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A B S T R A C T

Fe3O4@ZnO and Yb/Er-doped Fe3O4@ZnO core@shell nanocomposites were rationally synthesized via a co- 
precipitation and modified Stöber route to achieve multifunctional performance for biomedical applications. 
Structural and morphological analyses confirmed crystalline Fe3O4 cores and ZnO shells, while lanthanide 
incorporation induced lattice expansion and enhanced agglomeration. Magnetic measurements revealed soft 
superparamagnetic-like behavior with suppressed coercivity and remanence, and the Fe3O4@4Yb5Er:ZnO 
composition exhibited increased magnetization due to the additive paramagnetic contribution of Yb3 + /Er3+

ions. Optical studies demonstrated efficient Yb3+→Er3+ energy transfer under 980 nm excitation, generating 
bright green and red upconversion luminescence suitable for bioimaging. Antibacterial assays showed selective 
inhibition of Staphylococcus aureus, whereas Escherichia coli exhibited lower susceptibility. Cytocompatibility and 
gene expression analyses indicated that Fe3O4@4Yb5Er:ZnO promotes endothelial migration, angiogenic 
signaling, and extracellular matrix remodeling. Overall, these findings demonstrate that controlled lanthanide 
doping enables the integration of tunable magnetic, optical, antibacterial, and pro-angiogenic functionalities 
within a single nanosystem, underscoring their potential for theranostic and regenerative medicine applications.

1. Introduction

The development of multifunctional nanomaterials capable of inte
grating both diagnostic and therapeutic functionalities has become a 
central theme in contemporary biomedical research. Among these, 
superparamagnetic iron oxide nanoparticles (SPIONs), particularly 
magnetite (Fe3O4), have attracted extensive attention due to their high 
saturation magnetization, intrinsic biocompatibility, and excellent 
chemical stability. Fe3O4 nanoparticles further offer distinct advantages 
such as facile synthesis, tunable surface chemistry for functionalization, 
rapid magnetic responsiveness, low cytotoxicity, and cost-effective 
scalability, making them highly versatile candidates for a broad spec
trum of biomedical applications [1–4]. They have been extensively 

applied as contrast agents in magnetic resonance imaging (MRI), me
diators in magnetic hyperthermia, and carriers for the targeted delivery 
of therapeutic molecules such as drugs or nucleic acids [5–7]. However, 
bare Fe3O4 nanoparticles tend to oxidize and aggregate, leading to 
diminished performance and restricted biomedical applicability [8]. To 
overcome these limitations, core@shell architectures have been 
explored, where a protective and functional shell not only stabilizes the 
magnetic core but also imparts additional optical or biological 
functionalities.

Zinc oxide (ZnO), a wide-bandgap semiconductor (~3.37 eV), is 
considered an attractive shell material owing to its strong photo
luminescence, photocatalytic activity, and broad-spectrum antibacterial 
properties. These features make ZnO highly versatile for applications 
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such as photocatalysis, biosensing, bacterial inhibition, and drug de
livery [9–12]. Its biocompatibility and ability to generate reactive ox
ygen species (ROS) under UV/visible excitation make ZnO valuable for 
coatings, imaging, and antimicrobial applications [13]. The integration 
of ZnO as a shell around Fe3O4 nanoparticles therefore combines the 
superparamagnetism of the core with the luminescent and antibacterial 
features of the shell. Previous studies have demonstrated that 
Fe3O4@ZnO nanocomposites can serve as dual-functional systems for 
imaging and therapy, for example, enabling magnetic hyperthermia in 
cancer cells while simultaneously providing fluorescent signals for 
visualization [12,14]. These findings underscore the potential of 
Fe3O4-ZnO core@shell nanostructures as next-generation theranostic 
agents.

To further enhance the optical functionality of Fe3O4@ZnO nano
composites, lanthanide doping has recently been introduced into ZnO 
shells. In particular, co-doping with Yb3+ and Er3+ ions enables 
upconversion luminescence (UCL), whereby low-energy near-infrared 
(NIR) photons are absorbed and subsequently converted into higher- 
energy visible emissions [15,16]. NIR excitation, especially at 980 nm, 
provides distinct advantages for bioimaging, including deeper tissue 
penetration, reduced light scattering, and significantly diminished 
background autofluorescence compared with conventional visible-light 
excitation, thereby greatly improving the sensitivity and reliability of in 
vivo imaging [17]. In our earlier work, Fe3O4@ZnO:RE nanocomposites 
were synthesized and their magneto-luminescent properties were 
confirmed under 532 nm excitation, highlighting their promise for 
bioimaging applications [15]. However, excitation in the visible region 
is limited by shallow penetration depth and background interference, 
restricting in vivo performance. The present study addresses this limi
tation by employing 980 nm excitation, which activates Yb3+→Er3+

energy transfer processes, yielding strong green and red upconversion 
emissions. This transition from visible to NIR excitation significantly 
improves the biomedical relevance of these nanocomposites for 
deep-tissue imaging and theranostic applications.

Despite growing interest in Fe3O4@ZnO-based systems, most re
ported studies remain focused on their structural, magnetic, and optical 
properties, with limited exploration of their biological performance. In 
this work, we report the synthesis and comprehensive characterization 
of Fe3O4@ZnO and Yb/Er-doped Fe3O4@ZnO core@shell nano
composites. Beyond structural and magneto-optical analyses, we sys
tematically investigate their antibacterial activity against Gram-positive 
and Gram-negative bacteria, cytocompatibility using endothelial cells, 
effects on cell migration, and modulation of angiogenesis-related genes 
(VEGF, FGF, MMP-3, MMP-9). By integrating magnetic responsiveness, 
NIR-triggered upconversion luminescence, antibacterial effects, and 
pro-angiogenic cellular responses within a single nanoplatform, this 
study advances Fe3O4@ZnO:Yb/Er composites toward application as 
multifunctional nanoplatforms for bioimaging, regenerative medicine, 
and theranostics.

