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Abstract

Copper-based chalcogenide compounds have emerged as alternative materials to Cd- or Pb-based traditional
semiconductors and have drawn significant attention. Compared with widely reported semiconductors, copper
chalcogenide nanocrystals (NCs) with abundant copper defects and vacancies present p-type features.
Additionally, the migration of free hole carriers in copper-based chalcogenide NCs produced a metal-like local
surface plasmon resonance (LSPR) effect. In this review, we focused on the plasmonic copper chalcogenide NCs
achieved through a heavily doped strategy. The copper sulfur compounds with versatile atomic ratios and complex
crystal structures exhibit rich electrical, optical, and magnetic properties, making them highly promising for a broad
range of applications, from energy conversion to biomedical fields. Therefore, our main focus is on the classification
of copper chalcogenide synthesis strategies, theoretical studies of doping, doping strategies, and biological
applications. We aim to analyze the trends of copper-based chalcogenide nanomaterials for clinical applications by
summarizing previous studies and presenting designs and concepts in a brief manner.
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INTRODUCTION

Colloidal semiconductors with tunable size, morphologies, and compositions ranging from hundreds to
thousands of atoms exhibit unique physical, optical, and electronic properties . Over the past few decades,
numerous colloidal semiconductors have been reported to address challenges related to environmental,
healthy, and energy challenges. However, their efficacy has gradually weakened**. To date, various
strategies have been used to enrich the properties of colloidal semiconductors'”, including doping,
coupling, and modulation (epitaxial or nonepitaxial growth) methods for tunable bandgap engineering.
This has resulted in superior electronic and optical properties and led to diverse applications in areas such
as solar energy harvesting, imaging, display, and biological sensing.

Copper is an abundant metal with low toxicity, lower costs, and environmental compatibility, while copper
chalcogenide semiconductors present a wide variety of compositions, sizes, and crystal structures®*. This
extremely versatile set of ingredients offers not only analogous properties to Cd- and Pb-based chalcogenide
colloidal semiconductors but also possesses unparalleled features compared to the conservative nanocrystals
(NCs), particularly in terms of photothermal and plasmonic properties"'**. Moreover, the synthesis
protocol for colloidal copper chalcogenide NCs is still largely underdeveloped and does not yet reach the
same level as traditional Pb- or Cd-based chalcogenides"*"”, which are still worthy of merit attention****.,

The copper atom has high reaction activity and a fast diffusion rate, making it easy to be oxidized and form
monovalent or divalent copper ions. This leads to the formation of abundant defects in the lattice and
different components with special properties, including the plasmonic feature observed in heavily doped
copper-based chalcogenides. Compared with the noble metals (with a high density of free electrons and
exhibiting strong light-matter interaction properties)**” and n-type plasmonic semiconductors®, heavily
doped copper-based chalcogenides (including exotic-doping and self-doping)®>**** present p-type features
with a lower density of free charge carriers”**, resulting in longer wavelength LSPR absorption. Based on
the above-described properties, plasmonic Cu-chalcogenide NCs have attracted significant attention due to
their various applications, including the hotspot research field, such as copper-based radioimmune therapy
and cuproptosis.

Inspired by the aforementioned potential applications, in this review, we summarize the recent advances in
the heavily doped colloidal Cu-chalcogenide from synthesis to biological applications. Firstly, we provide a
brief introduction of classifications for copper chalcogenide NCs and discuss the extensively reported
synthesis methods. Next, we present theoretical studies based on doped plasmonic Cu-chalcogenide NCs
with LSPR properties. We also review the doping strategies for the formation of doped Cu-chalcogenide
NCs. Subsequently, we discuss the wide range of applications for colloidal plasmonic Cu-chalcogenide NCs,
including biosensing, in vivo imaging, diagnosis, and cancer therapy. Finally, we provide insights into the
opportunities and challenges of these potential applications for the next generation.

CLASSIFICATION OF COPPER CHALCOGENIDE NCS AND SYNTHESIS STRATEGY

The copper chalcogenide compounds were initially discovered in minerals, which is why most of them are
named Chalcocite, Djurleite, Roxbyite, Digenite, Anilite, and Covellite. For bulk Cu,S crystals, the band gap
is 1.2 eV However, the one-valence copper atom is readily oxidized by the oxygen in the air, which
leads to the formation of the Cu,.S (x = 0~1) compound along with a copper vacancy, resulting in the p-
type feature. In Figure 1, the number of copper vacancies is one of the main factors for the formation of
diverse Cu,,S crystal structures, including hexagonal, cubic, monoclinic, and orthorhombic crystal structures.
Simultaneously, the rearrangement of the S atom (usually very slow) during the crystallization results in the
formation of numerous metastable stages, such as chalcocite (Cu,S), djurleite (Cu,,,S), roxbyite (Cu,,,S),
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Figure 1. Crystal structure model of the Chalcocite, Djurleite, Roxbyite, Digenite, Anilite, and Covellite. Sulfur and Copper atoms are
marked in yellow and blue, respectively.

digenite (Cu,,S), anilite (Cu,,,S), and covellite (CuS), as shown in Table 1. Additionally, the similar
chemical properties of anion elements result in a wide range of materials for Cu, ,E (x = 0~1, E = §, Se, or
Te). The structural and compositional diversity of copper chalcogenides creates challenges for precisely
controlled synthesis and enriches the fabrication method used.

The classical method for forming the NCs involves the “bottom-up” and “top-down” strategies. As for the
colloidal copper chalcogenides, we usually use the organic synthesis method, which includes the “hot-
injection” and “heat-up” technologies'®*'. The process involved first preparing the copper compounds as a
precursor. Then, the flask containing the organic solvent was heated to a high temperature, and the
precursor was quickly injected. The primary stage after the injection is the boom of the nucleation. The
reaction then proceeds quickly into the crystallization and growth stage. Over time, the Ostwald ripening
occurs'”. Therefore, achieving desirable colloidal nanocrystals requires precise control of activity and
amount of the precursor, organic solvent, reaction temperature, and time. Omitting any of these factors
could affect the outcome. The traditional Cd- or Pb-based colloidal semiconductor has been well-studied
and applied in various ways. However, the synthesis technologies for copper chalcogenides have not yet
reached the same level as those for the Cd- or Pb-based protocols. As a result, numerous research work for
the irregular shape of copper chalcogenides is fabricated with the cation exchange method. However, it is
worth noting that the precisely controlled synthesis strategy for copper chalcogenides remains challenging
and has significant room for development.

