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ABSTRACT

Copper sulfide (CuS) nanoparticles have garnered significant interest due to their unique structural, optical, and
biological properties, making them promising candidates for cancer therapy. This work systematically examines
how strontium incorporation influences the structural properties, optical behavior, and anticancer activity of cop-
per sulfide nanoparticles for potential lung cancer therapeutics. Using the co-precipitation approach, Sr-doped
CuS nanoparticles with different Sr concentrations were produced. Characterization techniques, including XRD,
TEM, and UV-VIS-NIR spectroscopy, were employed to analyze their physicochemical properties. The results
indicate that Sr doping enhances crystallinity, modifies the bandgap, and influences optical conductivity. Cytotox-
icity analysis using MTT assays on A549 lung cancer cells demonstrated that Sr-doped CuS nanoparticles exhibit
enhanced anticancer activity compared to pure CuS. The 2.5% Sr-doped sample showed the most significant
reduction in cell viability. These findings suggest that Sr-doped CuS nanoparticles are promising candidates for
biomedical applications. However, further studies are needed to assess their photothermal and photodynamic

effects under controlled light exposure.
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1. INTRODUCTION

CuS nanoparticles have garnered considerable research atten-
tion owing to their distinctive physicochemical characteristics
and versatile applications in diverse domains, such as op-
toelectronics, photocatalysis, and biomedical technologies.
These nanoparticles exhibit p-type semiconductor behavior,
with low resistivity, high absorption coefficients, and excel-
lent charge transport properties [1]. Their low cytotoxicity
and cost-effectiveness further enhance their potential for
biomedical applications [2]. Among the various modifica-
tion strategies, controlled elemental doping has emerged
as a powerful approach to tailor the properties of semi-
conductor nanomaterials for specific applications [3]. In
biomedical applications, CuS nanoparticles show promise for
cancer therapy because of their strong NIR absorption and
photothermal conversion capabilities [4]. This potential is
especially relevant for lung cancer treatment, where current

therapies face challenges including late detection, tumor
heterogeneity, and treatment resistance [5, 6].

Strontium (Sr) has been successfully employed as a
dopant to modify the properties of various semiconductors
including BiFeO3, CdS, and ZnO for numerous applications
[7]. However, despite the biological compatibility of Sr>*
and its ability to modulate cellular responses [8-10], its
specific effects on CuS nanoparticles remain unexplored..
This study hypothesizes that Sr?* doping will (1) improve
CuS crystallinity through ionic size matching, (2) tune the
optical properties for optical applications, and (3) increase
selective cytotoxicity against lung cancer cells. We tested
these hypotheses through the systematic synthesis of Sr-
doped CuS nanoparticles via co-precipitation, followed by
comprehensive characterization of their structural (XRD,
TEM), optical (UV-VIS-NIR), and biological (MTT assays)
properties. Our work provides the first demonstration of
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the Sr®* doping simultaneously optimization of the physi-
cal properties and anti-cancer activity of CuS nanoparticles
against human lung cancer cells.

2. EXPERIMENTAL TECHNIQUES
2.1. MATERIALS

The materials used for synthesizing the nanoparticles in-
cluded sodium sulfide hydrate (NaxS, HIMEDIA, > 65%),
strontium chloride hexahydrate (SrCj - 6H20, Fluka, >
97%), and copper chloride dihydrate (CuCj, - 2H,0, Sigma
Aldrich, > %99). Analytical -grade reagents were employed
without further purification, and distilled water was used as
the reaction medium.

2.2. SAMPLE PREPARATION

A co-precipitation method was employed to create Cuy_xSryS
nanoparticles with varying compositions (x = 0.00, 0.025,
0.05, 0.075, and 0.1). Copper chloride and strontium chlo-
ride, each at a concentration of 2 M, were combined in
distilled water to form a green solution. Concurrently, a 2
M sodium sulfide hydrate solution was prepared. The pre-
cursor solution was treated by dropwise addition of aqueous
sodium sulfide under continuous stirring (1 h, 25°C), after
which the reaction mixture was aged for two hours. No
external pH adjustment was applied during synthesis, and
the reaction proceeded at the natural pH of the solution.
The synthesized precipitate was vacuum-filtered, purified
via sequential solvent washing (deionized water — ethanol),
dried at 100°C, and ground for characterization. Fig. 1
shows a clear flowchart of the production of Sr-doped CuS
nanoparticles.

