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Abstract

Background Lanthanide-based nanomaterials offer a promising alternative for cancer therapy because of their
selectivity and effectiveness, which can be modified and predicted by leveraging the improved accuracy and
enhanced decision-making of machine learning (ML) modeling.

Methods In this study, erbium (Er*) and ytterbium (Yb>*) were used to dope zinc oxide (ZnO) nanoparticles (NPs).
Various characterization techniques and biological assays were employed to investigate the physicochemical and
optical properties of the (Er, Yb)-doped ZnO NPs, revealing the influence of the lanthanide elements.

Results The (Er, Yb)-doped ZnO NPs exhibited laminar-type morphologies, negative surface charges, and optical
bandgaps that vary with the presence of Er** and Yb**. The incorporation of lanthanide ions reduced the cytotoxicity
activity of ZnO against HEPG-2, CACO-2, and U87 cell lines. Conversely, doping with Er** and Yb®" enhanced the
antioxidant activity of the ZnO against DPPH, ABTS, and H,0O, radicals. The extra tree (ET) and random forest (RF)
models predicted the relevance of the characterization results vis-a-vis the cytotoxic properties of the synthesized
NPs.

Conclusion This study demonstrates, for the first time, the synthesis of ZnO NPs doped with Er and Yb via a solution
polymerization route. According to characterization results, it was unveiled that the effect of optical bandgap
variations influenced the cytotoxic performance of the developed lanthanide-doped ZnO NPs, being the undoped
Zn0O NPs the most cytotoxic ones. The presence alone or in combination of Er and Yb enhanced their scavenging
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capacity. ML models such as ET and RF efficiently demonstrated that the concentration and cell line type are key
parameters that influence the cytotoxicity of (Er, Yb)-doped ZnO NPs achieving high accuracy rates of 98.96% and
98.67%, respectively. This study expands the knowledge of lanthanides as dopants of nanomaterials for biological and
medical applications and supports their potential in cancer therapy by integrating robust ML approaches.
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Background

Cancer is a leading cause of high morbidity and mortality
rates worldwide. According to the Global Cancer Obser-
vatory, the cancers with the highest global incidence are
associated with lung (12.4%), breast (11.5%), colorectum
(9.6%), prostate (7.3%), and liver (4.3%) cancer [1, 2]. Gli-
omas are also highly prevalent in countries such as the
United States of America, France, Korea, and Denmark
[3]. Various risk factors contribute to cancer develop-
ment, including elevated free radical levels [4, 5]. Both
natural and synthetic antioxidants can inhibit free radical
formation within biological systems via different mecha-
nisms [6, 7]. However, compared to natural sources, syn-
thetic antioxidants, such as nanomaterials (NMs), offer
high stability and can regulate key molecular and cellu-
lar processes by preventing or interfering with free radi-
cal formation [8]. Synthetic antioxidants can be derived
from various raw materials, including metal oxides and
lanthanides [9].

Lanthanides, also known as rare-earth elements, are a
series of chemically and biologically active metals with
applications in immune therapy [10], bioimaging, tem-
perature sensing [11], photodynamic therapy [12], and
the development of antibacterial agents [13]. Unlike
other materials, lanthanide-based NMs are advantageous
due to their affordability, ease of manipulation through
various synthesis routes [14, 15], intrinsic physicochemi-
cal properties derived from the shielding effect of 4f

electrons, and enhanced magnetic and optical proper-
ties. Upconversion nanoparticles (UPNPs) are inorganic
matrices doped with lanthanide cations that can be
excited using low-energy near-infrared light. The most
studied systems are NaYF,: Er®*, Yb®', wherein erbium
(Er®*) serves as an activator and ytterbium (Yb3*) as a
sensitizer. This system requires excitation by a 980-nm
light source. This system exhibited cytotoxicity against
A549 cells and in murine models of Lewis lung carci-
noma tumors, reducing cell viability at concentrations of
100-400 pg/mL and inhibiting tumor growth 24 h after
injection [16]. In nanomedicine, Er** has been used to
synthesize nanoparticles (NPs) with activity against dia-
betes and postprandial hyperglycemia models [17]. Er®*-
doped NPs have also been used to coat poly(ethylene)
oxide nanofibers, exhibiting low cytotoxicity toward
MCE-7 cells and enhanced contrast in magnetic reso-
nance imaging [18]. Other studies have demonstrated
that Er-based NPs are suitable for biomedical applica-
tions because of they prevent aberrations in reactive
oxygen species (ROS) levels, genetic material integrity,
or apoptotic gene expression in human skin fibroblast
cells [19]. Ytterbium (Yb?*) has also been used to develop
NPs with anti-inflammatory properties, anticancer activ-
ity against breast cancer cell lines, and antibacterial
effects against Escherichia coli (E. coli) and Staphylococ-
cus aureus [20]. Upon combining with other rare-earth
elements such as cerium oxide, Yb-based NPs exhibit
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cytotoxicity against colon cancer cell lines (HCT-116)
and antimicrobial properties against E. coli and Candida
albicans [21]. Furthermore, nanocomposites of Yb,O,
and graphene oxide have been developed as a biocompat-
ible material for bone replacement applications, facilitat-
ing osteoblast cell attachment and proliferation [22].

Zinc is a transitional metal characterized by its high
density, low melting point, and capacity to form various
oxidation states. Zinc has been utilized as a dopant for
nanobiotechnological applications, especially in cad-
mium oxide nanorods for antimicrobial applications [23,
24] and copper oxide NPs for crop yield protection [23].
Zinc oxide (ZnQ) is the oxide form of zinc. It is a ver-
satile powdery solid metal oxide widely used in the syn-
thesis of nanostructures owing to its intrinsic properties,
photocatalytic activity, and high ultraviolet (UV) absorp-
tion capacity [24]. In nanobiotechnology, ZnO is an ideal
material for synthesizing nanostructures with distinct
structural arrangements, physicochemical features, bio-
logical activities [27], and the capacity to degrade dyes
such as rhodamine B [25]. ZnO NPs have been doped
with various materials to enhance their therapeutic per-
formance for both in vitro and in vivo applications. For
instance, ZnO NPs doped with gold or palladium exhibit
considerable antibacterial activity at low concentrations
[26]. Conversely, ZnO NPs doped with lanthanides such
as cerium, neodymium, erbium, thulium, and ytterbium
serve as versatile probes for magnetic resonance and
computed tomography imaging and as effective agents
for chemotherapy, radiotherapy, and photodynamic ther-
apy in leukemia models [27, 28].

