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Chemotherapy is a key element in cancer treatment. The first drugs to be clinically used for this purpose
were platinum(i) complexes and even today they are highly effective in the treatment of the disease.
However, side effects, resulting from their use, limit their clinical usefulness. Furthermore, if adminis-
tered intravenously into the circulation, platinum(i)-based anticancer medications may cause adverse
effects due to interactions with molecules found in human bodies, thus preventing them to reach the
final target. Stomach secretions can also destroy them. As a result, their absorption might be restricted,
rendering oral delivery ineffective. Over the years, several methodologies were developed to overcome
the limits associated with the use of the platinum(i) drugs, including their targeted delivery. In this
context, our study proposes copper(i) oxide nanoparticles (CuO NPS) as a promising and excellent
carrier of platinum(i)-based anticancer drugs. In this work, we examined the loading efficiency of cisplatin,
oxaliplatin and nedaplatin on the surface of CuO nanoparticles by using experimental techniques such as UV-
visible spectroscopy, FTIR spectroscopy, the BET method, and XRD, and theoretical ones based on DFT
calculations under periodic boundary conditions (PBC). UV-vis spectroscopy determined that cisplatin had the
highest entrapment efficiency and loading capacity compared to the other drugs, with 52% entrapment
efficacy and an adsorption capacity of 949 mg g%, indicating a stronger binding with CuO nanoparticles. The
experimental results are consistent with DFT simulations indicating that Pt()-drugs exhibit favorable
adsorption on CuO (111) surfaces, particularly when the Pt(i)-drug is cisplatin. The most stable configurations
indicate that cisplatin, nedaplatin, and oxaliplatin prefer to coordinate with the surface tri-coordinated Cu.
However, cisplatin has the most intense contact with the copper oxide surface, with an adsorption energy
(Eags) Oof —3.0 eV. Both experimental and theoretical results highlight that CuO nanoparticles are excellent
Pt() anticancer drug carriers, especially in the case of cisplatin, which undergoes strong interactions with the
support, necessary for the delivery phase, and easy desorption, important in the antitumor action phase of
the drug.

Introduction

The first platinum-based drug used as an antiproliferative
agent with high anticancer activity was cisplatin, cis-diammine-
dichloroplatinum(u)." Since the discovery of cisplatin, several
Pt(u)-based anticancer drugs have been designed and tested,’
but to date the most used in clinical therapy together with
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malignant tumors, including those of the breast," colon,” and
ovary,® respond therapeutically to cisplatin. Nedaplatin has
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cancer.” Despite their high efficacy, the side effects related to
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these cytotoxic agents, which include lack of selectivity, signi-
ficant systemic toxicity, and drug resistance, limit their clinical
use.® Furthermore, if administered orally, Pt(un) complexes
could be degraded by gastric juices, while if injected intrave-
nously they could react with the numerous molecules present
in our body, preventing them from reaching the final target.”™
To overcome the drawbacks arising from the use of Pt(u)-based
anticancer drugs, efforts have been devoted to developing new
methods, including the use of ‘prodrugs’ with platinum in the
more inert +IV oxidation state,'>'® or the use of nanoparticles
as drug delivery systems to improve the efficacy and safety of
Pt() chemotherapy drugs."* In the latter methodology, the idea
is to adsorb the Pt(u) drugs on the surface of nanoparticles,
such as those of copper oxide (CuO), which appear to be
promising in drug delivery applications due to their unique
properties. In fact, CuO nanoparticles feature distinctive mor-
phological structures, specific physical and chemical charac-
teristics, such as their high surface area-to-volume ratio and
variable surface chemistry, which make them ideal for drug
delivery and adsorption."*'® Copper oxide nanoparticles (CuO
NPs) have emerged as a highly promising therapeutic platform,
demonstrating dual functionality in both cancer treatment and
antimicrobial applications. Their anticancer potential has been
validated across multiple cancer types, including breast, kidney,
lung, and prostate malignancies.'”'® Beyond their direct cytotoxic
effects, these nanoparticles serve as efficient drug delivery vehicles,
enhancing targeted therapy in nanomedical applications.””'® The
biomedical utility of CuO NPs extends to their remarkable anti-
microbial properties, which have led to their increasing adoption
in clinical settings.'® These nanoparticles display broad-spectrum
antibacterial activity against both Gram-positive and Gram-
negative bacterial strains, making them particularly valuable
for advanced wound care applications.>® This enhanced anti-
bacterial performance stems from their unique physicochemical
characteristics, including nanoscale dimensions, exceptional
surface area-to-volume ratio, inherent biocompatibility, and heigh-
tened chemical reactivity.>'

Notably, biologically synthesized CuO NPs have shown
pronounced antifungal efficacy against clinically relevant fun-
gal pathogens such as Penicillium citrinum, Aspergillus niger,
Fusarium oxysporum, and Alternaria solani.** The antimicrobial
mechanism of action, common to both antibacterial and anti-
fungal effects, involves the generation of reactive oxygen species
(ROS).>*** These ROS induce oxidative damage to microbial cell
structures, compromising membrane integrity and ultimately
leading to cellular apoptosis.>*** While the ROS-generating capa-
city of CuO NPs offers significant therapeutic potential, their
potential cytotoxicity necessitates careful evaluation for biomedical
applications. The primary mechanism of toxicity involves ROS-
mediated oxidative stress, which can induce DNA damage and
impair cellular function. Key physicochemical parameters govern-
ing toxicity include particle size, surface characteristics, dosage,
and exposure duration.>® Toxicity modulation studies reveal that
sub-40 nm CuO NPs exhibit enhanced cellular penetration, leading
to greater ROS production and genotoxic effects. Comparative
analyses show 24 nm particles generate 72% more ROS than those
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of 33 nm within one hour of exposure.”*”” Dose optimization
strategies demonstrate that fractionated administration reduces
hepatotoxicity markers significantly compared to single-dose
delivery.®

Advanced surface engineering approaches have successfully
mitigated toxicity concerns while preserving therapeutic effi-
cacy, and PEGylation of 30 nm CuO NPs was shown to reduce
macrophage ROS production by 60% without compromising
anticancer activity.'"* Similarly, Moringa oleifera-synthesized
CuO NPs at 66.89 nm, incorporated in polyacrolein matrices,
exhibit selective cytotoxicity, eliminating cancer cells while
maintaining >85% viability in normal dermal fibroblasts.?®
Crystallinity studies indicate that defect-free crystalline CuO
NPs induce less oxidative stress than their defective counter-
parts, regardless of size.’” Innovative composite materials
further enhance biocompatibility; cellulose-chitosan matrices
containing <35 nmol mg~' CuO NPs retain potent antibacter-
ial effects while showing minimal cytotoxicity to human cells.?
These findings underscore the critical importance of nanoma-
terial design and parameter optimization in developing safe,
effective CuO NP-based therapies. Comprehensive characteriza-
tion of the physicochemical properties and strategic surface
modifications remain essential for advancing their biomedical
applications.