2. Materials and methods

The synthesis of multifunctional core@shell nanostructures was 
accomplished through a carefully designed two-step process, integrating 
co-precipitation and a modified Stöber method to achieve magnetic 
cores enveloped by a luminescent, bioactive shell. All chemical reagents 
were of analytical grade (≥98 % purity) and were used as received 
without any further purification. In the initial stage, superparamagnetic 
iron oxide nanoparticles (SPIONs) were generated by the co- 
precipitation of ferrous and ferric salts in aqueous medium. A stoichio
metric mixture of iron (III) chloride hexahydrate (FeCl3⋅6 H2O) and iron 
(II) chloride tetrahydrate (FeCl2⋅4 H2O) was dissolved in 150 mL of 
deionized water, after which the pH was adjusted to approximately 9 by 
the gradual addition of 28 % NH4OH solution. This adjustment triggered 
an immediate precipitation process, while ultrasonic agitation at 60⁰C 
for 15 min ensured homogeneous nucleation and particle growth. The 

characteristic black precipitates confirmed the formation of magnetite, 
which were subsequently collected using a neodymium magnet, washed 
repeatedly with deionized water to eliminate residual ions, and oven- 
dried at 80 ⁰C.

In the second stage, the SPIONs cores were encapsulated within a 
lanthanide-doped ZnO shell using a modified Stöber route, thereby 
creating a well-defined core@shell architecture. For this purpose, the 
SPIONs were ultrasonically dispersed in a ternary solvent mixture of 
ethanol, deionized water, and NH4OH, providing a colloidal environ
ment favorable for controlled shell deposition. In parallel, zinc nitrate 
hexahydrate (Zn(NO3)2⋅6 H2O), ytterbium nitrate pentahydrate (Yb 
(NO3)3.5H2O), and erbium nitrate pentahydrate (Er(NO3)3.5H2O) were 
dissolved in deionized water to form a transparent precursor solution. 
This precursor was added dropwise into the SPIONs suspension under 
continuous sonication, followed by 1 h of ultrasonic treatment to pro
mote uniform coating and lanthanide incorporation within the ZnO 
lattice. The resulting nanocomposites were magnetically recovered, 
washed several times with ethanol and deionized water through 
centrifugation, and dried at 80 ⁰C. Finally, a thermal treatment at 700 ⁰C 
for 3 h was applied to induce crystallinity and enhance the structural 
stability of the core@shell system. A concise summary of the sample 
codes and chemical composition parameters is presented in Table 1, 
while the synthesis procedure is schematically illustrated in Fig. 1.

2.1. Materials characterization

The structural and functional properties of the synthesized 
Fe3O4@ZnO and Fe3O4@Yb,Er:ZnO composite nanoparticles were sys
tematically investigated using a series of complementary techniques. 
The crystalline phase composition and degree of structural ordering 
were examined by X-ray diffraction (XRD) on a Philips PW3710 X’Pert 
Pro diffractometer, employing monochromatic CuKα radiation (λ =
1.5406 Å) at an accelerating voltage of 40 kV and current of 30 mA. 
Diffraction patterns were collected in the 2θ range of 25⁰-60⁰ at a scan
ning speed of 3⁰ min− 1, enabling identification of the magnetite core 
reflections together with ZnO-related peaks. Chemical bonding envi
ronments and the presence of characteristic functional groups were 
investigated by Fourier-transform infrared spectroscopy (FT-IR, Perki
nElmer Spectrum Two). The surface morphology and particle size dis
tribution of the composites were analyzed using an FEI Quanta 650 Field 
Emission SEM operated at 20 kV accelerating voltage and a working 
distance of 9.8 mm, with images captured at magnifications of 20,000x, 
and 100,000x. To gain deeper insight into the internal structure and 
elucidate the formation of a well-defined core@shell architecture, 
Transmission Electron Microscopy (TEM) and High-Resolution TEM 
(HR-TEM) analyses were performed using an FEI TALOS F200S instru
ment operated at 200 kV. For TEM analysis, the synthesized nano
composites were dispersed in ethanol and ultrasonicated for 10 min to 
obtain a homogeneous suspension. A drop of the suspension was then 
deposited onto carbon-coated copper grids and dried at room tempera
ture prior to imaging. The magnetic response of the nanocomposites was 
investigated using a Vibrating Sample Magnetometer (VSM, Model 
7407-Lakeshore). Room-temperature hysteresis loops were recorded 
under applied fields ranging from − 10,000 to + 10,000 Oe, allowing 
comparative evaluation of the magnetic behavior between undoped and 
lanthanide-doped composites. Finally, the optical performance of the 

Table 1 
Sample codes, and chemical compositions of the core@shell nanocomposites.

Sample Designation Chemical Composition (mol%)

Yb2O3 Er2O3 ZnO

Fe3O4@ZnO 0 0 100
Fe3O4@4Yb1Er:ZnO 4 1 95
Fe3O4@4Yb3Er:ZnO 4 3 93
Fe3O4@4Yb5Er:ZnO 4 5 91
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materials was assessed through upconversion photoluminescence (UCL) 
spectroscopy. UCL measurements were performed using a FS5 spectro
fluorometer under 980 nm excitation, and the corresponding emission 
spectra confirmed the distinct upconversion behavior imparted by the 
lanthanide co-doped ZnO shells.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVEC; ATCC PCS- 
100–010) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 
Cat. No: 41966–029; Gibco, Thermo Fisher Scientific, USA) supple
mented with L-glutamine and 10 % fetal bovine serum (FBS; Cat. No: 
A5256701; Gibco, Thermo Fisher Scientific, USA). All cultures were 
maintained at 37 ⁰C in a humidified atmosphere containing 5 % CO2.

2.3. MTT assay

Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and Fe3O4@4Yb5Er:ZnO 
nanocomposites were suspended in DMEM at 100 mg/mL and homog
enized to obtain uniform particles, followed by dilution to 10 mg/mL 
stock solutions. Control cells received no treatment, while experimental 
groups were exposed to 50, 100, 200, 400, and 800 µg/mL of each 
nanoparticle. To eliminate potential microorganisms, nanoparticle 
samples were sterilized under 254 nm UV-C light for 1 h on both sides. 
Prior to application, nanoparticles were gently mixed by pipetting to 
ensure homogeneity and minimize absorbance interference, then 
transferred to 96-well plates. All treatments were performed in tripli
cate, and cells were incubated at 37 ⁰C with 5 % CO2 for 24, 48, and 72 h.

