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Recent advances in the rational design of copper
chalcogenide to enhance the photothermal
conversion efficiency for the photothermal
ablation of cancer cells

Chenglin Yan,® Qiwei Tian® * and Shiping Yang ©*

Copper chalcogenide nanoparticles have received increased attention as photothermal agents due to their
low cost and easy preparation. Nevertheless, the underdeveloped photothermal conversion efficiency of
copper chalcogenide has limited its further application for cancer therapy. Thus, enhancing the
photothermal conversion efficiency of copper chalcogenide through rational design is desired. In this
review, we have discussed three kinds of rational design and a mechanism for copper chalcogenide to
enhance the heat conversion efficiency in detail and briefly introduced their application in photothermal
therapy. First is the design and synthesis of the superstructure nanoparticle agents to enhance photon
refraction. Then, tuning the degree of copper deficiency enhances the localized surface plasmon
resonance absorption caused by copper chalcogenide. The rest is constructing the hybrid composite to
further enhance the localized surface plasmon resonance absorption through the coupling effect of
different functional units. Despite higher photothermal conversion efficiencies and better therapeutic
effects for cancer achieved through rational design, there still exists a challenge to be addressed, as well
as promise for rational design facing the keen research and discuss before clinical applications of copper

rsc.li/rsc-advances chalcogenide.

1. Introduction

As we all know, cancer and malignant tumor are the leading
causes of death worldwide.* Over the past few decades,
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nanotechnology for the detection,>* diagnosis*® and treatment of
cancer® and other diseases, has undergone rapid development
and innovation. Along with the improvement of the therapeutic
progress and prospect, significant efforts have been devoted to
exploring the improved therapy method,® expecting to achieve
better therapeutic outcomes and minimal side effects or physical
pain towards the ultimate aim. Thus, except for traditional
chemotherapy, photothermal ablation therapy has captured
increasing attention, owing to its minimally invasive nature.*
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Specifically, photothermal ablation therapy, induced by laser
in the near-infrared (NIR 700-1100 nm) region,'***> gradually
holds an important status in the nanotechnology therapy field
because of the low scattering and small absorption of NIR light
by tissue and blood and the ability to reach several centimeters
inside biological tissues."*'* Subsequently, a key determinant in
the applications of photothermal ablation therapy is exactly the
exploitation of novel photothermal agents, which possess
attractive advantages such as strong NIR absorption ability and/
or excellent photothermal conversion efficiency (PTCE).**™"
Generally, photothermal agents will produce the photothermal
coupling effect, which gives rise to the absorption of NIR light,
and then results in the transformation to thermal energies that
will burn out nearby cancerous cells.*® To paraphrase the great
importance of photothermal agents, higher PTCE will equally
induce the death of cancerous cells with shorter irradiation
time, smaller concentration of nanoparticles (NPs), or lower
power density of the NIR laser to ensure the safety of healthy
tissues in the human body.*

Copper chalcogenide is a p-type semiconductor and has
been widely explored in energy,**>* catalysis-related applica-
tions,”*** and most especially in tumor theranostics.”*>
Compared with carbon,*** noble metal,*>® and organic
materials,>*° the merits of using copper chalcogenide NPs in
the diagnosis and therapy of disease include not only the low
cost and toxicity, but also the intrinsic strong NIR absorption,
rendering a promising alternative for photothermal ablation of
cancerous cells.**> However, it is noted that the unsatisfactory
PTCE limits their applications in photothermal therapy to
a large extent;* for instance, CuS NPs with an ultrasmall size of
~3 nm require increased laser power intensity or particle
concentration to obtain the same therapeutic result due to the
low PTCE.* According to the Safe Use of Lasers of the American
National Standard, to cause sufficient death of cancerous cells,
the excessively small CuS NPs require as high as 16 and 24 W
cm 2, which is ~48 and 72 times higher than the conservative
limit (~0.33 W cm™>) of the laser intensity setting for human
skin exposure.*»** Thus, it is important to design and synthesize
copper chalcogenide NPs which are capable of enhancing PTCE
particularly in the photothermal therapeutic field.

