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ABSTRACT

Inspired by the bifunctional phototherapy agents (PTAs), constructing compact PTAs with efficient photothermal
therapy (PTT) and photodynamic therapy (PDT) effects in the near-infrared (NIR-II) biowindow is crucial for
high therapeutic efficacy. Herein, none-layered germanium (Ge) is transformed to layered Ge/germanium
phosphide (Ge/GeP) structure, and a novel two-dimensional sheet-like compact S-scheme Ge/GeP in-plane
heterostructure with a large extinction coefficient of 15.66 L/g em! at 1,064 nm is designed and demon-
strated. In addition to the outstanding photothermal effects, biocompatibility and degradability, type I and type
11 PDT effects are activated by a single laser. Furthermore, enhanced reactive oxygen species generation under
longer wavelength NIR laser irradiation is achieved, and production of singlet oxygen and superoxide radical
upon 1,064 nm laser irradiation is more than double that under 660 nm laser irradiation. The S-scheme charge
transfer mechanism between Ge and GeP, is demonstrated by photo-irradiated Kelvin probe force microscopy
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and electron spin resonance analysis. Thus, the obtained S-scheme Ge/GeP in-plane heterostructure shows
synergistic therapeutic effects of PTT/PDT both in vitro and in vivo in the NIR-II biowindow and the novel
nanoplatform with excellent properties has large clinical potential.

1. Introduction

Phototherapy, an emerging light-enabled cancer treatment boasting
minimal invasiveness, precise spatial selectivity, simple operation, and
strong anti-tumor ability has large clinical potential [1]. Particularly,
phototherapy in the second near-infrared (NIR-II, 1000-1700 nm) bio-
window endows higher permissible exposure and greater penetration
depth without skin damage compared with the first NIR (NIR-I,
700-950 nm) biowindow [2-5]. However, single-mode phototherapy
such as photothermal therapy (PTT) that utilizes light-induced thermal
conversion to kill cancer cells and photodynamic therapy (PDT) that
generates reactive oxygen species (ROS) to induce apoptosis of cancer
cells under light irradiation is still plagued by the limited therapeutic
efficacy resulting from the suboptimal photo-heat conversion efficiency
and photodynamic types [1,5,6]. In type I PDT, the phototherapy agents
(PTAs) serve as the photosensitizers and utilize e /H" to generate active
radicals such as the superoxide radical (e03) or hydroxyl radical (eOH)
and are thus oxygen tolerant [7,8]. In the type II process, the triplet
photosensitizers can transfer the energy to the surrounding Oy to
generate singlet oxygen (105) thereby depending on the amount of O
[9]. However, most of the PTAs rely on the type II process, and the
therapeutic efficacy is limited in the hypoxic tumor environment. The
combination of type I and type II PDT may be a good choice [9-11]. On
the other hand, the synergistic effects of PTT and PDT can compensate
each other, that is, PTT improving the O supply and PDT inhibiting the
hot shock proteins [12]. The combination of PTT and PDT in the NIR-II
biowindow has become a popular research topic [2,3]. Unfortunately,
bifunctional PTAs with both PTT and PDT effects in the NIR-II bio-
window are still scare, especially ones showing integrated type I and
type Il PDT effects [3]. Moreover, most of the reported bifunctional PTAs
combine two or several functional materials, which involve complicated
structures, tedious synthesis process, and potential dissociation
[2,6,13]. Hence, it is crucial to design a single and compact NIR-II
bifunctional PTA with high therapeutic efficacy.

Recently, two-dimensional (2D) layered materials have garnered
tremendous interests in electronics, quantum devices, and biomedicine
[5,6,14,15]. In particular, materials with excellent photoelectronic and
photocatalytic properties and outstanding biocompatibility have been
developed as potential anti-tumor agents for PTT, PDT, drug vehicles
and imaging, for instance, 2D phosphorene, borophene and germanene
based materials [6,16-18]. By loading drugs or constructing hetero-
structures, multimodal combination therapy triggered by 2D materials
such as PTT with PDT, PTT with chemodynamic therapy can be achieved
[1,6,19,20]. However, most of these experiments have focused on the
NIR-I biowindow and need dual-laser irradiation [18,20-24]. Both
phosphorus and germanium are essential elements in the human body
[16,18]. As the second most common element in our body, phosphorus
(P) accounts for 1% of the body weight and germanium (Ge) is a trace
element associated with the human health and immunoregulation [17].
P-based and Ge-based materials have great biocompatibility and po-
tential medical value. Compared to 2D phosphorene-based anti-tumor
agents, 2D Ge-based biomaterials have been scarcely explored aside
from several works in the NIR-I biowindow, for example, Ge quantum
dots for PTT [18], drug-loaded Ge@hydrogel for tumor surgical adju-
vant therapy [20], and drug modified germanium phosphide (GeP) hy-
brids for multimodal cancer theranostics [24]. The biomedical
applications of 2D Ge-based materials in the NIR-II biowindow have yet
to be explored. Moreover, unlike Graphene or other 2D layered mate-
rials, Ge has no layered bulk counterparts which also imposes re-
strictions on the preparation of Ge-based thin sheets and its applications.
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Herein, a novel strategy is proposed to transform bulk Ge crystal to
layered structure by partially transforming Ge to layered GeP in situ. A
2D sheet-like and compact S-scheme Ge/GeP in-plane heterostructure is
demonstrated to be an efficient PTA to deliver excellent PTT and type I,
type II PDT effects simultaneously in the NIR-II biowindow when acti-
vated by a single 1,064 nm laser in tumor therapy (Scheme 1). The
chemical vapour transport (CVT) method was used to synthesize the
bulk Ge/GeP crystal in situ and a top-down approach involving grinding
and sonication is implemented in the synthesis of Ge/GeP nanosheets
(NSs). The Ge/GeP NSs show strong absorption spanning the visible
range to the NIR-II biowindow with a large extinction coefficient at
1,064 nm. In addition to the outstanding photothermal -effects,
biocompatibility, and degradability, both type I and type II PDT effects
are achieved by the energy/electron transfer process under single NIR
laser irradiation due to the unique in-plane Ge/GeP heterostructure.
Moreover, to the best of our knowledge, enhanced ROS generation upon
longer NIR wavelength laser irradiation is observed for the first time
report on Ge-based materials. The S-scheme charge transfer mechanism
between Ge and GeP is verified by photo-irradiated Kelvin probe force
microscopy (KPFM) and electron spin resonance (ESR) analysis. The
formation of such S-scheme Ge/GeP heterostructure endows the PTA
with boosted charge separation. As a result, the Ge/GeP NSs show
excellent phototherapy effects both in vitro and in vivo in the NIR-II
biowindow with negligible toxicity to normal cells. This novel thera-
peutic nanoplatform has large clinical potential and our results provide
insights into the design of efficient PTAs for precision medicine.

