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A B S T R A C T

Covellite (CuS) nanoparticles (NPs) are versatile, non-noble metal plasmonic materials which have been 
recognized as promising candidates for therapeutical applications. However, the poor chemical stability of CuS 
NPs in aqueous media makes their use in medical applications challenging. While the application of coatings to 
reduce NPs degradation has been successfully proposed for other materials, in the case of CuS this strategy is 
limited by the loss of the plasmonic performance due to NPs chemical instability in the post-synthesis treatments. 
In the present study, we successfully obtained core-shell CuS@C nanocomposites with tailored size, enhanced 
stability, and superior photothermal performance, by applying a novel green synthetic strategy using water as 
solvent. CuS NPs were synthetized using polyvinylpyrrolidone (PVP) as stabilizer; in addition, a PVP 
concentration-dependent tunability of size and plasmon wavelength was demonstrated. The carbon shell was 
generated via hydrothermal carbonization without compromising the plasmonic performance of CuS NPs (52 % 
of photothermal conversion efficiency) and without inducing aggregation through a strict control of the disso
lution/degradation process. The carbon coating slowed down the degradation of CuS NPs in biological fluids 
without inhibiting the redox activity evaluated as a generation of hydroxyl radicals by electron paramagnetic 
resonance spectroscopy. When tested in vitro for their cytotoxicity toward mesenchymal stem cells CuS@C 
appear non cytotoxic after 24 h of incubation up to 100 μg/mL. Moreover, the carbon shell inhibited the pro- 
proliferative effect observed for CuS NPs at low concentration after 48 h. Overall, the results prove the great 
potential of CuS@C nanocomposites as photothermal agents for cancer treatments.

1. Introduction

Noble metal Au and Ag nanoparticles (NPs), represent so far, the 
most intensively studied class of plasmonic materials for a range of 
biomedical applications such as cancer therapy, bio-imaging and 
sensing [1–5]. However, over the past decade, an incessantly interest 
has been growing in searching for alternative plasmonic materials 
consisting of earth-abundant non-noble metal elements, aiming at 
further enhancing plasmonic performance while mitigating cost issues 

for real-world applications [6–8]. For this purpose, a variety of semi
conductor materials, such as metal oxides [9–12], chalcogenides 
[13–17], phosphides [18,19] and nitrides [20,21] have been investi
gated for their metal-like plasmonic features. Copper sulfide is a P-type 
semiconductor, recently recognized as a versatile non-noble metal 
plasmonic material. It has attracted much attention of researchers due to 
dual-functionality: it integrates excitonic properties of semiconductors 
with metal like plasmonic behaviors, exhibiting the localized surface 
plasmon resonance (LSPR) in the near infrared region (NIR) [22,23]. 
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Due to this dual functionality, copper sulfide NPs becomes as a potential 
candidate in many fields such as optoelectronics, photocatalysis, 
photovoltaic cells, sensors, battery electrodes manufacturing and in 
medicine [24–27]. In contrast to the metallic materials whose plasmonic 
behavior is due to the delocalized conduction electrons, the LSPR in 
copper sulfides semiconductor NPs arises from the collective oscillation 
of free holes in their valence bands [23,28]. The structure, band gap and 
plasmonic properties of copper sulfides (Cu2-xS) compounds can be 
altered by varying their stoichiometries. The stoichiometric factor (2-x) 
in Cu2-xS varies in a wide range between 1 and 2 and thereby it leads to 
formation of the Cu-rich chalcocite (Cu2S) to Cu deficient covellite (CuS) 
crystal structure [17,29,30]. The latter phase exhibits intrinsic plas
monic characteristics due to its high free hole concentration (~1022 

cm− 3) [31,32] while the chalcocite phase is plasmonically inactive due 
to the lack of free holes in its valence band [28]. Cu2-xS-based NPs have 
attracted a high interest in medicine as antibacterial agent and in tumors 
therapy. In fact, the ability to convert NIR light into heat makes them 
efficient photothermal agents (PTA) [33,34].

Photothermal therapy (PTT) consists of exposing the tumor site to 
extremely high temperatures (above 45 ◦C) for a short time, causing 
thermal ablation and consequent cell death, or maintaining tempera
tures between 42 ◦C and 43 ◦C to induce cellular damage and increase 
the permeability of tumor arteries [35,36]. Such a temperature increase 
is usually achieved by exploiting PTA that can convert light energy into 
heat. PTA activated by NIR range of the spectrum are particularly 
interesting since the human tissue is “transparent” to photons at this 
energy level [37]. Therefore, NIR radiation penetrates deeper than 
visible light in biological tissues, allowing for a subcutaneous tumor 
treatment. Nanomaterials with absorbance window at NIR region, high 
photothermal conversion efficiency, good photothermal stability and 
tunable properties are ideal candidates for PTT. In this regard, CuS NPs 
has been considered as a good PTA since it possesses the 
above-mentioned features [32]. Furthermore, in comparison to Au NPs, 
CuS has an advantage of easy and simple preparation. In fact, Au rods 
and bipyramid, which are the only gold nanostructures absorbing NIR 
wavelength, require complex synthesis and the highly toxic cationic 
surfactant cetyltrimethylammonium bromide (CTAB), which can be 
removed only following additional post-synthesis treatments [38]. 
Further, the reproducibility of the synthesis of this gold nanostructures 
are not straightforward. Another peculiarity of CuS NPs is the ability to 
generate cytotoxic reactive oxygen species (ROS) and copper ions. These 
species act synergically to heat, enhancing the efficacy in inducing cell 
death [39,40].

Despite the increasing interest, the development of CuS-based 
nanomaterials for biomedical application is still at a pre-clinical stage 
due to some important drawbacks. Most of the syntheses of copper 
sulfide NPs have been realized using heating-up or hot-injection 
approach in organic media, resulting in materials incompatible with 
aqueous media. Moreover, the proposed syntheses are often expensive 
and performed with toxic reagents [33]. In order to obtain aqueous 
colloidal formulation for medical applications, post-synthetic ligand 
exchange is needed, which complicates the whole preparation process 
often leading to undesired alterations of the optical properties of the 
resulting NPs and more specifically, shifting and damping of their LSPR 
property [41]. Direct aqueous synthesis is obviously a more straight
forward approach and environmentally friendly process than synthesis 
in organic media. Alternative ways to obtain hydrophilic copper sulfides 
NPs in an aqueous medium have been previously developed [42,43]. 
However, compared to the synthesis in organic media there is very poor 
control over the size and morphology of the resulting nanocrystals and 
consequently, the LSPR tuning of CuS NPs in aqueous medium is still a 
challenge. Moreover, the very poor chemical stability in the aqueous 
environment of CuS NPs limits several synthetic strategies. The stability 
of CuS NPs in an aqueous environment is also an important aspect to 
ensure their usage in the medical field. While dissolution facilitates the 
clearance of NPs from the body after the treatment, an advantage with 

respect to highly persistent gold NPs [44] it should be slow enough in the 
target tissue to allow for the PTT treatment. One possible strategy to 
control the NPs dissolution rate is the application of coatings on NPs 
surface. Recent studies from our group proved that carbon coating can 
effectively prevent the dissolution of iron oxide nanoparticles, 
improving NPs stability and biocompatibility [45]. However, previous 
studies show that LSPR performance of CuS NPs is remarkably lost 
during coating with inorganic or organic materials [46,47].

In the present study the synthesis of CuS@C nanocomposites having 
tailored size, enhanced stability and high photothermal performance by 
using a green hydrothermal method in aqueous medium is reported. A 
deep investigation on the role of synthetic parameters on the NPs 
properties allowed to finely tune the size avoiding aggregation. The 
stability of these NPs in biological fluids, their ability to generate ROS 
and their cytotoxicity toward mesenchymal stem cells (MSCs) were 
evaluated. Overall, the results prove the great potential of CuS@C 
nanocomposites, laying the foundation for their future use in NIR- 
triggered cancer treatments.

