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Abstract: Background /Objectives: The aims of the presented study were the development of four
types of silibinin-loaded liposomes (multilamellar liposomes—MLYVs, sonicated small unilamellar
liposomes—SUVs, UV-irradiated liposomes, and lyophilized liposomes) and their physicochemical
characterization and biological potential related to skin health benefits. Methods: The characterization
was performed via the determination of the encapsulation efficiency (EE), particle size, polydispersity
index, zeta potential, conductivity, mobility, storage stability, density, surface tension, viscosity,
FT-IR, and Raman spectra. In addition, cytotoxicity on the keratinocytes and antioxidant and
anti-inflammatory potential were also determined. Results: UV irradiation significantly changed
the rheological and chemical properties of the liposomes and increased their cytotoxic effect. The
lyophilization of the liposomes caused significant changes in their EE and physical characteristics,
decreased their ABTS and DPPH radical scavenging potential, and increased their potential to
reduce the expression of interleukin 1 beta (IL-1(3) in cells treated with bacterial lipopolysaccharide.
Sonication significantly changed the EE and physical and rheological properties of the liposomes, and
slightly increased their cytotoxicity and reduction effect on IL-13, while the anti-ABTS and anti-DPPH
capacity of the liposomes significantly increased. All developed liposomes showed an increasing trend
in particle size and a decreasing trend in zeta potential (absolute values) during storage. Conclusions:
Silibinin-loaded liposomes (MLVs and lyophilized) showed promising antioxidant activity (toward
reactive oxygen species generated in cells) and anti-inflammatory effects (reducing macrophage
inhibitory factor expression) on keratinocytes and did not lead to a change in their viability. Future
perspectives will focus on wound healing, anti-aging, and other potential of developed liposomes
with silibinin in sophisticated cell-based models of skin diseases, wounds, and aging.

Keywords: anti-inflammatory activity; antioxidant activity; encapsulation; liposomes; silibinin;
skin; stability

1. Introduction

Products from plant material are of great interest to researchers, not only as a source of
new biologically active ingredients for use in the pharmaceutical and cosmetic industries
but also as a valuable addition to the formulations for improving the aesthetic properties of
wounds, burns, scars, and skin as a whole [1,2]. Silibinin, the flavonolignan compound,
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is the major active constituent of silymarin, a group of polyphenols from milk thistle
(Silybum marianum), which, apart from silibinin, contains isosilybin, silydianin, and silychri-
stand [3]. Silibinin is also found in artichokes (Cynara scolymus) [4]. Due to their antioxidant,
antimicrobial, anti-inflammatory [3,5], antiviral [6], immunomodulatory [7], and anticancer
potential [8], the mentioned polyphenols exhibit plenty of bioactivities that can promote
human health and wellbeing. Silibinin was used as a chemo-preventive and therapeutic
agent in human lung cancer [9], while studies have reported that it also showed significant
chemo-preventive activity in animal models of carcinogenesis, including prostate and skin
cancer [4,10]. According to the Song et al. study [11], silibinin can also protect liver cells
against toxins, while Garcia-Vifiuales et al. [12] suggest that it can inhibit amyloid-beta ag-
gregation by affecting the human islet amyloid polypeptide. The study of Matsumura and
Ananthaswamy [13] shows a protective effect of silibinin against ultraviolet B-induced skin
injuries. Namely, silibinin protects from photo-carcinogenesis, sunburns, UVB-caused epi-
dermal hyperplasia, and deoxyribonucleic acid damage, and changes cell cycle regulation
in favor of maintaining the genetic integrity of the skin cells [4,5]. However, its application
is quite limited due to its poor water solubility, limited absorption, and consequently, low
bioavailability [14]. Thus, silibinin requires encapsulation for further application with the
aim of its enhanced bioavailability.

The encapsulation of biologically active components represents a technique that has
been widely used in the food, pharmaceutical, and cosmetic industries to strengthen and
supplement formulations by enhancing stability and bioavailability and controlling the
delivery of active compounds [3,15-17]. Liposomes, as spherical micro- or nanoparticles
formed by one or multiple phospholipid layers, are widely used as carriers for delivering
drugs, antioxidants, proteins, enzymes, polyphenols, vitamins, flavors, and aromas, due to
their non-toxicity, biodegradability, and ability to encapsulate hydrophilic, amphiphilic,
and lipophilic compounds [16,18-21]. Liposomes can provide a controlled release of
biologically active compounds, as well as aiding their protection from modification and
degradation caused by light, oxygen, UV irradiation, free radicals, enzymes, changes in
pH values, etc. [3,16]. Additionally, several studies have shown that liposomes provide a
higher bioavailability of various compounds, including drugs, proteins, nutraceuticals, and
polyphenols, due to their lipid composition being similar to that of epithelial cells [22-25].
The liposomal particles can be formulated using the common thin film hydration procedure,
micro-emulsification, membrane extrusion, proliposome method, ether or ethanol injection,
a reverse phase evaporation method, etc. [16,19,26]. Among all the previously mentioned
techniques, the proliposome technology may be suitable for large-scale production [19].
Additionally, the sonication and cavitation effects can increase the dispersion of lipid
molecules, consequently, reducing the particle size of the lipid droplets; thus, the mentioned
process is widely employed for obtaining small unilamellar liposomes [26-28]. Liposomal
vesicle size displays an important influence on the delivery and penetration of encapsulated
compounds through the skin, as well as the efficiency of the applied formulation [29];
thus, that was one of the criteria for choosing modification methods during liposome
development. Since UV irradiation is used in the food, pharmaceutical, and cosmetic
industries as a sterilization technique, and can enhance the release of active compounds
from the liposomes and cause changes in the physicochemical properties of the liposomes,
its influence should be investigated as well [30]. Also, the potential application of silibinin-
loaded liposomes for the dermal and transdermal delivery of silibinin and, consequently,
exposure of the formulation to UV rays from the sun, significantly affected the selection of
this specific liposome modification technique. Lyophilization (freeze drying), as a simple
and frequently employed procedure for drying thermosensitive components, uses freezing
and low pressure with the addition of heat (only to cause the sublimation of ice) and can
be applied to liposomal vesicles. Namely, the obtained lyophilized products with active
compounds (e.g., polyphenols) are stable over a long period, due to the prevention of
hydrolytic and oxidative degradation, which can occur in the surrounding water [26,31,32].
Considering that liposomal formulation can contain between 70 and 95% of the water