2. Experimental section
2.1. Materials

The Ge (>99.999%), red P crystals (>99.99%), 2,7-dichloro-dihy-
dro-fluorescein diacetate (DCFH-DA, >97%) and N-methyl-2-

Scheme 1. A schematic of the synthesis of Ge/GeP NSs for synergistic photo-
therapy. (a) Schematic illustration of the synthesis of Ge/GeP NSs and (b)
Application to NIR-II synergistic PTT-type I, type II PDT phototherapy.
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pyrrolidone (NMP, >99.5%) were obtained from Aladdin Co. Ltd
(Shanghai, China) and Dulbecco’s modified Eagle medium (DMEM),
Roswell Park Memorial Institute-1640 (RPMI-1640) medium and fetal
bovine serum (FBS) and phosphate buffer saline (PBS, pH 7.4) were
purchased from ThermoFisher Biochemical Products Co. Ltd. (Beijing,
China). The Calcein-AM/PI cell viability/cytotoxicity assay kit and
Annexin V-FITC apoptosis detection assay kit were obtained from
Beyotime Biotechnology Co. Ltd (Shanghai, China). All the chemicals
were used without further purification and ultrapure water (18.25
MQecm, 25 °C) was used to prepare the solutions.

2.2. Synthesis of Ge/GeP NSs

Typically, 0.6 g Ge and 0.43 g red P were placed and separated by a
piece of asbestos inside an evacuated and sealed quartz tube. The tube
was placed in a two-zone tube furnace. The sample side and other side
were heated slowly to 850 °C and 800 °C in 200 min and kept for 10 h
before cooling to room temperature naturally. The product was purified
to remove excess P, put in the quartz tube, evacuated, and sealed. The
sample side was heated slowly to 500 °C and the other side to 450 °C in
60 min and kept for 8 h. Finally, the tube cooled naturally to room
temperature.

To obtain Ge/GeP NSs, a simple liquid exfoliation method was used.
100 mg of bulk Ge/GeP and a small amount of the NMP solvent were
ground for 3-5 min in an agate mortar and the Ge/GeP/NMP slurry was
transferred to a 250 mL glass bottle. The dispersion with a volume of 90
mL was sonicated with a sonic tip for 10 h at the power of 600 W at a low
temperature (6-10 °C) and the ultrasound probe was operated for 2 s
with an interval of 4 s, followed by sonication in an ultrasonic bath for 4
h using the power of 300 W. After the ultrasonic treatment, the Ge/GeP
NSs/NMP supernatant was obtained by centrifugation at a speed of
7,000 rpm for 15 min. The Ge/GeP NSs were obtained at a higher
centrifugation speed of 13000 rpm for 15 min and then washed
repeatedly with water to remove excess NMP.

2.3. Characterization

Scanning electron microscopy (SEM) was conducted on the Zeiss
Supra 55 field-emission microscope (Carl Zeiss, Germany). Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) were
carried out on the Talos F200X transmission electron microscope (FEIL,
USA) at an acceleration voltage of 200 kV. The X-ray diffraction (XRD)
patterns were recorded on the SmartLab X-ray diffractometer with Cu K,
radiation (40 kV, 30 mA) (Rigaku, Japan). Atomic force microscopy
(AFM) was performed on the Cypher S AFM (Asylum Research, USA)
and Raman scattering was carried out on the high-resolution confocal
Raman microscope with the 633 nm laser as the excitation source
(Horiba Jobin-Yvon Lab Ram HR VIS, Horiba, France). The concentra-
tions of the Ge/GeP NSs were determined by inductively-coupled plasma
atomic emission spectroscopy (ICP-OES, Agilent 730, Agilent Technol-
ogies). X-ray photoelectron spectroscopy (XPS) was conducted on the
Thermo Fisher ESCALAB 250Xi (Thermofisher, USA) and the absorption
spectra were acquired from the TU-1810 spectrophotometer (Purkinje
General Instrument Co. Ltd. Beijing, China) using QS-grade quartz cu-
vettes at room temperature. The solid-state diffuse reflectance absorp-
tion spectrum was acquired on the UV-vis spectrophotometer (UV-3600,
Shimadzu, Japan).

2.4. Photothermal properties of Ge/GeP NSs

The photothermal properties of the Ge/GeP NSs were determined
using a custom instrument with a fiber-coupled continuous semi-
conductor diode 1064 nm (NIR II) laser (LWIRL 1064-3 W, Beijing
Laserwave Optoelectronics Technology Co. Ltd. China) as the light
source. The suspensions (1 mL) with different concentrations of
dispersed Ge/GeP NSs were put in 1 cm path-length quartz cuvettes and
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irradiated with the 1,064 nm laser. The temperature variation was
recorded by an infrared thermal imaging camera (Fluke Ti27, USA).

2.5. Extinction coefficient

To evaluate the NIR absorption capability of the Ge/GeP NSs, the
extinction coefficient e(A) of the Ge/GeP NSs is determined according to
the Lambert-Beer law: A (A) = eLC, where A is the absorbance at the
wavelength A, L is the path length (1 cm), and C is the concentration of
the Ge/GeP NSs (in g/L). The ¢ is calculated by plotting the slope (in L/g
em ™) of each linear fit against wavelength.

2.6. Photothermal conversion efficiency
The photothermal conversion efficiency (1) of the Ge/GeP NSs is
calculated by Eq. (1):

_ hS(Trtax — Tsurr) — Obis

(1 — 1006 )

n

where h is heat transfer coefficient, S is the surface area of the cuvette,
Tmax and Ty represent the equilibrium and ambient temperature
respectively, Qpjs is the heat dissipated from light absorbed by the
cuvette itself, I is the NIR II laser power density, and Ajpeq is the
absorbance of the Ge/GeP NSs (100 pg mL™ Y at 1,064 nm. In this
equation, hS is determined according to Eq. (2):

_mc
_T

hS @
where m and C are the mass and heat capacity of the solvent, pure water,
mis 1.0 g, and C is 4.2 J g~1. To determine t, a dimensionless driving
force temperature 0 is introduced as defined by Eq. (3):

T — Tourr
0=_—>2"
Tvtax — Tsurr

3

The time constant of heat transfer 7 is calculated by Eq (4) based on
the cooling duration:

t = 7(—1nd) (€]
where T is the real-time temperature of the sample when the laser is
turned off, t represents time. Therefore, hS is derived and the 1 of the
Ge/GeP NSs at 1,064 nm is determined.

2.7. Electron spin resonance (ESR)

ESR was carried out to identify the type of ROS using 2,2,6,6-tetra-
methylpiperidine (TEMP) as the 'O, indicator and 5-tert-butox-
ycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) as the ¢O3 and ¢OH™
indicator. The ESR spectra were collected from mixtures including 200
pL of Ge/GeP NSs (1 mg mL ™) in water and 200 pL of TEMP or BMPO
(100 mM) upon 1,064 nm light (1.0 W cm?) irradiation for 5 min. The
solution was put in the ESR cavity and the ESR data were collected on
the Bruker Model A300-10/12 spectrometer (Billerica, MA, USA) at 298
K. The testing parameters were as follows: frequency = 9.85 GHz, mi-
crowave power = 19.32 mW, sweeping time = 40.96 s, sweeping width
= 100 G, and modulation frequency = 100 kHz. The control group
without laser exposure was studied for comparison.

