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Abstract
Copper sulfide (CuS) nanoparticles have attracted increasing attention from biomedical 
researchers across the globe, because of their intriguing properties which have been mainly 
explored for energy- and catalysis-related applications to date. This focused review article aims to 
summarize the recent progress made in the synthesis and biomedical applications of various CuS 
nanoparticles. After a brief introduction to CuS nanoparticles in the first section, we will provide a 
concise outline of the various synthetic routes to obtain different morphologies of CuS 
nanoparticles, which can influence their properties and potential applications. CuS nanoparticles 
have found broad applications in vitro, especially in the detection of biomolecules, chemicals, and 
pathogens which will be illustrated in detail. The in vivo uses of CuS nanoparticles have also been 
investigated in preclinical studies, including molecular imaging with various techniques, cancer 
therapy based on the photothermal properties of CuS, as well as drug delivery and theranostic 
applications. Research on CuS nanoparticles will continue to thrive over the next decade, and 
tremendous opportunities lie ahead for potential biomedical/clinical applications of CuS 
nanoparticles.
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1. Introduction
Nanotechnology, a vibrant research area over the last several decades, has had a remarkable 
impact on many aspects of the modern society. A wide variety of nanomaterials have 
attracted tremendous attention from researchers, because of their unique properties which 
can be quite different from those exhibited in the bulk state. The areas that have benefitted 
the most from advances in nanotechnology include electronics, energy, biomedical sciences, 
among others. In his paradigm shifting lecture entitled “there’s plenty of room at the 
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bottom”,[1] Dr. Richard Feynman first spoke of nanosurgeons and nanomaterials which 
could enter the body and interact with the surrounding environment at the cellular level. 
Since then, the ever-evolving biomedical sciences have witnessed the investigation of many 
classes of novel and better nanomaterials, which could assist with disease diagnosis/therapy 
and improve patient management.

The major goals of nanotechnology in biomedical applications are to introduce new 
technologies, and improve the existing ones for more sensitive, accurate, efficient, and 
timely medical procedures. With the unprecedented initiatives such as the NCI Alliance for 
Nanotechnology in Cancer that encompasses the public and private sectors, designed to 
accelerate the applications of the best capabilities of nanotechnology to cancer,[2] it is 
expected that promising molecular discoveries will be efficiently translated into the clinic to 
benefit (cancer) patients. Tunable physicochemical properties, as well as the ability to be 
readily investigated/applied in biological systems upon appropriate functionalization, make 
nanoparticles among the most coveted systems for a range of applications including but not 
limited to biosensing,[3–4] imaging,[5–9] diagnosis,[10] drug delivery,[11] and therapy.[12–13]

Semiconducting nanoparticles have elicited a myriad of investigations into their unique 
properties such as charge transport, light emission, mechanics and thermal diffusion, etc., 
characteristic of the size scaling effects at nanometer dimensions. In addition, they are under 
active investigation in biomedical sciences, which represent a dynamic area of research in 
molecular and translational medicine. Their increasing importance in the detection and 
treatment of cancer and other diseases, drug delivery, and in vitro biosensing applications 
can be partly attributed to their favorable and easily tunable physical, chemical, magnetic, 
and/or optical properties.[14–15] Copper sulfide (CuS), a p type semiconductor with excellent 
optical and electrical properties, has been extensively studied for various applications.[16–21] 

However, reports on its biological applications had remained largely elusive until the last 
several years.

Recently, CuS nanoparticles are gradually emerging as a promising platform for 
sensing,[18, 22–29] molecular imaging,[30] photothermal therapy,[31–34] drug delivery,[35] as 
well as multifunctional agents that can integrate both imaging and therapy.[36] In this review 
article, we summarize the current status of CuS nanoparticles in biomedical research. A 
succinct discussion of the many forms of CuS nanoparticles and the synthesis procedures 
will be described first, and the potential applications of these nanoparticles are determined in 
part by their morphology, spatial orientation and arrangement, etc. The burgeoning role of 
CuS nanoparticles for in vitro and in vivo applications will then be illustrated in detail. 
Lastly, we discuss the progress that has been made to date, as well as the major challenges 
and future directions for these promising nanoparticles.

2. Controlled synthesis of CuS nanoparticles
The early studies of CuS nanoparticles were mainly focused on the nanosphere morphology, 
whereas recent investigations involved a wider repertoire of nanostructures that span all 
three dimensions such as 3D hollow and solid nanospheres, core-shell particles and 
nanocages, 2D nanoplates, nanorods, and nanotubes/nanowires which are classified as 1D 
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nanostructures (Figure 1). The methods of synthesis vary with the morphology, which in 
turn depends on the properties desired of the final product, as well as the applications it will 
be used for. For example, spherical CuS nanoparticles have found diverse applications in 
biomedicine, from photoacoustic imaging to therapeutic uses with photothermal ablation; 
hollow nanospheres and nanocages hold promising potential in drug delivery; CuS nanorods 
and nanowires have been successfully utilized for sensing of a variety of small molecules, 
food pathogens, and immunologically relevant moieties.

The synthesis of uniform and monodisperse nanoparticles is of utmost importance to their 
biomedical applications. Therefore, techniques for both physical and chemical 
characterization of the synthesized nanomaterials are indispensable. Characterization of CuS 
nanoparticles can be performed using a wide variety of techniques, including but not limited 
to X-Ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-Ray 
spectroscopy (EDS), transmission electron microscopy (TEM) and high resolution TEM 
(HRTEM), atomic force microscopy (AFM), fourier transform infrared spectroscopy 
(FTIR), dynamic light scattering (DLS), UV-visible and photoluminescence (PL) 
spectroscopy, etc. These techniques can provide important information on the elemental, 
structural (e.g. size and shape), and optical properties of CuS nanoparticles.

