can generate a host of hot carriers and electrons by the two- 
photon absorption. Therefore, the temperature of the PEG@ReSe2 
nanosheets increases instantaneously, accompanied by hot carriers 
recombining and releasing energy in PEG@ReSe2 nanosheet lattice [44]. 
One can conclude that, PEG@ReSe2 nanosheets can be employed for 
intracellular TPF imaging in living cells, and it also works as an excellent 
photothermal nanoagents for PTT. In light of these observations, with 
the help of the TPF bioimaging method, the dynamic localization of 
PEG@ReSe2 nanosheets in cancer cells can be visually monitored to 
further evaluate the therapeutic outcomes of PTT. 

4. Conclusions 

In this study, we successfully prepared a novel TPF probe named 
PEG@ReSe2 nanosheets, which can be employed to visually monitor the 
localization dynamics of PEG@ReSe2 nanosheets in cancer cells by in 
vivo TPF bioimaging. Under the NIR illumination of pulsed laser, 
PEG@ReSe2 nanosheets exhibited a broad TPF emission from ultraviolet 
to visible region. And the detectable TPF band was located at 637 nm, 
showing independent on excitation light. In addition, the PEG@ReSe2 
nanosheets have shown high photostability, enable to efficiently prevent 
from photobleaching. Moreover, low in vivo toxicity of PEG@ReSe2 
nanosheets makes it work as a good probe in living cells. More impor
tantly, when PEG@ReSe2 nanosheets were incubated with KYSE150 
cancer cells, in vivo bi-color TPF bioimaging can be achieved under a low 
power of 5 mW. In the process of TPF bioimaging, PEG@ReSe2 nano
sheets can also produce photothermal effects to kill KYSE150 cancer 
cells. With the help of the TPF bioimaging method, it is possible to 
visually monitor the location of PEG@ReSe2 nanosheets in the PTT 
process. It can be expected that, PEG@ReSe2 nanosheets have great 
potential for performing TPF bioimaging in living cells. Meanwhile, 
PEG@ReSe2 nanosheets also have promising applications for monitoring 
PTT process and evaluating therapeutic outcomes in early cancer 
microsurgery. 
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