Recently, machine learning (ML) has become a power-
ful tool in efficient designing and screening NMs based
on their electronic, thermal, optical, and biological prop-
erties [29, 30]. In nanobiotechnology, ML models, such as
multiple linear regression models, Monte Carlo simula-
tions, and linear discriminant analysis, use response and
independent variables, probability distributions, and
descriptors to understand and predict NMs’ effects in
vitro and in vivo [31]. ML has also been applied to study
the anticancer and antioxidant activities, as well as the in
vivo toxicity of ZnO NPs doped with La** and Sm3* [32].
Recently, deep learning models have been used to deter-
mine feature importance, providing deeper insights into
the modeled processes [33, 34].

This study systematically analyzes the effects of doping
ZnO with Er** and Yb?* on its structural, morphologi-
cal, optical, and compositional properties. The nanocy-
totoxicity of these materials against various cancer cell
lines associated with major global cancers, and their
antioxidant activity was studied using 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid (ABTS), and H,O, radicals.
The generated data were integrated into a dataset and

Page 3 of 19

analyzed using ML models. A methodology based on
Shapley indices was applied to determine attribute
importance, identifying the NP characteristics most rel-
evant to their nanocytotoxicity. Results revealed that (Er,
Yb)-doped ZnO NPs exhibited mesoporous features and
laminar-type morphologies, with distinct performance
against hepatocellular, colon, and glioma cancer cells,
and possess different capacities to scavenge free radicals
when used within the concentration range of 5-250 pg/
mL. Of the trained models, the extra tree (EXT) and
decision tree (DT) models efficiently predicted the devel-
oped materials’ nanocytotoxicity with an accuracy rate
of 98.96% and 98.67%, respectively. To the best of our
knowledge, this study is the first to demonstrate the
effect of variations in optical bandgaps in lanthanide-
doped ZnO NPs on nanocytotoxicity. It also highlights
the importance of ML modeling in understanding nano-
structures with biological and medical applications.
Scheme 1 depicts the workflow of this study.

Materials and methods

Synthesis of NMs

Undoped and (Er, Yb)-doped ZnO nanoparticles were
synthesized using a solution-polymerization method.
0.2 g of polyvinyl alcohol (PVA, Mw: 30000-70000)
was dissolved in 100 mL of deionized water while stir-
ring at 80°C until complete dissolution. Upon obtaining
a transparent solution, stoichiometric amounts of zinc,
erbium, and ytterbium precursors (i.e., Zn(NO,),.6H,0,
Er(NO,)3.5H,0, and Yb(NO,);.5H,0, respectively) were
incorporated to obtain Zn;_,(Er, Yb),O solutions. The
solutions were stirred at 80°C until all water evaporated.
The resulting precursor powders were then dried at
200°C for 4 h, and then calcined at 450°C for 3 h in the
air. Figure 1a depicts the synthesis process. The samples
were labeled Z, ZE, ZEY, or ZY based on the presence of
Er®* or Yb 3*. These mean, undoped ZnO (Z), 10 at% of
Er®*-doped ZnO (ZE), 5 at% of Er®+5 at% of Yb3-doped
ZnO (ZEY), and 10 at% of Yb>**-doped ZnO (ZY).

Characterization of the NMs

The crystal structures of the NPs were characterized
via X-ray diffraction (XRD) using an Empyrean diffrac-
tometer (PANalytical) equipped with a copper anode
(A\=1.5406 A). The XRD patterns were obtained for
20 ranging from a 20° to 70° with a step size of 0.01°.
Morphology of the NPs was investigated via field emis-
sion scanning electron microscopy (FESEM) (TESCAN
MIRA3 model). Transmission electron microscopy
(TEM)/high-resolution transmission electron micros-
copy (HRTEM)/scanning transmission  electron
microscopy (STEM) analyses were conducted using an
FEI-Titan microscope operating at 300 kV. Energy-dis-
persive spectroscopy (EDS) was conducted to identify the
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Scheme 1 Design and workflow for the synthesis and physicochemical characterization of (Er, Yb)-doped ZnO nanoparticles (NPs), demonstrating the
advantages of incorporating machine learning (ML) models to predict their cytotoxicity

elements in the sample selected area electron diffraction
(SAED) was used for further analysis. The Brunauer—
Emmett-Teller (BET) method was used to determine
the specific surface area (SBET) by employing a Bel-
Japan MiniSorp II instrument. The optical properties
were assessed using absorption spectra obtained with a
Cary-5000 UV-visible (UV-Vis, Agilent Technologies)
spectrometer equipped with a polytetrafluoroethylene
integration sphere. HR X-ray photoelectron spectroscopy
(HR-XPS) (Thermo Scientific, K-Alpha) was performed
using a monochromatic Al K, source (hv=1486.7 eV).
The HR-XPS spectra of Zn 2p, O 1s, C 1s, Er 4d, and Yb
4d core levels were collected at a pass energy of 15 eV.
All spectra were aligned to the C 1s signal at 284.8 eV,
which is primarily associated with adventitious carbon.
The takeoff angle of the photoelectron was set to 0° rela-
tive to the normal of the sample surface and the axis of
the hemispherical analyzer’s input lens. The spectra were
deconvoluted using AAnalyzer® software, which includes
essential features for active background subtraction and

spherical wavelet signal correction (SVSC) background
adjustment for accurate XPS analysis [35].

Evaluation of biological activities

Cytotoxic activity

The cytotoxicities of Z, ZE, ZEY, and ZY were assessed
using the 3-4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) assay in HEPG-2 (ATCC
HB-8065), RAW 264.7 (ATCC TIB-71), CACO-2 (ATCC
HTB-37), and U87 (ATCC HTB-14) cell lines. Cell lines
were cultured in Dulbecco’s Modified Eagle Medium
F-12 containing 10% fetal bovine serum in a humidified
atmosphere at 37°C under 5% CO,. For the MTT assay,
15,000 cells were seeded into each well of a 96-well plate
and incubated under these conditions. The following day,
the medium was replaced with fresh medium, following
which Z, ZE, ZEY, and ZY were added at concentrations
of 5, 20, 50, 100, and 250 pg/mL, respectively. The plate
was then incubated for 24 h at 37°C under 5% CO,. After
incubation, 25 pL of the MTT working solution (5 mg/
mL) was added to each well. The resulting formazan
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Fig. 1 (a) Synthesis process, (b) X-ray diffraction (XRD) patterns, (c) texture coefficient (TC), (d) Ert/Yb** energy level diagram, (e) absorbance spectra,
(f) magnified absorbance spectra in the range of 400-1600 nm, and (g) optical bandgap, conduction band (CB), and valence band (VB) values of the (Yb,

Er)-doped ZnO NPs

crystals were solubilized with technical grade dimethyl-
sulfoxide, and absorbance was measured at 490 nm using
a Synergy HTX Multi-Mode Microplate Reader (BioTek).
The experiments were performed in triplicate.