As usual, for the simple purpose of enhancing PTCE, three
routes of designing copper sulfide NPs can be classified. The
first is tuning the structure of the isolated nanoparticle to
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enhance photon refraction, coupling with stronger NIR
absorption. Or by changing the synthesis condition to regulate
the isolated nanoparticle to assemble into a different structure,
leading to enhanced NIR absorption. The second is synthe-
sizing non-stoichiometric copper chalcogenide NPs. And the
rest is constructing the composite bimetallic nanomaterial. In
this short review, we will provide an overview of the chemical
mechanism of rational design for copper chalcogenide to
enhance the heat conversion efficiency and their biomedical
application for photothermal ablation of cancerous cells.

2. Typical synthetic procedures for
copper chalcogenide

In general, it is paramount to properly manage the morphology,
size and phase of NPs, which play vital roles in their optical and
electronic properties.*® Specially, the absorption of copper
chalcogenide is more dependent on their size, morphology and
phase.*” In the past few years, several methods, such as hydro-
thermal method and solvothermal method,*® thermal decom-
position method™ and hard template method,” have been
developed to control size, morphology and phase of copper
chalcogenide. And we will introduce how to use the three main
synthesis approaches for copper chalcogenide in this section.

2.1 Hydrothermal method and solvothermal method

Hydrothermal method®® and solvothermal method®* are the two
most frequently used preparation techniques in the synthesis of
copper chalcogenide NPs due to their high efficiency and
simplicity. They are both synthesized in a high pressure reactor,
the only difference is that the former uses an aqueous solvent,
and the latter uses a non-aqueous organic compound as the
solvent in the process of reaction.” For these two reaction
methods, it is easier to control the growth direction and
morphology of nanocrystals by simply tuning the temperature,
reaction time and surfactant. At present, a variety of copper
chalcogenide nanocrystals with different morphology have been
obtained by these two methods. The flower-like CuS was
synthesized by our group through the hydrothermal method
using PVP as the surfactant.*® In the study of Zhao et al,*
nanowires, nanotubes and nano-sized vesicles of copper sulfide
were obtained by hanging the copper ligand at a lower
temperature (90 °C to 110 °C) with an organic amine-assisted.
High-quality isolated crystal Cu,_,Se nanosheets and nano-
disks were prepared by Zhang et al>* through a green and
simple solvothermal method using paraffin oil as a solvent. For
solvothermal and hydrothermal methods, they are relatively
simple processes, and more importantly, the nanocrystals ob-
tained by these two methods have good crystal structure and
different morphologies of nanocrystals can be attained by only
changing part of the reaction conditions. However, large size
and wide size distribution™ of copper chalcogenide synthesized
by both methods limit their future biomedical application.

This journal is © The Royal Society of Chemistry 2017
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2.2 Thermal decomposition method

The thermal decomposition method is based on copper
precursor, X = S, Se, Te precursor, and long-chain hydrocarbon
compounds (oleic acid, oleylamine, octadecene and so on) as
the surfactant and solvent, using the metal organic chemistry
mechanism to prepare chalcopyrite nanocrystals under the
condition of anaerobic water and high temperature (7 > 200
°C).**%7 And subsequently, by instantaneous nucleation under
high temperature condition and further heat treatment process,
copper chalcogenide nanocrystals with good crystallinity and
homogeneous dimension are obtained. The Kolny-Olesiak
group were able to synthesis uniform, high-quality Cu,S nano-
rods with octadecene as a solvent in the process of pyrolysis,
and by controlling the nucleation temperature, they achieved
nanorods with different radial ratios.”® Due to faster growth
speed of the crystal nucleus at the higher temperature, more
lattice imperfections will be formed. Thus, most of the copper
chalcogenide nanocrystals achieved by the thermal decompo-
sition method are non-stoichiometric (Cu,_,S) nanocrystals
with deficiency, which brings about localized surface plasmon
resonances (LSPRs) that resulted in tunable NIR absorption.
Various shapes of Cu,_,S nanocrystals, such as nanorods and
nanosheets have been prepared by Korgel et al.>® Also in our
previous studies, we succeeded to synthesize some kinds of
non-stoichiometric copper chalcogenide with strong NIR
absorption.*>*