Copper oxide nanoparticles can interact with drugs using a
variety of processes, including electrostatic interactions, hydrogen
bonding, and van der Waals forces®® that depend on the physi-
cochemical properties of the drug molecules and the surface
characteristics of the nanoparticles. In addition to non-covalent
interactions, CuO nanoparticles can establish strong coordination
interactions with Pt(u) drugs. Surface oxygen atoms in CuO NPs
can function as electron donors, allowing the creation of coordi-
nation complexes with platinum centers, which might improve
the adsorption stability and potentially influence drug release
patterns.®® The strength of these interactions is strongly depen-
dent on environmental factors. For example, at lower pH levels
enhanced protonation of the CuO NPs surfaces can change both
the amount of coordination and the electrostatic interactions,
impacting the adsorption and release of Pt(i) drugs.*” Solvent
polarity also greatly influences interactions of the Pt(u) drug and
CuO NPs with protic solvents competing for coordination sites on
the CuO NP surfaces. While leakage of Cu>* may occur under
physiological circumstances, undermining both complex stability
and safety, surface changes of the CuO NPs such as those
resulting from PEGylation efficiently decrease Cu** release while
increasing colloidal stability. Understanding the coordination,
environmental, and leaching characteristics is essential for
creating viable CuO NP based drug delivery systems.>**?

Drug adsorption on the copper oxide nanoparticles has
various benefits, such as the possibility to preserve the drugs
from deterioration and increasing their stability. Adsorption on
CuO nanoparticles can also increase the solubility and the
bioavailability of poorly soluble medicines, improving their
therapeutic effectiveness. Some studies have investigated the
use of oxides nanoparticles as carriers for Pt(u)-based drugs.
Despite significant studies on other metal oxides such as iron
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oxide, titanium dioxide, and zinc oxide, few studies have
examined the usage of CuO NPs in platinum-based anticancer
treatment options.

CuO NPs offer some advantages over other metal oxide
nanoparticles such as ZnO and TiO,, particularly in biomedical
and antimicrobial applications. CuO NPs showcase strong
antimicrobial properties owing to their capability to produce
reactive oxygen species (ROS) and disturb microbial cell mem-
branes, rendering them highly efficient against a wide range of
bacteria and fungi.>* While ZnO NPs operate primarily via the
release of Zn>* ions and the generation of ROS, demonstrating
effectiveness against Gram-positive bacteria, they lack efficacy
towards Gram-negative bacteria.*>>® In contrast, titanium diox-
ide nanoparticles (TiO,NPs) need to be activated by ultraviolet
(UV) light in order to produce ROS and demonstrate anti-
microbial advantages. However, reliance on UV activation
restricts their practical application.’’*® Comparative studies
between CuO NPs and iron oxide nanoparticles, Fe,O; NPs, reveal
superior antimicrobial efficacy for CuO NPs against multidrug-
resistant pathogens. When tested against clinically relevant
strains, CuO NPs demonstrated significantly larger inhibition
zones compared to their iron oxide counterparts: 22 £ 1 mm
versus 14 £ 1 mm for methicillin-resistant Staphylococcus
aureus (MRSA), and 18 & 1 mm versus 12 + 1 mm for Escherichia
coli. These findings clearly establish the enhanced antibacterial
potential of CuO NPs against both Gram-positive and Gram-
negative resistant bacterial strains.*”

Systematic comparative studies examining the interaction
mechanisms between different Pt(u) drugs and CuO nano-
particles remain limited. While previous research has demon-
strated the potential of metal oxide nanoparticles for platinum
drug delivery, there is still an insufficient understanding of the
specific physicochemical factors that influence the loading
efficiency and release profile of different Pt(u) drugs on CuO
NPs. In recent years, some studies have explored the use of CuO
and other copper-based nanoparticles as nanocarriers for
platinum(u) anticancer drugs - particularly cisplatin — demon-
strating high entrapment efficiencies, improved loading capa-
cities, and enhanced cytotoxicity compared to free drugs or
conventional formulations.***! For example, PEGylated chito-
san nanoparticles loaded with nedaplatin or oxaliplatin showed
significantly increased cytotoxic activity against cancer cells,
attributed to improved drug retention and cellular uptake.*'
Other nanocarrier systems, such as liposomes, polymeric micelles,
and mesoporous silica nanoparticles, have also been developed
to address the limitations of platinum-based chemotherapy,
including poor solubility, rapid systemic clearance, and dose-
limiting toxicities.® This study addresses this knowledge gap
by providing a comprehensive analysis of three clinically rele-
vant Pt(u) drugs which are cisplatin, oxaliplatin, and nedaplatin
on CuO nanoparticles, combining multiple characterization
techniques with computational modeling to elucidate structure-
property relationships that govern drug-nanoparticle interactions.
The drug-CuO systems will be first characterized using
Fourier transform infrared (FTIR) spectroscopy and X-ray
diffraction (XRD) to confirm loading of each of the three drugs.
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The Brunauer-Emmett-Teller (BET) method will be used to
determine the specific surface area and the total pore volume of
the loaded CuO nanoparticles. With the aid of UV-Visible
spectrophotometric measurements, the entrapment efficiency
and adsorption capacities of the nanoparticles for Pt(u)-drugs
will be estimated to conclude which drug has the best adsorp-
tion capacity on the surface of the CuO nanoparticles.
To support the experimental data, DFT calculations will be
performed on the different Pt(i)-CuO systems, allowing us (i) to
quantify the drug—carrier interaction, in terms of adsorption
energy (E.qs, €V) and (ii) to define the most stable coordination
modes of each drug. We expect that CuO nanoparticles would
have different adsorption capabilities and coordination inter-
actions with different Pt(un) drugs, resulting in measurable
changes in drug loading efficiency and stability. We anticipate
that our findings will shed light on the feasibility of CuO NPs
as carriers for platinum-based anticancer drugs, as well as give
insights into how to optimize their design for drug delivery
applications.