® ©

2 M Na,S into 25 ml 2 M CuCl,  into 10 ml srcl
2
Dropwise l

Stirring well for 1 h

Aging for2 h

PureCuS and Sr doped
filtering and washing

Drying and grinding

Figure 1. Flowchart of the production of pure and Sr-doped
CuS NPs

2.3. CHARACTERIZATION

The synthesized CuS nanoparticles were characterized us-
ing several analytical techniques. X-ray diffraction (XRD)
patterns were recorded using an XD-2 X-ray diffractometer
equipped with CuK,, radiation (A = 1.54 A), operating at

36 kV and 20 mA. Elemental analysis was performed via
TXRF (XRF, S8 TIGER, Germany) at the Yemeni Geolog-
ical Survey and Minerals Resources Board to quantify the
sample compositions. High-resolution transmission electron
microscopy at high resolution (HR-TEM) was performed
with a field-emission JEOL JEM-2100 system, followed by
digital image analysis using ImagelJ. For optical property
analysis, UV=VIS—NIR spectra were obtained in the diffuse
reflectance mode, using a JASCO V-570 spectrophotometer
equipped with an integrating sphere.

2.4. CELL LINE

The A549 human lung adenocarcinoma cells were obtained
from the American Type Culture Collection (ATCC) and
maintained in Dulbecco’s Modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 0.1 mg/mL streptomycin. The cells
were then incubated at 37°C in a humidified incubator with

5% CO».

2.5. IN ViTRO CyTOTOXICITY

Cell viability of Ab49 cells was determined using the MTT
assay, which is a widely used colorimetric method for quan-
tifying viable cells. The principle involves reduction of
the yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) by mitochondrial dehydroge-
nases in metabolically active cells, producing insoluble purple
formazan crystals. These crystals were then dissolved using
dimethyl sulfoxide (DMSO) to, yielding a colored solution.
The absorbance of this solution was measured between 500
and 600 nm, and the reduction in absorbance correlated
with the percentage of cell inhibition [11].

After culturing for 24 h at a density of 2-2.5x10* cells/well
in a 96-well tissue culture plate with 180 uL of complete
growth medium per well, the cells were treated with 20 uL of
the test item. The drug stock solutions were prepared using
DMSO. All compounds were synthesized at eight different
concentrations (300, 100, 30, 10, 3, 1, 0.3, and 0.1 ug/ml)
in the growth medium. The cells were then treated for 72 h.

Next, a newly prepared MTT salt (5 mg/ml; Sigma) was
added to each well. An equivalent volume of 200 uL DMSO
was added to each well after the MTT solution was care-
fully removed, and the wells were shaken for 60 min. Cell
proliferation was quantified by measuring absorbance at 590
nm using a Thermo Scientific Multiskan® EX microplate
reader (USA). The experiment was conducted in duplicate.
Nonlinear fitting of the dose-response curve and GraphPad
Prism (8) were used to determine the ICsy values. DMSO
(0.01%) was used as a vehicle-only control in the MTT
assay. The results are reported as the mean £+ SD of three
independent experiments, each performed in triplicate. All
cell treatments and MTT assays were conducted under stan-
dard cell -culture conditions and ambient laboratory lighting.
No external light or NIR irradiation was applied during the
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72-h treatment period or subsequent viability measurements,
ensuring that the observed cytotoxicity reflects the nanoparti-
cles’ inherent effects rather than light-activated mechanisms.
The MTT assay and ICsg analysis were performed by an
external laboratory in Egypt. Although GraphPad Prism
(8) was used to fit ICsg curves, complete statistical analysis
outputs such as ANOVA tables and post-hoc test results
were not available due to the outsourcing of cytotoxicity
testing. This is acknowledged as a limitation of this study.