2.3 Hard template method

The sacrificial templates method, in which the template is
also used as the precursor, is an effective approach to
synthesize the nanostructure materials,*** especially for the
hybrid nanostructure. For copper chalcogenide NPs, it is
difficult to prepare the hybrid nanostructure directly, due to
the issue of large lattice mismatch.*® In this regard, the
sacrificial template is frequently utilized to prepare
the copper chalcogenide hybrid nanostructure. Based on the
sacrificial templates, there are two different mechanisms, one
is cation exchange® and the other is the Kirkendall effect,**
which were developed to prepare the copper chalcogenide
hybrid nanostructure. The cation exchange method,* in
which the cation located in the nanocrystal template is
substituted by another one in solution with the same template
morphology, has been developed as a particularly powerful
strategy to prepare nanocrystals with morphology and
composition that are accessed difficultly by conventional
methods. Depending on precise control of the stoichiometry
over the reaction extent, the Au@Cu,_,S hybrid nanostructure
with flexible shape, crystallization and composition tailoring
was prepared by Zhang et al.,** starting from the Au@CdS
core-shell nanostructure (Fig. 1A). In the Kirkendall effect
method® the template, such as Cu,O, reacts with the new
molecular or ionic species (S, Se, Te precursor) by atomic or
ionic diffusion and then a new shape and composition is
formed. Using Au@Cu,O as a hard template, Yu et al.*® and
Zhang et al.*” have developed two different Au@Cu,_,S yolk-
shell nanostructures (Fig. 1B).

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Scheme of synthesizing the Au—Cu,_,S hybrid based on the
template method.**¢* (A) Reprinted with permission from ref. 63.
Copyright 2016 Wiley-VCH Verlag & Co. KGaA. (B) Reprinted with
permission from ref. 49. Copyright 2016 American Chemical Society.

3. Copper chalcogenide with
enhanced PTCE for cancer therapy

Cytotoxicity limitation is a major concern for a novel well-
designed nanomaterial, particularly in the application of
biomedical and clinical treatments.** To be specific, to achieve
the same therapy outcome, a higher concentration of nano-
material will result in more efficient photothermal therapy to
treat cancer cells or tumor, as an increasing number of nano-
material particles will be absorbed by cancerous cells. In the
meantime, high cellular uptake signifies that the cells accu-
mulate a larger amount of nanomaterial, which leads to
increased cytotoxicity.*>*® Aimed at the above contradiction
between cellular uptake of nanomaterial and photothermal
ablation of cancerous cells or tumor, recently, some groups
began to throw light on how to improve the PTCE of the
nanomaterial and further minimize the shortcomings brought
from this contradiction as far as possible. In this section, we will
introduce three routes of design and discuss the mechanisms
on how to enhance the PTCE through the well-designed copper
sulfide NPs in detail, as well as briefly present their applications
in the photothermal ablation of cancerous cells.

3.1 Nanostructure of copper chalcogenide

Complex superstructures with enhanced and synergistic prop-
erty, which are composited with simple building blocks, have
attracted widespread interest owing to their great potential
applications in biomedicine,* energy storage’ and catalysis.”™
Up to now, two different kinds of mechanisms have been
proposed for the superstructure to enhance the PTCE. One kind
is the building blocks of the superstructure aligned with
photonic-crystal microstructures and/or the faceted end planes
of well-shaped crystals, showing their ability to be utilized for
good laser-cavity mirrors, which helps to effectively improve
light absorption.*® The other kind is the superstructures that
greatly influence the electronic structures of nanomaterials and
significantly improve the molar extinction coefficient in the NIR
region.” For the photothermal agents, the more light is absor-
bed the more heat will be generated. Thus, constructing
a superstructure for CuS NPs is a simple and effective method to

RSC Adv., 2017, 7, 37887-37897 | 37889
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Fig.2 (A) Schematic representation of a CuS superstructure serving as

laser-cavity mirrors for a 980 nm laser and its photothermal conver-
sion. (B and C) The absorption and temperature elevation of the CuS
superstructures and their building blocks, respectively. (D) The
representative H & E stained histological images of ex vivo tumor
sections treated by water (a and c) and CusS superstructure (b and d),
respectively.*® Reprinted with permission from ref. 49. Copyright 2011
Wiley-VCH Verlag & Co. KGaA.

increase the obtained heat when using the same amount of
nanomaterials. In conclusion, the design direction of con-
structing a special nanostructure could be divided into two
types, the straightforward strategy of the synthesis of the
superstructure and the particle-based assembly three-
dimensional structure. Here, we would illustrate the absorp-
tion and therapeutic effect of the CuS superstructure, compared
with the normal structure.