Cytotoxicity was evaluated using the MTT assay. At the end of each 
incubation period, cells were incubated with 0.5 mg/mL MTT at 37 ⁰C 
for 4 h. The resulting blue formazan crystals were dissolved in iso
propanol containing 0.008 M HCl, and absorbance was measured at 
570 nm using a Thermo Multiskan Go spectrophotometer.

2.4. Cell migration analysis (Scratch assay)

HUVECs from control and nanocomposites-treated groups were 
seeded in 6-well plates at 1 × 106 cells per well and cultured overnight 
at 37 ⁰C in 5 % CO2. When monolayers reached approximately 80 % 
confluence, a straight scratch was made using a sterile 200 µL pipette 
tip. Control cells received no treatment, while treated cells were exposed 
to nanoparticle doses determined from the MTT assay. Following 
scratching, cells were washed with 2 mL PBS to remove debris and 

smooth the edges, then incubated in DMEM supplemented with 10 % 
FBS. Images were captured immediately (0 h) and 24 h post-scratch to 
monitor proliferation and migration. Experiments were performed in 
triplicate.

2.5. RNA isolation and quantitative gene expression analysis

To assess the effects of Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, 
and Fe3O4@4Yb5Er:ZnO nanocomposites on the mRNA levels of MMP- 
3, MMP-9, VEGF, and FGF relative to control, total RNA was isolated 
from cells collected at 24, 48, and 72 h using the GeneJET RNA Purifi
cation Kit (Cat. No: K0731; Thermo Scientific, USA). RNA purity and 
concentration were measured using a NanoDrop spectrophotometer, 
and samples with A260/A280 ratios of 1.8–2.0 were used for down
stream analysis. Complementary DNA (cDNA) was synthesized from 
1 µg of total RNA using the OneScript® Plus cDNA Synthesis Kit (Cat. 
No: G236; Applied Biological Materials Inc., Canada) following a three- 
step protocol: primer annealing at 25 ⁰C for 10 min, reverse transcription 
at 50 ⁰C for 15 min, and reaction termination at 85 ⁰C for 5 min.

qRT-PCR was performed using BlasTaq 2X qPCR MasterMix (Cat. No: 
G891; Applied Biological Materials Inc., Canada) in a total volume of 
20 µL on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, 
USA). The cycling program included an initial denaturation at 95 ⁰C for 
3 min, followed by 40 cycles of 95 ⁰C for 15 s and 60 ⁰C for 1 min. All 
reactions were conducted in technical triplicates with negative controls. 
Relative gene expression levels were normalized to β-actin and calcu
lated using the 2− ΔΔCT method. Primer sequences used for gene 
expression analysis were given in Table 2.

2.6. Statistical analysis

All data were obtained from at least three independent experiments, 
and results are presented as mean ± standard deviation (SD). Statistical 
analyses were performed using SPSS version 20 (IBM Corp., Armonk, 
NY, USA). One-way analysis of variance (ANOVA) was applied for 
multiple group comparisons, and pairwise comparisons for parameters 
showing significant differences were conducted using Tukey’s HSD post- 
hoc test. A p-value of less than 0.05 was considered statistically 
significant.

2.7. Antibacterial activity

The antibacterial performance of the synthesized Fe3O4@ZnO and 

Fig. 1. Schematic illustration of the synthesis of core@shell nanocomposites.
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Fe3O4@Yb,Er:ZnO nanocomposites was systematically assessed against 
Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-nega
tive) using the agar well diffusion method. Fresh bacterial cultures were 
grown in Mueller Hinton Broth and adjusted to a final concentration of 
approximately 1 × 105 CFU/mL. Subsequently, wells of 6 mm diameter 
were carefully prepared on Mueller Hinton Agar plates, into which 
10 mg of each nanocomposite sample was introduced. The inoculated 
plates were then incubated at 37 ⁰C for 18–24 h under aerobic condi
tions. After incubation, the antibacterial efficacy was determined by 
measuring the diameters of the inhibition zones surrounding each well. 
Zone sizes were quantified using the ImageJ software to ensure precision 
in evaluation. All experiments were performed in triplicate, and the 
presence of a distinct inhibition halo around the wells was considered 
indicative of effective antibacterial activity of the tested 
nanocomposites.

3. Results and discussions

3.1. Structural analysis

Fig. 2 presents the XRD patterns of undoped and ZnO nano
composites doped with 4 mol% Yb and 5 mol% Er. In the diffractograms, 
the peaks corresponding to the Fe3O4 and ZnO phases are marked with 
“*” and “+ ”, respectively. All composite nanoparticles exhibited 
distinct diffraction peaks belonging to the cubic Fe3O4 core (JCPDS card 
no: 075–0449, space group Fd-3m) and the hexagonal ZnO shell (JCPDS 
card no: 079–0208, space group P63mc), confirming the crystalline na
ture of both components. The Fe3O4 phase exhibited characteristic 
diffraction peaks at 2θ values of 29.36⁰, 35.25⁰, 42.89⁰, 48.95⁰, 53.67⁰, 
and 58.42⁰, corresponding to the (220), (311), (400), (331), (422), and 
(511) planes, respectively. The ZnO phase showed its main reflections at 
2θ values of 31.81⁰, 34.36⁰, 36.25⁰, 47.53⁰, and 56.78⁰, which are 
attributed to the (100), (002), (101), (102), and (110) planes, respec
tively. Notably, no additional diffraction peaks or impurity-related sig
nals were detected, indicating the absence of secondary phases, and 
confirming the phase purity of the synthesized composite nanoparticles.

The inset shows a magnified view of the (101) diffraction peak of the 
ZnO phase located near 2θ ≈ 36.25⁰, where a clear shift toward the 
lower-angle side is observed upon Yb3+ and Er3+ doping. This shift is 
clearly marked with an arrow in the inset of the graph, highlighting the 
leftward movement in the doped sample (Fe3O4@4Yb5Er:ZnO) 
compared to the undoped sample. Such a shift is indicative of lattice 
expansion, which is attributed to the substitution of Zn2+ ions (ionic 
radius: 0.74 Å) with larger lanthanide ions, Yb3+ (0.858 Å) and Er3+

(0.881 Å) [18− 20]. The incorporation of these ions into the ZnO crystal 
lattice causes local structural distortion and an increase in lattice pa
rameters, further confirming the successful doping of the ZnO shell with 
Yb and Er ions.