2. Materials and methods

2.1. Chemicals

Copper (II) nitrate [Cu(NO3)2 2.5H2O] (≥99.99 % USA), sodium 
sulfide (Na2S 9H2O) (≥98.0 % India), polyvinylpyrrolidone (PVP) mo
lecular weight = 55000 Da, sodium carbonate (Na2CO3.10H2O) (≥99.5 
% Germany), sodium bi carbonate (≥99.5 % USA), sodium L-tartrate 
dibasic dihydrate (≥99.99 % USA), sodium hydroxide (≥99.5 % USA), L- 
ascorbic acid (≥99 % China), D-Glucose (≥99 % Germany), L-Cysteine 
(98 % USA) were purchased from Sigma-Aldrich and Bicinchoninic acid 
(BCA) was purchased from Alfa Aesar, (USA); Ultrapure water was ob
tained by a Millipore milli-Q system.

2.2. Synthesis of CuS nanoparticles

The CuS nanoparticles synthesis has been set-up starting from a 
method previously reported with some modification [48]. Briefly, an 
appropriate amount of PVP was completely dissolved in 58 mL of Milli-Q 
water, then 1 mL of 60 mM Cu(NO3)2 aqueous solution was added under 
constant stirring. The temperature of Cu-PVP solution increased to 
100 ◦C. After 3 min of boiling, 1 mL of 60 mM Na2S was injected into 
Cu-PVP solution. The resulting CuS NPs suspension was immediately 
cooled down and purified by multiple washing with water by 
ultra-centrifugation (2500g, 5 min or 15 min depending upon PVP 
concentration) using an Amicon Ultra-15 filter unit (Millipore) and 
stored at 4 ◦C.

2.3. Synthesis of carbon coated CuS nanoparticles

An appropriate amount of glucose was added into 1 mM concen
trated colloidal CuS nanoparticles suspension, and the required quantity 
of S source (Na2S or cysteine) was added with constant stirring. Then the 
resultant solution was transferred into in a Teflon-lined stainless-steel 
autoclave (100 ml, Büchi AG) and placed in a preheated oven (190 ◦C) 
for 3 h for completion of the reaction then allowed to cool naturally. 
CuS@C nanoparticles were purified by multiple washing with water by 
ultra-centrifugation (2500g and 5 min) using an Amicon Ultra-15 filter 
unit (Millipore) and stored at 4 ◦C. As a control, hydrothermal synthesis 
was also performed without the addition of the S source.

2.4. Nanoparticles characterization

Powder X-ray diffraction (XRD) analysis was performed using a 
X’Pert PRO MPD (PANalytical) X-ray diffractometer equipped with Cu 
Kα radiation, configured in capillary mode over the 2θ range of 20–70◦. 
Phase identification was performed using the X’Pert High-Score 
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software. The nanoparticles suspension was air-dried at 60 ◦C before 
analysis. For optical analysis, UV–Vis–NIR absorbance spectra were 
recorded on the colloidal suspension by a spectrophotometer (UV-Vis- 
NIRCary 5000, Agilent). The morphological analysis was performed by 
High Resolution Transmission Electron Microscopy (HRTEM, FEI-Tecnai 
F30 microscope at a working voltage of 300 KV). A droplet of the sus
pension was added to a TEM holey carbon grid (copper mesh support). 
Once the solvent evaporated, the material remained on the grid for 
analysis. TEM images were obtained with a coupled CCD camera 
(Gatan). The X50 (median), the mean size distribution of the particles, 
the standard deviation referred to the particles distribution width and 
shell thickness were evaluated on at least 270 particles by ImageJ 
software measured in at least four different regions of the TEM grid, the 
measurements were performed in triplicates to determine the mean 
absolute errors (measurement precision). The NPs sizes are reported as 
median (X50) and mean size of the particle distribution ± the mean 
absolute errors. Moreover, are reported the standard deviation as width 
of the distribution (SD) and the number of particles measured on the 
TEM images (counts).

The hydrodynamic size distributions were measured by dynamic 
light scattering (DLS). The DLS measurements were performed using a 
Malvern Zetasizer Nano ZS instrument (Malvern Panalytical Ltd, UK), 
equipped with a light source wavelength of 632.8 nm; 3 replicates; 
setting measurement angle = 173 ◦C, temperature = 25 ◦C and equili
bration time = 120 s. The parameters used for the NPs were as follows: 
refractive index = 2.420; and absorption = 1.00. The parameters used 
for the water dispersant were as follows: refractive index = 1.330; vis
cosity (25 ◦C) = 0.8872 cP; and dielectric constant = 78.5. Measure
ments were performed on 0.5 mM concentrated solution at 6.2 pH. The 
results were expressed as mean values of 3 independent measurements 
and the diameters were reported as distribution by intensity calculated 
by non-negative least squares analysis. Z-potentials were measured 
using the electrophoretic light scattering analyser (Zetasizer Nano ZS, 
Malvern). FT-IR spectra of precipitated powders were recorded using a 
PerkinElmer Spectrum Two FT-IR Spectrometer equipped with a uni
versal attenuated total reflection (UATR) module performing 16 scan 
per sample.

2.5. Chemical stability test on CuS and CuS@C NPs

CuS and CuS@C NPs (0.5 mM) samples were incubated in water 
under different temperatures (4 and 37 ◦C) and pH values [pH 1.3, pH 
4.5 phosphate buffer (PB), pH 5.3 pH 6.0, pH 11], in phosphate buffer 
saline (PBS) (pH 7.4; PB: 10 mM, NaCl: 0.137 M), The pH values were 
adjusted to the desired level using HCl or NaOH solutions. The test was 
also performed in Dulbecco’s Modified Eagle Medium [DMEM, (Invi
trogen Life Technologies, Carlsbad, CA) supplemented with 10 % fetal 
bovine serum (FBS)]. The dissolution of the NPs was assessed by 
measuring the absorption of the plasmonic peak by UV–vis–NIR anal
ysis. Furthermore, the release of Cu2+ ions from the degradation of CuS 
and CuS@C NPs were quantified by bicinchoninic acid (BCA) assay 
using UV–Visible spectrophotometer. The BCA assay solution was pre
pared by dissolving 0.5 g of bicinchoninic acid, 2.8 g of Na2CO3⋅10H2O, 
0.08 g of sodium tartrate dihydrate, 0.28 g of NaHCO3 and 50 mg of 
NaOH into 50 mL of Milli-Q water. The pH of the solution was 10.3 
(target working range of pH 9.4–11.2). After incubation the particles 
were separated by ultra-centrifugation using Amicon Ultra-15 mem
brane filter and the filtrated solution was used for copper ions quanti
fication test. For BCA test, 500 μL of BCA assay solution was added to 
500 μL filtrated solution and then 100 μL of 40 mM ascorbic acid was 
added. After 3 min, the absorbance value at 562 nm was recorded. The 
concentration of copper ions was determined by a calibration curve 
obtained using known concentration solutions of Cu(NO3)2.

2.6. Digestion and quantification of CuS and CuS@C NPs

In order to quantify the yield of the reaction, the prepared CuS and 
CuS@C NPs were completely digested and the Cu2+ ions present in the 
samples were quantified by above mentioned BCA assay test. For com
plete digestion, NPs were incubated at 42 ◦C for 48 h in acidic pH (using 
1 M HCl with volume ratio from 10 % to 90 %). The sample incubated 
using 10 % HCl solution alone gave a satisfactory result due to restric
tion of BCA assay working pH windows (basic buffer solution). The Cu2+

ions concentration in precursor solution (Cu-PVP solution used in syn
thesis) was verified by BCA test. After completion of the synthesis, the 
Cu2+ ions concentration in the unpurified sample solution was evaluated 
after digesting the CuS NPs present in the solution and this value was 
highly coinciding with the amount of Cu2+ ions in the precursor solution 
which validates our digestion protocol. Cu2+ ions concentration in 
unpurified solution was assumed as 100 % and the quantum yield of 
reaction was quantified as 70 % on purified sample.