THEORETICALLY STUDIES FOR DOPING CU-CHALCOGENIDES NCS

LSPR feature was first observed in the “Lycurgus Cup”, which was made of colloidal gold particles for
drinking. To date, the LSPR properties of the colloidal NCs have been widely used in diverse applications,
including biosensing, luminescence, and therapy.
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Table 1. The summary of the different types of the copper chalcogenides

Materials Crystal system Space group Mineral name Reference
Cu,S Hexagonal P6,/mmc {194} Chalcocite-High [41-44]
Cu,S Cubic Fmm {225} Chalcocite [39,45]
Cu,S Monoclinic P2,/c {14} Chalcocite-Low [46]
Cu,o,S Monoclinic P2,/c{14} Djurleite [47-49]
Cu, g,S Triclinic P {2} Roxbyite [50]

Cu, S Trigonal Rm {1663} Digenite [51]

Cu, S Triclinic P{2} Digenite [47,52-54]
Cu, ;sS Orthorhombic Pnma {62} Anilite [55,56]
CuS Hexagonal P6,/mmc {194} Covellite [57,58]
CuS Orthorhombic Cmem {63} Covellite [57,59]

Generally, the LSPR feature occurred when the frequency of the irradiated light matched well with that of
the inherent oscillation frequency of the substrate (usually determined by the density of the free charge
carrier, the free electron, or the hole), leading to significant amplitude enhancement, also called
“resonance”. This phenomenon is typically observed in noble metal colloidal nanocrystals (especially Au
and Ag), which have a large number of free electrons in the conduction band. As shown in Figure 24, the
LSPR feature depends on the density of the free carrier, with lower carrier density leading to long-
wavelength resonance absorption and vice versa. In addition, the symmetry of the colloidal NCs usually
results in various surface distributions of the free carrier. Regarding the isotropy crystals (spherical or quasi-
spherical NCs), the surface oscillation is the same and shows a single LSPR absorption peak. For this reason,
the absorption peaks of the colloidal gold and silver NCs localized at 520 and 480 nm, respectively. As for
the anisotropy crystals, the surface distribution of the free carriers is significantly different, leading to the
splitting of the LSPR absorption peak. According to Figure 2B, the difference between the longitudinal and
transverse electrons oscillation of gold nanorods causes two LSPR absorption peaks: one localized at 520 nm
and another determined by the aspect ratio.

The LSPR feature mentioned above is focused on the noble metal colloidal NCs. The density of the free
carrier for the intrinsic semiconductor is usually much lower than that of the metal NCs. Thus, there is no
distinct LSPR absorption peak for intrinsic semiconductors. It is generally assumed that the LSPR behavior
of the semiconductor NCs is caused by collective oscillations of superfluous free carriers in the lattice
related to the constituent vacancies and the ionized dopant impurities' . Therefore, the doping strategy
plays a remarkable role in the tuning of the density of free carriers bringing about the observation of the
plasmonic n-type or p-type doped-semiconductor in Figure 2C. In this study, we will briefly discuss the
calculation study model for the doped plasmonic semiconductor.

Theoretical studies of spherical or quasi-spherical plasmonic materials have primarily relied on the Drude
model, which has been widely discussed in the literature. In this context, we emphasized the significance of
the anisotropy of plasmonic materials. For example, in the case of the plasmonic copper chalcogenides
nano-disks or rods, the calculation function of LSPR absorption “A” is shown below:

(1/P})-&;
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Figure 2. The Drude model for plasmonic materials. (A)-(B) The longitudinal and transverse electrons oscillation; (C) The theoretical

diagram of n-Type Doping strategy and p-Type Doping strategy.

Here, o is the angular frequency of the incident light. ¢, is the dielectric constant of the medium. ¢, is the
real part of the dielectric constant of NPs. ¢, is the imaginary part of the dielectric constant of NCs. P is the
function of the axis (a is the long axis, and b and ¢ are symmetric). Then the polarization factors are known

as below:

_(1-sH[1 1+s
P =2 i () - 1] @)
1-P,
Pb = PC = T

Here, s is the geometric parameter of the NCs and is defined in the equation (4):
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Where R is the aspect ratio of the rod. In turn, according to the Drude theory, ¢(w) could be expressed as:
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Where y is the collision frequency (similar/to the high line wide). And , the bulk plasma frequency can be
defined as below:

Wy = (6)

Where N is the free carrier density. m, is the mass of the electron. ¢, is the permittivity of the free space.
Thus the collision frequency can be expressed as:

()

Where m, is the mass of the hole. e is the elementary charge. o is the conductivity of NCs (Cu,,S: 2.4 x 10° @
.cm™). Then the real part ¢, and imaginary part ¢, of the dielectric constant for copper chalcogenides nano-
disks or rods could be calculated as:

wp
& =1- DLy (8
Wiy
& = w3:—’y2w )

In short, the precise calculation for the doped copper chalcogenides with an anisotropy shape is still
challenging, leaving a large space for further investigation.
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DOPING STRATEGY

The carrier density is a major parameter that determines the LSPR properties® . Therefore, the LSPR
feature could be manipulated in a controllable manner with shapes, size, and surface properties that
determined the distribution of free charge carriers or other strategies to tune the density of the carriers,
including the light or electronic doping. We will discuss these details in the following paragraph.

Electronic doping

Electronic doping is an effective method for the dynamic regulation of plasmonic materials'””". For
example, Ou et al. reported an electrochemical lithiation process for forming the doped plasmonic Cu,_ Se
nanocrystals with dynamic and reversible operation™. As described in Figure 3A, the valence state of Se was
reduced from intermediate states to -2 after the electron injection operation. On top of this, the hole
concentration was dramatically decreased, which made the Fermi energy level of NCs change from the
initial value of -0.82 eV to -0.39 eV. In contrast, during the discharged process, the Fermi energy level drops,
and the band gap returns to the initial level of -0.82 eV, as shown in Figure 3B and C.

Photo-induced LSPR modulation

Cu,,S reveals strong LSPR features within the near-infrared (NIR) region (800-1800 nm), which are
determined by the concentration of the copper vacancy generated through the self-doping method. Using a
photo-reduction process””? to manipulate the free hole density, researchers developed a simple strategy for
fabricating plasmonic Cu, S NCs. Alam et al. have successfully modulated the LSPR feature of Cu,,S NCs
through the photochemically generated radicals MV~ The electron transfer is reversible through the
changed procedure, as shown in the infrared LSPR absorption spectra presented in Figure 4A and B. The
possibility of controlling LSPR by electron donors generated by photochemical protocols can be further
stretched to create optical windows in the infrared region. Additionally, it is also possible to achieve the
LSPR properties of Cu, S NCs with the assistance of a semiconductor in a photoreduction reaction.
Interestingly, when the Fermi level underwent equilibration with electron transfer, there was an increase
compared to the unequilibrated state, leading to a reduction of the NIR LSPR feature, as demonstrated in
Figure 4C. The reversibility of electron transfer through LSPR response is probed and shown in Figure 4D.

Morphology and surface ligands effect for LSPR

Different shapes of the synthesized nanomaterials will lead to distinct LSPR features and generate
interesting optical properties. The LSPR feature in the near-infrared region has been confirmed in self-
doped Cu,E (E = S, Se and Te) semiconductor NCs due to the existence of free holes related to Cu

vacancies in the lattice™ 7.

To date, plasmonic NCs have been developed by changing the composition, morphology, or surface ligands
of NCs"**” Li et al. exhibited a strategy to synthesize high-quality copper telluride nano-cubes,
nanoplates, and nanorods. Figure 5A-C showed the morphology of the CuTe NCs through the high-
resolution transmission electron microscope (HRTEM) micrographs obtained. The corresponding
absorption spectra of copper telluride with different shapes were shown in Figure 5D. In the spectra
obtained from CuTe nano-cubes, a strong absorption band centered at 900 nm and associated with LSPR is
clearly observed. At the same time, weak absorption intensity in UV-Vis-NIR spectra and almost vanishing
NIR absorption characteristics were observed in CuTe nanoplates and nanorods, respectively. This may be
caused by the small size of the fine nanorods not supporting detectable plasma'®’. The synthesis procedure
involved the reaction of a copper salt with trioctylphosphine telluride precursor in the presence of lithium
bis-(trimethylsilyl)Jamide and oleylamine (OAm).
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Figure 3. (A) Valence band spectra of Cu,_,Se NPs and (B) Mott-Schottky diagram; (C) Schematic diagram of energy band diagrams in
newly deposited (pristine), lithiated (charged), and fully delithiated (discharged) states””’.Copyright © American Chemical Society
2018.