3. RESULTS AND DISCUSSION
3.1. STRUCTURAL PROPERTIES

X-ray diffraction (XRD) patterns of Sr-doped CuS nanopar-
ticles with different Sr concentrations (2.5, 5, 7.5, and
10%) and pure CuS nanoparticles are shown in Fig. 2.
The prominent peaks are indexed with Miller indices (e.g.,
101, 102, 006, 110), which confirm the presence of a CuS
crystalline structure with a hexagonal phase. These find-
ings matched the standard hexagonal covellite CuS pattern
(JCPDS 06-0464). A minor peak labeled as "#" appears in
some Sr-doped samples at about 2 # =25.5°, this angle

corresponded to the JCPDS card number 08-0489 for SrS.
This suggests that at higher concentrations, some Sr atoms
may not fully integrate into the CuS lattice and instead
form a separate SrS phase. The pure CuS sample shows
well-defined peaks without the SrS, confirming the purity
of the sample. These peaks align closely across all samples,
indicating that the introduction of Sr does not significantly
alter the fundamental CuS crystalline structure. However,
slight shifts in peak positions may reflect lattice changes
due to Sr incorporation [12].

The intensities of the peaks decreased slightly with in-
creasing Sr doping. This could suggest a decrease in crys-
tallinity or an increase in defects as more Sr was incorporated.
Reduced crystallinity often results in a lower peak intensity.
As Sr doping increases, the slight shifts and intensity changes
suggest that Sr was successfully doped into the CuS lattice
[13]. By using Scherrer’'s formula (Eq. 1), the crystallite
sizes of the produced samples were determined [14]:

0.9X

B CoS 0 (1)

Where D is the= crystallite size (nm), 3 is the Peak
width at half-maximum intensity, A 0.154 nm (characteristic
X-ray), and 6 is the Angle (°degree).

The crystallite sizes of the samples are listed in Table
1. As can be seen, the crystallite size remained relatively
close to the value for the undoped sample, with only slight
increases or decreases across different doping levels. At 7.5%
Sr doping, the crystallite size reaches a peak value (16.04

D=

nm), suggesting that this concentration may allow Sr ions
to better integrate into the CuS lattice, possibly causing
a slight lattice expansion. For 10% Sr, the crystallite size
slightly decreased again, which may indicate the formation
of Sr-related defects or strain in the lattice as more Sr
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Figure 2. XRD patterns of pure and Sr-doped CuS nanoparticles.
Peaks are indexed according to hexagonal covellite CuS (JCPDS
06-0464).

atoms entered the structure. Doping often introduces strain
or imperfections, which can cause minor changes in the
crystallite size. Here, the limited changes in crystallite size
imply that low- to- moderate levels of Sr doping can be
achieved without significantly disrupting the CuS lattice.

The lattice parameters a and c provide valuable informa-
tion about the structural modifications induced by Sr doping
in the CuS nanoparticles. For a hexagonal-phase structure,
the lattice parameters a, b, and ¢ were computed from the
dominant (hkl) diffraction peak for all prepared specimens
using the following relationship [15]:

1 4 [h24 hk+ k2 12
_{H]Jr

Z 3 5 =z (2)

The obtained values are listed in Table 1. The value
slightly decreases as Sr doping increases, reaching its lowest
value at 10% Sr doping (16.22 A). Sr>* (ionic radius = 1.18
A) is larger than Cu®* (0.73 A) [16], so Sr incorporation
would typically expand the lattice. However, the observed
decrease in "a" suggests that Sr atoms replaced Cu sites
while introducing internal strain, which led to lattice con-
traction rather than expansion. This could be due to Sr2*
the forming of stronger bonds with S%* compared to Cu®t,
pulling the surrounding atoms closer and decreasing the
lattice spacing. The lattice contraction rather than expan-
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sion agrees with published papers for other materials, such
as Sr” doped ZnO [17]. The c value remained relatively
stable across the different Sr doping levels, fluctuating only
slightly. Because Sr replaces Cu primarily within the same
crystallographic plane, the c-axis remains mostly unchanged.
Any slight variation in ¢ could be due to local strain effects
rather than significant structural reorganization.