2.7. Calculation of free carrier (hole) density in the as-synthesized CuS 
NPs

According to the Drude model, the frequency �LSPR of the localized 
surface plasmon resonance can be described as [28,30]: 

ωLSPR=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ω2
p

1 + 2εm
− γ2

√

In the expression above, γ is the linewidth of the plasmon resonance 
band, εm represents the optical dielectric constant of the medium sur
rounding the NPs (εm = 1.8 for water) [49] and �P is the plasma fre
quency. Since �LSPR and γ are known from the experimental spectrum 
(see Fig. S4), corresponding �P values for CuS NPs prepared using 
different concentration of PVP have been calculated (see table 1 in SI). 
The relationship between bulk plasma frequency (�p) and free carrier 
density (Nℎ) is: 

ωp =

̅̅̅̅̅̅̅̅̅̅̅

Nhe2

ε0mh

√

where mℎ is the hole effective mass, approximately 0.8 m0 (where m0 is 
the electron mass), and e is the electron charge. Using the above equa
tion, we estimated the Nh for the as-synthesized covellite CuS NPs (see 
table 1 in SI).

2.8. Photo-thermal properties

For measuring the temperature change mediated by prepared sam
ples, 3 mL of CuS nanoparticles (100 μg/mL) or CuS@C (equal to 100 
μg/mL of CuS) in water were irradiated using a collimated beam emitted 
by a fiber-coupled 915 nm high-power laser diode. In the experimental 
setup, two power conditions were used by operating the diode laser at 
driving currents of 1.5 A and 3.5 A, corresponding to low and high 
power density regimes, respectively. The laser beam, emitted from the 
delivery fiber, was collimated using a plano-convex lens designed for the 
infrared spectral range (focal length: 50 mm; Thorlabs LA4148-B). This 
lens was mounted within a collimation tube, which was precisely 
aligned with the sensor of a commercial power meter (LaserPoint LPT- 
PLUS-2.0-USB) to measure the output power for the two current settings.

Following power measurement, the power meter was replaced by a 
cuvette containing the NPs dispersions. Based on the optical alignment 
and the geometry of the system, it was determined that approximately 
80 % of the total measured power effectively irradiated the cuvette. This 
translated into actual power densities of 650 mW/cm2 for the low-power 
condition and 2360 mW/cm2 for the high-power condition. These two 
power densities, 650 mW/cm2 and 2360 mW/cm2 were considered 
during the tests. To calculate the photo-thermal conversion efficiency, 
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the particles were continuously irradiated until steady state temperature 
was reached; then the system was allowed to cool down naturally. In 
order to investigate the photo-stability of the CuS@C NPs, a solution 
containing the nanoparticles was irradiated with the same 915 nm NIR 
laser diode at the higher power density (2360 mW/cm2) for 5 min (laser 
on), followed by naturally cooling down to room temperature without 
laser irradiation (laser off) for three cycles. The temperature changes in 
the solution were measured using fiber Bragg grating (FBG) based sen
sors. Fiber Bragg gratings are in-fiber components fabricated by 
inducing a periodic modulation in the refractive index of the fiber core. 
This modulation creates a notch-like spectral response in which a spe
cific wavelength, the Bragg wavelength, is reflected when the fiber is 
illuminated with a broadband light source. Since the Bragg wavelength 
is sensitive to temperature and strain, its variation can be exploited as a 
thermometer for temperature sensing. The main advantage of this 
approach is that FBGs are not affected by self-heating artifacts induced 
by laser light, a common issue in conventional electrical sensors. For the 
experimental activities, the FBGs were fabricated in-house at Politecnico 
di Torino using a femtosecond laser machine. The high energy laser 
beam precisely modifies the core’s refractive index in a localized spot to 
achieve the desired Bragg wavelength. The FBGs employed in the ac
tivity are 2 mm long and were interrogated using the commercial Luna’s 
HYPERION si155 system.

2.9. Calculation of photothermal conversion efficiency

3 mL of 100 μg/mL of CuS and CuS@C NPs solution was loaded into a 
cuvette and irradiated using a 915-nm laser until steady state temper
ature was reached, followed by natural cooling after the laser was turned 
off. The monitored temperature profile is shown in Fig. 5A. The pho
tothermal conversion efficiency (η) is calculated by modified Roper 
methods [50] according to the following equation [51,52]. 

η=
mc

(
Tmax − Tmax,H2O

)

I
(
1 − 10− A)τs 

where m is the solution mass and equal to 3.0 g (since 3 mL of solution 
has been used for the current study), c is the heat capacity of water and 
equal to 4.2 J/g, Tmax is the maximum temperatures reached for the 
nanoparticle solution which are 28.97 ◦C for CuS and 29.85 ◦C for 
CuS@C, Tmax, H2O is the maximum temperatures reached for water 
which is 21.5 ◦C, I is the laser power and equal to 650 mW/cm2 in the 
current study, A is the absorbance of the nanoparticle solution at 915 nm 
and equal to 2.1 for CuS NPs and 2.9 for CuS@C NPs (from UV–vis–NIR 
spectra). τs is the system time constant and could be calculated by 

plotting -ln 
(

T− Tenv
Tmax − Tenv

)

as a function of time t during the cooling phase, 

one obtains the value τs from the slope of linear fitting. The calculated τs 
value is equal to 293.2 s for CuS NPs and 312.4 s for CuS@C NPs (see 
Fig. SI–12). The photothermal conversion efficiency was calculated as 
50 % for CuS NPs and 52 % for CuS@C NPs by using these parameters.

2.9.1. Electron paramagnetic resonance
The hydroxyl radical generation by CuS and CuS@C NPs was 

investigated using electron paramagnetic resonance (EPR)/spin trap
ping technique. 50 μL of NPs suspension (300 μM in water) and 50 μL of 
phosphate saline buffer (10 mM, 137 mM NaCl, pH 7.4) were taken in a 
cuvette and stirred in the dark. 100 μL of solution (177 mM) of 5,5- 
dimethyl-1-pyrroline N-oxide (DMPO) in water was added. The reac
tion was started by adding 50 μL of 200 mM H2O2. EPR spectra were 
measured on the suspension (Miniscope MS100, Magnettech, Berlin, 
Germany) and the gain was set at 500. The reaction was repeated in the 
absence of NPs (quantity of H2O was added) as control. EPR spectra 
were measured on the NPs suspensions and in absence of NPs (negative 
control) after 15, 30, 45 and 60 min. The experiments have been 
repeated almost three times. EPR spectra also recorded for the Cu2+ ions 

released from these NPs incubated in physiological temperature for 24h 
and in presence of 40 mM H2O2 for 1h at room temperature.