The functional groups obtained by FTIR spectra were analyzed on 
dried magnetite samples using an FTIR – Shimadzu 8400 spectropho
tometer with a range of wavenumbers 4000–400 cm− 1, as shown in 
Fig. 2(b). A series of well-defined absorption bands corresponding to the 
intrinsic vibrational modes of the Fe-O, C-O/C-H, and O-H units, which 
constitute the characteristic building blocks of the Fe3O4:ZnO core-shell 
structure, were observed in the range of 461–1475 cm− 1. All nano
particles exhibit the vibration of the octahedral Fe-O bond at approxi
mately 461 cm⁻¹, which is attributed to the formation of Fe3O4 through 
Fe-O bonding [21]. The characteristic feature of the O-H bond outside 
the bond plane, observed at 802 cm− 1, has been assigned to this bond 
[22]. The C-H or C-O vibrations of the oxygen-hydrogen containing 
groups in the all magnetite nanoparticles were observed at 1348 cm− 1 

and 1475 cm− 1, respectively. It is notably observed that no distinct 
absorption bands typically associated with O-H stretching modes origi
nating from hydroxyl groups or adsorbed moisture are present in the 
FTIR spectra in the 3000–3700 cm− 1 range. The absence of these fea
tures indicates that the synthesized magnetite nanoparticles do not 
absorb moisture under storage conditions and have low hydroxyl 
content.

3.2. Morphological properties

Fig. 3 presents the morphological characterization of the core@shell 

Table 2 
Primer sequences used for gene expression analysis.

Primer Name Forward Reverse

MMP-3 5'-CACTCACAGACCTGACTCGGTT-3′ 5'-AAGCAGGATCACAGTTGGCTGG-3′
MMP-9 5'-TTCCAAACCTTTGAGGGCGA-3′ 5'-CAAAGGCGTCGTCAATCACC-3′
VEGF 5'-AGGAGGAGGGCAGAATCATCA-3′ 5'-CTCGATTGGATGGCAGTAGCT-3′
FGF 5'-GGAGAAGAGCGACCCTCACATCA-3′ 5'-GCCAGGTAACGGTTAGCACACACT-3′
β-actin 5'-CCAACCGCGAGAAGATGA-3′ 5'-CCAGAGGCGTACAGGGATA-3′

Fig. 2. (a) XRD patterns of core@shell Fe3O4@ZnO, and Fe3O4@4Yb5Er:ZnO composite nanoparticles and (b) FT-IR analysis of Fe3O4@ZnO, Fe3O4@4Yb1Er:ZnO, 
and Fe3O4@4Yb5Er:ZnO nanocomposites.
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structured nanoparticles using SEM, TEM, and HR-TEM analyses. The 
SEM micrographs of Fe3O4@ZnO (Fig. 3a,b) and Fe3O4@4Yb5Er:ZnO 
(Fig. 3c,d) recorded at 20,000x and 100,000x magnifications reveal that 
the nanoparticles exhibit a nearly spherical morphology with a strong 
tendency to form agglomerates. Compared to Fe3O4@ZnO, the Yb/Er- 
doped sample displays denser clustering, which can be attributed to 
changes in surface energy induced by lanthanide incorporation. The 
TEM image of Fe3O4@4Yb5Er:ZnO (Fig. 3e) further confirms the 
agglomerative nature of the nanoparticles and highlights that the indi
vidual particle size remains in the nanometer range (~12 nm, as esti
mated by ImageJ analysis). The HR-TEM image (Fig. 3f) clearly 
validates the core/shell architecture, with distinct contrast between the 
Fe3O4 core and the Yb/Er-doped ZnO shell. The measured lattice fringes 
correspond to d(511)= 0.161 nm for the cubic magnetite (Fe3O4) core 
and d(101)= 0.246 nm for the hexagonal ZnO shell, confirming the 
crystalline nature of both regions. In addition, the particle size distri
bution histogram derived from TEM measurements is presented in 
Fig. 3g, demonstrating a narrow size distribution centered around 
~12 nm. These findings are in good agreement with the XRD results, 
substantiating the successful synthesis of crystalline Fe3O4@ZnO-based 
core/shell nanocomposites with lanthanide doping. The average particle 
size of the core@shell nanocomposites was determined to be approxi
mately 12 nm from TEM measurements, and this value is in good 
agreement with the particle dimensions observed in the HR-TEM images

3.3. Magnetic properties

The field-dependent magnetization curves of Fe3O4@ZnO, 
Fe3O4@4Yb1Er:ZnO, and Fe3O4@4Yb5Er:ZnO nanocomposites, recor
ded using a vibrating sample magnetometer (VSM, Lakeshore 7407) at 
room temperature, are shown in Fig. 4. All samples display nearly linear 

M-H behavior passing through the origin, with negligible coercivity (Hc) 
and remanent magnetization (Mr), indicating superparamagnetic-like 
soft magnetic characteristics. However, the absence of the typical 
sigmoidal saturation profile generally observed in strongly magnetic 
superparamagnets suggests that the response more closely resembles 
weak paramagnetism. This behavior can be ascribed to the presence of 
the nonmagnetic ZnO shell and the incorporation of Yb3+/Er3+ dopants, 
both of which significantly reduce the effective magnetic contribution of 

Fig. 3. SEM images of Fe3O4@ZnO nanocomposites at (a) 20,000x and (b) 100,000x magnification. SEM images of Fe3O4@4Yb5Er:ZnO nanocomposites at (c) 
20,000x and (d) 100,000x magnification. (e) TEM image and (f) HR-TEM image and (g) particle size distribution histogram of Fe3O4@4Yb5Er:ZnO nanocomposites.