Table 1. Crystallographic characteristics of prepared samples
including crystallite size, 20 values, FWHM, and lattice parame-

ters.

Lattice constant

The a | o] 2 FWHM

prepare nm
samples (degree) (degree)| a (A) | c(A)
Pure 15.15 | 48.39 0.575 16.37 3.7552
Sr: 15.67 | 48.46 0.556 16.25 3.7552
CuS(2.5%
Sr: 15.15 | 48.42 0.575 16.38 3.7538
CuS(5%)
Sr: 16.04 | 48.45 0.543 16.29 3.7566
CuS(7.5%
Sr: 15.39 | 48.46 0.566 16.22 3.7538
CuS(10%)

3.2. TOTAL REFLECTION X-RAY FLUORES-
CENCE

Total Reflection X-ray Fluorescence (TXRF) spectroscopy
was employed to verify the incorporation of dopants into the
synthesized samples. The analysis confirmed the successful
integration of Sr in all the doped specimens, as evidenced by
the characteristic Sr emission peaks. The quantitative ele-
mental composition data for Cu, sulfur, and Sr are presented
in Table 2.

Table 2. TXRF-derived elemental concentrations in pristine and
Sr-doped CuS nanoparticles

Samples | Pure 25% | 5% 7.5% | 10%
Sr Sr Sr Sr

Cu, % 56.25 | 52.61 | 46.89 | 47.02 | 48.05
S, % 4439 | 4551 | 46.48 | 45.31 | 45.15
Sr, % - 1.51 6.24 7.33 6.45

Cl, P, Ca | 0.36 0.37 0.39 0.34 0.35
(traces),
%

3.3. TEM ANALYSIS

The TEM images and the particle size distribution his-
tograms of the prepared nanoparticles are shown Fig. 3.
and Fig. 4 provide valuable insights into the morphology
and size of the prepared nanoparticles: for pure CuS, the
particle sizes are with an average close to 16.67 nm. The
nanoparticles exhibited irregular, aggregated structures, and
their morphology suggested the absence of doping-induced
strain or anisotropy.

For 2.5% Sr-doped CuS, the particle sizes was 16.27
nm. The smaller dimensions compared to those of pure
CuS suggest that low-level Sr doping might reduce particle
growth, likely due to the slight lattice strain.

The particles remained aggregated but showed slightly
improved dispersion compared to that of the pure sample.
For the 5% Sr-doped CuS, the particle size was 16.20 nm,
indicating a further reduction in size with increased Sr dop-
ing. The improved dispersion was visible, although some
aggregation remained. The morphology shows evidence of
strain-induced modifications.

The 7.5% Sr-doped CuS particles were elongated and
exhibited a rod-like structure. The sizes are more variable,
with dimension of 17.32 nm. The measured aspect ratios
of 7.5% Sr-doped CuS revealed an average of 3.33 £ 0.99,
confirming the anisotropic (rod-like) nature of the particles
at this doping level. This suggests anisotropic growth due to
doping-induced strain, which is consistent with the changes
observed in the XRD and optical properties.

For 10% Sr-doped CuS, the particle size wais 16.46 nm,
showing a slight decrease compared to that of 7.5% Sr-doped
CuS. Aggregation is more pronounced, possibly because of
an increase in surface energy [18].

3.4. OPTICAL PROPERTIES

3.4.1. The diffuse reflectance

The diffuse reflectance spectra of pure and Sr-doped CuS
nanoparticles are shown in Fig. 5. The reflectance (R)
decreased gradually with increasing wavelength (400-800
nm), indicating enhanced light absorption in the visible to
near-infrared (NIR) range. This trend is consistent with
the semiconducting nature of CuS, which exhibits strong
absorption owing to its narrow bandgap. The reflectance
values systematically increased at higher Sr doping concen-
trations in the CuS nanoparticles, demonstrating a clear
doping-dependent optical response.