2.1. CuS nanospheres and nanocages

CuS nanospheres (Figure 1a) have been prepared by a variety of routes such as 
hydrothermal/solvothermal method,[37–40] microwave irradiation,[41–43] sonochemical 
synthesis,[44] etc. In the simplest process, reaction of Cu and S element was carried out in 
evacuated tubes. The drawbacks of this method include the large grain size of the product 
and high temperature required for the reaction. To overcome these drawbacks, hydrothermal 
route was commonly used, which has the advantages of easy fabrication and good yield of 
highly uniform and pure CuS nanoparticles, at comparatively lower temperature without the 
need of complex and toxic organometallic reactants. For example, precursors of Cu (CuO, 
CuCl2.2H2O etc.) and S (Na2S, Na2S2O3.5H2O, thiourea etc.) were autoclaved at 130–170 
ºC for a few hours to synthesize CuS nanospheres of ~13 nm in diameter.[37, 39] In another 
report, ~10 nm sized CuS stabilized by citrate could be synthesized simply by mixing 
aqueous solutions of CuCl2, sodium citrate, and Na2S together at room temperature and 
subsequent reaction at 90 ºC for 15 min.[36] The size and shape of the nanoparticles could 
easily be tuned during the hydrothermal process by varying parameters such as the 
precursors used, temperature of the reaction, reaction time, etc.

Among the newly developed methods for the synthesis of CuS nanoparticles, microwave 
irradiation holds great promise because this process is simple, fast, and energy 
efficient.[41–43] With the same reactants as employed in the processes stated above, this 
method uses microwave irradiation (~180 W) in aqueous medium or ethylene glycol for ~20 
minutes to carry forth the decomposition process. Other less frequently reported methods for 
the synthesis of CuS nanoparticles include the use of carboxylic acids as solvents for high 
nucleation rate and stabilization of nanoparticle dispersion,[45] enzymatic treatment of 
dextran stabilized CuS nanosuspensions in a green synthetic method to produce 
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nanoparticles with good homogeneity,[46] and surfactant-based synthesis of CuS 
nanoparticles.[47]

Hollow nanospheres (Figure 1b) and nanocages have garnered much attention due to their 
capacity for chemical storage, drug delivery, catalysis, etc. An early report on hollow CuS 
nanostructures was based on the self-assembly of nanoflakes derived from Cu(II)-thiourea 
complex into hollow nanospheres, with the size of several microns in diameter.[48] Another 
study demonstrated the formation of hollow nanospheres as well as nanotubes from 5–10 nm 
CuS nanoparticles at room temperature.[49] It was suggested that such hollow structures may 
be formed as a result of decomposition of thiourea into H2S, which further reacts with the 
Cu precursor to produce CO2. The CO2 produced forms gaseous cavities which act as 
heterogeneous nucleation centers under hydrothermal conditions for the aggregation of CuS 
nanoflakes, ultimately giving rise to hollow nanostructures.

Hard-template assisted technique has also been used to synthesize CuS with a large hollow 
cavity (Figure 1b).[50] For this method, several different types of core supports have been 
used, including surfactant micelle microemulsions,[51] Cu2O nanoparticles,[50, 52] and poly-
(styrene-acrylic) latex particles.[20] Cubic- and star-shaped, as well as octahedral 
nanoparticles, have been used as sacrificial templates to produce hollow CuS structures by 
solid-liquid reactions, with sizes ranging from 500 nm to several microns.[53–54] During this 
process, the templates are etched away in an appropriate solvent or serve as the reactants 
during the formation of the sulfide shell around them. Such template-based growth can be 
attributed either to the Kirkendall diffusion effect or the process of mass diffusion followed 
by Ostwald ripening.

2.2. CuS nanoplates

Aside from the 3D materials discussed above, 2D CuS nanostructures have also been 
prepared which are relatively rare and restricted mainly to nanoplates (Figure 1c) and thin 
films.[55] Since their biomedical applications are not widely explored, we will only briefly 
describe these nanostructures. The major routes for preparation of CuS nanoplates include 
hydrothermal/solvothermal methods,[39, 56–59] which yield nanoplates with edges ranging 
from 50 to 200 nm depending on the reaction conditions. Most research groups report the 
treatment of precursor-surfactant aqueous microemulsions at 130–180 ºC for a few hours. 
Variation of the process parameters can yield morphological and dimensional variants of the 
resulting CuS nanoplates. Through a surfactant-free approach using the sonochemical 
method, 20–40 nm single crystalline nanoplates were prepared under ambient conditions 
with in situ Cu(OH)2 nanoribbon templates.[44] Other representative procedures include 
single source method,[60] chemical vapor reaction,[61] and high-temperature precursor 
injection method to produce columnar arrays of CuS nanoplates.[62]

2.3. CuS nanotubes, nanorods, and nanowires

There has been an increasing interest in 1D nanostructures of semiconductor materials, such 
as CuS, for their applications in sensing and photocatalysis.[63–64] These elongated 
nanostructures have found widespread use in sensors, owing to their excellent 
electrochemical and catalytic properties, which will be briefly described below.
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A wide range of procedures have been explored to synthesize these 1D nanostructures, 
where the parameters of the process vary with the morphology/dimension of the end 
product. For example, the diameters range from 30 to 80 nm for CuS nanowires[65–66] and 
30 to 120 nm for CuS nanotubes,[38, 67] depending on the method of synthesis, conditions of 
growth, and the precursors used. Most of the procedures include hydrothermal processes and 
their variations, which can provide an easy and efficient way to produce good quality, 
uniform nanostructures with high aspect ratios (Figure 1d).[20, 38, 49, 65, 67–68] Meanwhile, 
thermolytic degradation of copper thiolate precursor without solvent,[69] the use of a paired 
cell at room temperature,[70] and amylose-directed synthesis,[71] have also been investigated 
for the preparation of these CuS nanostructures.