Antioxidant activity

The antioxidant activities of Z, ZE, ZEY, and ZY was
assessed using DPPH, ABTS, and H,O, assays. For the
DPPH assay, 4 mg of DPPH was dissolved in 100 mL of
technical grade ethanol and moderately stirred in the
dark for 2 h. Then, 200 pL of this solution was mixed
with 20 pL of (Er, Yb)-doped ZnO NPs at concentrations
of 5, 20, 50, 100, and 250 pg/mL. The absorbance was
recorded at 517 nm using a Cary-5000 UV-Vis spectro-
photometer (Agilent Technologies). For the ABTS assay,
19.7 mg of ABTS powder was dissolved in 50 mL of dis-
tilled water and mixed with 186.2 mg of K,S,0g for 1 hin
the dark. Next, 200 pL of the ABTS solution was mixed
with 20 pL of various concentrations of (Er, Yb)-doped
ZnO NPs (5, 20, 50, 100, and 250 pg/mL). After 6 min of

incubation, absorbance was determined at 734 nm using
the same spectrophotometer. For the H,O, assay, 70 pL
of a 40 mmol L™! H,0, solution was mixed with 100 pL
of (Er, Yb)-doped ZnO NPs at various concentrations and
incubated in the dark for 30 min. The absorbance was
measured at 230 nm using the same spectrophotometer.
Ascorbic acid was used as a positive control in all the
three antioxidant assays despite the differences in experi-
mental procedures.

Statistical analysis

The experimental data were analyzed by ANOVA with a
post-hoc Tukey HSD test with a 95% confidence. Statisti-
cal significance was marked with asterisks depending on
the p-value: *»p<0.05, **p<0.01, ***p<0.001.

ML modeling

Dataset

The original dataset contained 480 observations with 22
attributes and a response variable, CellVia (cell viability
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percentage). The attributes included the NP concentra-
tions used in the biological assays (conc), optical band
gap (BG), zinc content (Zn), average crystallite size (CS),
valence band (VB), conduction band (VB), etc. The data-
set contained categorical attributes, such as the material
type (four categories) and cell type (four categories).

Preprocessing

Categorical variables were handled using One Hot
Encoding, expanding the dataset to 28 attributes. Data
normalization was performed to scale the input vectors
to unit norms. The dataset was then divided into a train-
ing set (70%, 336 observations) and a validation set (30%,
144 observations).

Experiments

Eight models were trained: linear regression (LR), ran-
dom forest (RF), extremely random trees (EXT), deci-
sion tree (DT), multilayer perceptron (MLP), k-nearest
neighbor (KNN), gradient boost (GB), and support vec-
tor machine (SVR). Default parameters were used for all
models except the MLP, which was set to a maximum of
50,000 epochs. Cross-validation was employed for the
model selection to address potential bias due to the split
in the initial training validation data and the relatively
small dataset size.

K-fold cross-validation method was performed by
dividing the dataset into k disjoint subsets. One sub-
set was kept “hidden” for validation, and the model was
trained on the remaining k—1 subsets. This process was
iterated k times with performance metrics averaged
across iterations to facilitate fair model performance
comparison.

After identifying the best performing model, we ana-
lyzed the attribute importance using the Shapley indi-
ces, which is originally proposed for measuring players’
power in a voting game. This method, adapted into the
Shapley additive explanations (SHAP) technique [36],
quantifies each attribute’s contribution to the prediction.
SHAP is increasingly important in the field of explain-
able artificial intelligence to provide insights into model
decision-making.

Table 1 Geometrical parameters of undoped and doped ZnO
nanoparticles (NPs)

Material Lattice parameter (A) Vo (A) D (nm) + 5%
a c

Z 3.251 5.209 4.769 18

ZE 3.255 5.201 4.780 17

ZEY 3.248 5213 4,765 12

ZY 3.283 5.204 4857 13
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Results and discussion
Material characterization
The effects of incorporation of Er** and Yb?* in the crys-
tal structure of ZnO (Fig. 1a) was analyzed via XRD, with
the results shown in Fig. 1b. All samples matched the
(100), (002), (101), (102), (110), (103), (200), (112), and
(201) planes, corresponding to the hexagonal wurtzite
structure of ZnO (JCPDS# 36-1451). Incorporation of
the lanthanide elements reduced the crystallinity of ZnO,
although no secondary phases related to the doping ele-
ments were observed. A slight shift in 26 position and a
decrease in average crystallite size were also observed.
Various geometrical parameters, such as lattice param-
eters, average crystallite size, and unit cell volume were
calculated from the XRD analysis, with the results pre-
sented in Table 1. Incorporating rare earth dopant ions
into the ZnO matrix induces structural changes such as
crystal lattice deformations and the appearance of struc-
tural defects, e.g., oxygen and Zn vacancies. Incorporat-
ing rare earth ions promotes the deformation of the ZnO
crystal lattice, making the diffraction peaks broader and
less intense compared with undoped ZnO nanoparti-
cles. This occurs because the ionic radius values of Yb3*
(0.86 A), Er®* (0.89 A), and Zn?* (0.74 A) differ [37]. The
changes in the crystal lattice promote the formation of
internal strain and structural defects, leading to changes
in the grain boundaries. Meanwhile, it is well known
that the preferential orientation planes largely deter-
mine the physicochemical properties of ZnO nanopar-
ticles. ZnO is a polar crystal since it is composed of
tetrahedrally coordinated O*~ and Zn?" ions in alternat-
ing planes along the c-axis. The lattice parameters a and
c are related to the (101) and (002) planes, respectively.
Increasing the doping level prevents grain growth in the
(002) direction, as observed in Fig. 1c. In addition, (001)
and (002) are polar planes, whereas (100) and (101) are
non-polar planes. The polar planes are related to reactive
oxygen species (ROS) formation. A major proportion of
polar faces in ROS production can be observed [38].
Figure 1d depicts an energy level diagram of Er®*—Yb?*
to understand the mechanism of the UC (upconversion)
process. The energy transfer from Yb®" to Er®* ions and
the nonradiative relaxation (NR) from excited Er** are
involved In the Er®*-Yb" up-conversion process and play
an important role in populating the high-energy states of
Er3* [39]. Hence, the Yb3" ions are used as active ions (or
sensitizers for the Er®* ions) due to the high absorption
at approximately 977 nm, since beneficial energy trans-
fer occurs between the Yb®" ions and Er** ions. The high
absorption cross-section of the Yb3" ions at ~975 nm
allows them to capture NIR photons efficiently. After
absorbing the NIR photons, the Yb3* ions transfer their
energy non-radiatively to nearby Er®* ions. This energy
transfer process excites the Er®* ions from their ground
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state of *I;5,, to higher energy levels as “I;; . This allows
the up-conversion process between Er®* ions and ZnO,
which can be described in several steps [40]: (i) In the
excitation step, the Er’* ions are excited from the ground
state “I;5/, to the higher energy level “I,;, by absorbing
photons. (ii) During energy transfer up-conversion, two
types of energy transfer mechanisms are necessary. The
first involves the energy transfer from an excited Er** ion
to a neighboring Er** ion, leading to excitation to higher
levels, such as *F,, or *S,,; the second is excited state
absorption, where an already excited Er** ion absorbs
another photon and is excited to higher states. (iii) In the
emission step, after reaching the higher energy levels, the
Er®* ions relax back to their ground state, emitting pho-
tons in the visible range. The typical emission transitions
are “Hy;, — 1,5, (green emission), *S;,, — I/, (green
emission), and *Fy, — 1,5/, (red emission).