3.4.2. Band gap energy (Ey)

2
The Kubelka—Munk function F'(R) = (1;]];) was employed

to convert reflectance (R) into absorption-equivalent val-

ues, which is mathematically proportional to the absorption
coefficient («) for scattering-dominant samples. The Tauc
equation was used to estimate the band gap energy (Eg)
[19]:
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Figure 4. Particle size distribution histograms for pure and

Figure 3. TEM images of pure and Sr-doped CuS nanoparticles.

Sr-doped CuS nanoparticles measured from TEM images using

Each image includes a scale bar of 100 nm.
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Figure 5. UV-VIS-NIR diffuse reflectance spectra (R) of pure
and Sr-doped CuS nanoparticles with different Sr doping con-
centrations (2.5%, 5%, 7.5%, and 10%).

(F(R)E) = A(E - Eg)" 3)

F(R) represents the absorption coefficient «; for the
permitted direct transition, n equals 1/2, E4 is the band gap
energy of CuS, B is a constant, and F is the input photon
energy. Extrapolating the linear part of (aE)? against E
plots to the x-axis yields an energy gap.

Fig. 6 shows the optical bandgap (Eg) of the prepared
nanoparticles, calculated using Tauc's plot (F(R)E)? versus
photon energy (E). The measured bandgaps of the prepared
nanoparticles are listed in Table 3.

As can be seen, pure CuS has a bandgap of 1.38 eV. For
2.5% Sr, the bandgap increases to 1.43 €V, indicating a
slight modification of the electronic structure, likely due to
the incorporation of Sr ions into the CuS lattice. For 5% Sr,
the bandgap further increases to 1.50 eV. This consistent
increase suggests enhanced electron localization caused by
the introduction of Sr, which affects the density of states in
the conduction, and valence bands, respectively). The 7.5%
Sr bandgap decreased slightly to 1.44 eV. The observed
deviation may result from the electronic transition, which is
most pronounced in the 7.5%- doped sample because this
level is optimal for enhanced transitions [16]. 10% Sr, the
bandgap reaches 1.59 eV.

A significant increase was observed, suggesting the satu-
ration of Sr in the CuS lattice, altering its band structure.
The findings show that doped CuS exhibits a wider band
gap than pure CuS, as the introduction of dopants supplies
free electrons, causing the Fermi level to shift toward the
conduction band [20]. Comparing the pure CuS NPs to
the bulk CuS (Eg = 1.85 eV), the undoped sample had a
narrow Eg value of 1.38 eV [21]. The reported band gap
values for CuS nanoparticles vary across studies, with Aziz
et al. [22] measuring approximately 1.29 €V, Saranya et al.
[23]reporting 1.64 €V, and Pal et al. [24] reported a bandgap
of 1.09 eV. These findings suggest that Sr doping is a viable
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Figure 6. Tauc plots of (F(R)E)? versus photon energy (eV)
for pure and Sr-doped CuS nanoparticles used to determine
bandgap energies

method for tuning the optical properties of CuS nanopar-
ticles, with potential implications for their application in
optoelectronic devices.

3.4.3. Optical conductivity (oopt.)

Because the optical conductivity in semiconductors is highly
dependent on the optical band gap, it is essential to in-
vestigate oop¢. in this study. Good optical conductivity is
a basic property for the fabrication of LED and optoelec-
tronic devices [25]. Several factors influence the optical
conductivity of the synthesized nanoparticles, including the
absorption coefficient, extinction coefficient, refractive index,
and incident photon frequency [26]. Optical conductivity
was derived from the transformed absorption data, where
F(R) = a. The following equation can be used to compute
the optical conductivity [27]:

anc
4
ym (4)