Several groups have utilized microwave irradiation techniques for the synthesis of CuS 
nanorods and tubular structures under different experimental conditions,[24, 41, 43, 66] 

whereas many other processes reported in the literature involved template or surfactant 
assisted routes.[72–75] In an early report, the fabrication of CuS nanorod arrays on arachidic 
acid monolayers was assembled on graphite with embedded copper ions.[74] This method 
provided controllable synthesis of nanowire arrays on a wide range of amphiphilic 
Langmuir-Blodgett films, which exhibited desirable characteristics for potential use in 
sensors.

3. Biomedical applications of CuS nanoparticles
With the clear trend of increasing emphasis on interdisciplinary and translational research 
over the last decade,[76–79] advances in biomedical sciences rely heavily on the progress 
made in disciplines as varied as material sciences, engineering, mathematics, computer 
sciences, medical physics, among others. Novel biomaterials are actively been explored for 
superior properties over the current state-of-the-art. Nanomaterials that were previously 
considered only for uses in areas such as electronics, catalysis, and gas sensing etc. are 
gradually gaining importance in biomedical sciences and future health care.[80–82] The 
recent progress of CuS nanoparticles have spanned a wide variety of biomedical applications 
(Figure 2), which will be described in the following text of this review article.

3.1. In vitro applications of CuS nanoparticles

CuS nanoparticles and their conjugates have been widely used in the detection of 
biomolecules such as DNA, metabolites such as glucose (which can have important 
implications in diabetes and other diseases), food borne pathogens (which can be useful for 
prevention of food poisoning), hydrogen peroxide (involved in many biomedical processes 
and pathways), among others. The increasing popularity of CuS nanoparticles for use in 
sensing is based primarily on their metal-like electrical conductivity and the ability to 
promote electron transfer reactions with biomolecules.

3.1.1. DNA detection—Sequence specific detection of DNA is of utmost importance for 
many applications, such as various laboratory procedures (e.g. gene analysis), pathological 
tests for disease diagnosis, drug screening, forensic sciences, etc. A large number of 
strategies have been explored for detection of DNA hybridization,[83] among which 
nanomaterial-based chemiluminescence detection holds great promise. While the classical 
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chemiluminescence assays depend on the luminescence of labels (usually enzymes) attached 
to the probe DNA upon hybridization to the target DNA,[84] newer versions of assays rely 
on the use of metal and semiconductor nanoparticles as the label. This strategy can bypass 
the inherent poor stability of enzymes, as well as the low detection sensitivity. Although the 
use of Au and Ag nanoparticle labels has been widely reported,[85–86] the instability of Ag+ 

and Au3+ in aqueous solutions remains a disadvantage. Cu2+, on the other hand, is highly 
soluble in water and much less expensive for DNA sequence detection.

A biosensor for short DNA sequences based on the flow injection chemiluminescence 
technique was reported.[22] Luminol-H2O2-Cu2+ CuS nanotags on probe DNA were used to 
generate the chemiluminescence signal, which was a result of the dissolution of Cu2+ ions 
upon hybridization of the target and probe DNA sequences. Enhanced signal intensity was 
obtained by electrochemical preconcentration with Cu2+ ions in an anodic stripping 
voltammetry (ASV) cell. In addition, the intensity of the signal was found to vary linearly 
with the concentration of the target sequence, with a detection limit of 5.5×10−13 M of the 
target DNA. When compared to Ag nanoparticle-based systems,[87] the luminol-H2O2-Cu2+ 

set up was reported to be simpler, faster, less expensive, and easier to fabricate. Modification 
of the DNA probe with CuS nanoparticles requires much shorter time than the Ag 
nanoparticles (13 h vs. 116 h). Subsequently, an improved sensor with lower detection limit 
and higher sensitivity was reported by the same group, in which the signal amplification 
ability of Au ions and Cu2+ preconcentration was exploited simultaneously.[23] The hybrid 
system of Au and CuS provided a detection limit as low as 4.8 fM (10−15 M) of target DNA 
with good specificity, as indicated by significantly weaker signal when there are two base-
pair mismatch between the probe and the target DNA.

Using a similar setup, a more sensitive and accurate technique for quantification of single 
nucleotide polymorphisms (SNPs) down to the attomolar (10−18 M) concentration was 
developed (Figure 3).[27] This sensor was based on DNA polymerase-induced coupling of 
monobase (e.g. guanine in this study) functionalized nanoparticle probes to the 
corresponding sites on the mutated double-stranded DNA sequence. Higher sensitivity was 
achieved by incorporating Au nanoparticles, each of which was loaded with ~80 CuS 
nanoparticles for chemiluminescence detection of Cu2+ ions (generated by dissolution of 
CuS nanoparticles). It was suggested that a highly sensitive technique like this holds great 
promise for future genetic diagnostics and evolutionary studies.

As we described above, a number of reports expounding the use of CuS nanoparticles for 
DNA detection exist in the literature. However, similar studies on other Cu-based 
nanoparticles (e.g. oxides) are largely non-existent. In one report, Cu2O hollow 
microspheres were employed for methylene blue-based DNA biosensing of Hepatitis B 
virus, which had a detection limit of ~10−10 M,[88] several orders of magnitude less sensitive 
than CuS-based DNA biosensors (typically lower than 10−13M).

3.1.2. Glucose Biosensors—Non-invasive detection of glucose levels has important 
implications in the monitoring of many diseases such as diabetes, which affect millions of 
people worldwide. The first biosensor for glucose was developed to monitor glucose 
oxidation about half a century ago, which was based on the enzyme glucose oxidase 
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(GOX).[89] Big strides have been made since then and many glucose biosensors have been 
developed, based on nanoscale and mesoporous electrode surfaces incorporating metallic 
and/or semiconductor nanoparticles. These strategies allow direct transfer of electrons 
between the electrode and the enzyme that is trapped within the pore, thereby eliminating 
the need of mediators. CuS nanoparticles, with metal-like conductivity, provide low cost 
alternatives to noble metal-based detectors and have attracted significant interest in this 
field.