Figure le shows the absorbance spectra of the lan-
thanide-doped and undoped ZnO NPs in the range
of 200-1800 nm. All samples exhibited an absorp-
tion edge at near 380 nm, corresponding to the direct
bandgap of ZnO [41]. Figure 1f shows a magnified view
of the absorbance spectra between 400 and 1800 nm,
revealing several absorption bands corresponding to
the optical transitions of Er** and Yb3*. The six absorp-
tion peaks observed in ZE nanoparticles correspond to
specific transitions of Er*" ions from their ground state
1,5/, to higher energy levels. All these peaks are signifi-
cant because they indicate the energy levels involved in
the up-conversion process. The optical transition of *I;5,,
— *I,,), corresponds to an absorption peak in the NIR
region (~974 nm). This is a primary transition involved
in the initial excitation of Er** ions. *I;5,, = %1y, is related
to the NIR absorption peak (~797 nm). The *I;5, —
*F,, transition leads to an absorption peak in the vis-
ible region (~654 nm). The *I;5, — *S;/, (~544 nm) and
1,5/ = *Hjy) (~520 nm) transitions correspond to green
absorption peaks. Finally, the *I;5, — %Gy, transition
is related to the near-ultraviolet region peak (~380 nm)
[42]. The optical bandgap was calculated from the absor-
bance spectra using the Kubelka—Munk function [43]:

(1— Ry )?

F(Roo): IR

(1)

where R, is the absolute reflectance, calculated by the
Rample/ Rspectralon ratio. In addition, the energies of the
conduction band and valence band were evaluated, and
the results are shown in Fig. 1g. The calculated bandgap
values for Z, ZE, ZEY, and ZY were 3.20, 3.22, 3.24, and
3.23 eV, respectively.

Figure 2 shows typical scanning electron microscopy
(SEM) images of (Er, Yb)-doped ZnO NPs. PVA was used
as a stabilizing agent to control the shape of the NPs.
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Initially, low-magnification images (Fig. 2a) of Z and ZY
are shown, providing an overview of the microstructure.
The fuel releases gases during combustion, resulting in a
foamy microstructure. PVA is also known to form “mate-
rials sheets,” as observed in [44]. Subsequently, high-
magnification images (Fig. 2b) of all samples are shown,
revealing a fully nanostructured sheet-surface. The aver-
age grain sizes calculated from these images were 30 nm
for Z, 34 nm for ZE, 31 nm for ZEY, and 32 for ZY, with
a standard deviation or error margin of £5% (Fig. 2c).
Statistical analysis indicated notable differences in the
grain size (p-value<0.05) between samples Z and ZE. No
significant difference in the grain size compared with Z
was observed when both ZEY double doping and ytter-
bium doping were applied to the material. However, Er>*
caused modifications (p-value <0.5) in the grain size.

Figure 2d shows the specific surface area and pore
volume distribution results, analyzed using the BET
method. For Z, ZE, ZEY, and ZY, the respective SBET
values were 10.12, 26.85, 34.29, and 35.20 m*/g and the
respective pore diameters were 18.51, 35.14, 35.44, and
36.80 A. The molecular weight of doped nanoparticles
increases according to the doping type; when more pre-
cursor nitrate salt is needed, more gases are consequently
liberated and greater porosity forms during the synthe-
sis process. All the samples were mesoporous, exhibit-
ing type IV N, adsorption-desorption isotherms with a
type H3 hysteresis loop [45]. Figure 2e shows the hydro-
dynamic diameter of the NPs, which are approximately
661, 884, 4683, and 1657 nm for Z, ZE, ZEY, and ZY,
respectively. The hydrodynamic diameters were higher
than those reported via XRD or SEM, indicating NP
agglomeration in aqueous media. The zeta potential ({)
values for Z, ZE, ZEY, and ZY were —37.4, —7.9, —17 4,
and —5.2 mV, respectively (see Fig. 2f). The variation in
the zeta potential ({ potential) value after doping was
due to alterations in the surface charge distribution and
electrostatic interactions [46]. Doping introduces foreign
atoms into the ZnO lattice, which can affect the surface
charge by changing the balance of positive and negative
charges on the particle surface. Furthermore, this affects
the ionization state and the adsorption of ions or mol-
ecules from the surrounding medium, thereby affecting
the overall zeta potential. The zeta potential values for
all the samples were between —30 and 30 mV, indicating
stable suspension. However, the ZY sample’s zeta poten-
tial was near 0, potentially due to the electronic configu-
ration of Yb®" (the ionic radius was also small compared
with Er®*). This affects the surface charge of ZnO, where
two phenomena can happen: the neutralization of more
surface charges or the creation of a different surface state
that results in a lower zeta potential [47].

TEM was employed to analyze these NPs in more
detail compared with the FESEM image analysis (Fig. 3a).
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Fig.2 (a) Low-and (b) high-magnification scanning electron microscopy (SEM) images of the as-prepared (Er, Yb)-doped ZnO NPs. (c) Grain size distribu-
tion and (d) N, adsorption—desorption isotherm plots (inset: pore size distribution) of the NPs. (e) Size distribution analysis of dynamic light scattering