Pharmaceutics 2024, 16, 1476

30f29

phase, hydrolytic and oxidative reactions, as well as microbiological contamination (which
occurs in an aqueous medium), are frequent causes of products’ degradation and spoilage
and their short shelf life. With the aim to improve storage stability and provide prolonged
shelf life of the liposomal preparations, freeze drying can be used as a simple preservation
procedure. However, the lyophilization process can result in significant modifications of the
liposomal particles; thus, its effect should be examined as well. Hence, due to all mentioned
above related to lyophilization, this process was selected as one of the methods that could
potentially have positive or negative impacts on liposome characteristics and bioactivities.
Therefore, the present study aimed to develop silibinin-loaded liposomes using the
proliposome procedure, as well as additional steps for liposome modification (sonication
by the ultrasound probe, UV irradiation, or lyophilization): multilamellar vesicles (MLVs),
sonicated small unilamellar vesicles (SUVs), UV-irradiated liposomes, and lyophilized
liposomes, respectively. The encapsulation efficiency (EE), particle size, polydispersity
index (PDI), zeta potential, conductivity, mobility, storage stability, density, surface tension,
viscosity, FI-IR (Fourier Transform Infrared) and Raman spectra, cytotoxicity, antioxidant
and anti-inflammatory activity of the obtained liposomes were investigated. To the best
of our knowledge, the influence of all previously mentioned processes on physicochem-
ical characteristics, stability, and bioactivity associated with the dermal application of
silibinin-loaded liposomes was not investigated. Specifically, the influence of UV irradi-
ation (present during the production process and dermal application) and sonication or
lyophilization (widely employed in industrial conditions) on the cytotoxic, antioxidant, and
anti-inflammatory potential of silibinin-loaded liposomes on keratinocytes, the liposome
stability, and fingerprint spectra were examined for the first time in the present study.

2. Materials and Methods
2.1. Reagents

Distilled water was purified through a Simplicity UV® water purification system
(Merck Millipore, Merck KGaA, Darmstadt, Germany). Phospholipon 90G (Ph, phos-
phatidylcholine from soybean) was from Nattermann Phospholipids (Cologne-Bocklemiind,
Germany) and ethanol was from Thermo Fisher Scientific (Loughborough, UK), while sili-
binin (>98%, HPLC grade), 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) or
ABTS, ascorbic acid, and 2,2-diphenyl-1-picrylhydrazyl or DPPH were from Sigma Aldrich
(Steinheim, Germany). HaCaT cells (spontaneously immortalized human keratinocytes)
were kindly provided by the Institute for Biological Research “SiniSa Stankovi¢”, Na-
tional Institute of the Republic of Serbia, University of Belgrade, Belgrade, Serbia. Bac-
terial lipopolysaccharide (LPS; Escherichia coli 055:B5), phosphate-buffered saline (PBS),
sodium dodecyl sulfate (SDS), and MTT reagent (thiazolyl blue tetrazolium bromide,
1 mg/mL) were from Sigma-Aldrich (St. Louis, MA, USA) and DMEM/F12 cell cul-
ture medium (1:1 mixture of Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 nu-
trient mixture) was from Pan-Biotech (Aidenbach, Germany), while 0.5% Tween was
from Thermo Fisher Scientific (Waltham, MA, USA). Cells were maintained in RPMI 1640
(GIBCO BRL, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) and containing 1% antibiotic-antimycotic mixture (Capricorn Scientific,
Ebsdorfergrund, Germany), hereafter referred to as complete medium. Cell-permeable
oxidation-sensitive probe-H2DCFDA (2/,7'-dichlorofluorescin diacetate-Calbiochem) was
from Merck Millipore, Darmstadt, Germany. Dulbecco’s Modified Eagle Medium /Nutrient
Mixture F-12 Ham (DMEM F 12, Biowest, Nuaillé, France), 10% fetal calf serum (FCS, Gibco,
Waltham, MA, USA), and 0.25% trypsin-EDTA solution (Institute for Virology, Vaccines,
and Serum “Torlak”, Belgrade, Serbia) were also used.

2.2. Cell Culture

HaCaT human keratinocytes were kept in 25 cm? tissue culture flasks in a humidified
incubator at 37 °C, with 5% CO,. They were grown in a complete medium containing
DMEM F 12, 10% fetal calf serum, and 1% antibiotic-antimycotic solution. After reaching
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70% confluence, the cells were trypsinized (0.25% trypsin-EDTA solution) and seeded in
96-well plates (1.5 x 10* cells/well). They were left to attach to wells for 24 h at 37 °C,
5% CO,, before the treatment.

2.3. Preparation of the Liposomes

Silibinin-loaded liposomes as multilamellar vesicles (MLVs) were prepared using
the proliposome method according to Jovanovi¢ et al. [33]. Specifically, a mixture of
10 g of phospholipids, 1 g of silibinin, and 40 mL of ethanol was stirred and heated to
50-60 °C for 15 min. After cooling to 25 °C, 80 mL of ultrapure water was added in small
portions. Subsequently, the mixture was stirred for 1 h at 800 rpm. Plain (empty) liposomes
(MLVs) were prepared as a control using 2.5 g of phospholipids, 10 mL of ethanol, and 20 mL
of ultrapure water. Due to the complete evaporation of ethanol (from loaded and unloaded
liposomes), the concentration of phospholipids in a final formulation was 125 mg/mL.

2.3.1. Sonication of the Liposomes

With the aim to reduce vesicle size and obtain SUVs, the samples (MLVs, 20 mL) were
sonicated for 15 min (on 30 s-off 10 s) using the ultrasound probe Sonopuls (Bandelin, Berlin,
Germany) at 40% amplitude and 25 °C (a flask with the sample was continuously cooled
using ice coating during sonication and the temperature was measured and controlled) [28].

2.3.2. UV Irradiation of the Liposomes

The liposomal sample (MLVs, 20 mL) in a thin layer was exposed to UV-C irradi-
ation (253.7 nm) for 15-90 min in uncovered Petri dishes using a laminar flow cabinet
(AC2-4G8, ESCo, Singapore) [30,34].