Glassy carbon electrodes coated with multi-walled carbon nanotubes (MWNTs), modified 
with single crystalline copper disulfide (Cu2S) nanocrystals ranging from spherical to 
triangular plate-like morphology, were used to generate glucose sensors.[90] This sensor 
design was found to be much more sensitive to H2O2 (released upon glucose oxidation by 
GOX) with a detection limit of 50 nM, as opposed to 10 μM for the conventional GOX-
based sensor. A possible mechanism for such enhanced photocurrents was attributed to 
direct and efficient electron transfer from catalytic, photoexcited Cu2S nanocomposites to 
the MWNTs, forming an electrical network through direct contact.

The denaturation of enzymes during the immobilization process in GOX-based biosensors 
has severely impeded their widespread use. For example, the enzymatic activity can be 
influenced by temperature, pH, humidity, presence of chemicals, etc. In addition, there are 
also several other concerns associated with the mass production of these sensors, high 
dependency on oxygen, sensitivity to electroactive interferences present in the real blood 
samples, etc.[91] Therefore, enzyme-based biosensors have been gradually replaced by more 
stable and reliable non-enzymatic detectors.[92] Since these sensors rely on the direct 
oxidation of glucose at the electrode surface, which is kinetically a very slow process, the 
electrocatalytic properties of the electrode material play a pivotal role in the performance. 
For the development of enzyme-free biosensors, noble metals, metallic nanoparticles, and 
their alloys have been extensively investigated as electrode materials.[93–100] However, low 
selectivity and higher cost of Au- and Ag-based sensors have hindered their widespread 
utilization. In contrast, Cu-based nanomaterials, especially CuS nanoparticles, may provide 
a low cost, highly selective and reliable alternative.

While most applications of CuS nanoparticles are based on the nanosphere morphology, 
glucose biosensors mainly use nanotubes because of their excellent electrocatalytic 
properties. The CuS nanotubes employed as electrodes in biosensors have been generated 
through a number of routes: solvothermal oleic acid/water microemulsion system,[24] 

microwave assisted transformation of Cu complexes into CuS nanotubes,[28] and self-
sacrificial template method.[29] In general, CuS nanotube-based biosensors have 
demonstrated good detection capability, sensitivity, anti-interference property, 
reproducibility, and stability. Similar results have also been reported for other sensors based 
on CuS nanoparticles complexed with mesoporous carbon,[26] nanocrystals of CuS, Pt and 
SnO2 grown on carbon nanotubes,[25] as well as other copper/copper oxide-based 
electrodes.[93, 95–99] However, a major hurdle for the use of CuO and Cu2O nanowires as 
electrode materials is that most of the synthetic procedures reported to date are grueling and 
time consuming.
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3.1.3. Other applications of CuS nanoparticles—Besides sensing of various 
molecules such as DNA and glucose, several literature reports also focused on the in vitro 
uses of CuS nanoparticles for other applications. For example, a CuS thin film modified 
capacitive immunosenor was developed for the detection of human IgA antibody in serum 
samples, in which a goat anti-human IgA antibody was immobilized on the CuS thin film 
electrodes.[101] In another report, an electrochemical immunosensor based on CuS 
nanoparticle-MWNT composite electrodes was constructed for the detection of food borne 
pathogens (e.g. alpha-salmonella), which can have applications in mitigating food and water 
poisoning.[102] In both reports, the immunosensors were found to be reusable, sensitive, and 
specific to the desired analytes.[101–102] In an interesting study, bioactive nanocrystalline and 
amorphous CuS was found to specifically and significantly induce apoptosis of human 
cancer cells by entering the cells and localizing in specific organelles, thereby producing an 
anti-proliferative response.[103] Normal cells, however, were reported to be largely 
unaffected.

3.2. In vivo imaging and therapy with CuS nanoparticles

Molecular imaging is the visualization, characterization, and measurement of biological 
processes at the molecular and cellular levels in humans and/or other living systems.[104] 

Generally speaking, molecular imaging includes the use of optical techniques such as 
bioluminescence and fluorescence imaging,[105–107] molecular magnetic resonance imaging 
(MRI),[108], magnetic resonance spectroscopy, positron emission tomography 
(PET),[109–110] targeted ultrasound,[111–112] and single-photon emission computed 
tomography (SPECT).[113–114] Combination of molecular imaging and anatomical imaging 
(e.g. MRI and computed tomography [CT]) is now commonly used to provide 
complementary and more detailed information.[78, 115–116] In addition, many newly 
developed molecular imaging techniques are increasingly gaining popularity,[6, 8, 117–118] 

among which is photoacoustic imaging (also called optoacoustic imaging).

3.2.1. Photoacoustic imaging—Photoacoustic imaging relies on the absorption of short 
laser pulses by molecules in the body (e.g. hemoglobin and melanin), or exogenous contrast 
agents (e.g. Au and CuS nanoparticles), to generate heat which can lead to transient 
thermoelastic expansion and ultrasonic signals.[118] Hemoglobin absorbs light strongly at 
~530 nm, making it a suitable endogenous contrast agent for photoacoustic imaging of the 
vasculature. Although photoacoustic tomography (PAT, i.e. tomographic photoacoustic 
imaging) can allow for imaging of deeper biological tissue (e.g. a few centimeters), its 
potential use with endogenous contrast is significantly hampered by tissue absorption and 
scattering of light at visible wavelengths.

Exogenous contrast agents that absorb in the near-infrared (NIR; > 700 nm) range can be 
used to address this issue, since the absorbance of biological molecules is at a minimum 
within this wavelength range thereby providing a relatively clear window for imaging with 
optical techniques.[113] Single-walled carbon nanotubes (SWNTs) and various Au 
nanoparticles remain the most widely used nanostructures for contrast enhancement in 
PAT.[119–120] Some major limitations of Au nanoparticles include their dependence of 
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optical properties on complicated chemistries and environmental factors, relatively large size 
which can result in rapid clearance by the reticuloendothelial system (RES), etc.