(DLS). (f) Zeta potentials (C) of Z, ZE, ZEY, and ZY

A TEM image of the ZEY NPs, shown in Fig. 3b, depicts
a section of the sheet where the NPs are interconnected,
with the average grain size calculated to be 15 nm=+5%.
The difference in the grain size values between the SEM
and TEM analyses could be attributed to the different
spatial resolutions of the SEM (low) and TEM (high)
techniques. SEM images provide information about the
surface morphology, while TEM images give in-depth
information about the nanoparticles. Hence, SEM can
obtain a higher grain size compared with TEM results.
The image analysis was performed using Image] software
and the thresholding procedure [48]. Figure 3c shows
an HRTEM image of the ZEY NPs. Analyzing the high-
resolution TEM micrograph allowed the interplanar
distance (d ) to be estimated by applying the inverse fast
Fourier transform. The obtained values were compared
with PDF card No. 36-1451 in Jade software, and the cor-
responding diffraction plane was identified. The interpla-
nar distance of 2.80 A was consistent with the diffraction
plane (100), while that of 2.59 A was associated with the
diffraction plane (002). Both the interplanar distance

values were consistent with the preferential orientation
planes observed in the diffraction pattern in Fig. 1b. In
the SAED pattern (Fig. 3d), a single-phase material will
show a consistent and uniform diffraction pattern corre-
sponding to one crystal structure, whereas a multiphase
material will show additional diffraction spots or rings,
indicating the presence of other crystalline phases. The
SAED pattern can also display changes due to doping,
such as slight shifts in the diffraction peaks or changes in
the intensity. Analyses of the SAED pattern with Image]
software revealed that the rings corresponded to the dif-
fraction planes observed in the XRD results, where no
secondary phases were observed. Figure 3e shows the
Energy-dispersive X-ray spectroscopy (EDS) mapping of
the ZEY NPs.

The elements and chemical states on the surface of
ZnO and (Er, Yb)-doped ZnO were investigated via XPS,
as shown in Fig. 4. The spectra were simultaneously fitted
to ensure a robust fit for the experimental data. Figure 4a
depicts the Zn 2p spectra with a spin—orbit separation
of 23.10 eV. To fit the Zn 2p spectra, one doublet peak
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Fig.3 (a) Low-magnification field-emission scanning electron microscopy (FESEM) micrograph. (b) Low-magnification transmission electron microscopy
(TEM) micrograph. (c) High-resolution TEM (HRTEM) micrograph. The inset shows the inverse fast Fourier transform [IFFT] used to estimate the interplanar
distance. (d) Selected-area electron diffraction (SAED) pattern. (e) Energy-dispersive X-ray spectroscopy (EDS) mapping of the ZEY NPs

(Z1) with a double Lorentzian line shape and three sin-
glet peaks with a Gaussian line shape were used [49]. A
combination of slope-SVSC backgrounds was necessary
to reproduce the intensity and shape of the background.
The Z1 peak located at 1021.25 eV was attributed to Zn>*
ions in the ZnO structure, while the singlet peaks located
between 1026.50 and 1043.50 eV were ascribed to sat-
ellites (plasmon peaks) [50]. The O 1s region was fitted
using two singlet peaks (Fig. 4b), associated with O*~ ions
in ZnO and oxygen vacancies (V) at 530.04 (O1) and
531.62 eV (02), respectively. Figure 4c shows the Yb 4d
spectra for the ZY and ZEY powders. Notably, to adjust
the Yb 4d spectrum, a wide binding energy range is nec-
essary to correctly adjust the background and extract
the chemical components associated with the spectrum.
The Yb 4d spectrum generally exhibited a complex struc-
ture, with the main peak comprising multiplet-related
satellites. To distinguish the oxidation states of Yb (Yb?*
and Yb?'), it is necessary to consider that Yb*" does
not present multiplets, unlike Yb3*, in which its par-
tially filled 4f layer presents multiplet final-state effects
[51]. The Yb 4d spectra were deconvoluted using three

chemical components with a Shirley—Sherwood back-
ground. The spin—orbit separation for doublets Y1 and
Y2 was 13.11 eV, while that for doublet Y3 was 11.33 eV.
The three doublets, Y1 (185.52 eV), Y2 (189.69 eV), and
Y3 (193.41 eV), confirmed the presence of Yb ions with
an oxidation state of 3+. Meanwhile, the Er 4d spectra
(Fig. 4d) were deconvoluted using a doublet with spin—
orbit separation of 2.0 eV, attributed to Er®* ions in ZnO.
A Shirley-type background was used to reproduce the Er
4d spectra. Table 2 presents the atomic percentage (at%)
of elements on the surface of the NPs. The Zn/O ratio
was considerably close to unity for pure ZnO. However,
the Zn/O ratio decreased upon addition of rare-earth ele-
ments (Er and Yb), indicating the formation of structural
defects mainly associated with oxygen vacancies.

The oxidation states of the doping ions in the ZnO
matrix are fundamental to its electronic, optical, and
structural properties. The type of electronic transition
that occurs in the material largely depends on these oxi-
dation states. Doping with rare earth materials, where,
normally, the oxidation state of the ions is 3+, pro-
motes various electronic transitions that enable various
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Fig. 4 High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (@) Zn 2p, (b) O 1s, (c) Yb 4d, and (d) Er 4d core levels

Table 2 High-resolution X-ray photoelectron spectroscopy (XPS)
spectra was used to obtain the atomic concentrations of Zn, O,
Er,and Yb

Sample Zn(at%) Of(at%) Z1/01 Er(at%)  Yb (at%)
/N 25.67 2598 0.99 - -

ZE 18.54 19.61 0.94 1.06 -

ZEY 20.90 2268 092 0.50 244

7Y 20.80 22.11 0.94 - 428

applications, such as temperature sensors, solar cells,
optical storage, and green emission devices. Yb in a+2
oxidation state introduces an extra electron into the ZnO
lattice, which changes its electrical properties by increas-
ing ZnO’s n-type conductivity. Yb®*, the doping ion, can
act as an isovalent impurity in the ZnO structure and
modify the electronic band structure via interactions
with other dopants or defects. Yb®* ions promote the
electronic transition *Fy,- “F,,, which in coupling with
Er, improves the energy transfer from Yb*" to Er®*. This
increases the up-conversion process efficiency. Varia-
tions in the crystal structure of ZnO were observed after
Er** and Yb3' were incorporated (see Fig. 1b). These

changes were associated with structural defects, includ-
ing the formation of oxygen and zinc vacancies. Hence,
the lanthanides introduced extra positive charges into the
ZnO lattice. More oxygen vacancies may form to main-
tain charge neutrality, as each V,, can compensate for two
extra positive charges (Eq. 2 and Eq. 3). Moreover, as no
secondary phases were observed, and the substitution of
Zn** with Er®* and/or Yb®" was assumed, the Zn vacan-
cies formed as follows [52]:

Ln?{, + VZQ; — (LnZn - ‘/Zn)jL (2)
(LTL — ‘/Zﬂ)Jﬁ + VZQ; — (LnZn - 2VZ71>7 (3)

The defects caused by Er** and Yb*" doping in ZnO play
a critical role in its optoelectronic and structural proper-
ties, i.e., altering the electronic band structure by intro-
ducing localized states that promote different electronic
transitions. Hence, developing metal oxide materials with
defects is desirable due to their wide range of applica-
tions. For example, the antibacterial activity of ZnO in
dark conditions is related to defects, not the optical band
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gap [53]. Moreover, the role of Er** and/or Yb** doping
in ZnO has been discussed in photovoltaic applications
[54].