Fig. 4. Magnetization behavior of Fe3O4@ZnO, Fe3O4@4Yb1Er:ZnO, and 
Fe3O4@4Yb5Er:ZnO nanocomposites.
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the Fe3O4 core. Nevertheless, the slight curvature observed at higher 
fields confirms that the Fe3O4 core still contributes to the overall 
magnetization, although its effect is suppressed. Among the samples, the 
magnetization follows the order Fe3O4@4Yb5Er:ZnO > Fe3O4@4Yb1Er: 
ZnO > Fe3O4@ZnO, indicating that the Fe3O4@4Yb5Er:ZnO sample 
exhibits the strongest magnetic response among the studied composi
tions. This enhancement is attributed to the additive paramagnetism of 
the rare-earth ions as well as possible dopant-induced interfacial effects, 
suggesting that controlled lanthanide incorporation provides an effec
tive strategy to tune the magnetic behavior of such core@shell archi
tectures for biomedical applications.

3.4. Optical properties

Fe3O4@ZnO host-based Yb3+, Er3+ upconversion nano particles 
(UCNPs) system was formed, and Yb3+ ions were selected as sensitizers 
due to their broad absorption cross-section at 980 nm [23] [24]. Fig. 5a 
shows the UC luminescence spectrum of the prepared Fe3O4:Yb,Er:ZnO 
nanoparticles, and Fig. 4b shows the possible energy transfer phenom
enon. Under 980 nm NIR laser diode irradiation, Yb3+ ions can absorb a 
photon energy and transition from the 2F7/2 level to the 2F5/2 level, 
where they can become populated. Yb3+ ions can transfer energy to 
surrounding Er3+ ions, causing Er3+ ions to transition from the 4I15/2 
level to the 4I11/2 level. Some of the electrons at the 4I11/2 level are ar
ranged into the 4I13/2 level of Er3+ ions via non-radiative transitions. 
Electrons at the 4I13/2 energy level continue to absorb energy transferred 
by surrounding Yb3+ ions and transition from the 4I13/2 level to the 4F9/2 
energy level. The 4F9/2 → 4I15/2 radiative transition emits red UCL peak 
at 659 nm. Some of the electrons at the 4I11/2 energy level continue to 
absorb energy provided by Yb3+ ions and are arranged at the 4F7/2 en
ergy level. Electrons at the 4F7/2 level are arranged at the 2H11/2 and 
4S3/2 levels via non-radiative transitions. The 2H11/2 → 4I15/2 and 4S3/2 
→ 4I15/2 radiative transitions emit green UCL peaks at 523 nm and 
542 nm. As shown in more detail in the figure, the intensity and tran
sition positions of the observed luminescence transitions are quite 
consistent with published literature reports [25] [26]. During irradia
tion of Fe3O4@Yb,Er:ZnO upconversion nanoparticles with a NIR 
980 nm laser diode, Yb3+ acted as an absorber (sensitizer), absorbing 
NIR photons and transferring the energy photons to the nearby activator 
Er3+ ion, thereby occupying the excited states of the emitter Er3+ ion 
(2H9/2, 4S3/2, 4F9/2). The cross-relaxation procedure of the 4S3/2→4I15/2 

and 4F9/2→4I15/2 transitions is thought to play an important role in 
filling these emission transitions. Subsequently, the ground state can 
transition to the 4I15/2 level via the 2F5/2→2F7/2 (Yb3+):4S3/2→4I15/2 and 
4F9/2→4I15/2 Er3+ ion transitions. The phenomenon of energy transfer 
from ytterbium to erbium is quite consistent with the experimental 
observations obtained and is attributed to the effective population of 
Er3+ ions in the 4S3/2 high-energy state. The strongest transition in the 
spectrum is centered at 542 nm (4S3/2→4I15/2), and the upconversion 
nanoparticles exhibit bright green emission under 980 nm NIR laser 
diode irradiation [27]. As the concentration of Er3+ ions in the host 
material increases, the interactions between the dispersed Yb3+ and Er3+

ions within the structure, and consequently the energy transfer process 
from Yb3+ to Er3+, follow a controlled increase phenomenon. The in
crease in UCL density reduces the distribution area of Er3+/Yb3+ inter
action and, accordingly, decreases the cross-relaxation probability, 
which increases the intensity of the bright green color of pure green UC 
luminescence [28]. The Fe3O4@Yb,Er:ZnO used in this article, with its 
spatial distribution and bright, intense green color, could be a promising 
candidate for UCL displays in photonic applications.

3.5. MTT-based assessment of Fe3O4@Yb:Er:ZnO nanocomposites on 
HUVEC viability

The effects of Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and 
Fe3O4@4Yb5Er:ZnO nanocomposites on HUVEC viability were evalu
ated using the MTT assay at 24, 48, and 72 h. All nanomaterials influ
enced cell viability in a concentration- and time-dependent manner 
(Fig. 6).

For Fe3O4@4Yb1Er:ZnO, at 24 h compared to the control group, a 
slight proliferative increase was observed at 50 and 100 µg/mL, whereas 
cell viability markedly decreased at 200 µg/mL and higher; although a 
slight increase was seen at 800 µg/mL, viability remained well below 
that of the control. At 48 h, cell viability decreased at 50 µg/mL 
compared to the control, while cytotoxicity persisted at medium and 
high doses, with slight recovery observed at 400–800 µg/mL. At 72 h, 
the proliferative effect at low doses disappeared relative to the control, 
cell viability remained reduced at medium doses, and slight increases or 
partial recovery were observed at 400 and 800 µg/mL.

For Fe3O4@4Yb3Er:ZnO, at 24 h compared to the control group, a 
slight increase in cell viability was observed at 50 µg/mL, while at 
100 µg/mL viability was close to the control but slightly reduced. 

Fig. 5. (a) UC spectra of Fe3O4@4Yb1Er:ZnO and Fe3O4@4Yb5Er:ZnO core@shell under the excitation of 980 nm continuous pump light and (b) Schematic diagram 
of energy transfer process in Fe3O4:4Yb1Er:ZnO UCNPs.
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Marked cytotoxicity was observed at 200, 400 µg/mL, and higher doses; 
although a slight increase was seen at 800 µg/mL, viability remained 
below that of the control. At 48 h, cell viability decreased at the low dose 
compared to the control, while cytotoxicity persisted at medium and 
high doses; partial recovery was observed at 800 µg/mL, but viability 
remained lower than the control. At 72 h, cytotoxic effects continued at 
50, 100, and 200 µg/mL, whereas slight increases in viability were 
observed at 400 and 800 µg/mL, although values remained below the 
control.