3.1.1 CuS superstructure as laser-cavity mirrors. Most of
the obtained CuS superstructures are constructed by small
building blocks with regular shapes. If the building blocks are
aligned with photonic-crystal microstructures and/or the
faceted end planes of well-shaped crystals, the synthesized CuS
superstructures can be employed as good laser-cavity mirrors,
resulting in the promotion of light absorption,”?”® which
further enhances the PTCE and ultimately improves the thera-
peutic effects. As in our previous study,*® we have designed the
novel hydrophilic flower-like CuS superstructures by a one pot
hydrothermal route and then demonstrated that CuS super-
structures can be employed as an efficient laser-driven photo-
thermal agent, which is promising for the ablation of cancerous
cells (Fig. 2A). Most importantly, compared with hexagonal
nanoplates (their corresponding building blocks) (Fig. 2B), the
as-synthesized CuS superstructure exhibited high absorption
intensity especially in the NIR region, which was improved by
50% of magnitude through constructing photonic-crystal
microstructures and/or laser-cavity mirrors that conduced to
greatly elevate the absorption and reflection ability for laser,
thus offering an improved PTCE as well. Further in our inves-
tigations, under the irradiation of a 980 nm laser with
a conservative and safe power density of 0.51 W ¢m ™2, CuS
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superstructures can efficiently kill cancer cells packaged by
chicken skin (Fig. 2C) or in vivo with a short period (5-10 min),
consequently showing the superior therapy outcome (Fig. 2D).

By a similar approach, Wu et al.”® reported the hollow and
hierarchical CulnS, microspheres, which were constructed
separately from the sacrificial templates of solid and hollow CuS
microspheres (Fig. 3). The as-synthesized hollow and hierar-
chical CulnS, microspheres with close cavities and open cavi-
ties, respectively, presented a rosy photothermal conversion
effect. To be specific, it is noted that an amount equal to 30%
and 20% incremental of PTCE was achieved, respectively,
mainly attributing to the approach of constructing a special
nanostructure. Ground on this intense photothermal conver-
sion effect of the hollow CusS originated from its unique optical
property that displayed strong absorption in the NIR region,
Samy Ramadan et al.”” testified that the permeability of human
growth hormone can be increased through disrupting the skin
by using the hollow CuS to mediate photothermal ablation. This
technique has shown encouraging application in macromolec-
ular drug and vaccine delivery. Therefore, designing a highly
meaningful special nanostructure as photothermal conversion
agents is supposedly a promising direction for enhancing the
PTCE and is further being applied to photothermal ablation
therapy.

By assembly of oppositely charged CuS NPs and then calci-
nation at elevated temperature, Tan et al.”® have successfully
fabricated unique honeycomb-like CuS mesostructures which
are composed of densely packed CuS NPs. In this research,
based on the intrinsic ability of CuS to absorb light which
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Fig. 3 (A) Schematic demonstration of photothermal conversion
enhancement and temperature elevation based on the cavity-mirror
effect and interband transitions. (B) Temperature elevation of water,
PBS and different superstructures under laser irradiation.”® Reprinted
with permission from ref. 76. Copyright 2013 American Chemical
Society.
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originates from the d-d energy band transition of Cu** ions,”
the unique honeycomb-like CuS mesoporous nanospheres with
high specific surface area®>** can efficiently absorb irradiation
light (Fig. 4), leading to enhanced PTCE. As shown in Fig. 4B,
under similar irradiation conditions, the 24.4% PTCE of the
CuS mesostructures was proved, compared with their CuS NP
precursors, which only displayed 7.5%. Further in vitro experi-
ments (Fig. 4C), when heated in a short time, the CuS meso-
structures were able to kill cancerous cells under the irradiation
of the NIR laser (980 nm, 0.51 W em™?) in 5 minutes. This result
clearly explained that the assembly of CuS greatly improved its
capability to absorb light from small particles to big
architectures.

