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Broadband photothermal and photoacoustic agents in the near-infrared (NIR) biowindow are of signif-
icance for cancer phototheranostics. In this work, PtCu nanosheets with an average lateral size of less
than 10nm are synthesized as NIR photothermal and photoacoustic agents in vivo, which show strong
light absorption from NIR-I to NIR-II biowindows with the photothermal conversion efficiencies of 20.4%

under 808 nm laser and 32.7% under 1064 nm laser. PtCu nanosheets functionalized with folic acid-
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modified thiol-poly(ethylene glycol) (SH-PEG-FA) present good biocompatibility and 4T1 tumor-targeted
effect, which give high-contrast photoacoustic imaging and efficient photothermal ablation of 4T1 tumor
in both NIR-I and NIR-II biowindows. Our work significantly broadens applications of noble metal-based
nanomaterials in the fields of cancer phototheranostics by rationally designing their structures and mod-
ulating their physicochemical properties.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photothermal therapy (PTT) and photoacoustic imaging (PAI)
are becoming useful technologies for cancer phototheranostics [1].
PTT has received widespread attention due to its high controlla-
bility, noninvasiveness and low adverse side effects in the treat-
ment of tumors [2,3]. PA], a promising biomedical molecular imag-
ing technique, has attracted great interest due to its high imag-
ing contrast and resolution, low scattering and dissipation in bi-
ological tissues, and excellent biological tissue permeability [4]. To
date, many multifunctional inorganic nanomaterials have been pre-
pared for PAI and PTT, such as carbon nanomaterials [5-9], transi-
tion metal chalcogenides [10-16], noble metal nanostructures [17-
25], transition metal oxides [26,27], and metal-organic framework
[28,29]. Noble metal nanostructures (Au nanorods [17,19,21,25],
Au nanocages [23,30], Au nanoshells [31], Au nanovesicles [20,32],
AuAg nanoalloy [33], and so on) have attracted great attention
for phototherapeutics because of their prominent ability to ab-
sorb near-infrared (NIR) light and convert it into thermal energy.
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However, most of photothermal and photoacoustic agents based on
noble metal nanostructures fall in the first NIR biowindow (NIR-
I, 750-1000nm). The efficacy of NIR-I PTT and PAI in vivo is of-
ten limited by the relatively small maximum permissible expo-
sure and short penetration depth of NIR-I laser. Promisingly, it is
found that the lasers in the second NIR biowindow (NIR-II, 1000-
1350nm) have larger penetration depth and maximum permissi-
ble exposure as compared to NIR-I lasers for phototherapeutics in
vivo. Great effort has been made to develop noble metal nanostruc-
tures with strong absorption in the NIR-II biowindow as photother-
mal and photoacoustic agents in recent years. However, few noble
metal nanostructures can meet the requirements of PTT and PAI in
vivo due to their large sizes or low photothermal conversion effi-
ciency (PCE). Therefore, development of ultrasmall and unique no-
ble metal nanostructures with strong broadband NIR photothermal
and photoacoustic properties is eagerly expected for photothera-
peutics in vivo.

Two-dimensional (2D) noble metal nanostructures are consid-
ered to be potential NIR photothermal and photoacoustic agents
due to their fascinating optical properties derived from special
2D structures [18,24,34-36]. Regulating the shape of noble metal
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Scheme 1. SH-PEG-FA functionalized PtCu nanosheets for 4T1 tumor-targeted PTT
and PAI in both NIR-I and NIR-II windows. SH-PEG-FA: folic acid-modified thiol-
poly(ethylene glycol).

nanostructures to 2D morphology can extend their strong ab-
sorption wavelength to NIR-II window. For example, Ag nanopar-
ticles have almost no absorption in NIR-II window, while Ag
nanoplates display evident NIR-II light adsorption [34]. Ultrathin
Pd nanosheets give much stronger absorbance in NIR-II window
than Pd nanoparticles, which enhances their applications as pho-
tothermal and photoacoustic agents in broadband NIR windows
[37]. Pt nanostructures with good biocompatibility display high-
order longitudinal surface plasmon resonance (SPR) mode in NIR
zone. Their SPR wavelengths can be elongated to NIR-II zone by
adjusting their morphology and structures [38]. Therefore, it is the-
oretically feasible to construct 2D Pt-based alloy nanostructures as
broadband NIR photothermal and photoacoustic agents.