2.8. Invitro cytotoxicity

The Hela (cervical tumor), MCF-7 (breast tumor), and QSG-7701
(normal liver) cells were purchased from China Type Culture Collec-
tion (CTCC) obtained from the American Type Culture Collection
(ATCC). The cells were cultured in a humidified 5% CO; atmosphere
with DMEM or RMPI-1640 (for QSG-7701) supplemented with 10% FBS
at 37 °C. The in vitro cytotoxicity of Ge/GeP NSs was evaluated by the
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flow cytometry-based Annexin V-FITC/propidium iodide assay. In brief,
the cells were seeded on 48-well plates (104 cells/well) and cultured
overnight. The medium was replaced with 200 pL of the medium con-
taining 100 pg mL~! of Ge/GeP NSs and incubated for 24 h. Afterwards,
the cells were collected, and stained with Annexin V-FITC and PI ac-
cording to the manufacturer’s instruction, followed by flow cytometry
performed on the Beckman CytoFLEX flow cytometer.

2.9. Cellular uptake of Ge/GeP NSs

The Hela or MCF-7 cells were seeded on a 24-well culture plate with
climbing glass (2 x 10* cells/well) and cultured overnight to form a
mono-layer. The cells were treated with 0.5 mL of the medium con-
taining Ge/GeP NSs with a concentration of 25 pg mL ™! at 37 °C for 4 h.
After removing the culture medium, the cells were rinsed three times
with PBS. The glass side was transferred onto a glass slide and the cells
were observed and imaged via a microscope (BX53M, Olympus). The
Ge/GeP NSs inside the cell were analyzed by Raman scattering.

2.10. Intracellular ROS

Intracellular generation of ROS was determined by DCFH-DA as a
fluorescent probe. Briefly, the Hela and MCF-7 cells were incubated on a
48-well plate and cultured for 24 h. The cells were divided randomly
into four groups and received different treatments: (1) Control group
(untreated cells), (2) laser irradiation group, (3) Ge/GeP NSs (100 pg
mL’l, 0.2 mL) treated group, (4) Ge/GeP NSs (100 ug mL’l, 0.2 mL) +
laser irradiation treated group. The Ge/GeP NSs treated group and Ge/
GeP NSs + laser irradiation treated group were incubated with the
medium containing 100 pg mL ™! of Ge/GeP NSs for 4 h, and then rinsed
with PBS twice. The DCFH-DA (0.2 mL, 20 pM in serum-free culture
medium) was added to each well and incubated at 37 °C under 5% CO,
for 30 min in the dark. The laser irradiation group and Ge/GeP NSs
solution + laser irradiation treated group were irradiated with a 1,064
nm laser (1.0 W cm ) for different time. After the treatment, the cells
were washed twice with PBS and examined under a fluorescence mi-
croscope (IX71, Olympus).

2.11. In vitro phototherapy

The cellular viability was evaluated to determine the therapeutic
efficiency in vitro. The Hela and MCF-7 cells were treated with the Ge/
GeP NSs solutions (0, 25, 50 and 100 pg mL™), incubated at 37 °C for 4
h, and exposed to the 1,064 nm laser with the power of 0.5, 1.0 or 1.5 W
cm ™2 for different time. The laser spot was adjusted to fully cover the
area of each well. After incubation for 12 h at 37 °C, flow cytometry was
employed to examine the cellular viability according to the manufac-
turer’s protocol. The cells were also rinsed with PBS and stained with
Calcein-AM/PI dyes to reveal the therapeutic efficiency of Ge/GeP NSs
in vitro.

2.12. Calcein acetoxymethyl ester (calcein AM) and propidium iodide
(PI) dual-staining

The Hela cells and MCF-7 cells were seeded on a 48-well plate and
cultured for 12 h. The cells were incubated with the complete medium
containing Ge/GeP NSs with a predetermined concentration for 4 h. The
cells were then irradiated with a 1,064 nm laser (1.0 W cm—2) and
incubated for 12 h in a 5% CO3, 95% air humidified incubator at 37 °C.
Afterwards, the treated cells were washed and co-stained with Calcein
AM/PI according to the manufacturer’s protocol and then examined
under an inverted fluorescence microscope (IX71, Olympus). The live
cells were stained with Calcein AM to exhibit green fluorescence and the
dead cells were stained with PI to show red fluorescence.
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2.13. Flow cytometry

The Hela cells and MCF-7 cells were seeded on a 48-well plate in the
DMEM medium supplemented with 10% FBS and incubated in a 37 °C
humidified incubator (5% CO5) for 24 h. The cells were exposed to 100
pg mL~! of Ge/GeP NSs for 4 h and irradiated with a 1,064 nm laser (1.0
W cm™?) for different time. After irradiation, the cells were incubated
for 12 h in a 5% CO2, 95% air humidified incubator at 37 °C. Subse-
quently, according to the manufacturer’s instruction for the Annexin V-
FITC apoptosis detection assay kit, the cells were collected by centrifu-
gation and detected by flow cytometry (Beckman CytoFLEX). The fluo-
rescence intensity was quantified by the flowJo 10.6.2 software.

2.14. In vivo anticancer studies

All the animal experiments were conducted in accordance with the
guidelines of by Wuhan Servicebio Technology Co., Ltd., China and the
ethical approval protocol number was Servicebio Animal Welfare
NO.2022011. The BALB/c nude mice (female, 5-6 weeks old) were
purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. 1 x 107 MCF-7 cells in 100 pL PBS were subcutaneously injected
into the left foreleg armpit of each mouse and the tumor size was
measured periodically by a slide caliper. When the tumor volume
approached ~ 250 mm?, the mice were used for further experiments.

The tumor-bearing BALB/c nude mice were randomized into four
groups (n =5 for each group): (1) Control group, (2) Ge/GeP NSs treated
group, (3) NIR treated group, (4) Ge/GeP NSs + NIR treated group. For
the control group and NIR treated group, aliquots (100 pL) of PBS were
administered by intratumoral injection, while the Ge/GeP NSs treated
group and Ge/GeP NSs + NIR treated group of mice were intratumorally
injected with 100 pL of Ge/GeP NSs (300 pg mL 1) in PBS. At 2 h post-
injection, the mice were anaesthetized and the entire region of the tumor
was exposed to the 1,064 nm laser (1.0 W cm’z) for 10 min. At the same
time, an infrared thermal imaging camera (Ti27, Fluke, USA) was
employed to monitor the temperature of the tumors and acquire the
infrared thermographic maps. After laser irradiation, the tumor size was
measured by a caliper every other day according to the formula: volume
(V) = (tumor length) x (tumor width)2/2, and no mice died during the
process. The same person performed all the tumor measurements in this
study. The relative tumor volume was calculated as V/V with Vj being
the initial tumor volume at the beginning of the treatment. On the 14th
day, the mice were euthanized and the major organs (heart, liver,
spleen, lung, and kidney) and tumor tissues were extracted and fixed in
10% formalin. Blood was collected for hematological and blood
biochemical analysis. The major organs and tumor issues were sectioned
into slices and stained with hematoxylin and eosin (H&E), transferase
dUTP nick end labeling (TUNEL) and Ki-67 in the histological analysis.