3.2 CusS superstructure with changed electronic structures

The CuS superstructures in previous reports will exert a great
effect on the electronic structures of nanomaterials that can
significantly improve the molar extinction coefficient in the NIR
region,*>* which favors energy conversion through the photo-
thermal pathway. In this route, accounting for constructing the
superstructure of CuS NPs, the distance of neighboring CuS NPs
will shorten, not only allowing for forming new electronic
structures of the CusS indirect transition, but also enlarging the
entire material near the irradiation absorption cross. Accord-
ingly, improved photothermal performance is therewith real-
ized. Therefore, to be inspiring, this route marks a success on
the design and construction of a novel nanostructure and it
provides a great kind of potential photothermal therapeutic
agent for promoting the development of correlated diagnostic
and therapeutic nanotechnologies.

In order to profile the chemism of CuS superstructures that
greatly influence the electronic structures, Bu et al.”> developed
a room-temperature one-pot route to produce water-dispersible
shuttle-like CuS superstructures (Fig. 5). In this work, they
demonstrated that the shuttle-like CuS superstructures,
compared with CuS NPs, can increase the molar extinction
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Fig. 4 (A) Schematic illustration of the synthetic procedure of CuS
mesostructures. (B) Absorption spectra of the aqueous dispersion of
as-synthesized CuS mesostructures and comparable CuS NPs. (C)
Hela cell viability before (a) and after (b) treatment with CuS meso-
structures. The living cells were labeled by calcein AM (green emis-
sion), and the dead cells were labeled by propidium iodide (red
emission).”® Reprinted with permission from ref. 78. Copyright 2015
Royal Society of Chemistry.
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Fig. 5 (A) Schematic illustration of the stepwise self-assembly of CuS
NPs to primary nanorods and secondary shuttle-like bundles. (B)
Photothermal effect of the aqueous dispersion of CuS NPs (white
hollow square), nanorods (black solid round), and bundles (white
hollow triangle) under laser irradiation.”? Reprinted with permission
from ref. 72. Copyright 2014 American Chemical Society.

coefficient up to 9.7 x 10'® cm ™' M~ through shortening the
distance of neighboring CuS NPs. Differing from the small CuS
NPs, when in the shuttle-like CuS superstructures, these sub-
bands based on Brillouin zone folding were deduced for the
close-packed CuS NPs with specific dipole orientation.** And
further, generating such new electronic structures offered
strong absorption of CuS nanostructures in the NIR region.
Most encouragingly, the study noted that the PTCE of the
shuttle-like CuS superstructures was calculated to be 72.6%,
with the highest photothermal transduction efficiency among
the nanomaterials.?® So, it is the electronic structures of the CuS
indirect transition that serves as the key determination of
optimization for the regular self-assembly structures, which
favors energy conversion through a photothermal pathway,
further improving NIR laser absorption.

Similarly, in the work of Cui et al.,*® they demonstrated that
the electronic structures would be changed from the non-
stoichiometry Cu,S, NPs to Cu,S, nano-superlattices by both
simulation and experiment (Fig. 6). The changed electronic
structures will further influence the LSPR, which is closely

1 Nanoaggregates
2 Rod-ike alignment
3 single nanoparticie|

Fig. 6 (A) Simulation of the LSPR for (a, d) single nanoparticles, (b, e)
rod-like self-assembly, and (c, f) nanosuperlattices, respectively. (B)
TEM images of the prepared nanocomposites. (C) Temperature
profiles of obtained nanocomposites irradiated with and without
laser.8¢ Reprinted with permission from ref. 86. Copyright 2015 Wiley-
VCH Verlag & Co. KGaA.
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related to the PTCE. Through the simulation of LSPR for the
dispersed NPs, rod-like alignments and nano-superlattices,
respectively, they first found that the LSPR feature of nano-
superlattices is far stronger than that of dispersed NPs and
rod-like alignments, which is highly desirable for a better PTCE
(Fig. 6A). And then, to further verify the aforementioned results
of the simulation experiment, Cu,S, nano-crystals, the rod-like
alignments and self-assembled nano-superlattices
prepared by using partly different reaction parameters. As
shown in Fig. 6C, under the identical conditions of illumined
laser (1 W cm ™2 and 808 nm) in a short period, by tuning surface
properties of Cu,S, nano-crystals, the PTCE were 48.62%,
56.32%, 65.7% for dispersed NPs, rod-like alignments, and self-
assembled nano-superlattices, respectively. Subsequently, the
experiments in vitro suggested that these obtained nano-crystals
were quite desirable for synergetic photothermal therapy as
well. Thus, this research clearly proved that the assembled
nanostructure was beneficial to enhance the NIR absorption
and PTCE.