2.10. Biocompatibility and reactivity of CuS NPs

To analyze the biocompatibility, reactivity, safety, and potential 
biomedical applications of CuS NPs, their effects on mesenchymal stem 
cells were studied. Three batches of bone marrow mesenchymal stromal 
cells (MSCs) were thawed from our pediatric MSC collection and 
expanded at the third passage using Dulbecco’s Modified Eagle’s Me
dium (DMEM, Sigma Aldrich, St. Louis, MO, USA) supplemented with 1 
% L-glutamine, 1 % penicillin/streptomycin, and 10 % human platelet 
lysate (HPL) and maintained at 37 ◦C in a 5 % CO2 atmosphere. These 
cells were isolated following established protocols, as previously 
described [53,54]. Human bone marrow (BM) samples were collected 
after obtaining written informed consent, in accordance with the Ethics 
Committee approved by Ospedale Infantile Regina Mar
gherita-Sant’Anna-Ordine Mauriziano hospitals’ ethics committee
s"(protocol number 0040314, approved on 04/07/2022) and in 
compliance with the Declaration of Helsinki. BM cells were harvested 
from unfiltered BM collection waste bags, which are typically discarded 
after BM infusion. As defined by The International Society for Cellular 
Therapy Position Statement the MSCs were analyzed to verify the pos
itivity to the markers CD90, CD73, CD105, and the negativity for 
CD45-34–14, CD19, and HLA-DR and for their capacity to differentiate 
in osteogenic, adipogenic, and chondrogenic cells after stimulation for 
three weeks using specific media (Miltenyi Biotec, Bergisch Gladbach, 
Germany).

MSCs were darkly exposed to 10 scalar dilutions of CuS NPs and 
CuS@C NPs, ranging from 100 μg/mL to 0.19 μg/mL, for 24 and 48 h. 
For both NPs type the concentration refers to μg/mL of CuS. During 
exposure, cells were observed under an optical microscope. At each time 
point (24 and 48 h), the media containing the NP were discarded and 
new media added to analyze the mitochondrial/metabolic activity and 
cell viability by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H- 
tetrazolium bromide) assay. Cells were incubated with a 12 nM MTT 
stock solution at 37 ◦C for 4 h in the dark (Vybrant MTT Cell Prolifer
ation Assay Kit V-13154, Molecular Probes Europe BV, ThermoFisher, 
Waltham, MA, USA). The water-insoluble formazan crystals formed 
during this process were solubilized by adding 50 μL of Dimethyl sulf
oxide (DMSO). Samples were incubated at 37 ◦C for 10 min, and 
absorbance was measured at 560 nm using a GloMax Discover Micro
plate Reader (Promega, Madison, WI, USA). The optical density (OD) 
values obtained were used as a proxy for formazan concentration, 
directly proportional to the intracellular reduction of MTT. To account 
for baseline variability, untreated MSCs were used as the viability con
trol, set to 100 %, while MSCs treated with Triton X-100 served as the 
mortality control, set to 0 %. Data normalization was performed using 
GraphPad Prism version 8.4. Statistical analysis was conducted to 
identify significant differences in cell viability among treatment condi
tions. A Friedman test was employed to compare overall group differ
ences, followed by Dunn’s multiple comparison test to determine 
specific pairwise differences between the viability control and each CuS 
NP treatment condition.

3. Results and discussion

3.1. Synthesis and tuning the optical properties of CuS NPs

For the synthesis, Cu(NO3)2 and Na2S were chosen as inorganic 
precursors [55–57] in a 1:1 ratio, while PVP was used as capping agent 
and water as reaction medium. With the aim of tuning the optical 
properties of CuS NPs without altering their chemical composition, we 
maintained the constant concentration of inorganic precursors at 1 mM 
and varied the PVP concentration between 0 and 2 mM. The 
hot-injection technique was applied for delivering the S precursor, 
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which allowed effective reactant mixing and no provisional temperature 
drop and served as an effective technique for minimizing temporal 
overlapping of the nucleation and the growth stages, with the aim of 
producing NPs uniform in size and shape [32].

The crystalline phase of prepared NPs was investigated by X-ray 
diffraction (XRD) analysis. XRD pattern of CuS NPs synthesized using 
0.2 mM of PVP is shown in Fig. 1A. The NPs display crystalline nature 
with well-defined peaks at 2θ = 27.69, 29.25, 31.80, 32.84, 47.97, 
52.71, and 59.33◦ which are corresponding to the planes of (101), (102), 
(103), (006), (110), (108), and (116) of CuS hexagonal covellite struc
ture respectively (JCPDS file no: 06–0564). The analysis also demon
strates the purity of prepared CuS NPs by showing a complete absence of 
any impurities and secondary phase due to other stoichiometries of 
copper sulfide. The average crystallite size of the nanoparticles was 
calculated using Scherrer’s equation and found to be 13 ± 3 nm. The 
XRD pattern of CuS NPs prepared by using different concentrations of 
PVP (0.01, 0.2, 2 mM) similarly showed the typical peaks of covellite 
(Fig. SI–1) thus demonstrating that changing of PVP concentration did 
not affect the NPs crystal structure. The presence of the covellite phase 
was further confirmed by HRTEM (Fig. 1B), that allowed to identify 
particles with well-defined inter-planar spacing of 0.298 nm which 
corresponds to the d spacing for one of the planes (102) of hexagonal 
structured CuS crystal [57].

Fig. 1B depicts representative TEM images of CuS NPs prepared using 
the different concentrations of PVP. The NPs prepared without PVP and 
with the lowest PVP concentration tested (0.005 mM) exhibited an 
irregular morphology and aggregated NPs. Conversely, in the presence 

of higher concentration of PVP the NPs have defined isometric shape and 
narrow size distribution. Different particles morphologies were 
observed while changing the PVP concentration. At 0.01 mM PVP con
centration, mainly spherical-like NPs were observed. While increasing 
the PVP concentration, along with spheres, larger hexagonal particles, 
the typical morphology of covellite crystals, appeared. Some particles 
with triangular shape were also formed at high PVP concentration, 
which might consist in irregular hexagonal particles. The size distribu
tion of the particles prepared using different PVP concentrations were 
determined by analysis of TEM micrographs and reported in Fig. 1C. The 
results indicate an increase in mean size with PVP concentration. 
Moreover, the cumulative count analysis also shows a significant dif
ference in the size distribution with 0.01 mM PVP - CuS NPs showing 
that almost 50 % of particles (X50) were less than 5.9 nm (±0.1) 
whereas for 2 mM PVP the 50 % was less than 7.5 nm (±0.1), confirming 
their trend.

The absorption spectra of CuS NPs prepared using different con
centrations of PVP were measured by UV–vis–NIR spectroscopy, as 
shown in Fig. 1D. The strong absorption in the NIR range originates from 
the collective oscillation of valence-band free carriers (holes) on the 
surface of CuS NPs, resulting in the LSPR effect, while the absorption in 
the visible range is due to exciton transition [32,58,59]. Recorded 
spectra clearly elucidated that PVP concentration plays a significant role 
in determining both intensity and position of the plasmonic peak (λmax). 
The particles prepared without PVP show a very low and broad LSPR 
profile, likely due to poor colloidal stability of the bare CuS NPs in water 
medium. In fact, the presence of large particles aggregates, as evidenced 

Fig. 1. Physico-chemical characterization of CuS nanoparticles synthetized with different PVP concentrations. (A) XRD pattern of 0.2 mM PVP-CuS NPs with 
standard JCPDS data. (B) (i) high resolution TEM image of 0.01 mM PVP-CuS NPs; TEM images of CuS NPs prepared using different concentration of PVP: (ii) without 
PVP (iii) 0.005 mM (iv) 0.01 mM (v) 0.2 mM (vi) 2 mM of PVP. (C) Size distribution histogram of CuS NPs prepared using different concentration of PVP and its 
cumulative count profile (D) UV–Vis–NIR absorbance spectra recorded on CuS NPs colloidal suspension (0.35 mM) prepared using different concentrations of PVP. 
Inset: normalized spectra of the samples.
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from TEM analysis (Fig. 1B), lead to quick sedimentation as visually 
observed. When PVP concentration was increased from 0.005 mM to 0.2 
mM the absorbance value increases gradually and the λmax was red 
shifted whereas when the PVP concentration was further increased to 2 
mM, a strong red shift was observed while the absorbance slightly 
decreased (Fig. 1D). Moreover, the width of the LSPR peak decreased 
when the PVP concentration increased from 0.005 mM to 0.02 mM and 
again increased for higher PVP concentrations. As evidence from TEM 
analysis the particles prepared without PVP and 0.005 mM PVP were 
bigger in size and tended to aggregate. Since the peak width is related to 
particles monodispersity [60,61] and likely to particles aggregation 
state [62,63], the particles prepared at these conditions have broad and 
asymmetric LSPR profile. At the intermediate PVP concentration (0.01 
or 0.02 mM) the particles were more monodispersed hence shows the 
narrow and symmetric LSPR profile. When the PVP concentration was 
further increased, particles started to lose their monodispersity, but not 
colloidal stability, leading to slightly broader but symmetric LSPR pro
file. Moreover, the band gap value of the prepared CuS NPs calculated 
from the absorption spectra using Tauc plot (Fig. SI–5) showed that as 
the PVP concentration increased the band gap value slightly decreased 
from 2.40 eV for 0.01 mM to 2.28 eV for 2 mM PVP synthesized CuS NPs. 
These band gap values are within the range of values of previously re
ported covellite CuS nanostructured materials [32,59,64].