Experimental section

Materials

99.9% Oxaliplatin, 99.9% cisplatin, and 99.8% nedaplatin
were sourced from Shandong Boyuan Pharmaceutical Co., Ltd
(Shandong, China). Copper oxide nanoparticles of particle size
<50 + 7 nm (as measured by TEM) were purchased from
NanoTech (Cairo, Egypt).

Methods

150 mg nedaplatin, 35 mg oxaliplatin, and 12 mg cisplatin were
dissolved each in 5 mL of deionized water. The solutions were
then stirred until completely dissolved. Copper oxide nano-
particles were soaked in the saturated solutions of the drugs,
with a ratio of 2:1 (m m™"), for 48 hours while stirring at
300 rpm, and the solution was kept in the dark. The solutions
were then centrifuged at 4000 rpm for 30 minutes and the
supernatant was used to perform quantitative analysis using
UV-visible spectroscopy. The same steps were repeated and the
solutions of the copper oxide nanoparticles with the drugs were
left for 16 hours with stirring at 300 rpm and at 35 °C until
complete evaporation. The drug-loaded powder was stored at
4 °C.** The powder was then used to conduct different
characterization.

Characterization

The dry powders of the CuO nanoparticles were examined for
their crystallinity and composition before and after the loading
of the three Pt(u)-drugs using a Bruker D8 Discover Diffracto-
meter. The functional groups present in the CuO nanoparticles,
and the three samples of the loaded drugs were determined
using Fourier transform infrared spectroscopy. The peaks were
also compared as an initial confirmation of the loading pro-
cess. To prepare the samples, they were thoroughly mixed with
potassium bromide (KBr) at a 1:100 ratio (sample : KBr) using
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an agate mortar and pestle to ensure homogeneity. The mixture
was pressed into transparent pellets at 15 000 PSI under anhydrous
conditions, preventing moisture-related artifacts and analyzed
using a Nicolet 380 FT-IR Spectrometer with a wavelength range
of 500 to 4000 cm™ . This protocol aligns with literature recom-
mendations for reproducible KBr pellet preparation.**** The
surface charge of CuO nanoparticles was evaluated by dynamic
light scattering (DLS) with a Zetasizer Nano ZS90 (Malvern
Instruments, UK) at 25 °C, resulting in a slightly negative zeta
potential of —17.7 mV. The measurements were taken ina 1:10
(v/v) dilution of ultrapure water.

Determination of the surface area and porosity

The textural properties of CuO NPs were measured before and
after loading of the Pt(n)-drugs. Specific surface areas and pore
size distributions were determined by measuring the N,
adsorption-desorption isotherms of the unloaded nano-
particles and the drug-loaded nanoparticles, at 77 K on a Micro-
metrics ASAP 2020 apparatus. Before measurement, the CuO
NPs and the loaded nanoparticles were degassed at 40 °C for 6 h
under vacuum (10 mHg). Surface areas and pore size distribu-
tions were calculated using the BET and BJH (Barrett-Joyner—
Halenda) methods.

Determination of loading capacity

The platinum-based drugs, with quantities adjusted based on
solubility, were dissolved in 5 mL distilled water in the follow-
ing quantities 12 mg, 150 mg, 35 mg for cisplatin, nedaplatin,
and oxaliplatin, respectively.*>™*” CuO NPs were introduced to
each drug solution in a 2:1 ratio (m m™"). The solutions were
allowed to soak at room temperature for 48 hours to allow for
adequate drug-CuO nanoparticle interactions. After soaking,
the solutions were centrifuged at 4000 rpm for 30 minutes to
free the non-interacted nanoparticles from the drug-loaded
solution. The decant was carefully extracted to conduct spectro-
photometric analysis (Carry 3500 UV-vis, model no. G9864A,
Mulgrave VIC 3170, Australia). The peaks were detected in the
range of 200-230 nm. A five-point calibration curve for each
drug was constructed as shown in Fig. S1-S3 of the ESI.{ The
entrapment efficiency (EE%) and the adsorption capacity were
calculated. Using the following equations:

Entrapment efficiency (EE%) = (the amount of substance

entrapped/the total substance amount) x 100

Adsorption capacity = (initial drug concentration - drug
concentration after adsorption) x volume of solution/mass

of the adsorbent

Computational details

DFT calculations were performed within Periodic Boundary
Conditions (PBC) using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional based on the generalized gra-
dient approximation (GGA)*® and ultrasoft pseudopotentials.*’
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The spin polarized Kohn-Sham equations were solved in the
plane wave pseudopotential framework, with the wavefunction
basis set and the Fourier representation of the charge density
being limited by kinetic cutoffs of 60 and 480 Ry, respectively,
chosen after having performed the appropriate convergence
tests. Additionally, we set the force threshold to 10™* Ry Bohr ™,
ensuring that further reductions in the threshold did not lead
to any significant changes in the total energy. The Quantum
Expresso code®® was employed for all calculations.

Based on our XRD experimental studies (Fig. 1) and pre-
viously reported theoretical data,®® the interaction between
Pt(un)-drugs and CuO nanoparticles was investigated by using
the thermodynamically most stable non polar termination of
CuO surface, i.e. CuO(111). In fact, close-packed surfaces can be
considered good models for the description of nanoparticles.

In this study, a CuO(111) surface was built starting from the
CuO bulk, which has a monoclinic crystal structure with C2/c
symmetry.”> To verify the reliability of the model and the
selected calculation parameters, the lattice constants of the
CuO bulk were calculated and compared with the experimental
data. The computed lattice parameters of the CuO bulk mono-
clinic unit cell (@ = 4.779 A, b = 3.423 A, ¢ = 5.129 A and
b =99.54°) are in good agreement with the experimental values
(a=4.682 A, b=3.424 A, ¢ = 5.127 A and b = 99.42°).%

After extensive convergence tests, based on the size of Pt(u)
substrates, and in order to minimize interactions between the
periodic slabs, CuO(111) was modeled as a 3 x 3 periodic
supercell with a separation of more than 10 A between replicas
along the x and y directions. In addition, according to pre-
liminary tests and the literature,>® we chose to use a super-
cell consisting of four layers with a vacuum separation of 23 A
along the z direction perpendicular to the surface (Fig. 2).