2.15. Statistical analysis

All the results were expressed as mean =+ standard deviation (SD) and
comparison was based on the two-tailed Student’s t test with (*) P <
0.05, (**) P < 0.01, and (***) P < 0.001.

3. Results and discussion

3.1. Synthesis and characterization of the Ge/GeP in-plane
heterostructure

The bulk Ge/GeP crystal was synthesized by a modified CVT method
(Scheme 1a) [25]. The large Ge crystal was separated with the P source
and the P vapor was transported to the Ge side at an elevated temper-
ature to form the Ge/GeP structure in situ. During this process, the Ge-Ge
bond is broken by P vapor and forming layered GeP which causes the
expansion. Finally, an intercalation-like effect makes the covalent bond
force between Ge atoms become van der Waals force (Scheme 1a). As
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expected, the smooth Ge crystal has become a layered structure and the
volume is enlarged twice (Fig. 1a, b). The surface of the bulk Ge/GeP
shows a porous network connected by small crystals (Fig. S1), and the
XRD pattern of the Ge/GeP powder can be indexed to the cubic Ge
(JCPDS 04-0545) and layered GeP (JCPDS 44-1125), indicating the
coexistence of Ge and GeP (Fig. 52).

The intermediate product is investigated (Fig. S3) and it is found that
there exists an etching and in-situ transformation process which may
contribute to the formation of the unique Ge/GeP structure. Due to the
layered structure, the Ge/GeP NSs can be easily exfoliated by simple
grinding and sonication. As shown in Fig. 1c, d, the Ge/GeP NSs exhibit a
typical 2D sheet-like morphology with no small particles on the surfaces.
The thickness ranges from 15 to 32 nm and the average lateral size is 153
+ 39 nm (Fig. S4a, b). Also, the hydrated particle size is measured by
using a laser particle size analyzer. A larger average size of about 170 nm
can be found, which is due to the formation of hydrated layer on Ge/GeP
NSs (Fig. S4c). The HR-TEM images of one Ge/GeP NS show a poly-
crystalline nature and the lattice distances of 3.25 A, 2.01 10\, 1.42 A and
6.35 A can be assigned to the (111), (220), (400) planes of Ge as well as
(001) plane of GeP (Fig. 1e, f). The overlapping diffraction rings in the
selected-area electron diffraction (SAED) pattern (Fig. 1g) confirm the
polycrystalline nature [26], which can be assigned to the (11 1) plane of
Ge, or (—311) plane of GeP, (220) plane of Ge or (—91 3) plane of GeP,
and (311) plane of Ge or (-11 14) plane of GeP, respectively. The 2D
layered structure with a polycrystalline surface nature suggests the in-
plane heterostructure of Ge/GeP NS. The high angle annular dark field
(HAADF) image and elemental maps acquired from one Ge/GeP NS

Journal of Colloid And Interface Science 652 (2023) 1228-1239

show uniformly distributed Ge and P without obvious contrast differ-
ence at the same thickness area (Fig. 1h-j), indicating that the Ge com-
ponents are ultrasmall and without significant aggregation during
formation of the Ge/GeP in-plane heterostructure (Fig. 1k).

The Ge/GeP NSs dispersed in NMP have a yellow-brown color and
the powder exhibits broad vis-NIR absorption from 450 to 1,800 nm
with peaks at 1,195 (1.03 eV), 1,440 (0.86 eV), and 1,717 nm (0.72 eV)
(Fig. 2a) in good agreement with reported optical properties of Ge
nanocrystals with obvious quantum confinement effects that arise a size-
dependent band gap [27-29]. The crystal structure of the Ge/GeP NSs is
determined as shown in Fig. 2b. The XRD pattern reveals overlapping
crystalline domains of Ge and GeP. The strong (001) peak at 13.87°
shows the preferred orientation of layered GeP. Also, the XRD peaks at
20.88°, 23.98°, 29.70°, 30.38°, 33.11°, 34.16° and 50.13° are from the
planes of (—202), (400), (—603), (310),(—511),(—803) and (020)
according to GeP (JCPDS 44-1125). In addition, the XRD peaks at
27.24°,45.27°,53.66°, 65.96°, 72.78° and 83.65° can be assigned to the
(111), (220), (311), (400), (331) and (422) planes of Ge (JCPDS
04-0545). The Raman scattering spectrum demonstrates the two typical
active modes of GeP. The A; and B, peaks represent the out-of-plane
vibration and in-plane vibration modes, respectively (Fig. 2c) [30].
The vibration peak at 295 cm™! belonging to Ge blue shifts by 5 cm™!
compared with the bulk Ge crystal (Fig. S5), indicating the interactions
between Ge and GeP as well as the phonon confinement due to the small
size of Ge in the Ge/GeP in-plane heterostructure [27]. The chemical
composition of the Ge/GeP NSs is determined by XPS which reveals an
atomic ratio of Ge to P of about 1.1 (Fig. 2d). Fig. 2e shows the Ge 3d

Fig. 1. Characterization of Ge/GeP NSs. (a) SEM image and photograph of Ge crystal. (b) SEM image and photograph of the bulk Ge/GeP crystal. (c) TEM image of
the Ge/GeP NSs. (d) AFM image and thickness analysis of the Ge/GeP NSs. (e, f) HR-TEM images and magnified region of the Ge/GeP NS. (g) SAED image. (h-j)
HAADF image and elemental maps of one Ge/GeP NS. (k) Schematic diagram of the Ge/GeP in-plane structure.
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Fig. 2. (a) Solid state diffuse reflectance absorption spectrum and inset photograph of the Ge/GeP NSs in NMP. (b) XRD pattern of the Ge/GeP NSs. (c) Raman
scattering spectrum of the Ge/GeP NSs. (d) XPS survey spectrum of Ge/GeP NSs. (e, f) High-resolution XPS spectra of Ge 3d and P 2p.

spectrum which can be divided to the 3ds,2 (29.6 eV, 30.3 eV) and 3d3/» oxidation of Ge during sample preparation and oxidation of P (around
(30.0 eV, 30.7 eV) doublets of Ge and GeP according to the different 133.7 eV) can be observed from Fig. 2f. The two peaks at 129.0 and
valence states of Ge [18,30]. The sub-band at 32.5 eV is probably due to 129.7 eV are related to P 2p3,5 and P 2p; 2 and the other two peaks at

Fig. 3. PTT and PDT characteristics of the Ge/GeP NSs. (a) Photothermal heating curves of the Ge/GeP NSs solution (100 pg mL ™) upon 1,064 nm NIR laser
irradiation with power of 0.5, 1.0, and 1.5 W cm 2. (b) Photostability of the Ge/GeP NSs (100 pg mL™!) under 1,064 nm laser irradiation (1.5 W em™2). (c)
Temperature change curve and calculation of the ) under 1064 nm laser irradiation. (d-f) 10,, ¢03 and ¢OH generation of Ge/GeP NSs measured by ESR spectra and
extracted peak intensity plots under different laser irradiation (Dark, 660, 808 and 1064 nm).
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125.8 and 126.5 eV are assigned to Ge 3p of Ge and GeP. These results
indicate that the compact and high-quality Ge/GeP in-plane hetero-
structure is fabricated.