In this work, alloyed strategy is developed to prepare 2D PtCu
nanosheets with the lateral size of less than 10 nm. The ultrasmall
PtCu nanosheets give broadband light absorption from NIR-I to
NIR-II windows with the extinction coefficients of 711L g~! cm~!
at 808nm and 2.06L g! cm~! at 1064nm. The PCEs of PtCu
nanosheets are 20.4% under 808 nm laser and 32.7% under 1064 nm
laser. PtCu nanosheets exhibit strong photoacoustic effect under
both 808 and 1064 nm lasers. PtCu nanosheets functionalized with
folic acid-modified thiol-poly(ethylene glycol) (SH-PEG-FA) display
good biocompatibility and 4T1 tumor-targeting function, which
present high-contrast PAI and highly efficient photothermal abla-
tion of 4T1 tumor in both NIR-I and NIR-II windows (Scheme 1).
This kind of Pt-based alloy nanosheets enriches the family of ad-
vanced photothermal and photoacoustic agents.

PtCu nanosheets prepared by a modified two-step solvothermal
method were characterized by transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), energy dispersive spectrom-
eter (EDS) and X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 1a and Fig. S1 (Supporting information), our obtained PtCu
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Fig. 1. (a) TEM, (b) HRTEM and (c) EDS elemental mapping images of PtCu
nanosheets. High-resolution XPS spectra of (d) Pt 4f and (e) Cu 2p in PtCu
nanosheets.
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nanosheets have homogeneous size distribution with the aver-
age size of ~8nm. HRTEM images in Fig. 1b show the crys-
talline fringes with the interplanar spacing of 0.219nm corre-
sponding to (111) plane of PtCu nanostructures [39]. EDS elemen-
tal mapping images in Fig. 1c confirm the compositions of Pt
and Cu in the product. Survey XPS spectrum of PtCu nanosheets
demonstrates the binding energies of Pt 4f (~72.8eV) and Cu 2p
(~933.5eV), confirming their compositions of Pt and Cu elements.
High-resolution XPS spectrum of Pt 4f (Fig. 1d) shows the binding
energies at 70.7 and 74.1eV attributed to Pt 4f;, and Pt 4f;), of
zero-valent Pt, respectively [40]. The two binding energies at 931.8
and 951.3eV (Fig. 1e) are attributable to Cu 2p3;; and Cu 2p;p,
of zero-valent Cu, respectively [40]. High-resolution XPS spectra of
Pt 4f and Cu 2p indicate that there is no oxidation state in PtCu
nanosheets, proving the formation of PtCu alloy nanosheets. The
atomic molar ration of Pt and Cu elements in PtCu nanosheets is
evaluated from XPS characterization to be 1.18:1 (Fig. S2 and Table
S1 in Supporting information).

In order to investigate the possibility of PtCu nanosheets ap-
plied as phototherapeutic agents, the photothermal property of
PtCu nanosheets was studied. As shown in Fig. S3a (Supporting
information), PtCu nanosheets show broadband light absorption
from 300nm to 1200nm. The extinction coefficient (¢) of PtCu
nanosheets is estimated to be 711L g~! cm~! at 808 nm (Fig. S3b
in Supporting information), which is higher than that of graphene
oxides (3.6L g~! cm~!) [8], CuCo nanosheets (5.37L g=! cm™1)
[41], germanene quantum dots (5.333L g~! cm~!) [42] or gold
nanorods (3.9L g~! cm~!) [43]. Moreover, the ¢ value of PtCu
nanosheets at 1064nm (2.06L g-! cm~!) (Fig. S3c in Support-
ing information) is also higher than that of carbon nanochips
(132L g~ ' cm™1) [44].

The photothermal heating curves under 808 nm (Fig. 2a) and
1064 nm (Fig. 2b) show that the temperatures of PtCu nanosheets
aqueous suspensions increase with their concentrations and are
dependent on the power density of laser (Fig. S4 in Supporting
information). The temperature of PtCu nanosheets aqueous sus-
pension (50 pg/mL) can rapidly reach 70 °C after the irradiation
of 808 nm laser (1.0W/cm?2) for 5min. Furthermore, the tempera-
ture of PtCu nanosheets aqueous suspension (200 pg/mL) is also
able to rapidly rise to 49 °C after the irradiation of 1064 nm laser
(1.5W/cm?) for 6.5min. It is indicated that PtCu nanosheets have
good photothermal effect in both NIR-I and NIR-II biowindows. The
corresponding photothermal images of PtCu nanosheets with dif-
ferent concentrations are presented in Fig. S5 (Supporting infor-
mation). PCEs (1) of PtCu nanosheets are calculated according to
the photothermal heating and cooling curves of PtCu nanosheets
(Figs. 2c and d), which are 20.4% at 808 nm (Fig. 2e) and 32.7% at
1064 nm (Fig. 2f). The PCE of PtCu nanosheets at 1064 nm is higher
than that of gold nanorods (25.9%) [45], Fe304@CuS nanoparti-
cles (19.2%) [46], Pt nanoparticles (23.0%) [47] or Pt nanocubes
(32.3%) [38]. Measurements of photothermal stability (Figs. 2g and
h) demonstrate that the heating capacity of PtCu nanosheets under
both 808 nm and 1064 nm lasers shows no significant deterioration
during five lasers on/off cycles, indicating that PtCu nanosheets can
be as a durable photothermal agent for PTT of cancers.