2.3.3. Lyophilization of the Liposomes

The influence of lyophilization on liposomes was investigated as well. Freshly pre-
pared silibinin-loaded liposomes and empty liposomes (MLVs, 10 mL) were centrifuged,
the supernatant was discarded, and the pellet was frozen in the freezer at —80 °C for 1 h
and freeze dried at —75 °C and pressure of 0.011 mbar for 24 h and at —65 °C and pressure
of 0.054 mbar for one additional hour (Alpha 2—4 LSCplus, Christ, Osterode am Harz,
Germany). The lyophilized liposomes were then reconstructed with ultrapure water to
their original volume before further analysis of encapsulation efficiency, photon correlation
spectroscopy, antioxidant methods, and assays in the cell culture. For FTIR and Raman
spectroscopy, UV-irradiated liposomes and SUVs with silibinin were lyophilized in the
same way, as were empty and loaded MLVs, to obtain appropriate samples for analysis.

2.4. Determination of the Encapsulation Efficiency

The EE was determined using an indirect method and calculated by the amount of
silibinin in the supernatant, as shown in Equation (1):

EE [%] = (Ci — Csup)/Ci x 100 (1)

where C; is the initial content of silibinin used for the preparation of liposomes and Cqyp is
the content of silibinin determined in the supernatant.

The free silibinin was removed from the liposome dispersions (MLVs, UV-irradiated,
and lyophilized samples) by centrifugation at 17,500 rpm and 4 °C for 45 min in Thermo
Scientific Sorval WX Ultra series ultracentrifuge (Thermo Fisher Scientific, Waltham, MA,
USA). The free silibinin was removed from SUVs’ dispersion using ultracentrifugation
at 10,000 rpm and 4 °C for 5 h (Optima L-90K Ultracentrifuge, Beckman Coulter, Brea,
CA, USA). The concentration of silibinin in the supernatants was determined spectrophoto-
metrically at 280 nm (UV Spectrophotometer UV-1800, Shimadzu, Kyoto, Japan).
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2.5. Photon Correlation Spectroscopy and Storage Stability

The mean size, PDI, zeta potential, conductivity, and mobility of liposomal droplets
(MLVs, SUVs, UV-irradiated, and lyophilized samples with silibinin and unloaded MLVs)
were measured by photon correlation spectroscopy (PCS). Zetasizer Nano Series, Nano ZS
(Malvern Instruments Ltd., Malvern, UK) with the measurement range of 0.6 nm to 6 mm
used for the measurement of all the above-mentioned parameters. The analyses were
performed at 25 °C, and each sample was diluted 200 times with ultrapure water. Each
sample was measured three times, and the results obtained were given as the mean value.
The conductivity values are presented as the conductivity factor (1 CF = 10 uS/cm).

All previously mentioned parameters of the silibinin-loaded liposomes (MLVs, SUVs,
UV-irradiated, and lyophilized samples) were monitored for 60 days of storage at 4 °C.
The measurements were repeated on the 1st, 7th, 14th, 21st, 28th, and 60th days using
PCS. During the stability study, lyophilized samples were stored in their dried form and
reconstituted before every measurement.

2.6. Density, Surface Tension, and Viscosity Analyses

The density and surface tension of three types of silibinin-loaded liposomes (MLVs,
SUVs, and UV-irradiated samples) were determined using silicon crystal as the immersion
body and Wilhelmy plate, respectively, in Force Tensiometer K20 (KRUSS, Hamburg,
Germany). Each sample (20 mL) was examined three times at 25 °C. The viscosity of the
same silibinin-loaded liposomes was also examined using Rotavisc lo-vi device equipment
with VOL-C-RTD chamber, VOLS-1 adapter, and spindle (IKA, Staufen, Germany). Each
sample (6.7 mL) was examined three times at 25 °C.

2.7. FT-IR and Raman Spectroscopy

FT-IR spectra of pure Phospholipon, UV-irradiated Phospholipon, silibinin, and
lyophilized MLVs, SUVs, and UV-irradiated samples (since the used spectrometer requires
the samples without water) were recorded in the wavenumber between 400 and 4000 cm !
using Nicolet™iS™10spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with
Smart iTR™ Attenuated Total Reflectance (ATR), in 20 scans mode, and at a resolution of
4 cm~!. The liposomes were exposed to UV irradiation for 15, 30, 45, 60, 75, and 90 min to
detect the duration of the irradiation, which caused the chemical changes in the samples.
Additionally, deconvolution of the FI-IR spectra, as a means of more powerful detection
with the aim to identify changes in bonding, was performed as well.

The micro-Raman spectra of pure Phospholipon, silibinin, and lyophilized MLVs,
SUVs, and UV-irradiated liposomes were collected in a backscattering configuration using
a Jobin-Yvon T64000 triple spectrometer equipped with a liquid-nitrogen-cooled CCD
camera. Raman scattering spectra were recorded in the range of 150-3400 cm~!. The
spectral resolution was 2 cm~! and accuracy for all measured wavenumbers is +3 cm™!.
The argon/krypton ion laser with an emitting line at A = 514.5 nm was used as an excitation
source, with the output laser power kept at less than 1 mW to avoid the heating effects
and/or sample degradation.

2.8. Antioxidant Capacity of the Liposomes

The antioxidant capacity of all prepared liposomal samples was examined using
two antioxidant assays, ABTS and DPPH tests. In addition, the antioxidant potential of
the liposomes was investigated in the cell line with generated intracellular free radicals
(described in Section 2.9.3).

2.8.1. ABTS Assay

The ABTS radical scavenging potential of silibinin-loaded liposomes was determined
using the assay described by Zuhair et al. [35] with a slight modification. The mixture
of ABTS solution (5 mL of water and 0.019 g of ABTS powder) and potassium persulfate
solution (88 nL) was left to react for 24 h at 4 °C. The ABTS** working solution was
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diluted using ethanol (an absorbance of ~0.700 at 734 nm). The ABTS** solution (2 mL)
was mixed with the liposomes (20 pL). After 6 min of incubation, the absorbance was
measured, and the radical scavenging activity of the extract was calculated using the
following equation (Equation (2)):

AA = Ay — Ay )

where A is the absorbance of the ABTS** solution, while Ay is the absorbance of the
ABTS®* solution and the liposomes. The scavenging capacity was expressed as ICsy
(mg of silibinin/mL of liposomal suspension), which represented the concentration required
to neutralize 50% of ABTS®** radicals. Ascorbic acid was used as a positive control.