3.2. Photothermal and photodynamic effects of Ge/GeP NSs

The NIR optical properties and photothermal properties of the Ge/
GeP NSs are investigated. The concentrations of Ge/GeP NSs in the
aqueous dispersion are determined by ICP-OES as shown in Fig. S6a. A
concentration-dependent absorption intensity and good linearity are
observed from the relationship between the normalized absorption in-
tensity at 1,064 nm (Ajpe4/L) and concentration (C) (Fig. S6b). Ac-
cording to Beer-Lambert’s Law, the NIR ¢ of the Ge/GeP NSs at 1,064 nm
is 15.66 L/g cm™!, which is much higher than that of other common
photothermal agents such as carbon dots modified black phosphorus
(4.77 L/g e¢m™ 1Y) [31] and silicon NSs (11.3 L/g cm_l) [32], indicating
the Ge/GeP NSs are efficient PTT agents. The photothermal conversion
capability of the Ge/GeP NSs in the NIR-II biowindow is studied by
monitoring the temperature variations of the dispersions during 1,064
nm laser irradiation. As shown in Fig. S6¢ and 3a, the temperature of the
Ge/GeP NSs dispersions increases quickly depending on the concentra-
tion, irradiation time, and power density. For the dispersions with
concentrations of 25, 50, and 100 pg mL~}, the temperature reaches
37.3, 42.4 and 51.5 °C within 10 min during irradiation (1.0 W cm™?)
but that of deionized water is only 27.7 °C at the same power density
(Fig. S6¢). The highest temperature of the dispersion (100 pg mL ™)
increases by 8.5, 24.7 and 34.8 °C with increasing laser power density
(0.5,1.0and1.5W cm™?), respectively (Fig. 3a). Moreover, neglectable
deterioration of the temperature elevation can be observed during five
cycles of laser on/off irradiation, suggesting excellent photostability and
thermostability (Fig. 3b). These results reveal that the Ge/GeP NSs is a
good agent for PTT.

The n of the Ge/GeP NSs at 1,064 nm is calculated to be 22.9%
(Fig. 3c) according to previous methods and higher than those of 2D Pd
(n = 20% for 1064 nm) [33] and silicon NSs (n = 21.4% for 1064 nm)
[32]. The relatively high n of Ge/GeP NSs should be due to the indirect
band gap nature and the collision between photoexcited electrons and
high-energy phonons during relaxation [24]. The Ge/GeP NSs also show
ahigh € of 22.54 L/g cm ™! and photo-to-heat conversion with 1) of 29.4%
at 808 nm (Fig. S7), which is much higher than that of gold nanorods (n
= 21%) [34], bismuthene (1 = 19.4%) [35], and traditional grapheme
oxide (22%) [36]. Nevertheless, compared to Ge quantum dots (¢ =
5.333L/g cm’l, 1 = 45.9% for 808 nm) [18] and GeP NSs (¢ =5.83L/g
em ™}, n = 68.6% for 808 nm) [24], the high € and relatively low n of the
Ge/GeP NSs are mismatched, possibly attributable to the special in-
plane heterostructure of Ge and GeP components as well as the energy
transfer from the Ge/GeP NSs to the surroundings.

Therefore, the photodynamic effects of the Ge/GeP NSs are studied
further. ESR was carried out to identify the light triggered ROS species
using TEMP as the 10, indicator and BMPO as the 03 and «OH indicator
[7,37]. As shown in Fig. 3d, the ESR signal from the Ge/GeP NSs during
660 nm laser irradiation shows the 1:1:1 triplet signal characteristic of
TEMPO compared to the dark condition, confirming the !0, generation
(type II PDT) ability under light activation. Enhanced ESR signal in-
tensity is observed with longer NIR wavelength lasers of 808 and 1,064
nm, and the intensity for 1,064 nm is more than twice that for 660 nm,
indicating that more 10, is generated under 1,064 nm laser irradiation.
In addition, BMPO exhibits a sextet signal (Fig. 3e) and a 1:2:2:1 quartet
signal (Fig. 3f) under 660 nm laser irradiation, implying that the Ge/GeP
NSs can also produce 03 and ¢OH (type I PDT). Similar to 10, gener-
ation, upon longer NIR wavelength laser irradiation, larger ESR intensity
can be observed for ¢O3 and eOH, suggesting that more ¢O3 and eOH are
generated by the Ge/GeP NSs upon 1,064 nm laser irradiation. These
results disclose that the Ge/GeP NSs exhibit both type I and type II PDT
effects as well as unexpectedly higher ROS generation upon longer NIR
wavelength laser irradiation.
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According to previous research, Ge is a semiconductor with a work
function of 4.8 eV and indirect band gap of ~ 0.67 eV as well as a direct
gap of ~ 0.8 eV showing unique optical and electronic properties
[38,39]. Owing to the unique electrical structure, Ge nanocrystals have
been embedded in many matrices for various applications, for example,
carrier extraction, multi-quantum-well active devices, etc [40,41]. GeP
is a recently predicted and fabricated indirect semiconductor with great
potential in photoelectronic applications [30,42]. First-principle calcu-
lation based on the HSE06 functionals reveals that GeP has a tuneable
band gap ranging from 0.9 to 2.3 eV (from bulk to single layer) and work
function of ~ 4.84 eV for 2D GeP [42,43]. Hence, we suppose the
enhanced ROS generation ability observed from the 15-32 nm thick Ge/
GeP NSs arises from the heterojunction composed of Ge and GeP with
unique optical properties.

To have an in-depth understanding of the charge transfer between Ge
and GeP, KPFM was employed to measure the spatial charge distribution
in the Ge/GeP in-plane heterostructure. Fig. 4a-c show one representa-
tive Ge/GeP sheet with thickness of about 20 nm and the surface po-
tential maps of selected area in darkness and under irradiation. As
shown in Fig. 4b, purple and blue colors representing higher and lower
potentials can be observed in different regions. The contact potential
difference (CPD) between the AFM tip and material area can be written
as: CPD = @y —@m, where @y, and @, are the work functions of the tip
and test material, respectively. Owing to the work function difference
between Ge (4.8 eV) and GeP (4.84 eV), the most purple regions (higher
potential) in the KPFM image could be distinguished as Ge and the other
blue regions could be GeP (Fig. 4b). Compared to the potential map in
darkness, the increase of the blue color regions under irradiation in-
dicates the efficient charge transfer between Ge and GeP (Fig. 4c).
Corresponding line-scanning surface potential in Fig. 4d shows that the
potential difference between Ge and GeP is about 5 mV in darkness.
Upon light irradiation, the surface potential of GeP is further reduced
and the potential difference between Ge and GeP enlarges significantly
to 16 mV. These results suggest the accumulation of photoexcited
electrons on the surface of Ge, which can be attributed to the S-scheme
charge-transfer mechanism in the Ge/GeP in-plane heterostructure.