In a recent study, CuS nanoparticles was reported as a novel class of contrast agents for 
PAT.[30] A NIR laser source of 1064 nm was chosen for its low absorption and scattering 
coefficient in normal tissue, which can be significantly absorbed by CuS nanoparticles. Of 
note, many of the other contrast agents used for PAT (e.g. organic dyes and other 
nanoparticles) have their absorption maxima between 560 and 840 nm. To tailor the CuS 
nanoparticles for optimal absorption at 1064 nm, the stoichiometric ratio between the Cu 
and S precursors were adjusted to synthesize CuS nanoparticles of 11 ± 3 nm in diameter. 
Successful imaging of the lymph nodes and brain was achieved in mouse models (Figure 4). 
Even when embedded at 5 cm depth into chicken breast, these CuS nanoparticles could be 
imaged with high in-plane resolution (~800 μm) and sensitivity (~0.7 nanomole per voxel).

These promising findings suggested that PAT imaging with CuS nanoparticles could be used 
for clinical applications, such as imaging breast lesions up to 4 cm deep, as well as other 
superficial lesions in the skin, limbs, head and neck, and lymph nodes. Traditional PAT 
imaging relies on the generation of contrast by differences in the blood perfusion between 
normal and tumor tissues, with the latter typically being under angiogenic and hypoxic 
conditions. However, such intrinsic contrast may be inadequate for early detection of cancer 
or imaging of deeper tumor tissues. If specific tumor targeting can be achieved in future 
investigations, these CuS nanoparticles can have enhanced specificity and sensitivity for 
potential clinical use, with the optimization of an efficient laser source. Besides CuS 
nanoparticles, phospholipid encapsulated Cu-neodecanoate nanoparticles (80–90 nm in 
diameter) have also been investigated for highly sensitive sentinel lymph node (SLN) 
imaging using PAT.[121] With the limited number of literature reports available, it is 
impossible to compare the in vivo performance of the “soft” Cu-polymer complexes with the 
“hard” CuS nanoparticles, which clearly warrant further investigation.

3.2.2. Photothermal ablation—The properties that make CuS nanoparticles suitable 
contrast agents for PAT imaging also render them good candidates for photothermal ablation 
applications. Although the use of CuS nanoparticles for imaging applications is rarely 
reported, their applications in cancer therapy are more extensively investigated. 
Hyperthermic ablation, especially photothermal ablation, is an active area of research where 
CuS nanoparticles are increasingly being employed. Generally speaking, hyperthermic 
ablation can kill tumor cells by heating them to 40–45 ºC, in a manner that the surrounding 
tissues are not significantly affected, since the severely hypoxic and low pH regions in 
tumor microenvironment make cancer cells more sensitive to heat than normal cells.[122] A 
variety of heat sources have been utilized, including microwave, magnetic field, 
radiofrequency, and laser stimulation.[123]

Photothermal ablation with a focused, skin penetrating NIR laser beam (typically in the 
range of 700–1065 nm) has been explored for the treatment of several tumor types. A severe 
limitation to the therapeutic window is posed by the non-specific absorption of heat by 
healthy tissues between the laser source and the tumor mass. This has motivated the search 
for novel photothermal agents with increased photothermal efficiency, thereby reducing the 
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energy dose of the laser used and the damage to surrounding tissues. The use of CuS 
nanostructures and superstructures[33] as photothermal mediators offers several advantages 
over metal nanostructures such as Au nanoparticles, the most widely used photothermal 
agents. Besides the low cost of production for CuS nanoparticles compared to Au 
nanoparticles, the mechanism responsible for NIR absorption by CuS nanoparticles is also 
advantageous. While the NIR absorption of Au nanostructures stems from localized surface 
plasmon resonance (LSPR),[124] that of CuS nanoparticles rely on d-d transitions of Cu2+ 

ions. Such phenomenon of intra-band transition appears to be characteristic for CuS 
nanostructures, since deviations from this stoichiometry (e.g. Cu2–xS/Cu2-xSe where x = 1, 
0.2, 0.03) have been shown to exhibit LSPR-based NIR absorption similar to 
metals.[125–126]

Such a difference has two important implications. First, the absorption wavelength for d-d 
transitions peaks at ~900 nm, which is in the NIR range and suitable for in vivo applications. 
This eliminates the need of specifically designed CuS nanoparticles which can require 
special and sometimes complicated procedures. On the other hand, the maximum absorption 
wavelength reported for Au counterparts does not exceed 850 nm. Furthermore, the 
absorbance at 900–980 nm is stronger than that at 808 nm, the wavelength commonly used 
for in vivo photothermal ablation.[31, 33] Second, LSPR absorption of Au nanoparticles is 
influenced by the dielectric constant of the surrounding medium, which may consequently 
have a shift in the absorption peak once they are delivered to the desired cells. Such 
complications are not applicable to CuS nanoparticles, since absorption wavelength due to 
intra-band transitions in CuS nanoparticles is not affected by the size and shape of the 
nanoparticles or the solvent.

Quantum confinement effects, however, can influence the absorption intensity of 
nanoparticles of different sizes.[31, 34] CuS nanoparticles typically have molar extinction 
coefficient on the order of 107–108 M−1cm−1, which is comparable to Cu2-xSe and much 
higher than that of organic dyes and quantum dots (typically 105–106 M−1cm−1).[126] 

Another advantage of photothermal ablation with CuS nanoparticles compared to Au 
nanoparticles is the small size, which can lead to better tumor targeting efficiency and 
potentially faster renal clearance. To date, the smallest Au nanostructures showing NIR 
absorption were reported to be ~30 nm in diameter,[127] whereas CuS nanoparticles as small 
as 3 nm could have NIR absorption.[31] However, one major drawback of using CuS 
nanoparticles for photothermal ablation is the poor photothermal conversion efficiency, 
which in turn requires very high concentration of CuS nanoparticles for practical 
applications.[31]