During the calculations, the two bottom layers of the surface
were constrained to their equilibrium bulk-like positions, while
the upper ones and the Pt-drugs were fully relaxed. In addition,
CuO(111) was modeled in the bulk-like spin ordering since, as
the literature suggests, it is the most stable among the three
possible ones.”” The threshold for energy convergence was set
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Fig. 1 XRD pattern of CuO NPs.
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Fig. 2 Optimized structure of the CuO(111) surface. Cu and O atoms are
represented using a ball and stick model and depicted in auburn and red,
respectively. The top layer consists of tri- and four-coordinated Cu and O
atoms. Tri-coordinated O atoms (O4) are the most exposed atoms. O; are
connected to one tri-coordinated and two tetra-coordinated copper
atoms, defined in Fig. 2, Cu; and Cu,, respectively. Cu, is coordinatively
unsaturated, whereas Cu, is coordinatively saturated. O, are tetra-
coordinated subsurface oxygen atoms, and they are connected to two
Cu,, to one Cu; and to one Cu atom of the second layer.

to 10°° eV and due to the large dimension of the systems I’
points were used for the Brillouin zone integration. In addition,
the van der Waals (vdW) interactions were explicitly considered
employing the zero damping DFT-D3 method of Grimme.>®

The adsorption energy of the Pt(u)-drugs was computed by
using eqn (1):

Eaas = EPt(II)-drugs@CuO(lll] - (ECuO(lll) + EPt(II)-drugs) (1)

where, Epy(11)-drugs@cuo(111) is the energy of the combined system
(namely the surface plus the Pt(u)-drugs), Ecuo11) is the energy
of the stoichiometric CuO(111) surface, and Epyp-drugs 1S the
energy of the Pt(u)-drugs in the gas phase.

The charge transfers are very important to understand the
interaction between the drugs and the support. Therefore, the
charge analysis was performed following Bader’s theory since
the charge enclosed within the Bader volume can be considered
a good approximation of the total electronic charge of an
atom.’®®' The differences between the Bader charges of the
coordinated and gas phase Pt(u)-drugs were calculated accord-
ing to the equation Agq = Z pm@cuonin)) — Zgeear), Where
2 pean@cuo(i11)) 18 the sum of the Bader charges of cisplatin,
nedaplatin and oxaliplatin adsorbed on the CuO(111) surface,
while X, pyn) is the sum of the free Pt(u)-drugs.

Results and discussion

In this work, experimental and theoretical studies were per-
formed to demonstrate the validity of the copper oxide (CuO)
nanoparticles as nanocarriers of Pt(u)-based anticancer drugs
and to further understand the structural and electronic inter-
actions underlying the binding between Pt(n)-drugs and the
CuO carrier. Therefore, X-ray diffraction analysis was carried
out to observe the crystal structure of the nanoparticles of
copper oxide and to confirm the phase purity, whereas the
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surface interactions and the drugs adsorption were analyzed
through FTIR spectroscopy and DFT calculations. The latter
were performed to better investigate the most stable configura-
tions of the Pt(u)-drugs on the surface of the CuO nanoparticles
with the corresponding adsorption energies (E.qs, €V) in order
to provide more details on the interaction between CuO and the
Pt(u) anticancer drugs.

X-ray diffraction analysis

The XRD diffraction pattern for the commercial copper oxide
nanoparticles is shown in Fig. 1. The spectrum shows distinc-
tive diffraction peaks at 20 values of 38.7, 35.5, 48.7, 66.4, and
68.1° which match the crystallographic planes of (111), (—111),
(—202), (—311), and (220) that correspond to the presence of
CuO 1II, as per the International Center for Diffraction Data
(ICDD) pattern of standard copper oxide (JCPDS 48-1548). The
highest peak at 260 of 38.7° corresponds to the crystal lattice of
the (111) plane. The average crystallite size of the MSW used
was calculated by the Debye-Scherer equation®® using values
of 1.54 A and 0.9 for the X-ray wavelength and dimensionless
form factor K, respectively, and found to be 14.84 nm.®® Other
studies have also reported major peaks for CuO nanoparticles
between 35° and 39°,°*°> confirming the similarity between the
findings of this study and the findings reported in the litera-
ture. To further assess the structural integrity and crystallinity
of the CuO nanoparticles after drug loading, X-ray diffraction
(XRD) patterns of CuO NPs loaded with cisplatin, oxaliplatin,
and nedaplatin were recorded and are presented in the ESI¥
(Fig. S4). All drug-loaded samples retain the characteristic
diffraction peaks of monoclinic CuO, indicating that the crystal
structure of the nanoparticles remains intact following drug
incorporation. Furthermore, a slight broadening and reduction
in intensity of the main CuO peaks were noted after drug loading,
which may be attributed to partial surface coverage by the drugs
and a modest decrease in the crystallite size. These results confirm
that the post-loading strategy preserves the structural features of
CuO NPs while enabling efficient drug incorporation.

FTIR spectroscopy

FTIR spectroscopy was carried out to confirm the adsorption of
the drugs on the surface of the CuO nanoparticles. The FTIR
analysis results related to the Pt(n)-drugs, the free CuO nano-
particles, and drug-CuO complexes are reported in Fig. 3
(panels A-C). The FTIR spectrum of the free CuO nanoparticles
(red line in Fig. 3A-C) shows a broad absorption band around
3500 cm~ ' which corresponds to the OH functional group.
Another band is shown around 1600 cm ™" and it corresponds
to the aromatic bending of alkenes (C—C). Small peaks from
500 to 900 cm ™" are assigned to the bending vibrations of the
CuO bond.®® The FTIR spectrum of the free cisplatin (black line
in Fig. 3A) exhibits the characteristic peaks of amine bending
at around 1250 cm ' and the typical amine stretching
mode shown between 3200 and 3500 cm ™' which agrees with
the FTIR spectrum of cisplatin previously reported in the
literature,®” whereas free nedaplatin shows peaks of amine
stretching from 3000 to 3200 cm™" and the typical bending of
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Fig. 3 FTIR spectrum of the free CuO nanoparticles (red line a in panels A-C), the free Pt(i)-drugs (black line b in panels A-C) and the Pt(i)-drugs@CuO
complexes (blue lines (c) in panels A, B and C for cisplatin, nedaplatin and oxaliplatin, respectively).

amines at around 1600 cm ™" (black line in Fig. 3B).°® The FTIR
spectrum of the oxaliplatin drug (black line in Fig. 3C) shows
peaks from 3000 to 3500 cm™* indicating the presence of an
N-H stretch as reported in previous literature.®