Owing to their strong absorption and marked PCE in both NIR-I
and NIR-II regions, the photoacoustic property of PtCu nanosheets
was further evaluated. The output laser energies of photoacous-
tic machine are ~160 m]/pulse for Ti:Saph (808 nm) and ~300
mJ/pulse for Nd:YAG (1064 nm), and other parameters of the used
photoacoustic machine are shown at Table S2 (Supporting informa-
tion). The measured photoacoustic signals and corresponding pho-
toacoustic images of PtCu nanosheets aqueous suspensions upon
exposure to 808 and 1064 nm lasers can be seen in Fig. 3. The pho-
toacoustic signal of PtCu nanosheets aqueous suspensions is much
stronger than that of deionized water, and shows a great linear re-
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Fig. 2. Photothermal heating curves of PtCu nanosheets aqueous suspensions with varied concentrations under the irradiation of (a) 808 and (b) 1064 nm lasers. Photothermal

heating and cooling curves of PtCu nanosheets aqueous suspensions through on/off (

c) 808 and (d) 1064 nm lasers. Calculating the PCEs of PtCu nanosheets under (e) 808

and (f) 1064 nm lasers. Measuring photothermal stability of PtCu nanosheets through five (g) 808 or (h) 1064 nm laser on/off cycles.
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Fig. 3. (a) Photoacoustic signals of PtCu nanosheet aqueous suspensions (100,
200, 300, 400, 500 pug/mL) under 808 nm laser. (b) Photoacoustic images of PtCu
nanosheet aqueous suspensions (100, 200, 300, 400, 500ug/mL) in the front and
cross section of photoacoustic tubes under 808 nm laser. (c) Photoacoustic signals
of PtCu nanosheet aqueous suspensions (100, 200, 300, 400, 500pg/mL) under
1064 nm laser. (d) Photoacoustic images of PtCu nanosheet aqueous suspensions
(100, 200, 300, 400, 500pug/mL) in the front and cross section of photoacoustic
tubes under 1064 nm laser.

lationship with their concentrations under both 808 nm (Figs. 3a
and b) and 1064 nm (Figs. 3c and d) lasers, indicating that PtCu
nanosheets can be a prospective photoacoustic agent in both NIR-I
and NIR-II biowindows.

Prior to PAI and PTT of PtCu nanosheets, HS-PEG-FA was used
to modify PtCu nanosheets for improving their biocompatibil-
ity and endowing them with 4T1 tumor-targeting function. PtCu
nanosheets modified with HS-PEG-FA (PtCu-PEG-FA) were charac-
terized by TEM, ultraviolet-visible-near infrared (UV-vis-NIR) and
XPS. As shown in Fig. S6 (Supporting information), the morphol-
ogy and structure of PtCu nanosheets are not changed after func-
tionalization with HS-PEG-FA. Fig. S7 (Supporting information) dis-
plays the absorption peak at 350 nm attributed to folic acid in HS-
PEG-FA [48]. High-resolution S2p XPS spectrum (Fig. S8 in Support-
ing information) shows the binding energies at 162.3 and 163.2 eV,
which can be ascribed to S 2p;3;, and S 2p;, of S-Pt and S-Cu
bonds [49,50]. Results of photothermal measurements (Fig. S9 in
Supporting information) show that the photothermal performance
of PtCu nanosheets is not changed after modification with HS-
PEG-FA. TEM, UV-vis-NIR and XPS characterizations were carried
out to evaluate the photostability of PtCu-PEG-FA nanosheets. As
shown in Figs. S10-S12 (Supporting information), the morphol-
ogy, absorbance and composition of PtCu-PEG-FA nanosheets are
not changed after laser irradiation, confirming the good stability
of PtCu-PEG-FA nanosheets under irradiation with NIR laser. Bio-
compatibility of PtCu-PEG-FA nanosheets was evaluated by tradi-
tional tetrazolium-based colorimetric assay (MTT) using 4T1 cells
as models. As shown in Fig. S13a (Supporting information), the