The increase of particle size can explain the differences observed in 
the LSPR maxima. It is already well-established that the red-shift in the 
NIR absorption band is due to the decrease in free carrier density in the 
covellite nanocrystals [30] that in turn depends on the particles size 
[32]. In the present case the free hole carrier density of each sample 
calculated by using Drude model [28,30] was found to be approximately 
equal to 5.0 × 1021, 4.1 × 1021 and 3.7 × 1021 free carrier/cm3 for 0.01, 
0.2 and 2 mM PVP-CuS NPs, respectively. However, we cannot exclude a 
partial effect due to a possible increase of PVP coating thickness on CuS 
NPs when the PVP concentration was increased, which would lead to an 
increase of the dielectric environment in the surrounding of the NPs and 
consequently red-shifts the LSPR maximum [65].

The LSPR spectra of CuS batches prepared by independent synthesis 
(Fig. SI–6) were almost overlapped demonstrating the high reproduc
ibility of the proposed method. The kinetic of formation of CuS NPs 
during the synthesis can be empirically measured by the time of change 
of the brown color that appears after the injection of the sulfide ions 
precursor into the typical green of covellite NPs. The appearance of the 
green color was almost immediately when the NPs were prepared 
without PVP while increasing PVP concentration the time proportion
ally increased. A comparison of the kinetics of formation at PVP con
centration of 0.01 and 2 mM evaluated by UV–vis–NIR 
spectrophotometry is reported as supplementary materials (Fig. SI–7).

PVP is used in the synthesis of transition metal chalcogenides since it 
acts as a capping agent, efficiently providing colloidal stability to the 
NPs [66]. Our data clearly demonstrate that PVP does not act only as 
stabilizer and capping agent, but it also plays a role in tailoring the 
particles size during the synthesis of CuS NPs, an effect that was reported 
previously for other nanomaterials like copper oxides [67,68] and zinc 
sulfide [69]. The fact that the kinetics of formation of NPs was slowed 
down as PVP concentration increased is a clear indication that the size 
growth is not driven by a confinement effect and that PVP kinetically 
control the crystal growth.

One possible explanation of the role of PVP may derive from the 
known ability of the polymer to act as a ligand for several metal ions 
including copper due to the presence of amide groups [70,71]. There
fore, PVP might act as reservoir of Cu2+ ions, kinetically controlling the 
ions availability. In the absence or at low concentration of PVP the high 
concentration of free Cu2+ ions induces the fast nucleation of a high 
number of NPs, while at high PVP concentration the number of nuclei 
formed is low since Cu2+ ions are not all available. During time, Cu2+

ions bound to PVP are released forming new layers on pre-formed 
nuclei, leading to the growth of particles. It is already well established 

that when inorganic particles nuclei are present, the system tends to 
evolve by growing up the already formed particles instead of forming 
new nuclei, especially when the precursor concentrations are low [72]. 
Moreover, similar kinds of behavior have been reported earlier for ZnS 
nanocrystal synthesized using PVP [69].

Overall, these results demonstrate that CuS NPs size and shape, and 
consequently plasmonic properties, can be modulated by PVP concen
tration without affecting the crystal structure.

3.2. Chemical stability of CuS NPs in aqueous media

As discussed in the introduction CuS NPs are poorly stable in aqueous 
media, thus limiting post-synthesis treatments. Albeit there is clear ev
idence that CuS NPs stability is highly sensitive to temperature and pH of 
the solution [73] a systematic investigation of their stability in wide 
range of pH is not available. With the aim of overcoming the CuS 
instability we investigate the effect of temperature and pH on the 
chemical stability of prepared CuS NPs, choosing 0.2 mM PVP-CuS NPs 
as model sample. The NPs were incubated in different conditions, and 
the degradation monitored by measuring changes of the amplitude of 
the plasmonic peak over time and by quantifying the release of Cu2+ ions 
using BCA test. The results are shown in Fig. 2.

CuS NPs were degraded in all the conditions tested but as expected, 
the degradation extent and the time was dependent by temperature and 
pH. In fact, while no variation in the absorbance and negligible amount 
of copper released was observed at 4 ◦C, a large variation in absorbance 
and a substantial release of copper ions was observed when the sample 
was stored at physiological temperature (37 ◦C). At this temperature, the 
degradation was rapid, and almost 60 % degradation occurred in 7 days 
of exposure (Fig. 2A). These results agree with data previously reported 
[73]. The effect of pH on the stability of CuS NPs is reported in Fig. 2B. 
As inferred by the absorbance of the plasmonic peak, particles incubated 
at extreme acidic and basic conditions were degraded at faster rate 
compared to intermediate pH conditions. A significant amount of 
degradation occurred already at 4 h of incubation time which high
lighted that particles had very poor stability at these extreme pH con
ditions. The loss of plasmonic absorbance of the CuS NPs incubated at 
different pH conditions over a period almost parallel with the Cu2+ ions 
release. Unexpectedly, CuS NPs incubated in phosphate saline buffer 
(PBS) at pH 7.4, and pH 11 (NaOH) showed low amount of Cu2+ ions 
released, likely because of the formation of insoluble species. In fact, we 
noticed the formation of a light-blue precipitate after 7 days of incu
bation at pH 7.4 in PBS and a black precipitate in the case of incubation 
at pH 11. The ATR-FTIR analysis of the precipitates (Fig. 2C) revealed 
the formation of copper phosphate in PBS, as inferred by the strong 
peaks at 1044 and 1135 cm− 1 attributed to P–O and P––O vibrations of 
phosphate group and the presence of two bands at 559 and 623 cm− 1 

attributed to the bending vibrations of bridging phosphorous such as 
O––P–O [74,75]. The precipitate formed at pH 11 was identified as Cu 
(OH)2 or mixture of CuO/Cu(OH)2 by the presence of intense peaks 
around 1646 cm− 1 and 1124 cm− 1 are ascribed to –OH bending vibra
tions combined with Cu atoms. The peaks at 610 and 501 cm− 1 are 
associated with stretching vibration of the Cu–O bonds in CuO and Cu 
(OH)2 [75]. Moreover, the strong peak at 3348 cm− 1 due to the 
stretching mode of the hydroxyl groups.

The results indicate that the dissolution of CuS particles is the major 
mechanism leading to the loss of the plasmonic properties.