were

3.3 Non-stoichiometric copper chalcogenide

LSPRs generally derive from nanostructures of noble metals
(such as Au, Pd),*** rendering a multitude of possibilities to
enhance and tune geometrically their absorption and scattering
resonances for different ends. Due to the intense LSPRs
absorption, the noble metal NPs exhibit good PTCE and have
been widely used for photothermal therapy.*® But not being
limited to that, LSPRs are also available from the semi-
conductor nano-crystals with appreciable deficiencies that will
generate a free carrier concentration.®® Differing from the noble
metal, whose LSPRs response is permanently locked in and
engineered by the choice of nanostructure parameters (such as
shape, size, or metal), semiconductor nanostructures could
dynamically modulate its LSPRs absorption by doping. The non-
stoichiometric copper chalcogenide is exactly one of the typical
self-doped semiconductors containing lots of free carriers. As
illustrated by Burda et al®® and Luther et al,*” non-
stoichiometric copper chalcogenide, if its carrier density
locates in 10" to 10?> em ™3, will display a strong absorption in
the NIR region, as a result of excess holes in the valence band,*
and meanwhile, no absorption is seen for perfectly stoichio-
metric Cu,S.”" In addition, not only does copper sulphide nano-
crystals possess good absorption characteristics similar to those
of metals, but also they present low cost, synthetic simplicity,
good photostability, as well as low toxicity, which make them
become good potential photothermal agents in nanotechnology
photothermal therapeutic platforms.** Therefore, designing
and synthesizing non-stoichiometric copper chalcogenide are
assumed to be another promising direction for enhancing the
PTCE of photothermal agents and for further use in photo-
thermal ablation therapy.

The first example of non-stoichiometric copper chalcogenide
serving as a photothermal agent was Cu,_,Se NPs reported by
Hessel et al.*® The obtained Cu,_,Se NPs, about 16 nm coated
with an amphiphilic polymer, exhibited a strong NIR absorp-
tion in water due to LSPRs (Fig. 7). The molar extinction
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Fig. 7 (A) Typical image of the Cu,_,Se NPs. (B) Molar extinction
coefficient (solid) and absorption (dot) for the prepared Cu,_,Se NPs.
(C) Plot of photothermal transduction efficiency for Cu,_,Se NPs, gold
nanorods and gold nanoshells, respectively. (D) Photothermal
destruction of HCT-116 cells without (a and b) and with (c and d) the
Cu,_,Se nanocrystals under the irradiation of an 800 nm laser. The
dead cell was stained with trypan blue.”® Reprinted with permission
from ref. 15. Copyright 2011 American Chemical Society.
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coefficient of Cu,_,Se arrived at a peak of 7.7 x 10" cm™ ' M ™" at
970 nm and was much higher than the indirect optical transi-
tion, which was similar to the gold nanostructure. The strong
LSPRs absorption in the NIR region resulted in the higher
photothermal transduction efficiency of Cu, ,Se NPs (22%),
which was almost as high as Au nanorods (21%) and obviously
higher than Au nanoshells (13%). Additionally, the significant
cell death caused by the photothermal effect of Cu,_,Se NPs,
confirmed the good potential applications of the nanoparticle
agents for photothermal therapy. Therefore, for better use of
copper sulphide NPs in photothermal therapy, one of the key
determinants is promoting their PTCE by tuning of the LSPR
frequency through controlling the self-doping density.
Obviously, the integral absorption intensity is correlated
with the characteristic of the material.** In order to generate
more Cu deficiencies, Tian et al.*® developed a new photo-
thermal agent (plate-like CuoSs nano-crystals) on the basis of
the thermal decomposition and ligand exchange route (Fig. 8).
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Fig. 8 TEM image (A), and XRD (B), absorption (C, red) and molar
extinction coefficient (C, blue) 