The intensity of the Cisplatin’s peak at 3300 cm™" decreases
after the interaction and binding to CuO NPS in the complex (blue
line in Fig. 3A). This demonstrates the interaction between the
CuO NPS and the amine groups of the cisplatin drug. In Nedapla-
tin, the peak around 3300-3400 cm™' shifts after the binding
to the CuO NPs suggesting changes in hydrogen bonding or
coordination (blue line in Fig. 3B). Oxaliplatin’s wide peak around
3000 cm ' to 3500 cm ' shows a shift, also, demonstrating
contact between its amine or hydroxyl groups and the CuO surface
(blue line in Fig. 3C). FTIR changes in the 600-700 cm™ " range
reflect ligand-specific vibrations (C-C stretching in oxaliplatin,
NH; rocking in cisplatin/nedaplatin) and CuO surface coordina-
tion effects. These assignments align with literature reports for
platinum-drug ligand”® and nanopatrticle interactions.”*

Scanning electron microscopy (SEM)

The morphology and particle size of the synthesized CuO
nanoparticles were examined by scanning electron microscopy
(SEM), as shown in Fig. 4. The SEM image reveals that the
CuO nanoparticles are nearly spherical and moderately

10032 | J Mater. Chem. B, 2025, 13,10027-10042

Fig. 4 SEM of copper oxide nanoparticles.

agglomerated, with individual particle sizes ranging from
approximately 20 to 55 nm. This observation is consistent with
previous reports on the CuO nanoparticle morphology, which
often describes aggregated, quasi-spherical particles in this size
range.”>’® The measured particle sizes from SEM are in good
agreement with the crystallite sizes determined by XRD, con-
firming the successful synthesis of nanoscale CuO.

Surface characteristics and interactions

BET analysis was conducted to determine the specific surface
area and pore size distribution of the CuO nanoparticles before

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Nitrogen adsorption—desorption isotherms for (A) free CuO nanoparticles, (B), cis@CuO, (C) neda@CuO, and (D) oxa@CuO.

and after binding of the Pt(u)-drugs on their surface. Four
materials were analyzed, free CuO nanoparticles, cis@CuO,
neda@CuO and oxa@CuO. The BET isotherms pertaining
to the four materials are depicted in Fig. 5, manifesting type
IV isotherms according to the IUPAC classification. These
isotherms indicate mesoporosity with pore size ranging from
2-50 nm.”

The graph in Fig. 6 shows the BET surface area and the BJH
adsorption cumulative surface area of the pores of the copper

Surface Area (m?*/g)
o

B

oxa@CuO

CuO

cis@CuO
O Surface Area (m?/g)
BJH Adsorption cumulative surface area of pores (m?g)

neda@CuO

Fig. 6 The BET surface area of the copper oxide nanoparticles before and
after adding the Pt-drugs.

This journal is © The Royal Society of Chemistry 2025

oxide nanoparticles before and after loading the cisplatin, the
nedaplatin and the oxaliplatin drugs. The surface area of pores
decreased the most when the cisplatin and the oxaliplatin were
loaded on the surface of the copper oxide nanoparticles. When
adding the nedaplatin drug to the CuO nanoparticles, the pore
surface area did not show a big difference. All CuO samples
showed Type IV nitrogen adsorption-desorption isotherms,
which are typical of mesoporous materials and include a
hysteresis loop caused by capillary condensation within the
pores. The free CuO nanoparticles demonstrated an H1-type
hysteresis loop, indicating homogeneous, cylindrical meso-
pores with little network effects. The hysteresis loop switched
to H2-type after loading with cisplatin or oxaliplatin, indicating
more complex pore structures and pore-blocking effects, which
is consistent with drug molecules occupying pore channels.
In contrast, nedaplatin-loaded CuO preserved the H1-like hys-
teresis, indicating that the pore structure remained substan-
tially unaltered and that nedaplatin adsorption took place
mostly on the exterior surface rather than within the pores.

In contrast to cisplatin’s pore-filling mechanism (—3.0 eV),
the surface adsorption of nedaplatin is driven by weak interactions
(DFT: —2.6 eV) accounting for its little pore volume change (Fig. 8)
and low EE% (21.7%). Although surface adsorption prevents
pore occlusion, it reduces drug retention, which explains why
nedaplatin is less effective as a carrier than cisplatin/oxaliplatin.

J. Mater. Chem. B, 2025, 13,10027-10042 | 10033
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Fig. 8 BJH desorption dA/dlog(D) pore area vs relative pressure curves. (A)-(C) correspond to the samples cis@CuO, neda@CuO and oxa@CuO,

respectively, whereas (D) is to the free CuO nanoparticles.

The BJH pore size distribution profiles as estimated from the
adsorption and desorption branches are demonstrated in Fig. 7
and 8, respectively. Clearly, most pores span the mesoporous size
range of 2-50 nm which is consistent with the type IV isotherms.

The total pore volume was also analyzed for the free CuO
nanoparticles and when it is loaded with the Pt(u)-drugs as
shown in Fig. 9.

The total pore volume of the CuO nanoparticles decreased
after binding the drugs implying the filling of their pores with
the drug, and nedaplatin shows the least change before and
after binding confirming that the CuO NPs are not its best
carrier. While both cisplatin and oxaliplatin showed good
compatibility with the CuO NPS with no big difference in the
pore size volume which is 0.028 cm® g~ " and 0.024 cm® g~ * for
cisplatin and oxaliplatin, respectively.

UV-vis spectroscopy for loading analysis

UV-vis spectroscopy analysis was carried out to obtain quanti-
tative data for the adsorption of the Pt(u)-drugs on the surface
of CuO nanoparticles. The adsorption of the cisplatin, oxali-
platin, nedaplatin, and carboplatin drugs occurred in the

10034 | J Mater. Chem. B, 2025,13,10027-10042

wavelength range of 200-230 nm in agreement with what was
previously reported in the literature.'®”> Calibration curves for
each drug were constructed and the entrapment efficiency and
loading capacity were calculated. The entrapment efficiency
(EE%) is the proportion of a material that is successfully
entrapped or encapsulated within a carrier system, such as
nanoparticles in this case.”® Entrapment efficiency is an essential
characteristic in drug delivery systems since it impacts the carrier’s
success in delivering the targeted material to the target site. It is
often used to evaluate the performance of encapsulation methods
as well as the carrier system’s quality. The following formula is
commonly used to calculate entrapment efficiency:””

Entrapment efficiency (EE) = (the amount of substance
entrapped/the total substance amount) x 100

The adsorption capacity was also calculated to obtain the
amount of Pt(u)-drugs loaded on 1 g of CuO nanoparticles.
The loading capacity determines the maximum amount of a
drug that can be loaded into the nanoparticles. The entrap-
ment efficiency and the loading capacity were calculated as

This journal is © The Royal Society of Chemistry 2025
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Table 1 Interactions of Pt-drugs with CuO nanoparticles

Cisplatin Oxaliplatin  Nedaplatin
Entrapment efficiency (EE%) 52% 38% 13%
Adsorption capacity 9499mgg ' 878mgg ' 236mgg "

shown in the Methods section and the results are shown in
Table 1.