2.8.2. DPPH Assay

The antioxidant capacity of the liposomal samples was measured via hydrogen do-
nating using the stable DPPH® radicals [35]. Various concentrations of the liposomes
(200 uL) were mixed with 2 mL of ethanol DPPH® radical solution (an absorbance of
~0.800 at 517 nm). The absorbance was recorded after 20 min of incubation and the percent-
age of inhibition was calculated using the following equation (Equation (3)):

% inhibition = (Ag — Ay) x 100/A, 3)

where A is the absorbance of the control and Ay is the absorbance of the DPPH® solution
and the liposomes. The results were expressed as ICsy (mg of silibinin/mL of liposomal
suspension), which represented the concentration required to neutralize 50% of DPPH*®
radicals. Ascorbic acid was used as a positive control.

2.9. Assays on Cell Culture
2.9.1. Treatments Preparation

The stock solution of liposomes with silibinin (MLVs, SUVs, UV-irradiated, and
lyophilized samples with silibinin and unloaded MLVs) was prepared, at a concentration
of 10 mg/mL and kept at 4 °C. For the experiment, final concentrations of each treatment
were prepared from the stock solution by dissolving in fresh complete cell medium to reach
final concentrations of 0.1, 1, 10, 25, 50, and 100 pug/mL. These concentrations were further
used for cell treatments.

2.9.2. Cytotoxicity Evaluation

The HaCaT cells in complete RPMI medium were seeded in 96-well plates at a density
of 1.5 x 10* cells/well, in a final volume of 100 pL per well. The medium was exchanged
after 24 h, and treatments were added in a total volume of 100 uL/well. Following the incu-
bation with the treatments (empty MLVs and silibinin-loaded liposomes) or solvent (control)
at 37 °C for 24 h, an MTT assay was performed. MTT reagent was added (10 pL per well),
and the cells were left for 2 h in the dark at 37 °C for the reaction to occur. Further, purple
formazan crystals were dissolved with SDS [36]. Finally, the absorbance was measured at
570 nm on a microplate reader (Epoch, BioTek, Shoreline, WA, USA) after the complete
solubilization of the crystals. The data were expressed as percentage viability concerning
control (100%). Mean values were represented on bars, from three independent experiments
performed in triplicate (n = 9).

2.9.3. H2DCFDA Assay (2/,7'-Dichlorofluorescin Diacetate)

HaCaT cells were left overnight to attach to the wells and kept in a humified incubator
at 5% CO; and 37 °C. The next day, the medium was exchanged and silibinin-loaded
liposomes (MLVs, SUVs, UV-irradiated, and lyophilized samples) or empty MLVs at final
concentrations (0.1, 1, 10, 25, 50, and 100 pug/mL) in complete medium were added to
the cells (100 puL per well). After 24 h, treatments were removed, and cells were rinsed
with PBS. Next, the assay was performed in line with the manufacturer’s instructions [37].
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Using PBS as the diluent, 5 pM of the cell-permeable oxidation-sensitive probe, H2DCFDA
was added to the cells and left for 45 min in the dark. Next, the cells were washed with
PBS and exposed to PBS alone (control) or the 200 pM H,O,, used as the positive control.
After an incubation time of 2 h, and the conversion of non-fluorescent H2DCFDA to the
highly fluorescent 2,7’-dichlorofluorescein (DCF), the generation of intracellular ROS
(reactive oxygen species) level in cells was determined by measuring the fluorescence
on a fluorescent plate reader (Wallac 1420 multilabel counter Victor 3V, PerkinElmer Life
and Analytical Sciences, Boston, MA, USA) at excitation and emission wavelengths of
485 and 535 nm, respectively. Data were expressed as relative fluorescence intensity and
the mean value was represented in figures, from three independent experiments performed
in triplicate (n = 9).

2.9.4. Determination of Protein Expression Using the CELISA (CELL-BASED ELISA) Method

Analysis of the anti-inflammatory potential of the obtained liposomal samples was
performed using cell-based ELISA according to the previously described method [38].
Namely, HaCaT cells were seeded in 96-well plates at a density of 2 x 10° cells per well and
grown for 24 h at 37 °C and 5% CO;. The following day, the medium was replaced with
treatments containing MLVs, SUVs, UV-irradiated, and lyophilized samples or empty MLVs
at a final concentration of 10 ug/mL in a complete medium and incubated for 24 h with the
cells. At the end of the treatment, the medium was removed, and the cells were exposed
to 2.5 ug/mkL of LPS in a complete medium for 4 h at 37 °C and 5% CO,. Afterwards,
cells were washed twice with PBS and the plate was dried. After drying, the cells were
fixed with ice-cold acetone-methanol (1:1) for 10 min. Next, endogenous peroxidases were
blocked by adding 0.3% HyO,, 100 uL per well for 30 min in the dark. Then, the wells were
washed with PBS and blocked with the addition of 1% BSA in PBS for 30 min at 37 °C. After
blocking, 50 pL of each primary antibody (PA5-27238, source: rabbit, 1:500, Invitrogen,
Waltham, MA, USA) for interleukin 1 beta (IL-1f3), macrophage inhibitory factor (MIF),
or cyclooxygenase-2 (COX-2) was added in PBS with 1% BSA to the wells and incubated
2 h at room temperature. Following the incubation with antibodies, the plate was washed
three times with PBS containing 0.5% Tween, and a secondary antibody (1:2000, anti-rabbit
IgG, HRP-linked Antibody 7074P2, Cell Signaling Technology, Danvers, MA, USA; or
1:2000, anti-mouse IgG, HRP-linked Antibody 7076S, Cell Signaling Technology, Danvers,
MA, USA) in PBS with 1% BSA was added to the wells and incubation lasted 2 h at room
temperature. Finally, the plate was washed three times with PBS, 50 uL of substrate was
added to each well, and color development was monitored. When the color developed,
50 pL of the stop reagent was added and the plate was read at 450 nm wavelength on a
plate reader (ELx800, BioTek, Shoreline, WA, USA).