cell viability is still over 90% for 4T1 cells incubated with PtCu-
PEG-FA nanosheets (100 ug/mL) for 24 h without laser irradiation,
indicating the low biological toxicity of PtCu-PEG-FA nanosheets.
However, the cell viability significantly decreases for 4T1 cells in-
cubated with PtCu-PEG-FA nanosheets and treated with 808 nm
(1.0W/cm?2) or 1064 nm (1.5W/cm?) laser for 10 min, which is at-
tributable to hyperthermia due to the photothermal effect of PtCu-
PEG-FA nanosheets to induce apoptosis of 4T1 cells. The confo-
cal images (Fig. S13b in Supporting information) visually prove
the photothermal killing effect towards 4T1 cells under 808 and
1064 nm lasers, respectively. Hemolysis experiments were carried
out to evaluate the hemocompatibility of PtCu-PEG-FA nanosheets.
It can be seen from Fig. S14 (Supporting information) that PtCu-
PEG-FA nanosheets with different concentrations do not cause ob-
vious hemolysis after incubation with erythrocytes, indicating the
excellent hemocompatibility of PtCu-PEG-FA nanosheets for suit-
able in vivo biological applications.

Encouraged by the prominent photothermal and photoacous-
tic properties of PtCu nanosheets, we investigated the appli-
cations of PtCu-PEG-FA nanosheets for PAl-guided PTT in vivo.
All animal-related procedures were ethically reviewed and ap-
proved by the Institutional Animal Care and Use Committees
of Nanjing University of Posts and Telecommunications (IACUC-
2022004). The laser fluences at mice’s skin in our experiments
were measured to be ~3.46 m] pulse~! cm~2 for 808 nm laser and
~2.09 m] pulse~! cm~2 for 1064 nm laser, which were lower than
the international ANSI standard (<20 m] pulse~! ¢m?2), indicating
that PtCu-PEG-FA nanosheets can be used for PAl-guided PTT in
vivo by using both NIR-I and NIR-II lasers at the safe power density.
As shown in Fig. 4a and Fig. S15 (Supporting information), clear
photoacoustic signals derived from accumulation of PtCu-PEG-FA
nanosheets in the site of 4T1 tumors can be observed after in-
travenous injection of PtCu-PEG-FA nanosheets for 36 h. After in-
travenous injection of PtCu-PEG-FA nanosheets for 72h, the pho-
toacoustic signal of PtCu-PEG-FA nanosheets disappears, indicating
that PtCu-PEG-FA nanosheets have been almost completely cleared
through metabolism at 72 h postinjection. It is suggested that PtCu-
PEG-FA nanosheets can be efficiently enriched in the 4T1 tumor
site through their permeability and retention effect, which are me-
tabolizable. All these properties enable them to be a powerful can-
didate for PAI of 4T1 tumors.

PTT of 4T1 tumor-bearing mice by PtCu-PEG-FA nanosheets was
then studied. As shown in Figs. 4b and c, the temperatures at the
tumor sites of mice treated with PtCu-PEG-FA nanosheets increase
to 53.5 and 49.8 °C under the irradiation of 808 and 1064 nm
lasers for 4 min, respectively. In contrast, the temperatures at the
tumor sites of mice injected with PBS only show an increase of
less than 6 °C under laser irradiation. It is indicated that PtCu-PEG-
FA nanosheets present good targeting and enrichment effect at the
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Fig. 4. (a) PAI of the whole body and tumor site under 808 or 1064 nm laser before
and after intravenous injection of saline or PtCu-PEG-FA nanosheets. Photothermal
heating curves of 4T1 tumors under (b) 808 or (c) 1064 nm laser after intravenous
injection of PtCu-PEG-FA nanosheets or saline for 36 h. Photothermal imaging of 4T1
tumors under (d) 808 or (e) 1064 nm laser after intravenous injection of PtCu-PEG-
FA nanosheets or saline for 36 h.
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Fig. 5. (a) Body weights and (b) tumor volumes of the mice after various treat-
ments. (c) Photographs of the mice before and after treatments. (d) H&E, TUNEL
and Ki67 immunohistochemical staining images of tumor tissue slices. Scale bar:
500 pm. Data are presented as mean =+ standard deviation (SD) (n = 5). ***P <
0.001.