The interaction of Pt(u)-drugs with CuO nanoparticles
indicates a high possibility of enhancing drug delivery systems
in treatment applications. The encapsulation and adsorption of
the Pt(u)-drugs have a significant impact on their efficacy.
Cisplatin exhibited the highest entrapment efficiency (EE%)
of 52%, suggesting that more than its half was effectively
contained in the CuO nanoparticles. This high EE% is crucial
because it indicates that more of the drug is maintained inside
the nanoparticle system, lowering drug loss throughout the
entire process of encapsulation. The higher EE% indicates that
more of the medicine will be accessible for release at the
intended location, thereby increasing the overall treatment
effect. This is especially important in cancer treatment as it
can help reduce systemic adverse effects. Cisplatin also had the
maximum adsorption capacity (949 mg g '), indicating the
amount of loaded cisplatin drug onto the CuO nanoparticles.
A better adsorption capacity allows the carrier to carry more
drug quantity, greatly increasing therapeutic efficacy, particu-
larly in aggressive cancer therapy where higher drug dosages
are frequently required. Cisplatin’s high EE% and adsorption

View Article Online

Paper

capability make it a tempting candidate for drug delivery
systems using nanoparticles. The introduction of CuO nano-
particles may improve cisplatin stability and bioavailability,
hence increasing its efficacy in cancer treatment. When com-
pared to values reported in the literature for similar systems,
the EE% and adsorption capacity achieved for cisplatin in
this study are notably competitive. For example, cisplatin-
loaded PLGA-mPEG nanoparticles typically show EE% values
in the range of 30-40% and adsorption capacities around
200 mg g ,** while PBCA nanoparticles show EE% as
low as 23%.%” Mesoporous silica carriers generally show
EE% between 45-75% and adsorption capacities below
900 mg g~ ! for platinum drugs, depending on the drug and
the specific functionalization of the silica surface.”®”®
Notably, some advanced polymeric systems can show higher
EE% (up to 72%),** but often with lower adsorption capacities
or more complex synthesis steps. Thus, the CuO nanocarrier
system presented here offers a distinct advantage for cisplatin
delivery, combining moderate-to-high EE% with exceptionally
high adsorption capacity.

For oxaliplatin, the observed EE% (38%) and adsorption
capacity (878 mg g~ ') are also strong compared to 15% as
reported in literature,® though slightly lower than those of
chitosan-based systems (reported EE% up to 75%).”*”° In contrast,
the lower EE% and adsorption capacity for nedaplatin (13%,
236 mg g ') suggest weaker interaction with the CuO surface,
which is consistent with both the minimal reduction in the pore
volume observed by the BET method and the lower adsorption
energy calculated by DFT in this study. This is also lower than
values reported for biologically synthesized CuO NPs (EE% 70%,
adsorption capacity 850 mg g *)'* and PEGylated chitosan NPs
(EE% 45%, adsorption capacity 720 mg g ').*' Overall, these
results highlight the potential of CuO nanoparticles as robust
and efficient carriers for platinum-based drugs, particularly cispla-
tin, and support their further development for targeted anticancer
drug delivery (Table 2).

Drug release profile

The in vitro release profiles of cisplatin, oxaliplatin, and neda-
platin from CuO nanoparticles were evaluated in phosphate
buffer (pH 7.4) at 37.5 °C over 72 hours. The cumulative
percentage of drugs released was measured at predetermined
time intervals using UV-vis spectroscopy. The results (Fig. 10)

Table 2 Comparative entrapment efficiency and adsorption capacity of Pt(i) drug-loaded nanoparticles

Drug Nanoparticle carrier Entrapment efficiency (EE%) Adsorption capacity (mg g™ ") Ref.
Cisplatin CuO NPs 52 949 This work
Cisplatin CuO NPs 52 949 This work
Oxaliplatin CuO NPs 38 878 This work
Nedaplatin CuO NPs 13 236 This work
Nedaplatin CuO NPs 70 850 14
Nedaplatin PEGylated chitosan NPs 45 720 41
Cisplatin PLGA-mPEG NPs 30-40 ~200 42
Cisplatin PBCA NPs 23 Not reported 67
Cisplatin Polymeric micelles 60 450 40
Oxaliplatin Mesoporous silica NPs, chitosan 75, 15 650 78 and 79
Cisplatin Liposomes 85 Not reported 8

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13,10027-10042 | 10035
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Fig. 10 Cumulative drug release profile of cisplatin, oxaliplatin, and
nedaplatin.

show a sustained and controlled release for all three drugs,
with cisplatin exhibiting the slowest release (~32% at 72 h),
oxaliplatin intermediate (~42%), and nedaplatin the fastest
(~65%), compared to rapid release from free drugs. This
controlled release behavior is attributed to the strong drug-
carrier interactions demonstrated by DFT and correlates
with the entrapment efficiency and adsorption capacity
discussed above.

This controlled release behavior aligns with previous litera-
ture reports. For instance, Ghaferi et al. (2020) observed 76%
release of free cisplatin within the first hour compared to
28% from cisplatin-loaded PBCA nanoparticles.’” Similarly,
cisplatin-loaded albumin nanoparticles demonstrated sus-
tained release compared to free cisplatin (80% release in
45 hours).®" We have illustrated a comparison with the litera-
ture in Fig. 11. The observed controlled release from our
cisplatin-CuO system suggests favorable drug-carrier interac-
tions, which is consistent with our DFT calculations showing
a strong binding energy (—3.0 eV) between cisplatin and the
CuO surface.