Similarly, the carrier density surface treatment could also be utilized for the formation of the plasmonic
copper chalcogenides NCs, as illustrated in Figure 5E*. The TEM micrographs in Figure 5F and G showed
copper sulfide NPs. The attained tetradecahedrons and nano-disks have similar Cu,,S,, phases; however,
they presented different optical properties, as shown in Figure 5H. The nano-disks produced without Sn*
treatment exhibited a strong LSPR absorption in the NIR region because of the collective oscillation of free
charge carriers. In sharp contrast, the plasmonic feature was diminished with the Sn*' treatment. This
suggested that Cu vacancies or trapped free charge holes could be efficiently filled by trace amounts of Sn*
1], The dramatic change of the LSPR peak is due to the phase transition, as shown in Figure 51. Specifically,
a higher density of copper vacancies results in a blue shift of the LSPR peak, a higher absorption intensity, a
narrower bandwidth, and an increase in bandgap absorption®. The main factors that trigger the phase
transition are the generation of copper vacancies and the rearrangement of Cu cations and S anions'".

Chen et al. demonstrated that the Sn*" could direct the evolution of djurleite Cu,,S,, from nano-disk to
tetradecahedron in the c-axis orientation*”. The Cu,,S,, NCs were transformed into more copper-deficient
Cu,S, NPs by heat treatment with amine-functional ligands. The roxbyite Cu,S, NPs demonstrated a
stronger and shorter LSPR peak while retaining the shape of the djurleite Cu,,S,, NPs. Swihart et al. also
reported that the conversion of CuS and Cu,S was possible through heat treatment in various organic
reagents after surface treatment™.
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Hybrid structure

Heavily-doped semiconductor nanometer materials also exhibit strong LSPR absorbance when combined
with the plasmonic metal NCs. The copper chalcogenides have promising potential for use in photothermef
therapy (PTT)"®* applications. Zhu et al. and Liu et al. synthesized Au-Cu,,Se nanocrystals, which
%1 They reported a novel type
multiphase nanoparticles (NPs) consisting of a heavily doped p-type Cu,,Se and an Au domain (n-type
feature), as shown in Figure 6A and B. This nanocrystal exhibited a broad LSPR absorption region across
visible to NIR absorption wavelengths and demonstrated strong interactions between the two nanocrystal
domains"”, as depicted in Figure 6C.

combined heavily doped p-type semiconductor and noble metal domains'

BIOLOGICAL APPLICATION

The particular applications of NPs have attracted increasing attention from scholars with the speedy
development of nanotechnology, materials science, and molecular imaging. They have brought great
convenience for us to observe the situation in real-time in vivo as a clinical detection and research tool. As
type of nanomaterial, contrast agents can visualize the physiological structures in organisms. In recent years,
researchers have found that nanomaterials can provide high-resolution and high-contrast images for the
visualization of precision medicine delivery, which plays a crucial role in imaging applications. Among
them, copper-based chalcogenide compounds present unique advantages with strong NIR LSPR absorptidn
feature”””, attracting significant attention for photothermal-guided biological applications®*”. There are
several strategies to improve photothermal conversion efficiency. (1) Changing the carrier concentration
the doped semiconductor® to increase the possibility for non-radiation transition (usually released as heat
energy). (2) Manipulating the crystal phase, morphology, and particle size of Cu, S nanocrystals to modify
the LSPR absorption feature. (3) Forming the hybrid structure by increasing the cross-section
absorption™.

In this direction, we describe the application of copper chalcogenide NCs from biosensing to in vivo
imaging and therapy. The main in vivo imaging functions of nano-copper sulfide include computed
tomography (CT), magnetic resonance imaging (MRI), single-photon emission computed tomography
(SPECT)/CT, fluorescence imaging (FLI), and PA imaging. Some researchers enhanced copper
chalcogenide NCs with fluorescent molecules, such as indocyanine green (ICG), and luminous
nanoparticles, such as quantum dots (QDs), upconversion nanoparticles, and radioactive isotopes. These
enhancements may provide additional imaging choices. The utilization of copper sulfide NCs in tumor
therapy includes PTT, chemodynamic therapy (CDT), photodynamic therapy (PDT), immunotherapy (IT),
radiation therapy (RT), and multimodal combination therapy. Most of the treatment strategy is mainly
based on the response of nanomaterials to stimuli, which can elicit an immune response and attract
apoptosis or death of tumor cells.

Biosensing

Heavily-doped copper chalcogenides, as p-type plasmonic materials, were wildly used in biosensing. In the
past few decades, copper chalcogenides have attracted significant attention due to their unique
characteristics as both metals and semiconductors®*”. Several studies have proven that Cu, S exhibited
broad-band LSPRs in the NIR region and fundamentally altered light-matter interactions. These
[99

characteristics have led to a wide range of applications, including enhanced spectrum®”, sensing
photocatalysis

[100,101 [102]

3+

, and optical devices
to
In Figure 7A, Zhou et al. reported a core-shell composite material named mCu, S@SiO,@-Y,0,:Yb*'/Enf
for the fingerprint recognition. As shown in Figure 7B, the color of the material changed from green
orange with increasing excitation power. This study opened up new ideas for the design and preparation
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Figure 6. TEM (A). and HRTEM; (B) of Au-Cu,_Se; (C) Optical absorbance of Au NPs (red) and Au-Cu,_Se heterodimer NPs
(black)™®”. Copyright © American Chemical Society 2013. HRTEM: high-resolution transmission electron microscope; TEM: transmission
electron microscope.

upconversion core-shell structures of semiconductor plasmonic nanoparticles. It provided a reference for
the application of upconversion nanocrystals (UCNPs) and semiconductor plasmonic nanoparticles in
photonics™!. Another group, Cui et al., also designed and synthesized high-efficiency photothermal
semiconductor nanocomposites for potential fingerprint photothermal imaging"*. They used a novel
method to synthesize Cu,S, NCs with good photothermal properties and fabricated amphiphilic
nanocomposites with good affinity by coating Cu,S, nanoparticles with allyl thiol polymerization, as shown
in Figure 7C and D. Due to the high photothermal conversion efficiency of Cu,S, NCs, they were developed
as a simple and versatile photothermal latent fingerprints (LFPs) imaging method, which was demonstrated
to be effective for imaging of LFP residual on different substrates (different background colors), as shown in
Figure 7E. It would be very helpful for crime scene investigation. In addition, it was produced, and the dual-
mode fluorescence-photothermal imaging techniques were used to monitor trinitrotoluene, the integrated
photothermal image of LFPs.