4T1 tumor sites and show prominent photothermal heating perfor-
mance in 4T1 tumors under 808 and 1064 nm lasers. Photothermal
imaging of 4T1 tumors under 808 nm (Fig. 4d) and 1064 nm (Fig.
4e) lasers after intravenous injection of PtCu-PEG-FA nanosheets
for 36 h further proves the highly efficient photothermal heating
in 4T1 tumors. The enrichment of PtCu-PEG-FA nanosheets at the
4T1 tumor sites causes hyperthermia in a short time and leads to
irreversible damages to cancer cells. What is more, the skin tem-
perature of treated mice keeps a safe temperature zone (~43 °C),
suggesting that the normal tissues are not destroyed under laser
irradiation in the progress of PTT.

The body weights and tumor volumes were recorded to observe
the PTT effect during 21 d. It can be seen from Fig. 5a that there
is no significant difference for the body weights among different
treatment groups in the course of PTT, indicating good biosafety of
PtCu-PEG-FA nanosheets as PTT agents. The tumor volumes of mice
without treatments by PtCu-PEG-FA nanosheets or NIR lasers con-
sistently increase in the period of 21 d, while the tumor volumes
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of mice treated by both PtCu-PEG-FA nanosheets and NIR lasers
give slight increase in the beginning of 6.5 d and then gradually
shrink in the later of 14.5 d (Fig. 5b). The 4T1 tumors are almost
eliminated and all mice survive after PTT for 21 d. Photographs
of mice (Fig. 5¢) and corresponding tumor volumes before and af-
ter different treatments (Fig. S16 in Supporting information) clearly
present the PTT efficacy of PtCu-PEG-FA nanosheets under 808 and
1064 nm lasers. Hematoxylin-eosin (H&E) staining images of tu-
mor tissue slices in the PtCu-PEG-FA+808 nm laser and PtCu-PEG-
FA+1064nm laser groups reveal apparent contractive tumor cell
nucleus and loose tumor tissue structures, which are rarely seen
in the control group (Fig. 5d). TdT-mediated dUTP Nick-End Label-
ing (TUNEL) staining images in the PtCu-PEG-FA+808 nm laser and
PtCu-PEG-FA+1064 nm laser groups reveal a substantial number
of apoptotic tumor cells (red fluorescence), but almost no apop-
totic cells are found in the control group (Fig. 5d). Ki67 immuno-
histochemical staining images of tumor tissue slices demonstrate
numerous positive cells (brown color) in the control group and
very few positive cells in the PtCu-PEG-FA+808 nm laser and PtCu-
PEG-FA+1064 nm laser groups (Fig. 5d). H&E, TUNEL and Ki67 im-
munohistochemical staining images of tumor tissue slices prove
the effective NIR-II PTT by PtCu-PEG-FA nanosheets. Tumor inhi-
bition in the process of 21-day treatment may be attributed to
immunogenic cell death (ICD) induced by PtCu-PEG-FA-based PTT.
According to relevant report [51] and our previous work [52], effi-
cient PTT can induce ICD and then activate T cell-mediated immu-
nity. Specifically, tumor cells can release damage-associated molec-
ular patterns (DAMPs) including surface-exposed calreticulin (CRT),
released high-mobility group protein B1 (HMGB1) and secreted
adenosine triphosphate (ATP) in the process of ICD to induce mi-
gration and maturation of dendritic cells (DCs), which then activate
antitumor immune response [51,52]. H&E staining images of ma-
jor organs from the mice treated by PtCu-PEG-FA nanosheets and
NIR lasers (Fig. S17 in Supporting information) confirm that PtCu-
PEG-FA nanosheets have good biocompatibility and no side effect
for PTT in vivo under NIR-I and NIR-II lasers. The biodistribution of
PtCu-PEG-FA in major organs (heart, liver, spleen, lung and kidney)
was measured by inductively coupled plasma-Mass Spectrometry
(ICP-MS). As shown in Fig. S18 (Supporting information), there is
very low amount of Pt and Cu elements in major organs, suggest-
ing that PtCu-PEG-FA nanosheets can be metabolizable after PTT.

In summary, we have developed ultrasmall PtCu nanosheets
as broadband NIR photothermal and photoacoustic agents. PtCu
nanosheets show good photothermal effect with the PCEs of 20.4%
under 808 nm laser and 32.7% under 1064 nm. The photoacoustic
signal of PtCu nanosheets is strong and proportional to their con-
centrations. Functionalization of PtCu nanosheets with SH-PEG-FA
endows them with good biocompatibility and 4T1 tumor-targeting
function. Experiments in vivo demonstrate that 4T1 tumors in mice
can be efficiently eliminated by the PAl-guided PTT of PtCu-PEG-FA
nanosheets in both NIR-I and NIR-II biowindows without side ef-
fect and tumor metastasis. This kind of platinum-based 2D nanos-
tructure enriches the library of broadband photothermal and pho-
toacoustic agents in the NIR biowindow.
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