Cumulative Release (%)

20 —a— Cisplatin-CuO

—e— Cisplatin free (Ghaferi, 2020)
—4— Cisplatin free (Das et al, 2011)
0 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80

Time (hrs)

Fig. 11 A comparison between the drug release profile of the free
cisplatin drug and loaded cisplatin.
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Interaction between the Pt(u)-drugs and CuO NPS: DFT
calculations

DFT calculations were performed to investigate the interaction
between cisplatin (cis), nedaplatin (neda) and oxaliplatin (oxa)
and the CuO(111) surface. The adsorption of Pt(u)-based drugs
was also evaluated considering the presence of an -OH func-
tional group, according to the experimental evidence reported
in Fig. 3. The most stable configurations of the Pt(u)-drugs
on CuO(111) and CuO(111)@OH (Fig. 12) were obtained by
considering different coordination modes of the drugs on
CuO(111) and calculating the adsorption energies (E.qs, €V) of
cis, neda and oxa for each configuration, according to eqn (1).

The adsorption energy of the most stable interaction
between cisplatin and the CuO(111) surface is found to be
—3.0 eV (see cis@CuO(111) in Fig. 12A). In the cis@CuO(111)
structure, the chlorine atoms of cisplatin coordinate with the
tri-coordinated Cu; of the surface layer (for definition see
Fig. 2), forming two new Cu,—Cl bonds of 2.3 A. In fact, it is
known that the coordination at the tri-coordinate Cu site (Cu,)
is energetically more favorable than that at the tetra-coordinate
one (Cu,) as Cu, is coordinatively unsaturated, whereas Cu, is
coordinatively saturated.>*

The adsorption energy associated with this structure is
enhanced by the formation of two hydrogen bonds between
the amine ligands (-NH3) of the drug and the surface oxygen
atoms O, (for definition see Fig. 2) of 1.7 A (Fig. 124).

In the most stable structure of neda@CuO(111) (Fig. 12B),
an oxygen atom of the glycolate bidendate ligand, indicated
O1lpeqda, interacts with CuO(111) through the formation of an
O1peda—Cu; bond of 2.0 A. The formation of two additional
hydrogen bonds between the amine groups (-NHj) of the drug
and the surface O; atoms of 1.7 and 1.8 A, respectively, leads to
a negative adsorption energy (—2.6 eV) highlighting a favorable
adsorption process of the drug.

Fig. 12C shows the most stable structure of the oxaliplatin
adsorbed on CuO(111) (oxa@CuO(111)). In oxa@CuO(111), the
metal center Pt forms a 2.7 A long bond with the surface tri-
coordinated Cu;. In addition, the coordination is further sta-
bilized through H-bonds between the bidentate diaminocyclo-
hexane ligand and the surface O; atoms of 1.6 and 1.7 A,
respectively. The adsorption energy associated with this struc-
ture is —2.8 eV.

In the presence of the -OH functional group, whose coordi-
nation is thermodynamically favored at the Cu, site over Cu, by
0.4 €V, in line with the previously discussed rationale, the
adsorption energies of cisplatin, nedaplatin and oxaliplatin
are improved by about 0.5, 1.0, and 0.2 eV, respectively (com-
pare E,qs in Fig. 12 panels A-C and A’-C’). In the case of
cisplatin and oxaliplatin, the adsorption energies, —3.5 and
3.0 eV, respectively, are further stabilized by H-bonds involving
one of the two cisplatin amino groups (-NHj;), the oxaliplatin
diaminocyclohexane ligand and the surface -OH group, of
lengths between 2.2 and 2.3 A (see the H-bond distance in
purple in Fig. 12 panels A’ and C/, respectively).

In the nedaplatin case, a strong H-bond between one of the
nedaplatin amino groups (-NHj3) and the surface -OH group

This journal is © The Royal Society of Chemistry 2025
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(see the H-bond distance in purple in Fig. 12B’) promotes closer
proximity of the drug to the surface. As a result, the nedaplatin
adsorption energy is significantly stabilized by the formation of
an additional bond between the oxygen atom of the glycolate
bidentate ligand - O2,.qa — and the Cu; site of the surface,
whose length is equal to that of the O1,.4,—Cu; bond, namely
2.0 A (Fig. 12B/). This additional O-Cu bond aligns the adsorp-
tion energy of nedaplatin with that observed for cisplatin
(compare the E.q values of cisplatin and nedaplatin in
Fig. 12 panels A’ and B’, respectively).

The Pt-drugs have good interaction with the CuO(111) and
CuO(111)@OH surfaces, and based on the computed E,q
values cisplatin shows the highest binding energy, in agree-
ment with the experimental trends.

Since the Bader charge analysis performed on the systems
shown in Fig. 12 did not reveal significant charge transfer
(Ag values ranging 0.1-0.2 |e|), the enhanced adsorption of
cisplatin can be attributed exclusively to structural factors.
Upon interaction with CuO(111) and CuO(111)@OH, the
chlorine atoms of cisplatin form bonds with Cu, surface sites,
which exhibit a more covalent character compared to those
formed between the same sites and the oxygen atoms of
nedaplatin. Additionally, Cu;—Cl bonds in cisplatin are more
polarizable than the Cu;-O bond(s) observed in nedaplatin, due
to the distinct electronic properties of the chlorine atom.

On the CuO(111) surface, the adsorption of cisplatin is
stronger than that of nedaplatin and oxaliplatin as, in addition
to forming hydrogen bonds with the support - similarly to the
other two complexes - cisplatin establishes two Cu;-Cl bonds,

This journal is © The Royal Society of Chemistry 2025

whereas nedaplatin forms only a single Cu;-O bond and
oxaliplatin interacts with the surface exclusively through its
metal center.

Platinum(u) complexes are well known for their high
susceptibility to hydrolysis under physiological conditions.
Based on the experimental conditions employed, a further
computational investigation was carried out in order to simulate
and quantify the adsorption of the hydrolysis products of
cisplatin, nedaplatin, and oxaliplatin - indicated as cis(OH)(OH),
neda(OH)(H,0), and oxa(OH)(OH), respectively - on CuO(111) and
CuO(111)@OH surfaces. The aim is to evaluate the impact of
hydrolysis on drugs adsorption and to determine if this process
facilitates or hinders the interaction between Pt(u) drugs
and the considered supports. The most stable configurations
related to the adsorption of the cisplatin, nedaplatin, and
oxaliplatin hydrolysis products on CuO(111) and CuO(111)@
OH surfaces, along with the corresponding adsorption ener-
gies, are shown in Fig. 13.

The adsorption of the hydrolysis products of cis-, neda-, and
oxaliplatin on the CuO(111) surface is significantly more favor-
able compared to that of the non-hydrolyzed drugs, suggesting
that the aquation process enhances the interaction between
Pt(n) complexes and the CuO(111) surface (compare E,gs
reported in Fig. 12 and 13 panels A-C).