Where c denotes the electromagnetic wave propagation

Oopt —

speed in free space. The comparative optical conductivity
behaviors of the pure and Sr-incorporated CuS nanomaterials
are shown in Fig. 7. It is noteworthy that opt. initially
exhibited a steeper decrease with an increasing E, followed
by an increase, and finally a tendency to decrease again.
As evident from Fig. 7, the undoped CuS sample exhibits
maximum optical conductivity (oopt = 2.24 x 1010 S1),
which progressively decreases to 2.17 x 101951 with in-
creasing Sr doping concentration up to 10%. The observed
reduction in optical conductivity with higher Sr doping cor-
relates directly with bandgap broadening, as fewer charge
carriers become available for conduction in wider-bandgap
materials. This inverse correlation underscores the suitability
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Figure 7. Optical conductivity spectra of pure and Sr-doped
CuS nanoparticles as a function of photon energy. Conductivity
is calculated from a transformed absorption data.

of the material for optoelectronic and photovoltaic appli-
cations, where precise modulation of electronic and optical
characteristics is critical [28].

3.4.4. The refractive index dispersion

The refractive index dispersion of both pure and Sr-doped
CuS nanoparticles follows the Wemple-DiDomenico single-
oscillator model, allowing the determination of the dispersion
energy parameters. A well-defined correlation exists between
the refractive index and photon energy (E), expressed math-
ematically as [29]:

w2 1= tafo (5)
(B - E?)

Here, E, (oscillator energy) and E4 (dispersion energy, quan-
tifying optical transition strength) are material constants,
with n being the refractive index and E the photon energy.
The refractive index was determined from reflectance data
using the relation n = (1 +v/R)/(1 —+/R), derived from
Fresnel's equations for normal incidence [30]. The derived
dispersion parameters are essential for establishing universal
empirical relationships across various semiconductor mate-
rials, where dispersion is regarded as having a significant
influence in selecting the optical material because it plays a
critical role in the development of spectral dispersion devices
and photonic communication systems [31].

Fig. 8 shows the plots of 1/(n?-1) vs. (E)? for all the
synthesized CuS samples. By fitting the data in these plots
to straight lines and from the intercepts E,/Eq and slopes
(Eo Eq)!, Eo and E4 were determined.

Table 3 presents the calculated optical constants E, and
Eq, revealing the maximum values for both parameters at a
concentration of 2.5, suggesting an optimal doping level for
enhanced optical performance.
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Table 3. Eg, E4 and E; of prepared nanoparticles.

Nanomaterial | Eg (eV) | Eo (eV) | Eq (eV)
Pure 1.38 3.92 7.05
2.5% Sr 1.43 4.11 7.80
5% Sr 1.50 3.80 6.88
7.5% Sr 1.44 3.63 6.30
10% Sr 1.59 3.84 7.34

3.5. EFFECT OF DOPING ON THE CYTOTOXIC-
ITY oF CuS NPsS TOWARD HUMAN LUNG
CANCER CELLS

Before use in humans, new drugs and compounds must be
examined for their toxicological profiles. As concerns have
been raised about the possible risk of employing NPs in
medicinal applications, measuring the 1Csg of NPs helps
researchers evaluate the potential harmful effects associated
with their persistent accumulation in organs [32]. 1Csg values
were derived from dose-response curves, representing the
drug concentration at which tumor cell growth was inhibited
by 50% compared to untreated cultures [33].

The existing literature provides limited investigation
into the cytotoxic potential of synthetically produced CuS
nanoparticles against pulmonary carcinoma cell lines. Table
4 presents the ICsq values obtained from the MTT cytotoxi-
city testing of the prepared compounds against human lung
cancer (A549) cell lines. All tested samples were compared
to doxorubicin, a clinically established anticancer drug, for
cytotoxicity evaluation. Fig. 9 displaysed the cell viability
data (obtained by the MTT experiment) versus the loga-
rithm of the concentration and 1Csq values obtained for the

©2025 JAST

Sana’a University Journal of Applied Sciences and Technology 996


https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast

Structural, Optical and Cytotoxic Analysis of Sr-Doped CuS Nanoparticles for Lung Cancer Applications

IS —
Filsoos | 0355%

1C50 a2

A549 1Cso =4.124
120 R?=0.9209

g

z

3 o0

S

5] .
© 2.