2.10. Statistical Analysis

All measurements and analyses were performed in triplicate and statistical analyses
were carried out using the statistical software STATISTICA 7.0. The statistical significance
was determined using analysis of variance (one-way ANOVA), followed by Duncan’s post
hoc test. The data in the table and graphs are presented as mean value + standard deviation.
The differences were considered statistically significant at p < 0.05.

In the cell assays, one-way analysis of variance (ANOVA) with the Tukey post hoc
test was used to assess differences in treatments versus control after data were tested for
normality. All results are expressed as mean + standard error of the mean (mean + SEM).
GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical
analysis, where p < 0.05 was considered significant.

3. Results

The first step of the present research was the formulation of silibinin-loaded liposomes and
the investigation of the influence of sonication, UV irradiation, and lyophilization on liposome
physicochemical properties, including the EE, particle size, PDI, zeta potential, conductivity,
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mobility, and storage stability. In the case of liquid samples, density, surface tension, and
viscosity were also measured. The second step was the analysis of FT-IR and Raman spectra.
The third step was the examination of the biological activity of all developed silibinin-loaded
liposomes, including their antioxidant, cytotoxic, and anti-inflammatory potential.

3.1. Encapsulation Efficiency in the Silibinin-Loaded Liposomes

Regarding the fact that the efficiency of the encapsulation process, i.e., the amount of
the encapsulated target compounds, represents one of the essential parameters, the EE of
silibinin in four prepared liposomal systems is shown in Table 1.

Table 1. The encapsulation efficiency (EE), particle size, polydispersity index (PDI), zeta potential ((),
conductivity (presented as the conductivity factor, CF), and mobility (i) of multilamellar liposomes
(MLVs), UV-irradiated liposomes, lyophilized liposomes, and small unilamellar liposomes (SUVs)
with encapsulated silibinin, and unloaded MLVs.

Particle
0,

Samples EE [%] Size [nm] PDI ¢ [mV] CF # [umem/Vs]
MLVs with silibinin ~ 89.7 = 1.4%*  1675.0 £ 4432 031040019 -3554+0.72 038+0019 —27840.02°2
UV-irradiated 88.1+123  17015+5872 027240034 —365+072 1154+0.02° —2.89+0.072

with silibinin
Lyophilized 62.5+1.9¢ 7249 £275°¢  0334+0031° —149+05° 26440302  —0.70 & 0.06

with silibinin
SUVs with silibinin ~~ 74.9 + 1.0 27784279 0520400592 —21.6401P 124+008° 1584 0.04P
Unloaded MLVs na. 14358 +22.1° 02874 0.022° -103+049 032+£0.02¢ —051+0039

* Values with the same letter in each column showed no statistically significant difference between different
developed liposomes with silibinin (p > 0.05; n = 3; analysis of variance, Duncan’s post hoc test); 1 CF = 10 uS/cm;
n.a., not applicable.

The EE of silibinin in MLVs amounted to 89.7 + 1.4% and UV irradiation did not
significantly influence the mentioned parameter (88.1 + 1.2%) (Table 1). SUVs with sili-
binin showed a significantly lower value of EE (74.9 & 1.0%) in comparison to larger

particles but a significantly higher value compared to lyophilized liposomes, whose EE
was 62.5 + 1.9% (Table 1).

3.2. The Particle Size, PDI, Zeta Potential, Conductivity, and Mobility of the Silibinin-Loaded Liposomes

Since the average size of liposomal particles represents an essential and relevant pa-
rameter for liposome biodistribution and the release of the encapsulated compounds [20],
the measurement of the mentioned variable was performed (Table 1). The average size of
the MLVs was 1675.0 £ 44.3 nm. UV irradiation did not affect the vesicle size of silibinin-
loaded liposomes, 1701.5 £ 58.7 nm, while sonication caused a significant decrease in
the vesicle size, 277.5 & 10.0 nm. The size of lyophilized liposomes was 724.9 & 27.5 nm,
showing that the lyophilization process led to a diameter decrease. The PDI values for
MLVs, UV-irradiated, and lyophilized samples amounted to ~0.3 (Table 1). The highest
PDI value, i.e., a narrow range of particle size distribution, was recorded for the SUVs
(0.520 £ 0.059) which can mean the presence of MLVs along with SUVs. The zeta po-
tential of the liposomes was measured as the third physical characteristic (Table 1). The
zeta potential is used for the determination of the electrical charge present on the surface
of the liposomal membrane and all developed liposomes have negative values of zeta
potential, demonstrating that the liposome surfaces were negatively charged. The zeta po-
tential of MLVs and their UV-irradiated parallels did not significantly differ and amounted
to —35.5 £ 0.7 and —36.5 £ 0.7 mV, respectively. On the other hand, lyophilization and
sonication significantly changed the values of liposome zeta potential (—14.9 & 0.5 and
—21.6 £ 0.1 mV, respectively). The conductivity of the liposomes was determined using
PCS as well (Table 1). The conductivity factor of the MLVs, UV-irradiated, lyophilized,
and SUVs liposomes with silibinin immediately after the preparation was 0.38 & 0.01,
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1.15 4+ 0.02, 2.64 £ 0.30, and 1.24 £ 0.08, respectively. The mobility of all four devel-
oped liposomal formulations was determined as the fifth physical property (Table 1).
The mobility of the MLVs, UV-irradiated, lyophilized, and SUVs liposomes with silibinin
immediately after the formulation was —2.78 £ 0.05, —2.89 & 0.07, —0.70 &+ 0.06, and
—1.58 £ 0.04 pmem/ Vs, respectively.

3.3. Storage Stability of the Silibinin-Loaded Liposomes

One of the most important challenges in the application of liposomal systems within
food, functional food, supplements, pharmaceutical, and cosmetic products is their relative
physical and chemical instability in water dispersions and under environmental conditions
due to their lipid composition, which can lead to unwanted effects, including oxidation and
hydrolysis and a reduction in encapsulation efficiency [39,40]. According to the literature
data, their physicochemical instability resulted in membrane combination, aggregation,
and changes in particle size, rigidity, and membrane compounds, as well as a decrease in
encapsulation efficiency [40,41]. Therefore, the storage stability of the developed liposomes
was monitored for 60 days at 4 °C, and the results are presented graphically in Figure 1.