The photocatalytic mechanism for ROS generation is illustrated in
Fig. 4e and Fig. S8. Upon light irradiation, electrons are activated in the
valence band (VB) of Ge and GeP and then transferred to the conduction
band (CB), leaving photogenerated holes in the VB. However, the CB of
GeP (-4.4 eV) is close to the chemical potential value of Oy/e03 (-4.454
eV) [37], and so the photoexcited electrons on GeP cannot efficiently
react with O3 to form O3, which is inconsistent with our experimental
results. Therefore, the heterojunction of Ge and GeP does not work as a
Type-II photocatalyst [44]. Considering that the CB, VB, and Femi level
of Ge are all higher than those of GeP and the CB of Ge (-4.13 €V) is
higher than the chemical potential of O5/e03, a more efficient S-scheme
heterojunction may be constructed by Ge and GeP due to the special
band structure [44,45]. In the S-scheme heterojunction, an internal
electric field (IEF) is formed at the interface of the compact Ge and GeP
under light irradiation. Driven by the IEF, the photogenerated electrons
in the CB of the GeP transfer to the VB of Ge further suppressing the
charge-carrier recombination in Ge which is consistent with the KPFM
results. Therefore, electrons in the CB of Ge can efficiently react with O,
to form O3 under light irradiation. The VB of GeP (-5.3 eV) is higher
than the chemical potential of OH/eOH (-5.9 V), and holes in the VB of
GeP cannot react with OH™ to form eOH. ¢OH generation can be ascribed
to the further evolution of ¢O3 [46]. The 102 generation mechanism can
be ascribed to absorbed light energy transferred to O, and mediated by
Ge/GeP NSs, which is similar to that of As NSs and most organic pho-
tosensitizers [3,10,47]. It should be noted that enhanced ROS genera-
tion under longer wavelength laser irradiation is achieved and this
might be due to the synergistic effect of photothermal effect and S-
scheme heterojunction. It is known that superior temperature is bene-
ficial to improve the reaction activity in photocatalytic reaction. While
extortionate temperature will increase the chance of collision of
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Fig. 4. Charge transport in Ge/GeP in-plane heterostructure. (a) AFM image of one Ge/GeP NS and selected area for KPFM test. (b, ¢) Corresponding surface po-
tential distribution of selected area in darkness (b) and under light irradiation. (d) The line-scanning surface potential. () Schematic introduction for the PTT and

PDT activated by NIR laser.

photocarriers in photocatalyst which reduces the photocatalytic activity
[48]. To further investigate the ROS generation mechanism, the heating
effect of Ge/GeP NSs under different laser irradiation is evaluated. As
shown in Fig. S9, the Ge/GeP NSs show a higher heating rate for 660 nm
than 808 and 1,064 nm, indicating a contrary tendency compared with
the ROS generation tendency under laser irradiation. Under longer
wavelength laser irradiation, the n reduces while the ROS generation is
greatly enhanced (Fig. 3d-f), suggesting that the recombination of
photogenerated carriers under longer wavelength laser irradiation is
weakened and there is a balance between the local temperature and the
photocatalytic activity on the surface of Ge/GeP NSs. Compared to the
photothermal and photodynamic effects of Ge/GeP NSs under 808 nm,
the Ge/GeP NSs under 1064 nm retain 77.9% of n and achieve enhanced
ROS generation of 133% for 10,, 151% for O3 and 135% for eOH,
respectively. Moreover, 1064 nm laser endows higher permissible
exposure and greater penetration depth [2-5]. Thus, the Ge/GeP NS
with acceptable n and outstanding ROS generation ability is a promising
PTA candidate under 1064 nm.

3.3. Degradability and biocompatibility of the Ge/GeP NSs

The degradation behavior of the Ge/GeP NSs is inferred from the
absorption spectra (Fig. S10a). As the Ge/GeP NSs are stored in water,
the absorption intensity decreases gradually from 0 to 27 days, indi-
cating possible degradation. TEM is used to confirm the degradability
and as shown in Fig. S10b-d, the Ge/GeP NSs become more transparent
after 3 days and the characteristic 2D planar structure of the original
nanosheets is broken into small pieces after 9 days. Therefore, the nat-
ural degradation of Ge-based NSs in the aqueous solution is corrobo-
rated. The dispersity of the Ge/GeP NSs in different media is
investigated. As shown in Fig. S11, the Ge/GeP NSs exhibit great dis-
persity in water, DMEM/10% FBS, serum-free RPMI1640, and
RPMI1640/10% FBS even after 24 h. Although the Ge/GeP NSs in the
PBS and DMEM precipitate after 24 h, those in PBS and DMEM display
no obvious agglomeration in 1 h and only slight aggregation after 4 h.
These results show the Ge/GeP NSs have the desirable dispersity and
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stability in physiological solutions.

Efficient cellular uptake and good biocompatibility are vital to
biomedical applications. Therefore, the cell uptake behavior is exam-
ined by cultivating HeLa and MCF-7 cells with the Ge/GeP NSs for 4 h at
37 °C. As shown in Fig. S12a-f, compared to the groups without Ge/GeP
NSs, those with Ge/GeP NSs show a significant amount of trapped
particles which enter the cells mainly by endocytosis. Owing to the
strong Raman sensitivity of Ge/GeP NSs, these particles can be easily
distinguished by Raman scattering. The potential cytotoxicity of the Ge/
GeP NSs towards normal and tumor cells is then investigated by flow
cytometry (Fig. S12g). After incubation with the Ge/GeP NSs for 24 h
with a pre-designed concentration of 100 pg mL ™", the cell viabilities of
Hela, MCF-7 and QSG-7701 cells are 86.7%, 93.0% and 87.5%,
respectively, indicating no significant cytotoxicity compared to the
controls without Ge/GeP NSs.

3.4. Synergistic phototherapeutic effects of Ge/GeP NSs in vitro and in
vivo

Considering the superior optical properties and excellent ROS gen-
eration ability of Ge/GeP NSs, the effects of in vitro PDT is evaluated.
Intracellular ROS generation is measured with DCFH-DA as the fluo-
rescent probe [7]. As shown in Fig. 5a, there is negligible green fluo-
rescence from all the control groups including the control group
(untreated cells), only laser irradiated group and only Ge/GeP NSs
treated group for both HeLa and MCF-7 cells. After incubation with Ge/
GeP NSs and 1,064 nm laser irradiation at 1.0 W em 2 for 1, 3 and 5 min,
gradually increased green fluorescence is observed indicative of efficient
ROS generation.

To further demonstrate the synergistic phototherapeutic effects of
PTT and PDT in vitro, calcein AM and PI co-staining analysis is con-
ducted. In the absence of laser irradiation and Ge/GeP NSs, all the cells
exhibit green fluorescence, indicating that the Ge/GeP NSs have negli-
gible toxicity (Fig. 5b) in agreement with Fig. S12g. In contrast, strong
concentration-dependent red fluorescence can be observed and almost
all the Hela or MCF-7 cells are killed after 1,064 nm laser irradiation for
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Fig. 5. Cell experiments in vitro. (a) Intracellular ROS detection using DCFH-DA as the probe. (b) Fluorescence images of the Ge/GeP NSs treated Hela and MCF-7
cells after 1,064 nm laser irradiation with the cells co-stained with calcein AM (green, live cells) and PI (red, dead cells). (c) Cell apoptosis monitored by

flow cytometry.