To overcome this limitation, several strategies have been explored to modify and optimize 
the physicochemical properties of CuS nanoparticles. While one strategy involves the use of 
local field enhancement from Au nanoparticle surface plasmon coupling,[34] another report 
suggested the use of core-shell structures with ZnS shells around the CuS cores in the 
future.[31] According to the theory of trapped excitons, excitons confined in the core of a 
small sized core-shell structure can exhibit greater absorbance and stability.
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The use of flower-like hydrophilic superstructures of CuS was also proposed to enhance 
their absorbance of NIR light and photothermal conversion efficiency.[33] These uniform and 
monodispersed 3D superstructures were synthesized by the hydrothermal route, which were 
assembled from hexagonal plate-like building blocks (Figure 5a). An enhancement in 
absorption and ~50% increased photothermal conversion efficiency upon irradiation with 
980 nm laser was observed for the CuS superstructures when compared to the nanoplates 
(Figure 5b). It was suggested that the faceted end planes of these crystalline superstructures 
could act as laser cavity mirrors for the 980 nm NIR light. The efficacy of these agents for 
photothermal ablation was evaluated both in vitro and in vivo, which showed that even at 
very low laser power density of < 1 W/cm2, the CuS nanostructures were capable of 
inducing cell death in vitro (Figure 5c). Furthermore, histological examination of tissues 
harvested from tumor-bearing mice revealed degenerative necrotic and karyolytic regions.

3.2.3. Drug delivery—Metastases are the cause of 90% of human cancer deaths.[128] 

Although chemotherapy remains the treatment modality of choice for most advanced 
cancers, it is rarely curative and has significant toxicity because of non-specific distribution 
of the cytotoxic drugs, which severely limits the maximum allowable dose.[129] On the other 
hand, rapid elimination and widespread distribution of the drugs into non-targeted organs/
tissues mandates the administration of large doses to be therapeutically effective. This 
vicious cycle of large doses and concurrent toxicity is a major limitation of cancer 
chemotherapy. Therefore, development of biocompatible targeted drug delivery platforms 
will significantly improve metastatic cancer patient management. Because of the large 
surface area/loading capacity and versatile chemistry, nanomaterials are excellent carriers 
for targeted delivery of anti-cancer drugs.

In an interesting report, CuS nanoparticles were investigated as drug delivery vehicles, 
where hollow CuS nanoparticles (~55 nm in diameter) were utilized for ablation assisted 
transdermal drug delivery (Figure 6).[35] Short (femto- to nanosecond) pulsed NIR 
irradiation (1.3–2.6 W/cm2) of the skin, mediated by CuS nanoparticles, led to focused 
thermal ablation of the stratum corneum. The use of short pulses resulted in rapid heating of 
the CuS nanoparticles to a high temperature, which was transmitted quickly to the tissues in 
contact, followed by an equally rapid cooling of the nanoparticles at the end of the pulse. 
This strategy ensured that the temperature of the skin never exceeds 40–50 ºC in the 
localized regions, which were coated with gel formulations of drug-bearing CuS 
nanoparticles. Although such elevated temperature did not produce any severe damage, it 
was sufficient to locally disrupt and decompose the keratin networks and cause disordering 
of the stratum corneum, which facilitated the uptake of hollow CuS nanospheres bearing a 
model hydrophilic “drug”, fluorescein isothiocynate (FITC)-labeled dextran. Thermographic 
and fluorescence microscopy studies confirmed localized heating of the epidermis by NIR 
irradiation, as well as subsequent enhanced penetration of FITC-dextran. Similar results 
were also obtained with a macromolecular drug, human growth hormone. Taken together, 
this technique holds the promise for efficient delivery of hydrophilic drugs, proteins, and 
vaccines, which may not be amenable to oral or intravenous administrations and can be 
obstructed by the hydrophobic stratum corneum barrier.
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Extensive research effort has been devoted to the development of different families of drug 
delivery nanosystems such as polymers and organic/inorganic materials, each with their own 
set of advantages and disadvantages.[9, 119, 130–134] Because of the broad compositional and 
structural diversity, hybrid organic-inorganic nanosystems such as coordination polymer 
complexes are of substantial interest as an emerging class of drug nanocarriers.[135–136] 

Besides new formulations, innovative strategies for enhanced cargo delivery are also being 
developed. These strategies include specifically targeted delivery, extraordinary drug 
loading, controlled and environment/stimuli-responsive drug release, etc. CuS nanoparticles 
hold the potential as a novel class of drug delivery agents which can mediate drug release 
through their photothermal properties. Interestingly, no reports exist to date on the use of 
other Cu-based nanomaterials for drug/gene delivery applications to the best of our 
knowledge. CuSe nanocrystals, with their high photothermal conversion efficiency 
(~20%),[126] can be promising candidates for thermal-assisted drug delivery. In addition, 
porous CuO hollow nanostructures have been synthesized by thermal oxidation of CuS and 
Cu2S nanoparticles, which may also represent promising nanoplatforms for the delivery of 
therapeutic agents.[137]

3.2.4. Theranostics—Theranostics, which combines both therapy and diagnosis into a 
single platform,[138–139] is a highly dynamic research area over the last several years. Many 
nanomaterials are been actively explored for theranostic applications because of the 
enormous aspect ratio and/or surface area that they exhibit, which can allow for attachment 
of multiple copies of various theranostic moieties such as imaging labels (e.g. radioisotopes, 
fluorescent dyes, etc.), targeting ligands (e.g. peptides and antibodies), therapeutic agents 
(e.g. drugs, genes, etc.), as well as various polymers (e.g. PEG) to enhance their water 
solubility and biocompatibility. Ultimately, the combination of different targeting ligands, 
imaging labels, therapeutic drugs, and many other agents may allow for effective and 
controlled delivery of therapeutic agents in patients, which can be non-invasively monitored 
in real time.[5, 140] Because of the many intriguing properties discussed above, CuS 
nanoparticles have also been investigated for cancer theranostics.