The instability of the liposomes can be attributed to the physical collision of the vesicles
and membrane fusion, as well as chemical interactions, lipid oxidation, and production
of aldehydes. The higher stability of the liposomes at the temperature of 4 °C was due
to the permeability and less flexibility of their membranes, consequently causing lower
mobility of phospholipids, and the delayed oxidative process of the unsaturated fatty
acids and decomposition of the liposomes [42,43]. However, a significant increase in
particle size was noticed in all liposomes with encapsulated silibinin during a 60-day
storage study at 4 °C (Figure 1A). The initial mean size of liposomal vesicles was 1675.0,
1701.5,724.9, and 277.8 nm, which, after 60 days of storage at 4 °C, were increased up to
2466.0 nm (by 32%), 2601.0 nm (by 34%), 2104.0 nm (by 65%), and 538.7 nm (by 48%) for
MLVs, UV-irradiated, lyophilized, and sonicated forms, respectively. PDI values measured
for all liposomal samples during the time (Figure 1A, numbers above bars) show two
different behaviors: (i) PDI remained between 0.33 and 0.47 for lyophilized samples,
reflecting a slight increase in the heterogeneity and (ii) PDI value significantly increased
with storage time for MLVs (from 0.31 to 0.60), UV-irradiated liposomes (from 0.27 to 0.65),
and SUVs (from 0.52 to 0.83), indicating less homogeneity and more aggregation. As can
be seen in Figure 1B, a significant decrease in the absolute value of zeta potential was
observed in all liposomal forms with silibinin for 60 days. The initial zeta potential was
—35.5, —=36.5, —14.9, and —21.6 mV, which, after the 60-day storage study, were decreased
to —16.6 mV (by 53%), —23.1 mV (by 36%), —6.0 mV (by 60%), and —12.7 mV (by 41%)
for MLVs, UV-irradiated, lyophilized, and sonicated samples, respectively (Figure 1B). It
can be seen that there was a significant increase in the conductivity factor in MLVs and
SUVs with silibinin during a 60-day storage study (from 0.38 to 1.20 umcm/Vs and from
1.24 t0 2.02 pmem/ Vs, respectively), while, in the case of the UV-irradiated parallel, the
conductivity was not changed (table in Figure 1B). In addition, there was a significant drop
in the conductivity factor of the lyophilized sample, from 2.64 to 1.43 umcm/Vs during
storage. The mobility of MLVs and UV-irradiated liposomes significantly decreased during
60 days of storage, whereas in the case of SUVs and lyophilized samples, the decrease
in mobility was slower (Figure 1B, numbers above bars). In the MLVs system, mobility
decreased from —2.78 to —1.30 umcm/Vs, while in the UV-irradiated formulation, the
mentioned parameter decreased from —2.89 to —1.81 umcm/Vs. The mobility of SUVs
decreased from —1.58 to —1.31 umcm/Vs, while in the lyophilized liposomal form, it can
be seen that there was a drop from —0.70 to 0.47 umem/Vs.
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to the literature data, their physicochemical instability resulted in membrane combina-
tion, aggregation, and changes in particle size, rigidity, and membrane compounds, as
well as a decrease in encapsulation efficiency [40,41]. Therefore, the storage stability of
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Figure 1. Particle size bars and polydispersity index numbers above bars (A) and zeta potential-
bars, mobility-numbers above bars [umcm/Vs], and conductivity-table (B) of multilamellar liposomes
(MLVs), UV-irradiated liposomes, lyophilized liposomes, and small unilamellar liposomes (SUVs) with
encapsulated silibinin monitored for 60 days of their storage at 4 °C; values with the same letter showed
no statistically significant difference (p > 0.05; n = 3; analysis of variance, Duncan’s post hoc test).

3.4. The Density, Surface Tension, and Viscosity of the Silibinin-Loaded Liposomes

The physical properties of liquid silibinin-loaded liposomes (density, surface ten-
sion, and viscosity) were investigated before and after UV irradiation and sonication. As
can be seen in Table 2, the density of MLVs, UV-irradiated liposomes, and SUVs was
0.939 + 0.005, 0.917 + 0.004, and 0.916 + 0.006 g/cm3, respectively.

Table 2. The density (o), surface tension (y), and viscosity () of multilamellar liposomes (MLVs),
UV-irradiated liposomes, and small unilamellar liposomes (SUVs) with encapsulated silibinin.

Samples o [g/mL] v [mN/m] # [mPa-s]
MLVs 0.939 =+ 0.005 * 28.7+0.12 3.45 +0.022
UV-irradiated 0.917 £ 0.004 b 27.1+02P 328 +0.03b
SUVs 0.916 + 0.006 P 26.5+02¢ 343 +0.022

*Values with the same letter in each column showed no statistically significant difference (p > 0.05; n = 3; analysis
of variance, Duncan’s post hoc test).
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MLVs possessed a significantly higher value of surface tension (28.7 = 0.1 mN/m)
compared with UV-irradiated liposomes and SUVs (27.1 £ 0.2 and 26.5 £ 0.2 mN/m,
respectively). The viscosity of all prepared liquid formulations varied in a narrow range,
from 3.28 to 3.45 mPa-s.

3.5. FT-IR Study

The FT-IR is an easy and versatile analytical tool used for studying the structure
and intermolecular interaction in liposome-based systems. Also, the influence of UV ir-
radiation of 2-(oleoyloxy)-3-(stearoyloxy) propyl (2-(trimethylammonio)ethyl) phosphate
(phosphatidylcholine), empty liposomes, and silibinin-loaded liposomes was studied using
the FI-IR technique. The FT-IR spectra of Phospholipon (phosphatidylcholine, Ph) and
empty liposomes (non-loaded liposomes), before and after UV treatment, are shown in
Figure S1. The structure of phosphatidylcholine and silibinin A are given in Figure S2. The
analysis of the structural changes was based on the inspection of characteristic peaks of
intensity change and using deconvolution methodology to separate them into well-resolved
structures of functional groups absorption that emerged as a result of the applied treatment.