Cytotoxic activity
The cytotoxicity of the (Er, Yb)-doped ZnO NPs was
tested using cell lines derived from major cancers includ-
ing hepatocellular carcinoma, colorectal adenocarci-
noma, and malignant glioma. A macrophage-derived
cell line was also used to compare the cytotoxic effects of
the as-prepared NMs. The cultured cell lines used were
HEPG-2, RAW 264.7, CACO-2, and U87.

The HEPG-2 cell line is a widely cultured model used
to investigate the potential activity of NMs against hepa-
tocellular carcinoma. As shown in Fig. 5a, treatment with
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5 pg/mL Z did not provide a cytotoxic effect against the
HEPG-2 cell line. However, at 20, 50, and 100 pg/mL, Z
resulted in 38.50%, 55.62%, and 72.43% cell death, respec-
tively. The highest cytotoxicity was observed at 250 pg/
mL, at which 80.77% cell death was observed. In contrast,
treatment with 20 and 50 pg/mL ZE resulted in 4.03%
and 4.39% cell death, respectively, whereas that with 100
and 250 pg/mL ZE caused 58.16% and 80.80% cell death,
respectively. However, treatment with 5, 20, and 50 pg/
mL ZEY resulted in 1.21%, 6.16%, and 30.34% cell death,
respectively, and that with 100 and 250 pg/mL ZEY
caused 78.82% and 78.64% cell death, respectively. Treat-
ment with 20, 50, and 100 ug/mL ZY resulted in 4.01%,
54.71%, and 54.74% cell death, respectively, while that
with 250 pg/mL ZY caused 69.13% cell death.
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Fig. 5 Cytotoxicity of the (Er, Yb)-doped ZnO nanoparticles (NPs) against the following cell lines: (@) HEPG-2, (b) RAW264.7, (c) CACO-2, and (d) U87. The
data are presented as mean + standard deviation (SD) of three independent experiments. *p <0.05, ** p<0.01, and ***p <0.001
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In contrast with the HEPG-2 cell line, the RAW 264.7
cell line constitutes a robust model commonly employed
to determine the cytotoxic effect of NMs against mono-
cytes/macrophages. Treatment with 5, 20, and 50 pg/
mL Z resulted in 0.77%, 74.09%, and 84.97% cell death,
respectively (Fig. 5b). Treatment with 100 and 250 pg/mL
Z caused 85.12% and 86.80% cell death, respectively. Sim-
ilarly, treatment with 20, 50, and 100 pg/mL ZE resulted
in 0.22%, 75.92%, and 78.93% cell death, respectively,
while that with 250 pg/mL ZE caused 81.55% cell death.
However, treatment with 50 pg/mL ZEY resulted in
72.60% cell death, and that with 100 and 250 pg/mL ZEY
caused 81.55% and 85.93% cell death, respectively. Treat-
ment with 50 and 100 pg/mL ZY resulted in 76.66% and
81.08% cell death, respectively, while that with 250 pg/mL
ZY caused 85.10% cell death.

The CACO-2 cell line is a complex colorectal adeno-
carcinoma model with structural and functional features
similar to those of enterocytes. Against this cell line,
treatment with 5, 20, and 50 pg/mL Z resulted in 1.79%,
19.96%, and 63.03% cell death, respectively, and that
with 100 and 250 pg/mL Z caused 71.97% and 72.52%
cell death, respectively. Moreover, treatment with 5, 20,
and 50 pg/mL ZE caused 1.37%, 5.16%, and 13.08% cell
death, respectively, while that with 100 and 250 pg/mL
ZE resulted in 47.32% and 57.69% cell death, respec-
tively. Treatment with 20, 50, and 100 pg/mL ZEY caused
2.38%, 35.39%, and 56.54% cell death, respectively, and
that with 250 pg/mL ZEY resulted in 62.97% cell death.
Of the tested samples, ZY showed the lowest cytotoxic
activity: Treatment with 5, 20, and 50 pg/mL ZY resulted
in 30.18%, 39.22%, and 42.36% cell death, respectively,
and that with 100 and 250 pg/mL ZY caused 47.62%
and 46.52% cell death, respectively. Figure 5¢ shows the
cytotoxicity of the (Er, Yb)-doped ZnO NPs against the
CACO-2 cell line.

The cytotoxicity of the (Er, Yb)-doped ZnO NPs was
also tested on the U87 cell line, which is associated with
a malignant glioma cellular model. Treatment with 5, 20,
and 50 pg/mL Z resulted in cell death rates of 18.76%,
33.02%, and 67.90%, respectively (Fig. 5d); higher con-
centrations of 100 and 250 ug/mL caused cell death rates
of 83.73% and 86.59%, respectively. In contrast, treat-
ment with 5 and 20 pg/mL ZE caused cell death rates of
3.49% and 21.46%, respectively, while that with 50, 100,

Table 3 Half-maximal inhibitory concentration (ICs) values (in
pg/mlb) of Z, ZE, ZEY, and ZY against the HEPG-2, RAW 264.7,
CACO-2, and U87 cell lines

Sample HEPG-2 RAW 264.7 CACO-2 us7

Z 87.15 2.05 102.30 51.95
ZE 114.57 95.40 190.64 8243
ZEY 11917 94.55 160.68 78.66
zY 138.75 92.87 263.05 41.76
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and 250 pg/mL ZE induced cell death rates of 61.69%,
81.09%, and 86.14%, respectively. Treatment with 5, 20,
and 50 pg/mL ZEY resulted in cell death rates of 12.13%,
39.14%, and 54.41%, respectively, while that with 100
and 250 pg/mL ZEY caused 66.33% and 85.81% cell
death, respectively. Similarly, treatment with ZY showed
cytotoxic effects on U87 cells: 5, 20, and 50 pg/mL ZY
resulted in 17.55%, 53.58%, and 57.48% cell death, respec-
tively, and 100 and 250 pg/mL ZY caused 82.11% and
86.83% cell death, respectively. The half-maximal inhibi-
tory concentration (ICs,) values of Z, ZE, ZEY, and ZY
against each cultured cell line were calculated by plotting
the proportion of damaged cells against the various con-
centrations used (Table 3). As per the National Cancer
Institute, USA, Table 3 suggests that the cytotoxicity of
Z, ZE, ZEY, and ZY against the HEPG-2, CACO-2 and
U87 cell lines can be considered moderate. Similarly, the
cytotoxicity of ZE, ZEY, and ZY against RAW 264.7 cells
can be regarded as moderate, except for Z, which exhib-
ited a high cytotoxicity activity. Figure 6 depicts the pos-
sible mechanisms by which the (Er, Yb)-doped ZnO NPs
decreased the viability of the cultured cancer cell lines.