4 0 1oz 3
Log (drug concentration, pg/mi)

[T —

Logic0 | 1147
04779

E10 T304

AB49 1Csp = 14.08

120 R?=0.9136

w|

a0 1 2
Log (drug concentration, ug/mi)

Cell viability %)

e —
[Fisicss | -oaoes
e = — e
AS49 1Cqp =19.10

R?=0.9314

AB49 IC5y =26.39
R?=0.9321

e

I
Log (drug concentration, ugimi)

Table 4. In comparison to doxorubicin, the cytotoxic activity of

prepared nanoparticles toward human lung cancer cells.
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Figure 9. Plot of cell viability percentage against the logarithm
of compound concentration, including ICsg values calculated for
the tested samples.

prepared samples as well as doxorubicin.

The MTT assay results shown in Table 4 and Fig. 10 indi-
cate that all test samples had a pronounced cytotoxic effect
on Ab549 cells compared to doxorubicin. Cell death caused
by Sr-CuS NPs was higher than that caused by pure CuS
NPs, except for the 5 and 10% doped samples. Although the
2.5% Sr—CuS sample demonstrated the highest cytotoxicity
(lowest 1C5p), the trend did not correlate linearly with the
doping concentration. The reduction in cytotoxic effects
at 5% and 10% Sr may be due to changes in aggregation
behavior or cellular uptake, potentially reducing the effective
intracellular concentration [34]. However, these possibilities
were not directly evaluated in the current study and will be
investigated in future studies through aggregation and up-
take assays. The enhanced cytotoxicity of Sr-doped CuS NPs
(except at 5-10% doping) suggests that doping influences
nanoparticle-biological interactions, although the precise
mechanisms require further study. Future work should in-
clude photothermal conversion efficiency, ROS measurement,
apoptosis assays, and nanoparticle uptake quantification to
elucidate these mechanisms.

We recognize that the evaluation of nanoparticle toxicity
in normal cells is essential for determining a therapeutic
index. Future studies will include cytotoxicity assays on a
normal lung epithelial cell line (e.g., BEAS-2B) to calculate
the selectivity index and further validate the safety profile
of Sr-doped CuS nanoparticles.

4. CONCLUSION

This study demonstrates that Sr doping effectively enhances
the structural, and optical properties, and anticancer activity
of CuS nanoparticles. XRD, TXRF, and TEM analyses con-
firmed the successful integration of Sr into the CuS lattice,

Tested samples ICs0(g/ml)) mean + SD

Doxorubicin 412+ 0.35
Pure 19.10 + 2.16
2.5% Sr 14.04 + 0.59
5% Sr 26.39 + 3.18
7.5% Sr 15.18 + 3.89
10% Sr 19.17 + 2.11

(*) ICgo ranges: 1—-10 ug/mL (extremely strong),

11-20 pg/mL (strong), 21-50 pg/mL (moderate),
51-100 pug/mL (weak), and >100 ug/mL
(non-cytotoxic) [35].

30
25+
20
154

10

IC5¢ values (ng/ml)

54

0 = T T
DoxorubicirPure 2.5% Sr 5% Sr 7.5% Sr 10% Sr

Tested samples

Figure 10. ICsg values of pure and Sr-doped CuS nanoparticles
against A549 cells (mean £ SD, n = 3).

leading to a modified crystallinity and bandgap energy. Op-
tical studies revealed that Sr doping influences the bandgap
widening and optical conductivity. Furthermore, cytotoxicity
assessments indicated that Sr-doped CuS nanoparticles ex-
hibited higher anticancer activity against A549 lung cancer
cells, particularly at lower Sr concentrations. These in vitro
findings suggest that Sr-doped CuS nanoparticles warrant
further investigation as potential candidates for lung cancer
treatment, pending future validation through in vivo studies
and comprehensive safety assessments.
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