In the spectrum of Ph broad peak, the range 3600-3000 cm ™! is assigned to the O-H
stretching vibration (from glycerol and phosphate groups residues) (Figure S1). The small and
sharp peak at 3010 cm ™! is due to the ethylenic C-H stretching vibration in oleic acid residue in
phosphatidylcholine as the main compound of Ph [44]. Additionally, the strong and intensive
peaks observed at 2923 cm~! and 2853 cm ™! are due to the methyl and methylene groups’
asymmetric and symmetric stretching vibration of the fatty acids residue of phosphatidylcholine.
The absorption mode at 1735 cm ™!, observed in all spectra containing phosphatidylcholine,
is assigned to the C=0O present in the ester group. The small peak at 1652 cm ! is due to the
deformation vibrations of the O-H group and the low contribution of the absorption from
the C=C stretching vibration in oleic acid residue. The absorption in the spectral range from
1466 cm~! to 1375 cm ™! was assigned to the C-H deformations vibration of the methyl and
methylene groups in phosphatidylcholine. The stretching vibration of C-O and C-O-C, as well
as the P=0O phosphate group in the hydrophilic part of phosphatidylcholine, was observed at
1246 cm~1, 1171 em~!, 1086 cm ™!, and 1063 cm™1, respectively. The band at 1062 cm~! was
assigned to the C-O and P-O-C stretching band from the phospholipid structure. Also, the peak
at 872 cm~! arises from the P-O asymmetric stretching vibration. The stretching vibration of
v(=C-H) in the cis-unsaturated double bond of phospholipids appeared in the 730770 cm !
region, which is overlapped with the O-CO-C bending vibrations that originate from a molecule
of phosphatidylcholine (usually observed at a wavenumber of 734 cm ™) [45].

No observable differences were found by comparison of the FI-IR spectra of Ph
and liposomes, for both empty liposomes and MLVs with silibinin (Figures 2 and S1).
It means that the established intra/intermolecular interaction in the packed structure
of phosphatidylcholine is not reflected in observable peak shifting or intensity change.
Moreover, the absence of new modes on the FTIR spectra of silibinin-loaded liposomes
in comparison to empty liposomes (Figure 2) indicates that there is no chemical reaction
between the silibinin and phospholipids, therefore indicating their compatibility. Figure S3
shows the FT-IR spectra of silibinin, empty liposomes, silibinin-loaded liposomes as MLVs,
and UV-treated liposomes with silibinin for different periods (15-90 min of UV irradiation)
in the 1550-1800 cm ! spectral region.

The presence of silibinin in liposomes, i.e., the contribution of aromatic structure
absorption before and during UV irradiation, does not noticeably bring intensity peak
change in the region 1550~1675 cm~!. Also, a hardly observable intensity increase of the
valley at 1693 cm~! was observed as a result of oxidation/peroxidation processes causing
the formation of oxygen-containing functionalities. Allylic hydrogen is activated to radical
group reaction reactive oxygen hydroxyl radical [46]. The formation of hydroperoxides
and cyclic forms could undergo C—C scission with the formation of an aldehyde that can
then react with oxygen to oxidize to carboxylic groups [47]. To make a more visible and
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between the silibinin and phospholipids, therefore indicating their compatibility. Figure
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The UV irradiation of Ph, liposomes, and silibinin-loaded liposomes leads to spec-
tral change due to the appropriate structural change of treated material (exemplified for
silibinin-loaded liposome):

(1) The disappearance of the ethylenic bond was observed as a decrease in the peak in-
tensity at 3010 cm™! (Figure 2),
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The UV irradiation of Ph, liposomes, and silibinin-loaded liposomes leads to spec-
tral change due to the appropriate structural change of treated material (exemplified for
silibinin-loaded liposome):

(1) The disappearance of the ethylenic bond was observed as a decrease in the peak

intensity at 3010 cm ! (Figure 2),

(2)  The change of the peak structure in the region 1600-1750 cm ! related to carbonyl groups
stretch vibration of different origins (ester, carboxy, aldehyde carbonyl, etc.) (Figure S3),

(3) The appearance of small shoulder peaks in the region 800-1300 cm™!
(Figures 3 and S6).

Due to hardly observable peaks of shifting/intensity change or the appearance of new
ones, created because of UV-initiated radical reaction causing the chemical transforma-
tion, two methods were applied in this study: the deconvolution of selected peaks and
the quantification of peaks area as a measure of the appropriate group presence in the
studied molecule.

No noticeable change of the peak at 1735 cm ™!, originating from the ester carbonyl
group of phospholipids, indicates an appropriate stability against oxidative attack. Thus,
the height/area of the peak was used as the internal standard value for the calculation of
the relative intensities of the peak change. A small noticeable shoulder at 900 and 800 cm ™!
(Figure S1) indicates the presence of hydroperoxide species, but the position and intensities
of other peaks were unchanged. The results obtained based on the applied deconvolution
procedure are given in Table S1.
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damage in the epidermis [4,5,13,49,50]. Also, considering that silibinin was encapsulated
in liposomes as a carrier that has constituent components potentially sensitive to UV irradi-
ation, sonication, and lyophilization, the stability and chemical changes of free silibinin
after UV irradiation, lyophilization, and ultrasound treatment were not examined. The
first-mentioned process (UV irradiation) was not used for the treatment of free silibinin be-
cause studies have shown not only its stability under UV irradiation but also its protective
effects [4,5,13,49,50], and the second-mentioned process (freeze-drying) did not apply to
the free silibinin because it is not a common procedure used for a powdered component
such as silibinin. Additionally, the sonication of silibinin as a powder would not be feasible
using the ultrasonic probe that was employed for liposome sonication.