3.3. Synthesis of CuS@C core-shell NPs

As discussed in the introduction, the application of a shell is a 
common strategy to control the degradation of NPs. In the present case 
amorphous carbon was identified as possible material for the shell. 
Among the different synthetic approaches to produce carbon nano
particles, the hydrothermal carbonization (HTC) of biomasses is the 
most simple and effective water-based method [76]. Using HTC method, 
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we previously synthesized carbon nanoparticles with high colloidal 
stability and good biocompatibility using glucose as a precursor [77,78]. 
A similar synthetic methodology was adapted here to generate a carbon 
shell on CuS NPs. The hydrothermal process was previously used by 
Zhang et al. to synthetize CuS@C core-shell nanoparticles [46]. How
ever, in that case, the plasmonic peak related to CuS NPs was lost during 
the synthesis. Based on our results, this was likely due to the instability 
of CuS NPs at high temperatures which is necessary for carbon shell 
formation. As strengthen our prediction, the CuS NPs treated by hy
drothermal heating at 190 ◦C for 3 h showed a complete loss of plas
monic peak (Fig. 3A).

The mechanism of covellite NPs degradation in aqueous environ
ment is complex and involves oxidative reactions. Since the first step of 
this process is the dissolution equilibrium of CuS into Cu+, S2− and S2

−

ions [79], we hypothesized that it could be inhibited by supplying 
additional copper or sulfur ions to the system. We therefore tested the 
stability of CuS NPs at 190 ◦C for 3h in the presence of 2 mM of Cu(NO3)2 
or 2 mM of Na2S. In the first case the absorbance spectra of the sus
pension after the reaction showed a small plasmonic peak, suggesting 
that only some plasmonic NPs remained (Fig. 3B). More efficacious was 
the addition of Na2S as inferred by the presence of the peak at 1015 nm 
(Fig. 3C). However, when the concentration of Na2S increased to 10 mM 
to further shift the dissolution equilibrium, we unexpectedly observed a 
substantial suppression of the plasmonic peak (Fig. 3C). This can be 
explained by the strong basic environment induced by the high con
centration of Na2S, as our previous test demonstrated the very poor 
stability of CuS NPs in basic pH condition (Fig. 2B). To avoid this effect, 
we selected L-cysteine as sulfur source. This molecule, previously used as 
sulfur source under hydrothermal condition for the synthesis of CuS NPs, 

was an ideal candidate as stabilizer since it is an amphoteric and 
non-toxic substance [80]. As shown in Fig. 3D we successfully prevented 
the CuS NPs dissolution by increasing the L-cysteine concentration up to 
3.8 mM. To the best of our knowledge this is the first time that an 
S-source was used to increase the stability of CuS NPs at high 
temperatures.

With the above understanding of the CuS NPs behavior under the 
hydrothermal treatment we repeated the reaction in the presence of 
glucose as carbon precursor. In this case, when the highest concentration 
of cysteine was used, a mud-like product was likely obtained due to the 
aggregation of the particles. By lowering the L-cysteine concentration to 
1 mM, we successfully obtained CuS@C NPs with good NIR absorbance 
(Fig. 4A). We also observed a red-shift in the LSPR λmax of the CuS@C 
NPs to 1118 nm, an effect likely due to the change of refractive index at 
the particle surface induced by the carbon shell [65]. The width of the 
plasmonic peak slightly increased after the treatment, an effect that can 
be due to a partial aggregation of the particles. To increase their mon
odispersity, a small amount of PVP (0.01 mM) was added into the so
lution before the hydrothermal treatment. In this case the peak became 
narrower, and the intensity increased together with a blue shift 
(λmax=1072 nm), demonstrating the efficacy of the PVP addition.

The XRD pattern of the optimized product (Fig. 4B) clearly indicated 
that the CuS@C NPs retained their CuS covellite structure. Moreover, 
the CuS@C NPs sample showed more intense and resolved XRD peaks 
compared to the precursor CuS NPs, which might be due to an increase 
of crystallites size. TEM analysis of the optimized CuS@C (Fig. 4C) 
revealed that the amorphous carbon was perfectly coated on the surface 
of CuS NPs. All the particles were encapsulated into a carbon shell with 
thickness of 6.1 ± 1.3 nm. The mean size and the standard deviation of 

Fig. 2. Chemical Stability of 0.2 mM PVP-CuS NPs in different conditions. (A) UV–vis–NIR absorption spectra of CuS NPs suspension incubated at 4 ◦C or 37 ◦C 
for 7 days (pH 6.0). Inset: Amount of copper released evaluated by BCA test and expressed as % by respect to the initial concentration (B) Top panel: Absorbance 
value of plasmonic peak at different time points measured on the CuS NPs suspensions incubated at different pH (37 ◦C); pH 7.4 was obtained by using PBS (10 mM); 
Bottom panel: Amount of copper released evaluated by BCA test and expressed as % by respect to the initial concentration (C) ATR-FTIR spectra of precipitated 
powder formed by incubation of CuS NPs in (i) PBS solution and (ii) NaOH solution. Inset: images of the dried precipitated powders.
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the distribution of CuS@C NPs was found to be 25.9 ± 10.9 nm with the 
CuS core of 14.4 ± 10.0 nm (Fig. 4C inset). These results highlight that 
during the coating process the size of CuS NP slightly increased, likely 
following a partial precursor-particles dissolution and re-formation, an 
Ostwald ripening-like process. The ζ potential measured at similar pH 
and conductivity by ELS (Fig. 4D) was shifted from the neutral value of 
the PVP coated CuS NPs (− 1.4 ± 0.5 mV) to a value of − 24.6 ± 1.1 mV, 
suggesting the presence of a negative charge at the surface. The negative 
charge likely derives by the dissociation of carboxylic groups, since 
these functionalities are typical of carbon nanoparticles produced by the 
hydrothermal method [81]. The mean hydrodynamic diameter of the 
CuS@C NPs in water measured by dynamic light scattering was found to 
be 43 ± 14 nm (Fig. SI–9A), compatible with the mean geometrical 
diameter measured by TEM. Since DLS is known to overestimate large 
particles due to their higher intensity of the scattered light, the value 
indicates the absence of large particles or aggregates [82]. The LSPR 
spectra and DLS measurements of four CuS@C batches prepared by in
dependent synthesis (Figure SI-9B, C) were almost overlapped demon
strating the high reproducibility of the proposed method. As expected 
from our previous study [81], increasing the amount of glucose to 20 
mg/mL leads to an increase of the carbon shell thickness to 16.9 ± 2.4 
nm. However, particles were found to aggregate as inferred by TEM 
analysis (Fig. SI–10). Note that a one-pot synthesis methodology by 
putting all the precursor together in the autoclave ends up with plas
monically inactive materials, indicating that precursor CuS NPs are 
needed in the developed procedure.

3.4. Photothermal property of CuS and CuS@C NPs

The strong LSPR absorption of as-synthesized CuS and CuS@C NPs in 
the NIR region motivates us to investigate their potential in photo- 
thermal conversion using a 915 nm laser. The temperature changes of 
the aqueous dispersion containing CuS or CuS@C NPs under the irra
diation of 915 nm laser with a power density of 650 mW/cm2 were 
recorded as a function of time under continuous irradiation until steady 
state temperature was reached, as shown in Fig. 5A. The concentrations 
were adjusted to have the same amount of CuS (100 μg/mL). The tem
perature of the aqueous dispersion containing CuS NPs rapidly 
increased, reaching 43.5 ◦C in 5 min (ΔT = 6.5 ◦C) and attained the 
highest temperature of 45.1 ◦C (ΔT = 8.1 ◦C) under continues irradia
tion for 15 min. CuS@C NPs appeared even more efficient, reaching 
44.1 ◦C in 5 min (ΔT = 7.1 ◦C) and attaining the highest temperature of 
46.0 ◦C (ΔT = 8.95 ◦C) under continues irradiation for 15 min. This 
temperature elevation, achieved by irradiation with conservative and 
safe low power density, is more than sufficient to induce the hyper
thermia and cell death. Note that when pure water was irradiated, an 
increase of 1.2 ◦C was observed. The photothermal conversion efficiency 
(PCE) of CuS and CuS@C NPs were calculated using the method re
ported by Zhang et al. [51] (for detail calculation, see the experimental 
section and SI). The PCE of the CuS was found to be 50 %, noticeably 
higher than previously reported for CuS NPs like Pillararene-Capped CuS 
(34 %) [83] and cysteine capped CuS NPs (38 %) [84]. This high effi
ciency could be ascribed to high NIR absorbance and low light scat
tering, as a consequence of the high monodispersity, small size and 
absence of aggregation of prepared CuS NPs. However, the measured 