In vivo imaging

Over the past few decades, nanomaterials have led to the rapid development of emerging in vivo imaging
techniques. The close collaboration between chemists and imaging scientists plays a decisive role in the
application of emerging nanomaterials to solve difficult clinical problems. The application of nanomaterials
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Figure 7. Applications of copper sulfur compounds in biosensing. (A) The TEM characterization of mCuhS@SiOZ@Y2O3:Yb3+/Er3+ and
the application of fingerprint recognition in (B)"**:(C) and (D) TEM images of hydrophobic Cu,S, NPs and amphiphilic Cu,S, NCs
included fabrication strategy for Cu,S, NCs and photothermal effects of Cu,S, NCs under a given power density versus the irradiation
time, and scheme for photothermal imaging of fingerprints. (The photothermal tests were conducted on the thin film of Cu,S, NC
powder with excitation at 808 nm); (E) the photothermal latent fingerprints imaging method"**. (A)-(B): Copyright © American
Chemical Society 2017; (C)-(E): Copyright © American Chemical Society 2015.

in imaging technology not only improves diagnostic sensitivity and specificity but also increases the range
of contrast agents, making nanomaterials a dominant tool for molecular imaging capabilities. In addition,
nanomaterials make imaging much easier. While many recent articles have discussed the conveniences of
nanomaterials for imaging applications, they only focus on sub-categories such as disease-specific
applications or cell-specific applications. We rearrange the imaging methods according to the order of
clinical use as follows.

Computed tomography

Computed tomography (CT) technology plays a compelling role in the clinic due to its high spatial
resolution; however, it is still restricted by the related radiation burden and a lack of individual tissue
specificity. Cui et al. reported a plain strategy to form a Cu,S,-Au hybrid structure based on heavily doped
Cu,S, NCs, resulting in strong LSPR absorption at approximately 808 nm"*. Based on this, the "F
molecules were bonded on the surface of the hybrid structure by click chemistry to form Cu,S,@Au@PSI-"F
nanoparticles (named as CNs) in Figure 8A. These NCs were successfully used for coinstantaneous CT/"F-
MRI guided PTT with low background signal and strong penetration depth, as demonstrated in Figure 8B
and C. Subsequently, the polymorphous CNs were utilized for the CT/”F-MRI-guided PTT ablation of deep
tumors. By connecting small gold domains with Cu,S,, the LSPR absorption of the CNs was converted to the
in vivo transparent window, which significantly enhanced the efficacy of PTT and reduced the laser damage
to healthy tissues. Another group, Wang et al., prepared a Cu,,Se/Bi,Se,@PEG (named CB3@PEG)
nanohybrid structure by the cation exchange method. The added Bi had a high X-ray absorption coefficient,
making it a promising contrast medium for CT imaging"*, as shown in Figure 8D. As mentioned above,
the synthesis pathways and mechanism diagram of CB3@PEG were shown in Figure 8D, and the adjacent
photos showed the specific application of CB3 material in different imaging modalities in vitro or in vivo,
mainly including PTT imaging in Figure 8E and F, CT imaging in Figure 8G and H, and MRI in Figure 8I-
K. It also showed great potential for multimode synergistic therapy. Shi et al. designed and synthesized the
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Figure 8. (A). Schematic representation of the synthesis of Cu7S4—Au@PSI—19F/PEG and its application to imaging in vivo"®; (B) CT and
PAl imaging; and (C) MRI imaging in vivo; (D) Schematic representation of Cu,_Se /Bi,Se;@PEG preparation; and (E) and (F) PAI (G)
and (H) CT and (1), (J), and (K) MRI multimodal imaging-guided cancer diagnosis and treatment in vivo"°®. (A)-(C): Copyright ©
American Chemical Society 2018; (D)-(J): Copyright © Royal Society of Chemistry 2013. CDT: chemodynamic therapy; CT: computed
tomography; MRI: magnetic resonance imaging; PDT: photodynamic therapy; PTI: photothermal imaging; PTT: photothermal therapy.

CusS nanoparticle named RGD-CuS-Cy. ., which demonstrated strong NIR fluorescence. And CT contrast
medium can accurately distinguish metastatic sentinel lymph nodes (SLN) metastasis of gastric cancers, as
mentioned earlier""”.

Magnetic resonance imaging

From another aspect, Magnetic resonance imaging (MRI) is one of the best commendable imaging
techniques that can detect deeper soft tissues with inappreciable injury"**"°. MRI provides more
information than other imaging technologies in medical imaging and does not cause photo-agent allergy or
ionizing radiation damage. Additionally, MRI has higher density resolution"""*? than other imaging
methods. Conventional '"H MRI suffers from a low signal-to-noise ratio (SNR) because of the higher
moisture content in the body. Cui et al. reported the polymorphous NCs, including the *F and Cu,S,-Au
nanoparticles, for newly guided PTT using "F-MRI and CT imaging"*"*. The background was negligible,
and the MRI images were shown in Figure 8C. Another material, CB3@PEG nano-heterostructures, have
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been prepared through a cation-exchange process by Wang et al."* Consequently, the affected Cu*
regulates the single electron spin, revealing the T ,-weighted MRI ability sensitive to H,O, concentration, as
shown in Figure 8I-K.

Positron emission tomography

Positron emission tomography (PET) is a formidable biomedical imaging technique widely used for
diagnosing clinical oncology due to its practicality and accurate susceptivity"*"”. PET is one of the updated
imaging mechanics that could show the metabolism of biomolecules, receptors, and neurotransmitter
activity in vivo""®. In addition, it has been widely used in differential diagnosis, efficacy evaluation,
condition evaluation, new drug development, and organ function research. (1) High sensitivity. As we
know, PET is an imaging technique that reflects molecular metabolism. When the disease occurs in the
early stages of molecular level changes, the morphological and pathological changes in the damaged area
may not yet be visible, and MRI and CT examinations cannot provide a clear diagnosis; however, PET
inspection can identify the damaged area and provide 3D images and quantitative analysis to achieve early
diagnosis. (2) High specificity. It is difficult to distinguish between benign and malignant tumors in organs
by MRI and CT examinations; however, PET can be used as a diagnostic tool according to the high
metabolism characteristics of malignant tumors. (3) Whole-body scan. PET can be used as a one-time
whole-body examination to produce images of all parts of the body. (4) Good safety. The radionuclides
required for PET examinations have a certain level of radioactivity, but the amounts used are negligible.
Additionally, the radionuclides have a short half-life of approximately 12 minutes and a long half-life of
approximately 120 minutes, ensuring a fast metabolism. After physical decay and biological metabolism, the
contrast agent stays in the body for a short period of time. The dose of PET required for a whole-body
examination is much lower than that of conventional CT examinations, so it is safe and reliable. **Cu was
successfully applied in vivo imaging as an efficient PET luminescence. Guo et al. depicted a direct composite
of intrinsic radioactive material by amalgamating **Cu directly into CulnS/ZnS nanostructures, using “CucCl
, as the synthesis precursor"*, as shown in Figure 9A. It clearly displayed characteristic whole-body coronal
PET images of Ug7-tumor-bearing mice in Figure 9B. Zhou et al. developed a patented, chelator-free *Cu-
CuS compound that can be used for PET imaging* and as a photothermal sensitizer for PTT in tumor
ablation, as shown in Figure 9C-D. These *Cu-CuS compounds were easy to fabricate, exhibited exceptional
stability, and allowed for almost noninvasive micro-PET imaging. In summary, the combination of smaller
diameter, stronger absorption of NIR, and comprehensiveness of “Cu as a configurational constituent made
these NPs well-suited for synergetic molecular imaging and therapy.