The recent studies have shown that ZnO NPs can
induce cell death in cancer cell lines via various mecha-
nisms. For instance, ZnO NPs synthesized with Boer-
haavia diffusa extract have been observed to decrease
the viability of HEPG-2 cells in a dose-dependent man-
ner (25-100 pg/mL) by increasing the production of
ROS and reactive nitrogen species, disrupting the mito-
chondrial membrane potential (A¥Ym 1359) and upregu-
lating the caspase 3/7 activity [55]. Similarly, ZnO NPs
prepared via a solution combustion method have been
reported to decrease the viability of a human malignant
glioma cell line (LN-18) within the concentration range
of 3.12-200 pg/mL, partially associated with the deter-
mined small size and spherical of the synthesized ZnO
NPs.

Conversely, Er,0O; NPs have been observed to reduce
the viability of HEPG-2 cells by arresting their cell cycle
at the GO/G1 phase, upregulating apoptotic genes (p53
and Bax), inducing DNA damage, and facilitating the
generation of intracellular ROS [56]. Similarly, ZnO NPs
doped with Yb3* and Ce have been reported to induce cell
death in HCT-116 colon cancer cells by inducing chro-
matin condensation and fragmentation [21]. In contrast,
Er,0; NPs have not been observed to induce consider-
able morphological changes, genetic material damage,
or apoptosis gene expression changes in human skin
fibroblasts (HSFs), although they did reduce the viability
of HSF cells post 72 h of exposure [19]. The variabilities
between these findings and this study’s results can be
attributed to difference in synthesis route, morphological
features, size, lattice structure, and concentrations of the
respective (Er, Yb)-doped ZnO NPs used.
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Fig. 6 Possible anticancer mechanisms of the (Er, Yb)-doped ZnO nanoparticles (NPs)

Antioxidant activity

The antioxidant activity of synthetic materials can be
measured using various techniques involving chemical
reactions measured spectrophotometrically, interpreted
quantitatively, and monitored qualitatively. Accord-
ingly, we employed the DPPH, ABTS, and H,O, assays
to evaluate the free radical inhibition ability of the (Er,
Yb)-doped ZnO NPs, which were further compared with
the of ascorbic acid (AC) activity. Among natural antioxi-
dants, AC is a water-soluble vitamin that regulates col-
lagen synthesis [57], immune system response [58], cell
proliferation and differentiation [59], and cytokine pro-
duction [60]. AC is a valuable therapeutic source against
oxidative stress-related disorders since it can effectively
neutralize the generation of free radicals (e.g., OH, 'O,,
and H,0,) involved in disease progression, such as
Alzheimer’s disease [61], hepatocellular carcinoma [62],
and neuroinflammation [63].

DPPH assay
The DPPH radical is a stable molecule that is violet in
color and possesses hydrogen acceptor capability. It is

widely used to investigate the antioxidant activity of nat-
ural and synthetic antioxidants because of its high sensi-
tivity and minimal sample preparation requirements [32].
As shown in Fig. 7a, treatment with 5, 20, and 50 pg/mL
Z scavenged 51.66%, 52.24%, and 55.52% of DPPH radi-
cals, respectively, while 100 pg/mL Z inhibited 64.62%
of free radicals. Similarly, 5 and 20 pg/mL ZE scavenged
45.25% and 51.62% of radicals, respectively, whereas 50
and 100 pg/mL ZE inhibited 51.77% and 52.48% of radi-
cals, respectively. However, treatment with 5, 20, and
50 pg/mL ZEY scavenged 53.92%, 56.01%, and 59.84% of
DPPH radicals, respectively, while 100 ug/mL ZEY inhib-
ited 59.84% of free radicals. Similarly, ZY at 5 and 20 pg/
mL scavenged 55.07% and 55.73% of radicals, respec-
tively, whereas 50 and 100 pg/mL ZY inhibited 55.52%
and 64.62% of DPPH radicals, respectively.

We demonstrated that ZnO-based NPs at various
concentrations can successfully scavenge DPPH radi-
cals under various conditions. For instance, Er,0; NPs
synthesized from Hyphaene thebaica extracts disrupted
28.31-66.25% of DPPH radicals when used at 62.5-
1000 pg/mL [17]. Similarly, Yb,O5 NPs synthesized from
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Fig. 7 Antioxidant activity of (Er, Yb)-doped ZnO NPs against (a) 2,2-diphenyl-1-picrylhydrazyl (DPPH), (b) 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfon-
ic acid (ABTS), (c) H202 radicals, and (d) their possible mechanisms. The terms Z, ZE, ZEY, and ZY are associated with the developed materials in this study.
AC represents ascorbic acid, the positive control for these assays. The data are presented as the means+ standard deviation (SD) of three independent

experiments. * p<0.05, ** p<0.01, and *** p<0.001

Andrographis paniculata leaf extract inhibited 16.33—
56.13% of DPPH radicals when used at 50-500 pg/mL.
Despite differences in physicochemical and optical prop-
erties, the antioxidant activity of ZnO NPs doped with
Er** or Yb3* is attributed to electron transfer from the
oxygen atom of ZnO to the unpaired electron localized
on the nitrogen atom of DPPH free radicals (Fig. 7d).

ABTS assay

The ABTS assay is a colorimetric technique in which the
ABTS radical cation is decolorized from deep to pale
blue green in the presence of antioxidants. This assay
provides valuable information about the antioxidant
activity of synthetic materials because of its high sensi-
tivity, versatility, and complementarity with other anti-
oxidant assays. Treatment with 5, 20, and 50 pg/mL Z

scavenged 40.80%, 47.09%, and 50.87% of ABTS radicals,
respectively (Fig. 7b). Z at 100 and 250 pg/mL inhibited
51.23% and 52.22% of free radicals, respectively. In con-
trast, ZE at 5 and 20 pg/mL inhibited 48.68% and 51.56%
of ABTS radicals, respectively, while ZE at 50, 100, and
250 pg/mL scavenged 51.78%, 52.01%, and 53.82% of
radicals, respectively. However, treatment with 5, 20, and
50 pg/mL ZEY scavenged 49.51%, 50.13%, and 51.14% of
ABTS radicals, respectively, and treatment with 100 and
250 pg/mL ZEY inhibited 51.31% and 52.16% of free radi-
cals, respectively. However, ZY at 5 and 20 pg/ mL inhib-
ited 50.41% and 51.41% of radicals, respectively, whereas
ZY at 50, 100, and 250 pg/mL scavenged 52.38%, 52.71%,
and 53.11% of free radicals, respectively.