Fig. 3. Stability of CuS NPs during hydrothermal treatment. UV–vis–NIR absorbance spectra of 0.7 mM CuS NPs (0.2 mM PVP-CuS) under hydrothermal 
treatment at 190 ◦C for 3 h in various conditions (A) without any addition (B) with 2 mM of Cu(NO3)2 (C) with different concentration of Na2S and (D) with different 
concentration of L-Cysteine (spectra were recorded using CuS colloidal solution diluted by water in 1:1 ratio).
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PCE values of 50 % is in line with that recently reported for PVP capped 
CuS NPs (51 %) [43] or chitosan functionalized CuS NPs (47 %) [85].

The PCE value for CuS@C NPs was found to be 52 %, much higher 
than reported for CuS NPs coated with inorganic material such as mes
oporous silica (29.5 %) [86], or silica (31.2 %) [87]. The higher PCE 
value of the prepared CuS@C NPs may be due to their narrower NIR 
absorption spectra compared to those of the above mentioned 

silica-coated CuS NPs, ascribable to a less agglomerated and more 
monodisperse nature of the CuS core and the composite presented here.

The observed slightly higher PCE of CuS@C by respect to its CuS 
precursor could be attributed to a possible contribution of the carbon 
shell to photoconversion [81]. Note that CuS@C are predicted to have 
even more efficiency when a laser in the II therapeutic window would be 
used as its λmax has red shifted to 1074 nm [88,89].

Fig. 4. Physicochemical properties of CuS@C NPs. (A) UV–vis–NIR absorbance spectra of CuS NPs (0.7 mM) after hydrothermal treatment in different conditions 
compared with pristine CuS NPs (black line): 5 mg/mL of glucose (violet); 5 mg/mL of glucose and 1 mM of L-Cysteine (green); 5 mg/mL of glucose, 1 mM of L- 
cysteine and 0.01 mM of PVP (red) (all spectra were recorded using NPs colloidal solution diluted by water in 1:1 ratio). (B) XRD pattern of CuS@C NPs compared 
with 0.01 mM PVP-CuS NPs (C) TEM images of CuS@C NPs; Inset: Size distribution histogram of the CuS cores (black) and CuS@C particles (grey); SD: standard 
deviation related to the width of the distribution; counts: number of particles measured on the TEM images. (D) ζ potential values measured for of 0.01 mM PVP-CuS 
NPs and CuS@C NPs.

Fig. 5. Photothermal property of CuS and CuS@C NPs: (A) Temperature profile up to 2200 s of CuS and CuS@C NPs aqueous suspensions (CuS 100 μg/mL) 
irradiated by 915 nm laser light with power of 650 mW/cm2. Irradiation was performed until steady state temperature followed by natural cooling with laser light 
turned off (B) Photothermal stability test of CuS@C NPs with laser power 2360 mW/cm2.
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Another important property needed for PTA applicability is photo
thermal stability, to ensure that they can maintain their PCE under high 
intensity illumination. Photothermal stability is particularly relevant for 
molecular PTA, or for inorganic PTA coated with organic compounds. 
For example, the applicability of the FDA-approved organic PTA com
pound indocyanine green is known to be limited by rapid photo
degradation [90]. However, also some nanostructured inorganic PTA 

like Au nanorods, which have excellent photothermal conversion effi
ciency, can present photostability problems after prolonged exposure to 
laser light [91]. The photothermal stability of the CuS@C NPs was tested 
using the 915 nm NIR laser at high power irradiation (2360 mW/cm2) 
for 5 min (laser on) and followed by naturally cooling down to room 
temperature without laser irradiation (laser off) for three cycles 
(Fig. 5B). The particles exhibited robust performance even after 

Fig. 6. Reactivity and stability of CuS and CuS@C in simulated physio-pathological conditions: (A) Variation of NIR absorption of CuS and CuS@C NPs 
incubated in cell culture media at 37 ◦C; (B) copper ions released by CuS NPs and CuS@C NPs incubated at pH 4.5 and in cell culture media at 37 ◦C; (C) Hydroxyl 
radical generation by CuS and CuS@C NPs in the presence of 40 mM H2O2 and 177 mM DMPO in PBS 10 mM, pH 7.4; (D) Hydroxyl radical generation by Cu2+ ions 
released by CuS and CuS@C NPs incubated at 37 ◦C for 24h or at room temperature for 1h in presence of 40 mM H2O2. Variation of NIR absorption of CuS and 
CuS@C NPs in presence of (E) 40 mM and (F) 1 mM H2O2 over time. Experimental data were fitted with two-phase exponential decay function. R2: CuS 40 mM - 
0.9999; CuS@C 40 mM - 0.9986; CuS 1 mM - 0.9982; CuS@C 1 mM - 0.9980).
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undergoing three cycles of heating reaching 56 ◦C, affirming their su
perior performance as PTT agent.

3.5. Effect of the carbon shell on stability and reactivity of CuS in 
simulated physio-pathological conditions

The effective capacity of the carbon shell to control the stability and 
the biological reactivity of the CuS core was evaluated at 37 ◦C in so
lutions simulating the physiological fluids. Cell culture media (CCM) 
with the addition of Foetal Bovine Serum (FBS) was used as solution 
similar to plasma, and phosphate buffer (PB) at pH 4.5 to simulate the 
pH found in lysosomes of healthy cells and in the tumor 
microenvironment.

CuS and CuS@C NPs were incubated in the CCM or in PB at pH 4.5 up 
to 7 days and the variation of the plasmonic peak and the release of Cu2+

ions during time measured (Fig. 6 A&B). For both samples the extent of 
Cu2+ ions released had a trend similar to the loss of LSPR absorption of 
NPs. However, the process was significantly reduced by the carbon shell. 
CuS NPs incubated in CCM released 21 % of Cu2+ ions in 24 h and 48 % 
in 7 days, while CuS@C released only the 9 % and 28 %, respectively. 
Similarly, at pH 4.5 the copper ions released by CuS NPs was 11 % in 24 
h and 38 % in 7 days while in the case of CuS@C NPs it was 5 % and 19 
%, respectively. The results prove the ability of carbon shell to control 
the copper ions release without completely inhibit the dissolution of 
NPs, likely because of some porosity of the carbon shell.

The colloidal suspensions of CuS@C NPs stored at 4 ◦C shows a very 
good stability up to 1 week. After that it slowly starts degrading losing 
around 4 % after 2 weeks and 12 % after 4 weeks, as inferred by vis-NIR 
spectra (Fig. SI–13).

Hydrogen peroxide is a long living ROS naturally produced by the 
enzyme superoxide dismutase (SOD) in cells. Its concentration is low in 
healthy cells, but high in the lysosomes of phagocytic cells, the most 
important components of the innate immune system [92], and in tumor 
microenvironment [93]. CuS NPs are well known Fenton-like catalysts 
[94]. In the presence of hydrogen peroxide they generate hydroxyl 
radicals by following Cu+/Cu2+ redox cycling. The generation of ROS 
and the release of copper ions make CuS NPs a bio-reactive material, 
able to interfere with the redox homeostasis of cells. When produced in 
high amount, these species can induce cell death by different pathways 
included immunogenic cell death [40]. Note that copper-based NPs were 
shown to be able to reduce the immune response [95,96].