Although PET technology presents great success in the clinic, especially for early tumor diagnosis and
therapy evacuation, there are still some disadvantages that cannot be ignored and limit its development.
PET technology may not be effective in detecting early adenocarcinomas, especially ground glass nodules, as
these may not exhibit active metabolism and will show negative results. Additionally, false positives can
occur when infections, tuberculosis, sarcomatoid lesions, and other diseases are present, as these can show
positive results. Furthermore, because radioactive isotopes must be injected into the body during the
examination, PET has the disadvantage of exposing patients to a large amount of radiation, and it is
absolutely prohibited for use in screening otherwise healthy individuals.

Fluorescence imaging

Fluorescence imaging (FLI) is particularly significant for qualitative preclinical applications™*. As we know,
FLI has lots of advantages, including simple synthesis, fluorescence signal visualization, and multiple
marker sites. It is a consummate implement for imaging-guided angiography. Metal NCs have been vastly
utilized in imaging techniques, including PET, MRI, and FLI"*"***|. They exhibited individual optics and
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Figure 9. (A) Schematic synthesis of %4Cu-CIS/ZnS QDs and PET imaging; ®)™M (C), and (D) The micro-PET/CT imaging and tumor
therapy in vivo ®*Cu-CuS nanoparticle[m].(A)—(B): Copyright © American Chemical Society 2014; (C)-(D): Copyright © American
Chemical Society 2010. CT: computed tomography; PET: positron emission tomography.

electronic characteristics. Additionally, their surface supports convenient coalition and ligand

123-125]

attachment! .

In addition to their optical features, Cu nanoparticles also possess low toxicity and cost. Shi et al. developed
a tumor-targeting and MMP2-activating nanoprobe by designing a novel magnetic semiconductor Gd/CuS$
nanoparticle named T-MAN. The researchers attested to its ability for FLI/MRI dual-modality imaging and
precise PTT of gastric tumors"*". Figure 10A showed the synthesis and structure of T-MAN, which involved
micellar encapsulation of OA-coated Gd/CuS nanosheets assisted by amphiphilic DSPE-PEG. After
intravenous injection, T-MAN can selectively enter into and characteristically accumulate in gastric tumors
through active delivery mediated by avp3 integrin. Once accumulated in the gastric tumor tissue, it can be
efficiently activated by avp3-bounded MMP-2; as a result, extracellular matrix-overexpressing MMP-2
produced significantly enhanced NIR fluorescence and strong T1-weighted MR Contrast imaging, which
enabled accurate delineation of the gastric tumor. Under the guidance of fluorescence/MR dual-modality
imaging, irradiation of gastric cancer tissue with 808 nm laser irradiation can produce high heat and
eventually lead to irreversible tumor cell death, as demonstrated mathematically in Figure 10B. Figure 10C
showed the schematic mechanism of in vivo PTT of gastric cancer guided by it using FLI/MRI dual-
modality imaging, a schematic diagram of FLI/MRI biological model imaging and PTT of lymph node
metastasis in live mice, T1-weighted MR images, and fluorescence images of metastatic and normal lymph
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nodes in live mice. Shi et al. also reported on another novel fluorescent CuS nanoparticle (CuS-Cys.5-RGD)
capable of noninvasive multimodal imaging and targeted PTT of gastric cancer cells with intra-lymph node
metastases. In addition, it allowed for rapid and noninvasive self-monitoring of PTT efficacy on metastatic
sentinel lymph nodes in living mice””. In another paper, a NIR Cu’* particular responsive probe (named
NCM) was synthesized by Han at el., as shown in Figure 10D. It loaded ultrasmall copper selenide
nanoparticles on the surface to monitor the systematical release of copper ions in cells and animals"*".
Figure 10E and 10F show the metabolic and tissue distribution of the material. Meanwhile, the unlocked
Cu’ can react particularly with non-fluorescent NCM to form NCM-1 with strong NIR fluorescence to
realize the FLI at 735 nm, as shown in Figure 10G. It consisted of cuprous selenide as the main body and
was loaded with the non-fluorescent dye NCM. After the material was stimulated in vitro to release copper
ions and activate dyes, FLI can be achieved and used for both in vivo and in vitro fluorescence imaging.
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It is expected that the FLI in the visible spectroscopy and the NIR-I windows has some limitations and

[128-130
S

disadvantage , such as insufficient spatial resolution and penetration and a lack of anatomical structure

information. This is due to the mutual effects between light and living tissues, which can cause rigorous
[131

autofluorescence, scattering, and absorption
broadened to the NIR-II region">.

. To overcome these problems, the range of FLI has been

Photoacoustic imaging

The material must have a strong photothermal conversion efficiency to be used in photoacoustic imaging
(PAI). Because of their strong absorption of copper chalcogenides in the near-infrared region (700-1,500
nm), they have become the preferred choice for photothermal conversion agents””. The use of copper-
based chalcogenides as photothermal reagents was first reported by Li et al. in 2000, who synthesized -SH-
coated copper sulfide nanoparticles"””. According to the existing reports, some copper chalcogenides X,Y
(X = Cu/Ag/Au, Y = S/Se/Te) were worthy of consideration because of their easy molecular formula,
complicated crystal texture, and fickle composition, which provide inconceivably rich properties for a
variety of applications of thermal conversion. Their characteristics in PAI and PTT have been owing to the
strong LSPR absorption in the NIR window generated from copper deficiency"**. Zhang et al. reported a
novel application of ultra-small cuprous selenide as a photothermal therapeutic agent for multimodal
imaging"*”, which is shown in Figure 11A and B. It demonstrated the synthesis process of the material and
its imaging and therapeutic applications in vivo. The Cu, Se had long circulation times in the blood and can
accumulate at tumor sites through the enhanced permeability and retention effect. In addition, they can be
labeled with nuclides (*"Tc) for SPECT imaging to reveal tumor foci. Bao et al. developed a nanocomplex
by modifying PD1 with gold nanoparticles on the surface of Cu,,Se (GPSeCS@PD-1) and applied it to
imaging and treating tumor-bearing mice. The PAI and PTT images in Figure 11C and D showed an
obvious contrast between the PAI signal and the high temperature of 53.4 °C. This temperature caused the
cancer cells to heat up and necrosis of cancer cells. PTT treatment has obvious inhibition and ablation
effect. Bao et al. and other contributors have used synthetic copper for PAI and PTT"*. The synthetic

74,138,139]

copper was widely used for PAI and PTT by Chen et al."*” and other contributors' .

Diagnosis and therapy of cancer

Cancer has become a significant threat to our well-being and health in modern society"*’. Currently,
surgery, chemotherapy, and radiotherapy remain the primary strategies for cancer therapy. However,
limited by indication, contraindication, and side effects of operation, chemotherapy and radiotherapy are
usually reserved for patients with moderate or advanced cancer. To a certain extent, these treatments can
cause additional pain and other toxic side effects for patients. In the field of senior nanoscience, single
nanoparticles could afford diverse methods for diagnosis and therapy"”?. They are utilized by their physical
and chemical properties of the nano-agents or through surface modification loading with different kinds of
imaging and therapeutic agents"*. Due to the enhanced permeability and retention"*>'*¥ effect, they can be
engineered to respond to precise stimuli, providing physicians with diagnostic and treatment response
information. Endogenous stimuli, such as pH changes"*, hypoxia, and enzymes present in the tumor
microenvironment (TME)"*'*) as the same as visually applied exogenous stimuli, including light"*,
temperature, ultrasound, and magnetic field, are essential for the early cancer diagnosis and therapy.