For Fe3O4@4Yb5Er:ZnO, at 24 h compared to the control group, cell 
viability was above baseline at 50 and 100 µg/mL, indicating a strong 
short-term proliferative effect, whereas a decrease in viability was 
observed at 200–800 µg/mL. At 48 h, the proliferative effect at 50 µg/ 
mL persisted relative to the control, while decreases were observed at 
100, 200, and 400 µg/mL; partial recovery was noted at 800 µg/mL. At 
72 h, marked decreases in cell viability were observed at 50–400 µg/mL, 
whereas a slight increase or recovery was observed at 800 µg/mL. The 
increases in cell viability at higher doses may be associated with adap
tive cellular responses.

Overall, low concentrations elicited limited proliferative effects, 
while cytotoxicity predominated at 200 µg/mL and above. The 50 µg/ 
mL dose was considered appropriate due to its proliferative effect, 
potentially resulting from low-concentration metabolic stimulation or 
adaptive cellular responses supporting proliferation. As marked prolif
eration decline was observed at 72 h, subsequent gene expression 

analyses were performed at 24 and 48 h to ensure reliable comparisons.

3.6. Effect of Fe3O4@Yb:Er:ZnO nanocomposites on HUVEC cell 
migration

The effects of Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and 
Fe3O4@4Yb5Er:ZnO nanomaterials on HUVEC cell migration were 
investigated using the scratch assay. All data are presented as the mean 
of three independent experiments and expressed as percentages (%). In 
the control group, cell migration was set at 100 %, whereas it was 
84.25 % for Fe3O4@4Yb1Er:ZnO and 89.17 % for Fe3O4@4Yb3Er:ZnO. 
In the Fe3O4@4Yb5Er:ZnO-treated group, migration was equivalent to 
the control level (100 %); this equivalence indicates that the treatment 
does not exert any inhibitory effect on cell proliferation and that HUVEC 
cells maintain their normal migratory capacity (Fig. 7).

3.7. The proliferation and angiogenic response of HUVEC cells to 
Fe3O4@YbEr:ZnO treatment

The expression profiles of proliferation- and angiogenesis-related 
genes in HUVEC cells in response to Fe3O4@4YbEr:ZnO treatments 
were evaluated over time. VEGF expression is shown in Fig. 8a. 
Fe3O4@4Yb1Er:ZnO treatment resulted in a 1.14-fold increase at 24 h 
(p = 0.029), which declined to 0.95-fold at 48 h approaching control 
levels (p = 0.037). In the Fe3O4@4Yb3Er:ZnO group, VEGF expression 

Fig. 6. Evaluation of HUVEC cell viability after 24, 48, and 72 h of incubation with Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and Fe3O4@4Yb5Er:ZnO nano
composites using the MTT assay. Data are presented as mean ± standard deviation (n = 3). Statistical significance was considered at p < 0.05.

Fig. 7. Effect of Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and Fe3O4@4Yb5Er:ZnO nanocomposites on HUVEC Cell Migration. (a) Representative images of the 
scratch assay. The upper panels show the cell monolayer immediately after scratch creation (0 h), while the lower panels depict cell migration 24 h post-scratch. Grey 
dashed lines were added to visually track the closure dynamics of the wound area. (b) Quantitative analysis of cell migration. Migration rates were calculated as 
percentages relative to the control group, and statistical significance was considered at *p < 0.05, **p < 0.01, and ***p < 0.001.
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increased 1.61-fold at 24 h (p = 0.008) and 1.85-fold at 48 h 
(p < 0.001). The most pronounced effect was observed with 
Fe3O4@4Yb5Er:ZnO, showing a 2.04-fold increase at 24 h and a 2.08- 
fold increase at 48 h (p < 0.001). FGF expression is presented in 
Fig. 8b. Fe3O4@4Yb1Er:ZnO induced a 1.32-fold increase at 24 h 
(p = 0.041), which decreased to 0.75-fold at 48 h (p = 0.044). In the 
Fe3O4@4Yb3Er:ZnO group, a 0.81-fold decrease was observed at 24 h 
(p = 0.011), followed by a 1.12-fold increase at 48 h (p = 0.034). The 
highest induction was seen in the Fe3O4@4Yb5Er:ZnO group, with a 
1.71-fold increase at 24 h and a 2.01-fold increase at 48 h (p < 0.001).

MMP-3 expression is illustrated in Fig. 9a. All treatment groups 
showed significant increases. Fe3O4@4Yb1Er:ZnO resulted in a 2.17- 
fold increase at 24 h (p = 0.004) and a 3.25-fold increase at 48 h 
(p = 0.009). In the Fe3O4@4Yb3Er:ZnO group, expression increased 
3.22-fold at 24 h (p = 0.006) and 3.68-fold at 48 h (p = 0.007). The 
strongest effect was observed with Fe3O4@4Yb5Er:ZnO, showing a 5.85- 
fold increase at 24 h and a 5.31-fold increase at 48 h (p < 0.001). MMP- 
9 expression is presented in Fig. 9b and exhibited a similar trend. In the 
Fe3O4@4Yb1Er:ZnO group, expression increased 1.63-fold at 24 h 
(p = 0.008) and 3.05-fold at 48 h (p < 0.001). Fe3O4@4Yb3Er:ZnO 
treatment resulted in a 2.74-fold increase at 24 h (p = 0.004), followed 
by a decrease to 1.94-fold at 48 h (p = 0.017). The highest levels were 
observed in the Fe3O4@4Yb5Er:ZnO group, with a 5.53-fold increase at 

24 h (p < 0.001) and a 3.63-fold increase at 48 h (p = 0.002).