There have been limited reports on the antioxi-
dant activity of (Er, Yb)-doped ZnO NPs against ABTS
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Fig. 8 Overview of the machine learning (ML) experiment findings. a—c): Various metrics for model quality assessment. d) Outcomes of performing five
repeated procedures. e) Feature importance assessment for the best performing model

radicals. Although this study is the first to evaluate (Er,
Yb)-doped ZnO NPs using the ABTS assay, it is already
known that lanthanide-based NMs can scavenge free
radicals because of their 4f shielded electrons, doping

content, and structural arrangement [31]. The ability of
ZnO NPs to neutralize ABTS radicals may be associated
with their capacity to donate hydrogen atoms [64].
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H202 assay

Unlike DPPH and ABTS radicals, H,O, radicals are
strong oxidants that can be detected spectrophotometri-
cally [65], fluorometrically [66], or electrochemically [67]
in various samples. H,O, naturally occurs in human cells
and is involved in both healthy cellular processes and
pathological oxidative stress. As shown in Fig. 7c, treat-
ment with 5 and 20 ug/mL Z scavenged 1.45% and 1.82%
of H,O, radicals, respectively, whereas treatment with
50, 100, and 250 pg/mL Z inhibited 19.6%, 34.67%, and
42.90% of radicals, respectively. Similarly, ZE at 5, 20, and
50 pg/mL inhibited 1.49%, 22.57%, and 30.67% of free
radicals, respectively, and ZE at 100 and 250 pug/mL scav-
enged 38.94% and 39.07% of H,O, radicals, respectively.
Treatment with 5, 20, and 50 pg/mL ZEY inhibited 9.46%,
9.94%, and 14.23% of free radicals, respectively, while
100 and 250 pg/mL ZEY scavenged 30.83% and 41.65%
of H,0, radicals, respectively. Finally, ZY exhibited the
highest antioxidant activity against H,O, radicals, scav-
enging 8.24%, 10.33%, and 19.38% of radicals at 5, 20, and
50 ug/mL, respectively, and inhibiting 43.47% and 48.72%
at 100 and 250 pg/mL, respectively. Unfortunately, lim-
ited evidence exists on the capacity of ZnO-based NMs
to scavenge H,O, despite its role in disease progression.
The antioxidant activity observed in this study can be
correlated to the high surface area and reactive surface
sites of NMs that interact with and neutralize H,O, radi-
cal formation [68]. Although the specific mechanisms for
Er,0O5 or Yb,0O; NMs against H,O, radicals are not well
documented, lanthanide-based NPs can stimulate endog-
enous antioxidant enzymes such as superoxide dismutase
and catalase to facilitate the decomposition of H,O, into
water and oxygen, thereby reducing oxidative stress [69].

ML modeling

Figure 8a shows the results of the ML model training
time, explained variance, and correlation coefficient or
determination coefficient with default parameters. The
EXT and DT models performed best, each with a 1% pre-
diction error (Fig. 8b). In contrast, SVR had the highest
error rate (29%).

Figure 8c shows the mean absolute error (MAE) of each
model, exhibiting a pattern similar to that of the accuracy
measure. After five-fold cross-validation, as illustrated
in Fig. 8d, DT and EXT continued leading with an error
rate of 1.3% error, whereas the SVR lagging at 30% error.
The minimal standard deviation in errors across the
models indicates stable and consistent predictive perfor-
mance. Figure 8e shows the SHAP values for the top 10
contributing features. The concentration was the most
crucial variable, followed by cell line CACO-2, cell line
U87, BG (optical bandgap), and cell line RAW264.7. Each
point on the graph indicates a dataset observation, with
the horizontal axis representing SHAP values and color
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indicating higher or lower values. High concentrations
negatively affected the model’s predictions, whereas low
concentrations had a positive influence. The CACO-2
and U87 cell lines exhibited contrasting influences: high
CACO-2 values positively influenced the model, low
values were detrimental, and the opposite was true for
the U87 cell line. These differences are attributed to the
molecular and cellular complexity of the CACO-2 and
U87 cell lines, which considerably influences the cytotox-
icity of the developed NMs.

Conclusions

(Er, Yb)-doped ZnO NPs were successfully synthe-
sized and characterized using spectroscopy (UV-Vis,
FTIR, XRD, EDS, and HR-XPS) and microscopy (TEM/
HRTEM/STEM) techniques. The NPs were evaluated for
their anticancer and antioxidant properties and used for
ML model training. The characterization revealed that
doping with Er®* and Yb®* decreased crystallinity, modi-
fied TC, and altered absorbance capacity in laminar-type
structures. The optical bandgaps of Z, ZE, ZEY, and ZY
were 3.20, 3.22, 3.24, and 3.23 eV, respectively, which
influenced their anticancer and antioxidant activities.
Z exhibited the highest anticancer activity against the
HEPG-2, CACO-2, and U87 cell lines with an ICy, of
<102.30 pg/mL, whereas ZY exhibited the lowest activity,
with an ICs; of <263.05 pg/mL. Despite this event, it was
noted that the cytotoxicity of the obtained materials was
also higher or moderate towards RAW 264.7 cells (ICg,
2.05-95.40 pg/mL), a macrophage-derived cell line fre-
quently involved in immunological responses. Therefore,
further approaches are required to develop alternatives
that aid the preservation of the capacity of (Er, Yb)-doped
ZnO NPs to be implemented in cancer therapy while
reducing their toxicity. Even though no statistical differ-
ences were observed when compared to treatment with
AC, lanthanide doping increased the ZnO NPs’ capacity
to scavenge DPPH, ABTS, and H,0O, radicals at concen-
trations of 5-250 pg/mL, which is of significant impor-
tance since it demonstrates the potential of Z, ZE, ZEY,
and ZY to act as efficient antioxidant systems with the
capacity to be implemented in the treatment of oxida-
tive-stress related disorders such as neurodegeneration,
cancer, and metabolic diseases. Among the ML mod-
els trained, EXT and DT models achieved accuracies of
98.96% and MAEs of 1.30%, effectively illustrating the
effect of concentration and cell line type on the perfor-
mance of (Er, Yb)-doped ZnO NPs. This study provides
new insights into the nanobiotechnological applications
of these NPs for the first time, advancing our knowledge
of UPNPs and ML modeling, and highlighting the impor-
tance of optical bandgaps in the cytotoxicity and antioxi-
dant properties of NMs.
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