An earlier diagnosis is essential for better medical outcomes and higher 5-year survival rates. Thus, one of
the key-knob to precise cancer treatment is how to understand the targeting procedure. Up to now, there
are several strategies to improve the NPs based targeting efficiency. For example, one common approach is
to combine nanoparticles with folic acid (FA)"*, targeting peptides"*” or antibodies"* to achieve receptor-
mediated endocytosis, which has an instant effect on the enhancement of diagnostic value toward a wide
diversity of cancers.
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computed tomography.

Copper chalcogenides, as one of the potential agents, with aforesaid unique chemical, optical, and physical
properties"*'**, have been widely used in tumor treatment fields such as PTT, PDT, CDT, and IT.
However, the therapeutic efficacy largely depends on many factors, such as LSPR, particle size, laser
wavelength, intensity, and the concentration of H,O, within the tumor. Therefore, we address these factors
in the reported literature and summarize the copper chalcogenides-based combination therapy to achieve
the desired efficacy in Table 2, including PTT/chemotherapy, PDT/chemotherapy, CDT/chemotherapy, and
chemotherapy/immunotherapy.

The application of each treatment modality will be briefly described next.

Photothermal therapy

PA imaging and Photothermal therapy (PTT) have been attributable to their LSPRs within the NIR window
generated from copper deficiency"**. The PTT technology is based on the nanoprobe with high
photothermal conversion efficiency. Subsequently, the light irradiation with strong interaction with the
designed copper chalcogenides probe, especially for the NIR light with deep penetration, most of the that
would be turned into heat, resulting in the thermal ablation effect for the tumor. Thus, the combination of
PTT and other strategies manifests high efficiency for tumor therapy and will be discussed in the following
section.

Chemodynamic therapy

Chemodynamic therapy (CDT) is a burgeoning therapeutic method that takes advantage of Fenton-type
reactions to go on highly toxic hydroxyl radicals («OH) and other activated reactive oxygen species
(ROS)?l Tt is known that the generation of *OH was generated by Fenton chemistry to depend on the
relationship among the hydrogen peroxide (H,0O,) and the catalyst and does not require oxygen (O,) or
external energy input. This individual mode of ROS generation allows CDT to overcome major barriers
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Table 2. Comparison of the sizes, biological models, and bioapplications of nanoscale copper chalcogenides for cancer diagnosis and
therapy

Materials Size (nm) Model Bioapplications Ref.

AM@DLMSN@CuS/R848 100 4T1 PTT/IT [149]
Cu,S;@mSi0,-PEG 45 Hep3B PTT [150]
Cu,_Se-PEG-SH 36 4T1 PAl/CT/SPECT/PTT [135]
PEG-[®*Cu]CuS NPs 1.9 Hth83 ATC PET/CT/+PTT/RT [151]

CP Nanodots 16.3 US7MG cDT [152]
CuS NPs-PEG-Mal 12 4T1 IT [153]
Cu7S4_Au@PSI-19F/PEG 14 4T CT/"FMRI/PTT [105]
Cu,_Se-NCM 1.7 Raw FLI [127]
Gd/CuS@DSPE-PEG-MAL 56 MKN45 FLI/MRI/PTT [126]
Cu,_Se/Bi,Se,@PEG 15 HepG2 CT/MRI/CDT/PDT/PTT [106]
G5-PBA@CuS/cGAMP 3.6 B16-F10 PTT/IT [154]
IR820@CuS/Pt JNMs 142 4m FLI/PTT/PDT [155]
AuNBP@CuS 105 EMT-6 PTT/PDT/CDT [156]
Lipo@ICG@CuS 145 4T FLI/PTT/PDT [1571
Bac@Cu,0 120 CT26 FLI/CDT [158]
DOX/HCuS@PDA-MB 140 MDA-231 FLI/PTT/Chemotherapy [159]

CDT: Chemodynamic therapy; CT: computed tomography; FLI: fluorescence imaging; PEMRI: fluorine-19 (°F) magnetic resonance imaging; IT:
Immunotherapy; MRI: magnetic resonance imaging; PAIl: photoacoustic imaging; PET: positron emission tomography; PDT: photodynamic
therapy; PTT: photothermal therapy; RT: radiation therapy; SPECT: single-photon emission computed tomography.

such as limited light penetration depth and hypoxia-related resistance in tumor PDT"*>'*'** Tt was a ROS-
mediated therapeutical method and utilized nano-catalytic medicine and the exogenetic stimulation to
particularly convert H,0, and O, into *OH and 'O, intra-tumor. As a result, cancer cells can be effectively
and safely killed without harming normal tissues!**'**'*"),

Recently, diverse metal-doped metallic peroxides (MPs), including metal ions and peroxo group (such as Fe,
Mn, Cu, and Co) nanomaterials"”"””, have been developed as highly efficient nano-catalytic medicines to
stimulate the generation of ROS because of their great peroxidase-like activity. Lin et al. reported on the
manufacture of copper peroxide (CP) nanodots, which were the first samples to have Fenton- competence
metal peroxide nanomaterials"*. The CP nanodots were used as an activatable agent to enhance CDT
through self-supplying H,O, as shown in Figure 12A. In the picture, we could see that, after the
internalization by cells, the CP was resolved in the acidic endo/lysosomal compartments because of the
sensitivity to pH"*. The anti-cancer chemo-dynamic effectiveness of CP nanodots was turned out both in
vitro and in vivo. The specific strategies were shown in Figure 12A: there were lots of cases of chemo-

149,173]

dynamic therapy for copper chalcogenides nanoparticles from some researchers! .

Wu et al. also confirmed that the Cu-based system is more efficient than conventional Fe-based Fenton
agents in CDT""®. A pH-responsive engineered covalent organic framework of CuS was designed in the
tumor environment by Wang et al., as shown in Figure 12B. Because of the regional excess temperature
induced by PTT can further improve the CDT efficiency of the nano platform, which could lead to a
synergistic PTT/chemotherapy/CDT effect!”. Zuo et al. pioneered a credible paradigm to integrate
photothermal and Fenton-like activities into one nanoplatform, as shown in Figure 12C"". It showed the
synthesis procedure for CuS@COFs NPs and their application for CDT and PTT.
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Photodynamic therapy

The pattern of nanomaterials for photodynamic therapy (PDT) has attracted much attention regarding their
therapeutic effects. Previous research demonstrated that CuS NCs modified with the progressive chlorine es
(Ces) named CuS-Ces processed capabilities as a multi-model agent for PTT and PDT"". Under the 670
nm laser irradiation, CuS-Ceé showed high PDT effects through singlet oxygen generation and thermal
ablation with 808 nm laser irradiation, as shown"”” in Figure 13A. In a separate report, Han et al. showed
that the cavitated CuS nanoparticles, modified with bovine serum albumin (BSA) and folic acid complex
and loaded with ICG, named CuS-BSA-FA, as shown in Figure 13B. PDT and PTT were combined to
provide a conjunct therapy that exhibited a perfect PTT heating effect, generation of 'O,, and laser
irradiation significantly effective compared to other nanocarriers"”. Liu et al. proposed DSF-loaded hollow
CuS$ nanoparticles named DSF@PEG-HCuSNPs with the NIR-II region induced and the PTT effect
enhanced. The DSF-initiated cancer chemotherapy had been explored as a means to achieve TME that
could activate the formation of cytotoxic Cu(DTC), in situ"”; this was shown in Figure 13C, where Cu**
and DSF drug molecules could be rapidly released and degraded in an acidic microenvironment with high
PTT-conversion efficiency (23.8 %) near the NIR-II bio-window. Chen et al. successfully developed a