3.8. Antibacterial activity

The antibacterial activity results summarized in Table 3 demonstrate 
a clear difference in the response of Gram-negative Escherichia coli and 
Gram-positive Staphylococcus aureus to the synthesized nanocomposites. 
For E. coli, the inhibition zones remained relatively small 
(8.32–9.01 mm), indicating good antibacterial performance. This 
limited activity can be attributed to the protective effect of the lipo
polysaccharide outer membrane of Gram-negative bacteria, which re
stricts nanoparticle penetration and reactive oxygen species (ROS) 
interaction. In contrast, S. aureus exhibited a much higher susceptibility, 
with inhibition zones ranging from 9.52 mm for undoped Fe3O4@ZnO to 
13.53 mm for Fe3O4@4Yb3Er:ZnO. The substantial enhancement 
observed upon Yb/Er doping highlights the role of lanthanide incorpo
ration in improving antibacterial efficacy, likely through increased ROS 
generation, enhanced charge separation, and surface state modifica
tions. Interestingly, the highest dopant concentration (Fe3O4@4Yb5Er: 
ZnO) did not further improve antibacterial performance against 
S. aureus, suggesting a dopant saturation effect, where excessive doping 
may introduce defect clustering and reduce the number of active reac
tive sites. Overall, these findings confirm that Yb/Er co-doping 

Fig. 8. VEGF and FGF mRNA expression in HUVEC cells after Fe3O4@4YbEr:ZnO treatment.(a) VEGF mRNA expression levels at 24 and 48 h following treatment 
with Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and Fe3O4@4Yb5Er:ZnO (b) FGF mRNA expression levels at 24 and 48 h for the same treatment groups. Data are 
presented as fold change relative to control. All values represent mean ± SD of three independent experiments. Statistical significance is indicated: *p < 0.05, 
**p < 0.01, ***p < 0.001 versus control.

Fig. 9. MMP-3 and MMP-9 mRNA expression in HUVEC cells after Fe3O4@4YbEr:ZnO treatment.(a) MMP-3 mRNA expression levels at 24 and 48 h following 
treatment with Fe3O4@4Yb1Er:ZnO, Fe3O4@4Yb3Er:ZnO, and Fe3O4@4Yb5Er:ZnO (b) MMP-9 mRNA expression levels at 24 and 48 h for the same treatment 
groups. Data are presented as fold change relative to control. Values represent mean ± SD of three independent experiments. Statistical significance is indicated: 
*p < 0.05, **p < 0.01, ***p < 0.001 versus control.

S. Bayram et al.                                                                                                                                                                                                                                 Journal of Alloys and Compounds 1051 (2026) 185981 

8 



significantly strengthens antibacterial activity, particularly against 
Gram-positive strains, and that an optimal dopant concentration is 
crucial for maximizing biological performance.

The successful synthesis of Fe3O4@ZnO and Yb/Er-doped 
Fe3O4@ZnO core@shell nanocomposites has been confirmed through 
a combination of structural, morphological, magnetic, optical and 
antibacterial analyses. The XRD results demonstrated the coexistence of 
the cubic Fe3O4 core and the hexagonal ZnO shell without secondary 
phases, confirming high crystallinity and phase purity. The shift of the 
ZnO (101) peak towards lower diffraction angles upon Yb3+/Er3+

doping indicated lattice expansion due to the substitution of Zn2+ by 
larger lanthanide ions, further validating successful incorporation of 
dopants into the shell structure. FTIR spectra corroborated these find
ings by identifying characteristic Fe-O and Zn-O vibrations while 
showing the absence of hydroxyl-related absorptions, suggesting good 
stability and low surface hydroxylation.

Morphological analysis using SEM and TEM revealed nearly spher
ical particles with a strong agglomeration tendency, particularly in 
doped samples. This enhanced clustering is likely associated with sur
face energy modifications induced by lanthanide incorporation. TEM 
and HR-TEM imaging provided direct evidence of the core@shell 
structure, with distinct lattice fringes corresponding to Fe3O4 and ZnO, 
supporting the XRD observations.

Magnetic studies further emphasized the influence of the ZnO shell 
and lanthanide doping on the magnetic response. All samples exhibited 
negligible coercivity and remanence, consistent with 
superparamagnetic-like soft magnetic behavior. However, the absence 
of a sigmoidal saturation profile revealed a weakly paramagnetic trend, 
attributed to suppression of the Fe3O4 core contribution by the ZnO shell 
and dopants. The order of magnetization, Fe3O4@4Yb5Er:ZnO 
> Fe3O4@4Yb1Er:ZnO > Fe3O4@ZnO, suggests that Yb3+/Er3+ ions not 
only contribute additive paramagnetism but also enhance interfacial 
spin interactions. These findings confirm that doping not only modifies 
magnetic strength but also tunes spin interactions at the core@shell 
boundary.

The optical analysis highlighted efficient energy transfer from Yb3+

to Er3+ ions, producing strong green emission at 542 nm under 980 nm 
excitation along with red luminescence at 659 nm. The enhancement of 
upconversion luminescence intensity with higher Er3+ content 
confirmed effective sensitizer-activator coupling within the ZnO host. 
These findings align well with previous studies on lanthanide-doped 
ZnO nanostructures and emphasize their suitability for bioimaging 
and photonic applications. Moreover, when combined with the tunable 
magnetic properties, the optical performance highlights the potential of 
these nanocomposites as multifunctional platforms for integrated im
aging and therapeutic applications.

Antibacterial assays highlighted selective inhibition of Gram- 
positive S. aureus relative to Gram-negative E. coli, attributable to dif
ferences in bacterial cell wall structures. While the lipopolysaccharide 
barrier in Gram-negative bacteria restricts nanoparticle penetration, 
Gram-positive bacteria are more vulnerable to ROS-mediated damage. 
Doping with Yb3+/Er3+ enhanced antibacterial efficacy, particularly at 
intermediate levels, due to improved ROS generation and charge sepa
ration. At higher doping levels, however, activity declined, likely due to 
dopant clustering and saturation effects. Interestingly, while the highest 
magnetization was observed for Fe3O4@4Yb5Er:ZnO, the strongest 
antibacterial activity was obtained at the intermediate Fe3O4@4Yb3Er: 
ZnO composition, indicating that optimal doping levels depend on the 

targeted functionality.
The in vitro cytocompatibility studies provided further insights into 

biological performance. MTT analyses demonstrated that the nano
materials affected HUVEC cell viability in both a dose- and time- 
dependent manner. Low-dose treatments (50 µg/mL) promoted cell 
proliferation, whereas higher doses (≥200 µg/mL) induced significant 
cytotoxicity. These findings suggest that the nanocomposites can stim
ulate cellular metabolism and enhance proliferation at lower concen
trations while adversely affecting cell health at higher concentrations. 
Cell migration assays revealed that the Fe3O4@4Yb5Er:ZnO-treated 
group exhibited migration levels comparable to the control group, 
indicating that this treatment does not inhibit HUVEC migration. In 
contrast, migration rates in the Fe3O4@4Yb1Er:ZnO and 
Fe3O4@4Yb3Er:ZnO groups were slightly lower, suggesting that nano
materials with lower Yb/Er content may partially restrict HUVEC 
migratory capacity, whereas higher doping levels (Fe3O4@4Yb5Er:ZnO) 
preserve normal migration. Consistent with these results, previous 
studies have shown that iron oxide nanoparticles can enhance the 
migratory capacity of mesenchymal stem cells and support their homing 
to injury or wound sites [29].