The Fenton-like reactivity of CuS and CuS@C NPs was studied by 
EPR spectroscopy. The EPR spectra recorded for CuS and CuS@C in the 
presence of hydrogen peroxide and the spin trap DMPO are shown in 
Fig. 6C. For both materials the typical signal of the DMPO/OH. adduct 
was observed (intensity 1:2:2:1, aN = aH = 14.5 G) with no significant 
difference between the two materials. This suggests that the shell does 
not inhibit the reaction of H2O2 with the surface, or with free copper 
ions. In fact, as already observed in Fig. 6A and B, the carbon shell slows 
down but does not completely inhibit the dissolution of CuS. To inves
tigate the role of free ions, the Fenton-like activity has been measured on 
the supernatant of freshly purified CuS and CuS@C NPs, and after their 
incubation at 37 ◦C for 24h (Fig. 6D). While the first supernatant was not 
reactive, after 24 h of incubation at physiological temperature an intense 
signal was observed with the supernatant of both materials, in agree
ment with the kinetics of release of the ions (Fig. 6B). To investigate the 
role of H2O2 in the dissolution of CuS NPs, we also investigate the 
generation of hydroxyl radical from H2O2 on the supernatant obtained 
following incubation of the NPs for 1 h with H2O2 at the concentration 
used in the EPR experiments (40 mM). In this case, a signal was observed 
for both materials, indicating that H2O2 increases the reactivity of both 
materials promoting the release of copper ions. To confirm this, the 
plasmonic band of CuS and CuS@C NPs in the presence of different 
concentrations of hydrogen peroxide was measured (Fig. 6E and F). The 
data clearly show that hydrogen peroxide largely affects the stability of 
both materials, in a concentration-dependent way. In fact, while at very 

high concentration (40 mM) CuS and CuS@C were almost totally 
degraded after 30 min at a similar extent, at concentration closer to that 
found in cells (1 mM), CuS@C NPs appear more stable than CuS NPs. 
This suggests that the carbon shell might contain the reactivity in 
healthy cells leaving unaltered the cytotoxic potential in tumors. To 
confirm that hydroxyl radicals generated by CuS and CuS@C NPs were 
due to a Fenton-like reaction, the EPR spectra were also recorded in the 
absence of H2O2 (Fig. SI–15). In this case no signal was observed.

3.6. Effect of the carbon shell on the cytotoxicity toward mesenchymal 
stem cells

MSCs are multipotent stromal cells capable of differentiating into 
various cell types and are widely used in biomedical research, including 
drug delivery, tissue engineering, and in the development of novel 
therapeutic approaches [97–100]. MSCs are a suitable model for acute 
drug toxicity screening of substances [101]. They are human primary 
cell cultures that exhibit a longer in vitro propagation by respect to other 
primary cells making them a more reliable model compared to immor
talized or transformed cell lines. Here, CuS NPs and CuS@C NPs have 
been tested for their effect on MSCs viability as preliminary test to assess 
their cytotoxicity.

The analysis of cell metabolic activity and related viability after 24 h 
and 48 h of exposure to various concentrations of CuS NPs (left panels) 
and CuS@C NPs (right panels) is reported in Fig. 7. After 24-h exposure, 
no significant differences in cell viability were observed at any con
centration of CuS or CuS@C compared to the viability control. This 
indicated that short-term exposure to both NPs formulations did not 
significantly alter mitochondrial/metabolic activity at the tested con
centrations. Conversely, after 48 h of exposure significant differences 
emerged depending on the NPs type and concentration. At low con
centrations of CuS NPs (0.23–0.46 μg/mL), no significant changes in 
viability were observed compared to the control. At intermediate con
centrations (from 0.8 μg/mL to 6.25 μg/mL), a significant increase in 
metabolic activity was observed, as indicated by one, two, or three as
terisks denoting statistical significance (p < 0.05). This effect suggests a 
potential stimulatory effect of CuS NPs at these concentrations. At high 
concentrations (50, 100 μg/mL), a marked reduction in metabolic ac
tivity was detected (p < 0.01 and p < 0.001), likely associated with 
cytotoxicity and cell death, as also supported by optical microscopy 
images showing signs of cellular damage (Fig. SI–16).

In the case of CuS@C NPs (0.23–1.6 μg/mL), the metabolic activity 
remains fundamentally unaltered. At intermediate concentrations 
(3.1–12.5 μg/mL), a reduction in metabolic activity was observed (p <
0.05), correlating with cytotoxicity evident from optical microscopy 
images, which showed morphological signs of cell damage (Fig. SI–16). 
At high concentrations (25–100 μg/mL), a pronounced cytotoxic effect 
was observed (p < 0.01 and p < 0.001), consistent with decreased 
metabolic activity and visible cell death observed at the microscope.

These findings suggest a differential, time-dependent, and 
concentration-dependent response of MSCs to CuS and CuS@C NPs. 
While neither NP formulations affect viability after 24 h, significant 
effects were observed after prolonged exposure. Moreover, while CuS 
NPs induced an increased metabolic activity at intermediate concen
trations and cytotoxic effects at the highest concentrations, CuS@C NPs 
exhibited a reduction in metabolic activity at intermediate concentra
tions and stronger cytotoxicity at high doses. The pro-proliferative effect 
of CuS at low doses agrees with a previous study on MSCs showing a 
similar trend for copper ions [102]. Copper ions are known to be 
involved in cell proliferation, respiration and redox homeostasis being a 
cofactor for various copper-dependent enzymes [103,104]. The absence 
of a pro-proliferative effect for CuS@C is likely due to the lower rate of 
dissolution of the CuS core. At high doses both NPs induce significant 
cytotoxicity, likely due to NPs uptake, and consequent intracellular 
release of copper ions, which are known to induce cell death by a 
peculiar mechanism called cuproptosis that follows intracellular copper 
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accumulation [103,104].

4. Conclusion

The novel synthetic approach herein presented allowed to synthesize 
colloidal CuS@C core-shell NPs with enhanced and narrow LSPR profile, 
high heat conversion efficiency of NIR light and superior photostability 
by using water as solvent. The carbon shell significantly improved the 
stability of CuS NPs in simulated biological conditions, and inhibited the 
proliferative effect of CuS, keeping unaltered the cytotoxic potential, 
thus increasing the potential of covellite as agent for systemic admin
istration in solid tumors therapy. Further in vitro and in vivo studies will 
be necessary to validate the efficacy and the safety of CuS@C NPs 
following activation with NIR light.
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Fig. 7. Cell Viability Analysis of MSCs Exposed to CuS and CuS@C Nanoparticles for 24 and 48 Hours: The figure illustrates the effects of CuS NPs (left panels) 
and CuS@C NPs (right panels) on the viability of MSCs after 24 h (A, B) and 48 h (C, D) of exposure at concentrations ranging from 0.23 μg/mL to 100 μg/mL 
representing the means with standard deviations from three independent experiments. After 24 h of exposure to various concentrations of CuS NPs (A) and CuS@C 
NPs (B), respectively, no significant differences in cell viability are observed between the tested different concentrations and the viability control condition. In 
contrast, the bottom panels (48-h analysis) reveal significant differences in cell viability between specific concentrations of CuS NPs (C) and CuS@C NPs (D) 
compared to the viability control. These differences are indicated by statistical significance symbols (*, **, ***), corresponding to p < 0.05, p < 0.01, and p < 0.001, 
respectively. “Live Ctrl” represents the viability control, where untreated cells are set at 100 % viability in the normalization process. “Dead Ctrl” represents the 
mortality control, where cells were treated with Triton X-100 and set at 0 % viability. The viability of MSCs exposed to CuS and CuS@C NPs at different concen
trations is expressed as a percentage relative to the Live Ctrl."
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