In particular, the interaction between the hydrolyzed cispla-
tin and the metal-oxide support is stabilized by the formation
of two Cu,-OH bonds, with lengths of 2.0 and 1.9 A (Fig. 13A).
Additionally, the associated adsorption energy of —3.5 eV
is further stabilized by H-bonds between the amine ligands

J. Mater. Chem. B, 2025, 13,10027-10042 | 10037
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(—NH3) of the hydrolyzed product and the surface oxygen atoms
0, of 1.7 and 1.8 A (Fig. 13A).

After the hydrolysis process, the adsorption energy of neda-
platin is very similar to that of the hydrolyzed cisplatin (com-
pare E,qs values of —3.5 and —3.4 eV in Fig. 13, panels A and B,
respectively). This result is not unexpected, as the hydrolysis
products of cisplatin and nedaplatin are structurally very simi-
lar. Consequently, the interaction between hydrolyzed nedapla-
tin and the CuO(111) surface is stabilized by the same factors
previously described for cis(OH)(OH), i.e., the formation of a
single Cu;-OH bond, with a length of 2.0 A, and H-bonds
between the amine ligands (-NHj;) of the drug and the surface
oxygen atoms O, of 1.7 and 1.6 A (Fig. 13B).

Also in this case, among the three drugs considered, oxali-
platin exhibits the weakest adsorption. Its adsorption energy is
0.5 and 0.4 eV less stable than those of cis(OH)(OH) and
neda(OH)(H,0), respectively (compare E,qs reported in
Fig. 13, panels A-C). Similar to the non-hydrolyzed form, the
interaction with CuO(111) involves the formation of a Cu,-Pt
bond, with a length of 2.7 A (Fig. 13C). However, following
hydrolysis, the adsorption is further stabilized by the formation
of two H-bonds between the -OH groups of the hydrolyzed drug
and two surface protons (H'), resulting from the dissociation of
the two water ligands coordinated to hydrolyzed oxaliplatin.
The lengths of these hydrogen bonds are 1.6 and 2.0 A,
respectively (Fig. 13C).

The presence of the -OH functional group enhances the
adsorption of the hydrolysis products of cisplatin and

10038 | J Mater. Chem. B, 2025, 13,10027-10042

Cl, Pt, C, H and N atoms are represented using a ball and stick model and

oxaliplatin on the CuO(111) surface by 0.3 and 0.6 eV, respec-
tively, while it does not affect the adsorption energy of
the hydrolyzed form of nedaplatin (compare E,q in Fig. 13
panels A-C and A’-C’). The interaction of ¢is(OH)(OH) with the
CuO(111)@OH surface is further stabilized by H-bonds
between one of its amine groups (NH3) and the surface -OH
group, with a length of 2.3 A (see the H-bond distance
in purple in Fig. 13A’). In the case of oxa(OH)(OH), stabili-
zation arises from the formation of a new Cu;-OH2,,, bond of
2.7 A (Fig. 13C’). Note that the presence of the -OH functional
group does not influence the adsorption of the hydrolyzed
product of nedaplatin on the CuO(111)@OH surface
(Fig. 13B/).

The adsorption energies reported in Fig. 13 indicate that
the hydrolysis process enhances the interaction between the
Pt(u)-based drugs and the two supports (compare E,q5 in Fig. 13
and in Fig. 12). On the CuO(111) surface, the hydrolyzed
cisplatin and nedaplatin exhibit very similar adsorption ener-
gies (3.5 and 3.4 eV, respectively), which are more favorable
than that of oxaliplatin by 0.5 and 0.4 eV, respectively (Fig. 13
panels A-C).

The differences in the hydrolyzed drugs’ adsorption beha-
vior are particularly pronounced in the case of the CuO(111)@
OH surface, where the strongest interaction is observed for
cis(OH)(OH), with an adsorption energy of —3.8 eV, followed by
the hydrolyzed products of oxaliplatin (E,qs of —3.6 eV) and
nedaplatin (E,qs of —3.3 eV). This trend is consistent with the
drug release profiles reported in Fig. 10.

This journal is © The Royal Society of Chemistry 2025
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Also in this case, Bader charge analysis performed on the
models shown in Fig. 13 revealed no significant charge transfer
from the Pt(u)-drugs to support and/or vice versa. Therefore, the
enhanced adsorption energies of the hydrolyzed drugs can be
attributed solely to structural factors, namely the formation of
bonds and hydrogen interactions between the drugs and the
CuO(111) and CuO(111)@OH surfaces.

Conclusion

The experimental results provided valuable data on the surface
properties, pore structure, and drug-loading efficiency of the
CuO nanoparticles as carriers for Pt(u)-based anticancer drugs.
Cisplatin and oxaliplatin showed efficient adsorption on the
surface of the CuO nanoparticles by providing a considerable
reduction of the surface area and pore volume of CuO as
revealed by the BET and BJH measurements. Quantitative UV-
vis analysis showed that cisplatin exhibited the highest entrap-
ment efficiency (EE%) at 52% and the greatest adsorption
capacity (949 mg g™ '), outperforming oxaliplatin (EE% 38%,
878 mg ¢ ') and nedaplatin (EE% 13%, 236 mg g '). The
experimental results are in line with the DFT calculations
according to which Pt(un)-drugs show favorable adsorption on
the CuO(111) surface, especially when the Pt(u)-drug is cispla-
tin. The most stable configurations suggest that cisplatin,
nedaplatin and oxaliplatin prefer to coordinate with the surface
tri-coordinated Cu. DFT calculations show that all three Pt(u)
drugs favorably adsorb on the CuO(111) surface, with cisplatin
showing the strongest interaction (adsorption energy up to
—3.5 eV in the presence of surface -OH groups). The most
stable configurations involve coordination to tri-coordinated
surface Cu atoms and, for cisplatin and its hydrolyzed form, the
formation of multiple strong bonds and hydrogen interactions.
Hydrolysis further enhances the adsorption of all drugs, parti-
cularly aligning the energies of cisplatin and nedaplatin, but
cisplatin remains the most robustly bound in both experi-
mental and theoretical assessments. In vitro release profiles
demonstrated sustained and controlled release for all three
drugs, with cisplatin exhibiting the slowest release (~32% at
72 h), oxaliplatin intermediate (~42%), and nedaplatin the
fastest (~65%). This trend mirrors the strength of drug-carrier
interactions and correlates with the entrapment efficiency and
DFT-predicted binding energies.
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