Photothermal ablation has recently attracted significant attention as a locoregional, 
minimally invasive alternative to surgery. PET, on the other hand, is a widely used imaging 
modality in clinical oncology for cancer diagnosis, staging, and evaluation of therapeutic 
responses.[141–143] In one report, 64Cu-labeled hypericin was investigated to non-invasively 
assess the response to CuS nanoparticle-based photothermal ablation therapy in mouse 
tumor models.[144] Human mammary BT474 tumor-bearing mice were injected 
intratumorally with CuS nanoparticles, followed by NIR laser irradiation 24 h later. Uptake 
of 64Cu-labeled hypericin was found to be significantly higher in the treated mice compared 
to untreated control mice. Since 64Cu-labeled hypericin exhibited higher binding affinity to 
phosphatidylserine (PS) and phosphatidylethanolamine (PE) than to phosphatidylcholine, 
elevated tumor uptake upon photothermal ablation with CuS nanoparticles was attributed to 
the breakdown of the cell membrane and exposure of PS/PE to the PET tracer.

Recently, radiolabeling of nanoparticles with PET/SPECT isotopes have gained increasing 
interest for evaluating the pharmacokinetics and tumor targeting efficacy of various 
nanoparticles, since PET/SPECT is highly sensitive, quantitative, and clinical 
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applicable.[140] However, one major concern is the potential detachment of radioisotopes 
from nanoparticles inside the animal body, which can cause misleading findings since PET/
SPECT imaging detects the radioisotopes (whether they are on the nanoparticles or not) but 
not the nanoparticles themselves. Therefore, high in vivo stability of the radiolabeled 
nanoparticles is critical for more reliable experimental findings. In an intriguing study, 
multifunctional, chelator-free, PEG modified, 64Cu-labeled CuS nanoparticles (~11 nm in 
diameter) were constructed to serve as both a PET tracer and a photothermal ablation agent 
in live tumor-bearing mice (Figure 7).[36] Since CuCl2 was used as the precursor for the 
synthesis of CuS nanoparticles, 64CuCl2 was added during the procedure to prepare 64Cu-
labeled CuS nanoparticles, in which 64Cu is an integral building block of CuS rather than 
being complexed through a chelator. Aside from the enhanced stability, this design also 
presents several desirable properties such as ease of synthesis, small size, higher tumor 
accumulation and hence better imaging results, as well as strong absorption in the NIR 
region (~930 nm). The PEG-[64Cu]CuS nanoparticles exhibited significant uptake and 
retention in U87 human glioblastoma xenografts in mice, based on the enhanced 
permeability and retention effect, which was successfully visualized by non-invasive PET 
imaging. Upon NIR laser irradiation, signs of thermonecrosis (e.g. loss of nucleus, cell 
shrinkage etc.) were observed in mice treated with the nanoparticles. Overall, this proof-of-
principle study demonstrated the potential of CuS nanoparticles as a promising 
multifunctional platform for image guided photothermal ablation of cancer.

4. Summary and future perspectives
It’s been more than 4 decades since the declaration of the “War on Cancer”. Tremendous 
investment has been devoted to cancer research, and it is clear that personalized medicine is 
the key for improving clinical cancer patient management. Nanotechnology is one of the 
most promising tools for both ex vivo sensing applications and in vivo imaging/therapy 
applications, as illustrated in this review article for CuS nanoparticles, an emerging class of 
promising nanoparticles with many desirable features for biomedical applications. Not 
limited to cancer, these CuS nanoparticles can also play multiple roles in other diseases 
because of their versatility and multifunctionality. Targeting ligands (none has been 
successfully used for CuS nanoparticle-based tumor targeting, to the best of our knowledge), 
diagnostic labels, and therapeutic agents may all be accommodated within the nanoparticle 
because of its small size and resultant large surface area. Ex vivo nanosensors and in vivo 
imaging are both critical for future optimization of cancer patient management, and a 
combination of the two can offer synergistic advantages.

In this review article, we have discussed in detail the methods to synthesize CuS 
nanoparticles with various morphologies, as well as how they have been investigated in 
multiple disciplines of biomedical research such as in vitro sensing, in vivo imaging, 
photothermal ablation, drug delivery, and theranostics. Although they are much less 
extensively studied compared to many other nanoparticles (e.g. those that are magnetic 
and/or fluorescent), CuS nanoparticles have proven themselves to be highly versatile and 
readily tunable for various biomedical applications. Many critical proof-of-principle 
experiments have been reported in live animal models (e.g. PAT, photothermal ablation, drug 

Goel et al. Page 13

Small. Author manuscript; available in PMC 2015 February 26.

N
IH

-PA
 A

uthor M
anuscript

N
IH

-PA
 A

uthor M
anuscript

N
IH

-PA
 A

uthor M
anuscript

AHFormatter

EVALUATION

AH Formatter V6.2 MR6 (Evaluation)  http://www.antennahouse.com/

http://www.antennahouse.com/


delivery, and theranostics), it is expected that many more studies will emerge in the near 
future for CuS nanoparticles which exhibit a variety of desirable properties.

Research in the near future should focus on developing better targeted CuS nanoparticles for 
greater specificity in vivo. To date, the investigation of CuS nanoparticles in cancer research 
are almost exclusively based on non-specific accumulation of these nanoparticles in the 
tumor, taking advantage of the leaky tumor vasculature. Improved tumor targeting efficiency 
is needed to reduce the side effects of anti-cancer drugs and therapies on normal tissues, 
which is one of the major barriers for successful advancement of various nanomaterials 
beyond small animal studies. Another aspect of CuS nanoparticles that needs improvement 
is their photoconversion efficiency. One major application of CuS nanoparticles in 
biomedicine is dependent on their ability to convert NIR light into thermal energy, which 
can subsequently be used for ablation of cancer cells or heat-assisted drug delivery. The 
greater the conversion efficiency, the lower will be the dose needed for hyperthermic 
procedures and the greater will be the possibility of future clinical translation. The favorable 
properties and biocompatibility of CuS nanoparticles merit further research to develop them 
into more sophisticated and multifunctional systems. The many different morphologies and 
surface chemistries of CuS nanoparticles can be explored to enhance their drug delivery 
capabilities. Various combinations of hollow/porous/core-shell architectures, polymeric 
coating, and functional moieties (e.g. imaging/therapeutic agents, genes, targeting ligands 
etc.) can offer numerous new avenues for future research.