Gene expression analyses demonstrated significant upregulation of 
angiogenesis-related growth factors, including VEGF and FGF, particu
larly in the Fe3O4@4Yb5Er:ZnO group. This upregulation is consistent 
with the proliferation and migration results and suggests that the 
nanomaterials may promote vascular growth and remodeling in endo
thelial cells. Similarly, ZnO and CuO nanoparticles have been reported 
to enhance VEGF expression in HUVEC cells, and luminescent 
ruthenium-modified selenium nanoparticles (Ru-SeNPs) have been 
shown to induce angiogenesis and FGF expression [30–32]. MMP-3 and 
MMP-9 expression was also markedly increased, especially in the 
Fe3O4@4Yb5Er:ZnO group, indicating that these nanocomposites may 
facilitate extracellular matrix remodeling and genetically support 
endothelial migratory capacity. While non-cytotoxic doses (0.5 and 
1 µg/mL) of Nano-CuO have been reported to increase MMP-3 expres
sion and activity in conditioned media of BEAS-2B and U937 cells, 
studies on MMP expression induced by ZnO nanoparticles remain 
limited, highlighting the originality and innovative contribution of our 
work [33]. These results highlight the ability of lanthanide-doped 
Fe3O4@ZnO nanocomposites to modulate endothelial cell prolifera
tion, migration and angiogenesis, key processes in tissue regeneration 
and vascular remodeling. These biological findings not only demon
strate efficacy of the developed nanocomposites but also align with the 
objectives of the United Nations Sustainable Development Goal 3 (Good 
Health and Well-Being), which aims to promote health, prevent in
fections, and advance innovative biomedical technologies [34].

Collectively, these findings demonstrate that controlled lanthanide 
incorporation into Fe3O4@ZnO nanocomposites tailors multifunctional 
performance across structural, magnetic, optical, antibacterial, and 
cellular domains. The capacity to balance magnetic tunability, upcon
version luminescence, antibacterial efficacy, and pro-angiogenic cellular 
responses underscores the promise of these nanocomposites as advanced 
multifunctional platforms for biomedical theranostics, regenerative 
medicine, and antimicrobial applications.

4. Conclusions

This study demonstrates the successful synthesis and comprehensive 
evaluation of Fe3O4@ZnO and Yb/Er-doped Fe3O4@ZnO core@shell 

Table 3 
Antibacterial activities of composite nanoparticles and its derivatives against E. coli and S. aureus bacteria by well-diffusion method. Antibacterial activity results were 
measured as inhibition zones, and mm was used as the unit for the diameter of the wells.

Fe3O4@ZnO Fe3O4@4Yb1Er:ZnO Fe3O4@4Yb3Er:ZnO Fe3O4@4Yb5Er:ZnO

E. coli 8.64 ± 0.69 8.32 ± 0.29 8.56 ± 0.46 9.01 ± 0.70
S. aureus 9.52 ± 1.13 13.03 ± 0.75 13.53 ± 1.07 11.99 ± 1.17
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nanocomposites as multifunctional nanoplatforms for biomedical ap
plications. Structural analyses confirmed the formation of phase-pure 
cubic Fe3O4 cores and hexagonal ZnO shells, while systematic shifts in 
the ZnO lattice parameters verified the effective incorporation of Yb3+

and Er3+ ions. Morphological investigations revealed nanoscale 
core@shell architectures with increased agglomeration upon lanthanide 
doping consistent with dopant-induced surface energy modifications.

Magnetic measurements showed superparamagnetic-like behavior 
with negligible coercivity and remanence for all samples, while 
lanthanide incorporation enabled tunable magnetic responses. Among 
the studied compositions, Fe3O4@4Yb5Er:ZnO exhibited the highest 
magnetization, highlighting the additive paramagnetic contribution of 
rare-earth ions and their influence on interfacial spin interactions. Op
tical characterization demonstrated efficient Yb3+→Er3+ energy transfer 
under 980 nm excitation, producing intense green and red upconversion 
luminescence, thereby confirming the suitability of these nano
composites for near-infrared-triggered bioimaging applications.

Biological evaluations revealed a clear functionality-dependent 
response to lanthanide concentration. Antibacterial assays showed se
lective inhibition of Gram-positive S. aureus, with maximum activity 
observed at the intermediate Fe3O4@4Yb3Er:ZnO composition, while 
E. coli exhibited lower susceptibility. In vitro cytocompatibility, migra
tion and gene expression analyses demonstrated that Fe3O4@4Yb5Er: 
ZnO promotes endothelial cell migration, upregulates angiogenic factors 
(VEGF and FGF), and enhances extracellular matrix remodeling through 
increased MMP-3 and MMP-9 expression, indicating its potential to 
support tissue regeneration and vascular remodeling.

Overall, these results provide clear evidence that optimal lanthanide 
doping is strongly property-dependent and enables precise tailoring of 
magnetic, optical, antibacterial, and biological functionalities within a 
single nanosystem. The integration of tunable magnetism, NIR-excited 
upconversion luminescence, selective antibacterial activity, and pro- 
angiogenic cellular responses underscores the promise of Yb/Er-doped 
Fe3O4@ZnO nanocomposites as advanced multifunctional platforms 
for theranostic and regenerative medicine applications, contributing to 
the objectives of the United Nations Sustainable Development Goal 3 
(Good Health and Well-Being).
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