Mao et al. Chem Synth 2023;3:26 | https://dx.doi.org/10.20517/cs.2022.41 Page 21 of 33

CuS-PEI CuS-BSA-FA

Y Targeting Ligand "” CuS Nanoparticle
*
5o °
(5 o o3t g

o /- M o'0-g-0-a 8
DSF@PEG-HCuSNPs PEG-HCuSNPs Ps
<" Disulfiram WNH;—PE 0

Cus-NH; FA-Cus/DTX FA-CD@PP lA-(,D(dFMW

& 4 Laser Irradiation
>

P . (1064 nm)

33

Y @ om0 puepx o o6 T Fareceptor

PA Imaging

Tumor Cell Copper ions @

Photonic hyperthermia enhanced chemotherapeutic efficacy.
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multifunctional FA-CD@PP-CpG for synergistic phototherapy (including PDT and PTT) and docetaxel-
enhanced immunotherapy. They exhibited excellent PDT efficiency and PTT-conversion capability under
650 nm and 808 nm irradiation, as shown in Figure 13D. What is more, they were able to significantly
inhibit tumor growth of 4T1-bearing mice in vivo without significant side effects. Low-dose docetaxel
loading can promote permeability, improve the effectiveness of anti-PD-L1 antibody (aPD-L1), inhibit
MDSCs, reduce tumor burden, effectively polarize MDSCs to M1 phenotype, and further enhance anti-
tumor efficacy. In summary, the nanocomposites mentioned above provide an effective synergistic
therapeutic modality for cancer"*.

Radiation therapy

Radiation therapy (RT) was utilized as a therapeutic strategy to attract cell death in the target sites by
causing precise DNA damage. RT can be implemented using various techniques, including external beams
such as electrons, protons, and brachytherapy"**!. Many B-emitting NPs have been proposed as reasonable
agents for cancer RT.
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As depicted in Figure 14A, the latest trials involving the combination of Cu chalcogenides-based
multimodality were discussed"*". In the following, we will briefly describe methods to further improve this
collaborative therapy, such as achieving image-guided collaborative therapy, promoting penetration into the
deep part of the tumor, and enhancing ROS induced in the TME. Zhou et al. reported a Cu, ,Se@PtSe (CSP)
nano-sensitizer that resembled a yolk-shell structure was enhanced by the HIF-1a inhibitor acriflavine
(ACF), as shown in Figure 14B. It alleviated tumor hypoxia and blocked the G2/M phase to enhance the
radiosensitivity; moreover, it exhibited strong X-ray attenuation due to its high-Z element composition,
thereby enhancing the radiotherapy effect on the mouse breast cancer model™. It demonstrated the
excellent potential of the resultant functional nano-sensitizers of tumor radiotherapy. Peng et al. prepared
the high-Z element-based hollow mesoporous TaOx nanospheres with the following growth of ultrasmall
CuS nanocrystals. Then they packaged with O® saturated perfluoropentane (PFP), named
HMTCP@PFP@O,"*. It exhibited prominent PTT efficiency, well biocompatibility, the ability to
concentrate the energy of irradiation, and the capacity to carry strong oxygen. Therefore, it can be used for
tumor RT, as shown in Figure 14C. A spindle-shaped CuS@CeO, core-shell nanoparticles were synthesized
by Jiang et al, which simultaneously combined self-oxygen supply, photothermal ability, and
radiosensitization, as shown in Figure 14D"¥). CeO,-encapsulated CuS nanoparticles can be stably released
and penetrate deep into the tumor, thereby reducing the effect of radiotherapy on lesion regression.
Moreover, it has shown that the design not only reduces the radiotherapy dose but, more importantly, treats
the entire tumor without recurrence.

Immunotherapy

The diagnosis and therapy of cancer have been extensively discussed in the previous literature. One of the
main reasons for the failure of cancer treatment is tumor metastasis and recurrence. Immunotherapy, the
Nobel Prize in Physiology or Medicine of 2018, has brought hope and opportunity to address this issue.

Immunogenic cell death (ICD) was more likely to be induced by deep tumor penetrating ablation, resulting
in a more uniform distribution of released tumor antigens"*’. Tumor PTT, as mentioned above, has
attracted more attention due to its advantages of low adverse reactions and non-invasiveness for cancer
treatment. However, the hyperthermia therapy strategy alone is still inadequate to inhibit tumor metastasis
and recurrence. Therefore, the combination strategy with Immunotherapy (IT) presents significant
therapeutic efficiency for malignant tumors, which opens a new avenue for cancer therapy.

Wang et al. developed a surface-functionalized CuS NP named CuS-PEG-Mal"*, which can be used not
only for tumor hyperthermia as photothermal media but also as an antigen-capture agent to adsorb tumor
antigens released during hyperpyrexia to induce anti-tumor immune responses. As shown in Figure 15A, an
immune checkpoint inhibitor was combined with anti-PD-L1 to evaluate the efficacy of CuS-mediated
hyperthermia in improving tumor immunotherapy through surface-functionalized modification. Yan et al.
reported a collaborative photothermal immunotherapy device for Cas9 riboprotein targeting PTPN2 based
on the CuS nanotherapeutic platform"*. HS-modified DNA (DNA-SH) chippings were coupled with Cu$S
and combined with Cas9 RNP via base complementary pairing methods. They are then coated with
endosomal destructive polyethyleneimine (PEI), as shown in Figure 15B, and named CuS-RNP@PEI (CRP).
It was endocytosed by cancer cells because of the modification of the cationic PEI on the surface of NPs.
After PEI-assisted endosomal escape, CRP was released into the cytoplasm and improved by photothermal
induction of double-strand breaks provided by NIR-triggered CuS, as shown in Figure 15C. Thus, this NIR
light-triggered therapy platform provides a multifunctional therapeutic strategy with a synergetic effect,
namely, “1 + 1 > 2”. What is more, for the combination of multimodal therapies described above, one of the
main challenges is developing an appropriate vector institution for efficient co-loading and targeted delivery
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Figure 14. (A) Schematic illustration of Cu,_ E-based PTT and RRTUW,Copyright © American Chemical Society 2020; (B) Synthesis of
CSP-ACF nanoparticles and mechanism of CSP-ACF nanoparticles combined with X-rays in killing 4T1 tumors"®*, Copyright © American
Chemical Society 2020; (C) The therapeutic functions of HMTCP@PFP@O, enhance radiosensitization in vivo'™ Copyright © American
Chemical Society 2020; (D) Schematic representation of the synthesis of nanomaterials and their mechanisms of action in
radiotherapy"™®”’, Copyright © Wiley-VCH Verlag GmbH & Co. KGaA 2019. ACF: acriflavine; CSP: Cu,_,Se@PtSe; CDT: chemodynamic
therapy; NIR: near-infrared region; PFP: perfluoropentane; RT: Radiation therapy; RRT: ROS-related therapy; VEGF: vascular endothelial
growth factor.

of checkpoint inhibitors, immune adjuvants, and CuS NPs. As shown in Figure 15D, an intelligent bio-
inspired nanoplatform based on dendritic large pore mesoporous silica nanoparticles (DLMSNs), named
AM@DLMSN@CuS/R848, was designed by Cheng et al."*. Both CuS NPs with high PTT-conversion
efficiency and immune adjuvant (R848) were artfully embedded inside the macropores of DLMSNS, as
shown in Figure 15E, and were utilized for the depression of metastatic tumors.