5 min at the concentration of 100 pg mL™! of the Ge/GeP NSs for a
power density of 1.0 W cm™2. The optimal parameters of effective
phototherapy in vitro are investigated. Laser ablation of cancer cells is
carried out at different time (1, 3, 5 min) and power densities (0.5, 1.0,
1.5 W cm~2). As shown in Fig. S13, efficient cancer cell killing is ach-
ieved by 1,064 nm laser irradiation for 3 min at a power density of 1.0 W
cm 2, further confirming the strong phototoxicity of Ge/GeP NSs to-
wards cancer cells. Flow cytometric analysis is performed to investigate
the cell apoptosis and necrosis mechanisms (Fig. 5¢). 94.0% of Hela cell
and 87.7% of MCEF-7 cell viabilities are observed from the NIR treated
group. However, the early apoptosis rate of the Hela cells reaches 20.6%
and the late apoptosis rate is 30.3% after 1,064 nm laser irradiation of
the Ge/GeP NSs treated group for 1 min. As the irradiation time is
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extended to 3 min, the late apoptosis rate increases remarkably to 84.9%
which is close to saturation. When the irradiation time is further
extended to 5 min, the late apoptosis rate increases slowly and this
tendency can be observed from the phototherapy experiment of MCF-7
cells in vitro. Therefore, cell death caused by phototherapy with Ge/GeP
NSs is mainly achieved by cell apoptosis. These results indicate that the
Ge/GeP NSs possess highly efficient PTT and type I, type Il PDT syner-
gistic therapeutic effects boasting superiority in single NIR-II laser
activation, less irradiation time, and lower laser power compared to
other strategies summarized in Table S1.

Encouraged by the excellent in vitro PTT/PDT synergistic anticancer
effects, the in vivo PTT/PDT synergistic therapeutic ability of the Ge/GeP
NSs is assessed using the animal model of MCF-7-tumor-bearing BALB/c
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nude mice. Four randomly divided groups including the control group
(PBS), Ge/GeP NSs-treated group, NIR-treated group (PBS + NIR) and
Ge/GeP NSs + NIR-treated group are formed and different treatments
are carried out when the size of the tumors reaches 250 mm?®. After
intratumor administration, the mice are anesthetized and exposed to the
1,064 nm NIR laser at a power density of 1.0 W cm 2. The thermal data
are recorded by an infrared thermal camera (Fig. 6a, b). The tempera-
ture at the tumor site increases rapidly to ~ 60 °C within 4 min for the
Ge/GeP NSs + NIR-treated group. In comparison, the tumor temperature
of the NIR-treated group only increases by about 10 °C within 4 min. The
results suggest the remarkable photothermal effects of Ge/GeP NSs in
vivo verifying that the Ge/GeP NSs are excellent for type I, type II PDT
synergistic anticancer treatment.

After the different treatments, the tumor growth is monitored to
further confirm the therapeutic efficiency. No abnormal weight loss is
observed from all mice during the treatment period (Fig. 6¢) indicating
high biocompatibility and negligible side effects. As shown in Fig. 6d-f,
at 14 days after treatment, mitigated tumor growth is observed from the
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Ge/GeP NSs + NIR group. In contrast, significant tumor growth is
observed from other three mice groups, demonstrating that only NIR
laser or Ge/GeP NSs treatment cannot suppress tumor growth. The Ge/
GeP NSs show the PTT and type I, type II PDT synergetic antitumor ef-
fect. The in vivo anticancer mechanism is examined by H&E staining,
TUNEL staining, and Ki-67 immunohistochemistry staining, respectively
(Fig. 68). H&E staining shows severe necrosis in the Ge/GeP NSs + NIR
group and almost no TUNEL-positive cells (red) are observed in the
control group, Ge/GeP NSs-treated group and NIR-treated group. In
contrast, significant colocalization of the nuclei (DAPI staining, blue)
and TUNEL-positive apoptotic cells (red) are observed from the Ge/GeP
NSs + NIR group, suggesting that Ge/GeP NSs-mediated type I and type
II PDT can activate apoptosis to induce intratumoral cell death. More-
over, positive Ki-67 staining exhibits strong suppression effects on cell
roliferation and more severe apoptotic levels in the Ge/GeP NSs + NIR
group compared to the other groups. To further evaluate the in vivo
toxicity of Ge/GeP NSs with 1,064 nm laser phototherapy, the mice with
different treatments are sacrificed on the 14th day post-injection. The

Fig. 6. Synergistic anticancer experiments in vivo. (a) Temperature variations at the tumor sites in the MCF-7-tumor-bearing mice of different groups (Control, NIR,
Ge/GeP NSs, and Ge/GeP NSs + NIR) during NIR laser (1064 nm, 1.0 W cm™2) irradiation. (b) IR thermal images acquired at different time intervals. (c) Time-
dependent body weights of the mice after different treatments (n = 5). (d) Photographs of the MCF-7-tumor-bearing mice and tumor regions of different groups
after 14 days. (e) Time-dependent tumor growth curves (n = 5, mean + SD) after the different treatments. Statistical P-values: *P < 0.05, **P < 0.01, ***P < 0.001.
(f) Photographs of the tumors extracted from the mice in different groups after 14 days. (g) H&E, TUNEL, and Antigen Ki-67 analysis of the tumor slices.
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main organs (heart, liver, spleen, lung, and kidney) are collected and
stained with H&E for histological examination (Fig. S14), while blood is
collected for the hematological and blood biochemical analysis
(Fig. S15). According to H&E staining, no noticeable histological ab-
normality is observed from the normal tissues, indicating that the Ge/
GeP NSs and laser have negligible toxicity or side effects on the healthy
tissues (Fig. S14). Moreover, the standard blood biochemical indexes of
aspartate transaminase (AST), total protein (TP), globulin (GLB), total
bilirubin (TBIL), blood urea nitrogen (BUN), creatinine (CREA), and
albumin (ALB) in the Ge/GeP NSs-treated group, NIR-treated group or
Ge/GeP NSs + NIR-treated group show no abnormity in comparison to
the control group and the changes are of no statistical significance
(Fig. S15). In particular, AST and CREA are related functional indexes
for the kidney and liver and the levels indicate that the Ge/GeP NSs
induce no significant renal and hepatic toxicity thus having negligible
toxicity in the biological system. These results demonstrate that the Ge/
GeP NSs are efficient PTT and type I, type II PDT synergetic antitumor
PTAs with excellent biocompatibility.