Research on the biomedical applications of CuS nanoparticles is still in its infancy. A few 
major challenges that need to be overcome in future research include: 1) The prohibitively 
high power of laser that is needed for CuS nanoparticle activation, especially under in vivo 
conditions, severely limits their therapeutic and drug delivery applications; 2) Proper surface 
modifications and precise control in shape/size distribution are imperative for successful 
future applications. Simple, clever, reproducible, and scalable techniques need to be 
developed to manufacture more uniform, appropriately sized, and bioinert CuS nanoparticles 
with reduced RES sequestration, optimal pharmacokinetics, and potential renal clearance; 3) 
The in vivo interaction of CuS nanoparticles with the body is unknown and difficult to 
predict, casting the greatest hurdle to successful clinical and commercial translation of these 
systems. More research effort on elucidating the pharmacokinetics and potential toxicity of 
CuS nanoparticles in mammalian systems are required before any commercial applications 
of these nanosystems can be envisaged.

Many other hurdles also need to be overcome in terms of clinical applications of novel 
nanomaterials including CuS nanoparticles, from the idea conception of a novel 
nanomedicine to its eventual approval for clinical use.[140, 145] For example, there are many 
commercial and regulatory challenges to be tackled with the emerging generation of more 
complex nanoparticles, in part owing to their multicomponent nature. However, on a 
positive note, some highly complex nanoparticles have reached clinical trials.[146] Although 
these and potentially other challenges exist for the translation of nanoparticles that are 
currently research tools into approved products for patients, their tremendous potential 
should drive the development and continuing emergence of novel nanoparticles for cancer 
imaging and therapy. The integration of diagnostic imaging capability with therapeutic 
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interventions (i.e. theranostics) is critical for addressing the challenges of cancer 
heterogeneity and adaptation. Much remains to be done before this can be a clinical reality 
and continuous multidisciplinary efforts on the use/optimization of various nanoplatforms 
(including those based on CuS nanoparticles) will shed new light on molecular diagnostics 
and molecular therapy. It has been several decades since applications of nanomaterials in 
healthcare were first conceived. The field remains largely untapped and offers ample 
opportunities.
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Figure 1. 
Representative transmission electron micrographs of CuS with different morphologies: (a) 
nanospheres, (b) hollow nanospheres, (c) hexagonal nanoplates, (d) nanorods. Adapted with 
permission from references [50–51, 56, 68].
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Figure 2. 
Representative biomedical applications of copper sulfide (CuS) nanoparticles.
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Figure 3. 
A chemiluminescent (CL) single nucleotide polymorphism detection assay based on Au and 
CuS nanoparticles. Adapted with permission from reference [27].
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Figure 4. 
Photoacoustic tomography (PAT) imaging in mice with CuS nanoparticles. (a) A 
transmission electron microscopy image of CuS nanoparticles. Inset: particle size 
distribution. (b) A representative in vivo PAT image of a mouse brain, acquired using a 532 
nm laser without contrast agent. (c) A PAT image of mouse brain acquired at 1064 nm, at 24 
h after intracranial injection of CuS nanoparticles. (d) A PAT image of mouse brain acquired 
at 1064 nm, at 7 days after intracranial injection of CuS nanoparticles. (e) A photograph of 
the head of the mouse. Yellow arrow: injection site. Adapted with permission from 
reference [30].
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Figure 5. 
Photothermal ablation with CuS superstructures. (a) Schematic representation of a CuS 
superstructure, which can serve as laser-cavity mirrors for 980 nm laser and its photothermal 
conversion. (b) The CuS superstructures exhibited superior photothermal properties when 
compared with the building blocks. (c) CuS superstructure can cause efficient photothermal 
ablation when excited with 980 nm laser with power density of < 1 W/cm2. In vitro, only 
dead Hela cells can be labeled with trypan blue. In PC-3 tumor-bearing mice, obvious tumor 
damage can be seen in H&E staining upon photothermal ablation. Adapted with permission 
from reference [33].
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Figure 6. 
Drug delivery with hollow CuS nanoparticles (demoted as HCuSNP). (a) A transmission 
electron microscopy image of the HCuSNPs. (b) Thermographic images of nude mice under 
NIR laser of various intensity. The mice were treated with 50 μL of gel with or without 
HCuSNPs. Arrows: area of skin treated with gel and laser. (c) Fluorescence microscopy 
images of diffusion of FITC-dextran in skin sections of nude mice, treated with (I) HCuSNP 
gel, (II) blank gel with pulsed laser (2.6 W/cm2), (III) HCuSNP gel with laser (1.3W/cm2), 
and (IV) HCuSNP gel with laser (2.6 W/cm2). Asterisk: stratum corneum; EP: epidermis; 
DM: dermis; Arrow: loss of epidermis. Adapted with permission from reference [35].
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Figure 7. 
Cancer theranostics with 64Cu-labeled CuS nanoparticles. (a) A transmission electron 
microscopy image of PEGylated CuS nanoparticles. Inset shows the particle size 
distribution. (b) Coronal PET/CT images of U87 human glioblastoma xenografts in nude 
mice at 1, 6 and 24 h after intravenous injection of PEG-[64Cu]CuS nanoparticles. Yellow 
arrow: tumor; Orange arrow: bladder. (c) Photographs of tumor-bearing mice before and at 
24 h after NIR laser irradiation (12 W/cm2 at 808 nm for 5 min). i.t.: intratumoral; i.v.: 
intravenous; NP: PEG-[64Cu]CuS nanoparticles. (d) Percentage of necrotic zone induced by 
various treatments based on H&E staining. *: statistically significant difference compared to 
the non-treated control mice. Adapted with permission from reference [36].
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