Although the achievement of immunotherapy is sensational, its clinical applications were still inhibited by
the immunosuppressive environment in the tumor. Immunotherapy approaches are often ineffective due to
the highly complex immune suppression mechanisms in the TME and subjective deviations in patient
reactions. Therefore, combining multiple immune activation mechanisms is considered to be the best
strategy for tumor treatment. Among them, immunogenicity and/or immune-related adverse effects from
antibody preparations, such as skin, gastrointestinal tract side effects, pneumonia, and hepatitis, were other
challenges for the widespread clinical application of cancer IT. Therefore, there is an urgent requirement to
identify effective synergetic strategies to improve the therapeutic efficacy while mitigating the systemic
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Figure 15. Example of the application of copper chalcogenide nanoparticles in animal immunotherapy. (A) Schematic of anti-tumor
immune responses induced by CuS-PEG-Mal-based PTT plus immune checkpoint inhibitors"™*; (B) Illustration of gradually synthesized
CuS-RNP@PEI; and (C) Copper-based NIR photo-triggered synergetic photothermal cancer immunotherapy vectors and PTPN2 targeted
immunotherapy'™®®: (D) Schematic diagram of preparation and synthesis of AM@DLMSN@CuS/R848; (E) AM@DLMSN@CuS/R848
has a synergistic therapeutic effect on triple-negative breast cancer TNBC by combining photothermal ablation and immune
remodeling”**’. (A): Copyright © American Chemical Society 2019; (B)-(C): Copyright © Elsevier Ltd. 2021; (D)-(E): Copyright © American
Chemical Society 2020. PEI: polyethyleneimine; PTT: photothermal therapy.

toxicity of cancer immunotherapy.

Synergetic therapy

A combination of multitudinous treatments has a synergistic effect on various real tumors, resulting in
significantly enhanced therapy effectiveness. Many nanomaterials have a large precise superficial area and
can be used as an available carrier for some drugs and agents. There are a lot of reports about the coating of
silica on PTT reagents, enabling the combination of multitudinous treatments for cancer”*'*.. Therefore, it
is expected that the CuS@mSiO, not only possesses high biocompatibility!* but also has the potential to be
a multifunctional platform for effective PTT, chemotherapy, and infrared thermal imagining applications, as
shown in Figure 16A and B. In another study by Guo et al."*", they combined ultrasonic detection with
optical excitation, which can overcome the limits of penetration depth more than traditional optical
imaging technology. They also lead an imaging-guided synergistic tumor therapy with rapid excretion
properties, as shown in Figure 16C. Before the bio-experiment, Figure 16D and E showed the biosafety of
the CFPP NPs. They demonstrated enhanced PTT efficiency due to the LSPR absorption (1,064 nm) in the
second near-infrared (NIR-II) region, apart from the assembly and light penetration depth, as shown in
PAI/MRI/PTI in Figure 16F-]. Zhou et al. conducted a study to enhance the therapeutic efficacy of RT
combined with PTT in tumors, and the anti-tumor experiments showed that tumor growth was effectively



Mao et al. Chem Synth 2023;3:26 | https://dx.doi.org/10.20517/cs.2022.41 Page 25 of 33

Phofoacosﬁc

Imaging S
_ 0y CFPP NPs
. O G
N
N
o
Tumor Chemotherapy
Yl Intravenous photothermal
pogpe ' injection A therapy

B Near infrared laser

R XX F

NIRRT

:

Pjtotothermal

140 E0OX [ Cu,S,@mSi0,+DOX
[ Cu,S,@mSiO, +NIR 60 _—
120 M, [EECu,S,@mSI0,eDOXNIR ) '/'/!__.
2100 : S 40
) 2 ! / il .
= 4
= R 0991
fa g2l 4 A—i
S E10{ . 8 v- CuyS4@ mSiO,+DOXSNIR
3 40 i 0 ,// CuyS,@ mSi0,+NIR
20 5.10 <+~ CuyS @ mSi0,+00X
N B o g B 20 : ~s- DOX
NIR 05 5 25 50 100 200 05 5 25 50 100
c trati Y i . 9.0 EE )
oncentration (ug mL™) Concentration (ug mL") mg/mL © (mgmb)

Figure 16. Photothermal enhanced chemotherapy: (A) The synthetic protocol of the Cu,S@mSiO,- PEG"™: (B) Illustration of the tumor-
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delayed by the combination of RT/PTT"*.

CONCLUSION AND OUTLOOK

This review briefly concluded the structure and synthesis strategy for copper chalcogenide compounds. In
addition, the theoretical method for the plasmonic copper-based doped NCs is discussed. And we also
present the wildly reported heavy doping strategies for the formation of plasmonic colloidal copper
chalcogenides NCs, including (1) electronic doping; (2) photo doping; (3) morphology, and surface ligands
effects; and (4) hybrid structure. As discussed above, the LSPR feature was determined by the free carrier
density. On the one hand, we can tune the distribution of carriers (including their shapes, sizes, and surface
properties); on the other hand, we can manipulate the density of the free charge carriers (such as light or
electrochemical doping strategy). Finally, we introduce devious applications, including bioimaging, cancer
therapy, and biosensing. Although the formation of the heavily-doped copper chalcogenides with LSPR
feature has already attracted significant attention due to their various potential applications, the
development of the plasmonic copper chalcogenides for the next generation should also be taken into
consideration.
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The toxicity and safety of nano-copper chalcogenide compounds are of primary concern, which is an
important issue for their biological applications. Unfortunately, few systematic studies have investigated the
toxicity and biological results caused by recycling, biodistribution, degradation, and metabolism of Cu
sulfide NCs after drug administration. The majority of studies have been devoted to their efforts on the
viability of various cell species. We sum up with original expectations and propose future directions for the
clinical application of these novel schemes for synergistic therapy.

Advanced imaging modalities and tumor treatment modalities based on copper sulfur compounds provide
a possibility for clinical diagnosis, treatment, and basic research. At the same time, the biotoxicity of Cu
chalcogenides is greatly reduced after surface modification, which provides a broad prospect for their
practical applications. Compared with the development of ferroptosis, cuproptosis has been presented as an
effective therapeutic strategy for cancer treatment!*"”!
and its related signaling pathways are still unclear.

| However, the precise mechanism for Cu apoptosis

Further, the large-scale synthesis strategy for industrialization and clinic is worth considering. The
transformation from lab-made to everyday use is essential for the potential application.

Overall, the development of plasmonic copper chalcogenides is promising, especially for biological
applications. In my opinion, the emergence of the “new copper generation” is just around the corner.
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