4. Conclusions

Inspired by the previously reported bifunctional PTAs [2-13], in this
work, a 2D sheet-like and compact S-scheme Ge/GeP in-plane hetero-
structure is designed for cancer therapy. The 2D sheet-like Ge/GeP NSs
with a thickness of 15 to 32 nm and lateral size of 153 + 39 nm are
synthesized by a top-down approach involving grinding and sonication
using the bulk materials produced by the CVT method. During the CVT
process, none-layered Ge is transformed to layered Ge/GeP structure
and thus the Ge/GeP NSs can be easily exfoliated. The polycrystalline
surface nature as well as in-plane heterostructure of Ge/GeP NS is
confirmed. The Ge/GeP NSs have a large ¢ of 15.66 L/g cm™! at 1,064
nm and high n of 22.9% upon 1,064 nm laser irradiation [31-33].
Moreover, both type I and type II PDT are activated from the Ge/GeP
NSs with a single laser and enhanced ROS generation is observed during
longer NIR wavelength laser irradiation, which has not been reported on
Ge-based materials [18,20,24,43]. The ESR intensity of 102 and O
under 1,064 nm laser irradiation is more than double that under 660 nm
laser irradiation and this might be due to the synergistic effect of pho-
tothermal effect and S-scheme heterojunction [48].The S-scheme charge
transfer mechanism between Ge and GeP is investigated by photo-
irradiated KPFM and ESR analysis. The formation of such S-scheme
Ge/GeP heterostructure endows the Ge/GeP NS-based PTA with boosted
charge separation on the surface. In addition, the Ge/GeP NSs have the
desirable dispersity and stability in physiological solutions as well as
degradability. As a result, the Ge/GeP NSs show outstanding synergistic
therapeutic effects of PTT/PDT both in vitro and in vivo in the NIR-II
biowindow besides excellent biocompatibility. This nanoplatform has
large clinical potential and the results provide insights into the design of
efficient PTAs with high n and surface activity.
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Figure S1 Photograph of the surface of bulk Ge/GeP.
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Figure S2 XRD pattern of the Ge/GeP powder.
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Figure S3 Intermediate product of the CVT process.
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Figure S4 (a) SEM image and (b) Lateral size distribution of the Ge/GeP NSs. (¢) Hydrate particle size

distribution.
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Figure S5 Raman spectrum of the Ge crystal.
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Figure S6 (a) Absorption spectra of the Ge/GeP NSs with different concentrations; (b) Corresponding linear
curve of the normalized absorbance intensity divided by the optical distance (A/L) at various concentrations
for A = 1,064 nm; (c) Photothermal heating curves of the Ge/GeP NSs solutions (0, 25, 50, 100 ug mL!) under

1,064 nm NIR laser irradiation with a power of 1.0 W cm™.
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Figure S7 (a) Linear curve of the normalized absorbance intensity divided by the optical distance (A/L) at
various concentrations for A = 808 nm; (b) Photothermal heating curves of the Ge/GeP NSs solutions (0, 25,
50, and 100 pg mL!) under 808 nm NIR laser irradiation at 1.0 W cm?; (c) Photothermal heating curves of
the Ge/GeP NSs solution (100 pg mL") under 808 nm NIR laser irradiation with a power of 0.5, 1.0, or 1.5 W

cm%; (d) Temperature change and photothermal-conversion efficiency under 808 nm laser irradiation.
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Figure S8 Band structure and ROS generating ability of the Ge/GeP NSs.
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Figure S9 Photothermal heating curves of the Ge/GeP NSs solution (100 ug mL") for different laser irradiation.
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Figure S10 (a) Absorption spectra of the Ge/GeP NSs stored in water for different days and (b - d) TEM

images acquired after 0, 3, and 9 days.
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Figure S11 Dispersity of the Ge/GeP NSs in water, PBS, serum-free DMEM, DMEM/10% FBS, serum-free
RPMI1640, and RPMI1640/10% FBS.
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Figure S12 (a, b) Images of the Hela cells incubated without or with the Ge/GeP NSs; (¢) Raman scattering
spectra of the Hela cells incubated with the Ge/GeP NSs; (d, ¢) Images of the MCF-7 cells incubated without
or with the Ge/GeP NSs; (f) Raman scattering spectra of the MCF-7 cells incubated with the Ge/GeP NSs; (g)
Cell apoptosis of the Ge/GeP NSs treated Hela, MCF-7 and QSG-7701 cells measured by flow cytometry.
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Figure S13 Fluorescence images of 100 pg mL™! of the Ge/GeP NSs treated Hela and MCF-7 cells after 1,064

nm laser irradiation for different time using different power.
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Figure S14 H&E staining of the major organs (liver, kidney, heart, lung, and spleen) for the different groups
of mice on the 14" day post-intratumoral injection of Ge/GeP NSs.
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Figure S15 Hematological and blood biochemical assays of the different groups of mice on the 14" day post-

intratumoral injection of Ge/GeP NSs (n = 5).
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Table S1. Phototherapeutic characteristics of different nanoagents reported in the literature.

Power density and

Materials Treatment S References
irradiation time
1.0 W cm2, 5 min (808 nm)
APP/Ce6-Loaded ADSCs PTT, PDT + (1]
1.0 W cm2, 10 min (660 nm)
0.5 W cm?, 5 min (650 nm)
COF—CuSe PTT, PDT + [2]
1.5 W cm, 5 min (808 nm)
Carbon-Silica
_ PTT, PDT 2.0 W em2, 3 min (808 nm) | [3]
Nanocomposite
PEG@S-MoOx '
PTT, PDT 1.0 W cm2, 10 min (808 nm) | [4]
A-NRs
1.0 W cm2, 10 min (808 nm)
[PHCIPP@HA NPs PTT, PDT + [5]
0.1 Wcem2, 15 min (670 nm)
1.0 W cm™2, 5 min (808 nm)
BPN/MnO,/DOX PTT, PDT, | + (6]
nanocomposite Chemotherapy | 0.22 W cm2, 10 min (660
nm)
1.5 W cm?, 15 min (1064
Au/Ag NRs PTT, PDT [7]
nm)
1.0 W cm?, 10 min (1064
PTTe NPs PTT, PDT [8]
nm),
Ce6-RCDs PTT, PDT 0.5 W-cm?,20 min (671 nm) | [9]
RGD-PMCS PTT, PDT 2.0 W cm, 3 min (808 nm) | [10]
ZnPc NPs PTT, PDT 0.7 W cm, 10 min (650 nm) | [11]
BixSe;@AIPH NPs PTT, PDT 1.0 W cm™2, 5 min (808 nm) | [12]
PTT, PDT,
BiNS-Fe@Fe 1.31 W em2, 5 min (808 nm) | [13]
CDT
CSNPs@Cu-BIF PTT, PDT,
2.0 W cm2, 10 min (808 nm) | [14]
nanoassemblies CDT
CeVO4/Ag Nanohybrid PTT, PDT 1.9 W cm?, 5 min (808 nm) | [15]
1.0 W cm?2, 5 min (808 nm)
AuNSs@PDA-Ceb6 PTT, PDT + [16]
0.05 W cm?, 5 min (635 nm)
BNs-BSA PTT, PDT 0.1 W cm?2, 10 min (660 nm) | [17]




+

1.0 W cm2, 6 min (808 nm)

Au/Pd ONP-DNA

. PTT, PDT 1.5 W cm?, 5 min (808 nm) | [18]
nanomachine
BizSes/MoSe,/Bi>Ses@PEG- | PTT, PDT, .

1.0 W cm2, 20 min (808 nm) | [19]
Dox chemotherapy
PTT, PDT 0.5 W cm?, 5 min (635 nm)

HA-BP nanoparticles photo- + [20]

immunotherapy

1.5 W cm2, 2 min (808 nm)
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