3.6. Raman Spectra

Raman spectroscopy was applied to investigate the presence of various interactions
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acyl chains of phospholipids can be related to the in-plane CH: twisting mode in the
oleoyl chain (1280 cm) and CH: scissoring mode of the fatty acid chain (1450 cm™) in
both MLVs and Ph spectra [55,56]. The band at ~1525 ¢cm™ corresponds to the N-O
stretching, while the mode at ~1670 cm™ is related to the C=C stretching vibration in both
spectra [53]. The peak at ~1750 cm™ can be associated with the carbonyl group (C=0O) of
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the oleoyl chain (1280 cm~!) and CH, scissoring mode of the fatty acid chain (1450 cm 1)
in both MLVs and Ph spectra [55,56]. The band at ~1525 cm~! corresponds to the N-O
stretching, while the mode at ~1670 cm ! is related to the C=C stretching vibration in both
spectra [53]. The peak at ~1750 cm~! can be associated with the carbonyl group (C=0) of
the ester bond among glycerol and fatty acids [57] (Figures 5a and S7A). The peaks in a
region of 2100-2750 cm ! in MLVs spectra originate from phospholipids with the fact that
they are of a more pronounced intensity than in the case of Ph spectra. The Raman mode
in MLVs and Ph spectra at ~2850 cm ! can be related to the symmetric and asymmetric
stretching of the C-H bonds of CH, and CHj groups in the alkyl chains, whereas the
band at 3015 cm ™! can correspond to the CH stretching of the N-CHj [53,57]. The band at
~3350 cm ™! is associated with bound water in both spectra [53]. The obtained Raman
spectra of pure silibinin (Figure S52B) is in accordance with the literature data in a range of
5001700 cm ™! and 3000-3500 cm ™! [58,59], while peaks in a region from 2000 to 2800 cm ™
can originate from impurities. As can be seen from Figure 1B, UV irradiation has caused
changes in the Raman spectra of silibinin-loaded liposomes. Namely, changes can be noticed
in the region of 500-1600 cm ! in the peaks’ intensity (higher intensity in UV-irradiated
sample). The phenomenon shown is in agreement with the literature data where there were
peaks with strongly higher intensities in the UV-irradiated liposomes in comparison to their
non-treated counterparts [33]. In FTIR spectroscopy, the changes are visible in a region of
800~1300 cm~!. In addition, the structure of peaks at 1600~1750 cm~! was changed after
UV irradiation, which is proven in FTIR analysis as well. The changes are also visible in the
region at around 2000 cm ™! and 3100-3250 cm . The mode at 3015 cm~! in MLVSs spectra
was moved below 3000 cm~! after UV irradiation. The FTIR analysis showed changes
in the same region. Ultrasound treatment of silibinin-loaded liposomes did not lead to
a change in the Raman spectra, except in terms of peaks’ intensity (Figure 5). Namely,
Chotphruethipong et al. [60] reported that the intensity of the peaks of CHj stretching
and the C=0 group of liposomes (modes at 2800-2900 cm~! and ~1750 cm ™!, respectively)
increased and shifted to a higher wavenumber due to the oxidation of unsaturated fatty
acids in the phospholipid membrane. The reason for the absence of the shift of peaks to a
higher wavenumber in the case of liposomes with silibinin can be the antioxidant potential
of silibinin. Namely, polyphenol compounds are observed to be effective at inhibiting
lipid oxidation [48].

3.7. ABTS and DPPH Radical Scavenging Potential of Silibinin-Loaded Liposomes

Liposomal vesicles can be employed as carriers for antioxidant compounds with the
aim of increasing their bioavailability and providing controlled release, while liposome oxi-
dation can be prevented [61]. Therefore, the antioxidant potentials of MLVs, UV-irradiated
liposomes, lyophilized liposomes, and SUVs with encapsulated silibinin were investigated
via ABTS and DPPH radical scavenging capacity tests, as well as in the cell line with gener-
ated ROS (described in Section 3.9). The data from ABTS and DPPH assays are presented
in Figure 6.

The ABTS radical scavenging activity of developed liposomes with silibinin, expressed
as the ICsq value, was 22.99 + 0.32, 23.08 £ 1.62, 20.36 + 0.56, and 29.44 £ 2.13 mg of
silibinin/mL of liposomal suspension for MLVs, UV-irradiated liposomes, SUVs, and
lyophilized liposomes, respectively (Figure 6). The antioxidant capacity determined in the
DPPH assay, expressed as the ICs value, was 27.80 &= 0.21, 28.21 & 1.42, 24.86 &= 1.54, and
33.46 £ 2.64 mg of silibinin/mL of liposomal suspension for MLVs, UV-irradiated lipo-
somes, SUVs, and lyophilized liposomes, respectively (Figure 6). The determined IC5( value
of ascorbic acid, as a control, was 0.217 mg/mL in the ABTS test, and 0.052 mg/mL in
the DPPH test. UV irradiation did not cause changes in the antioxidant potential of lipo-
somes measured in both employed assays, while the lyophilization process significantly
decreased the radical scavenging activity of liposomes with silibinin. In contrast, sonica-
tion positively influenced the antioxidant capacity of liposomes with silibinin (lower ICsq
value = higher antioxidant potential) (Figure 6). The antioxidant potential of pure silibinin
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Liposomal vesicles can be employed as carriers for antioxidant compounds with the
aim of increasing their bioavailability and providing controlled release, while liposgme,
oxidation can be prevented [61]. Therefore, the antioxidant potentials of MIVs
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the other hand, the UV-irradiated sample showed cytotoxic effects in concentrations above
25 pug/mL and significantly reduced cell viability at 50 and 100 pg/mL in a concentration-
dependent manner, where a greater reduction in cell viability was observed with increasing
concentrations. Finally, SUVs showed a significant decrease in the percentage of live
cells in the treatment with the highest concentration of 100 pg/mL, compared to the cells
exposed to medium alone (control). The cytotoxic influence of non-loaded liposomes (data
in Supplementary Materials, Figure S8) was also noticed but using a concentration of
phospholipids of 1000 pg/mL.

3.9. Antioxidative Effect of Silibinin-Loaded Liposomes in HyO,-Induced Oxidative Stress
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levels (data in Supplementary Materials, Figure S9).

After exposure to 200 uM H:O2 for 2 h, the production of ROS was elevated almost
two-fold in HaCaT cells (H20: bar in Figure 8B). The treatment by pre-incubation of cells
with the silibinin-loaded liposomes resulted in reduced ROS levels compared to cells
exposed to H20: alone in a concentration-dependent manner, where smaller concentra-
tions were more efficient in reducing ROS. MLVs and UV-irradiated liposomes with
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elevated production of ROS, while smaller concentrations did not affect ROS levels (data in
Supplementary Materials, Figure S9).
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The EE of different silibinin-loaded liposomes, as a significant parameter of the en-
capsulation process, follows the following trend: MLVs and UV-irradiated liposomes >
SUVs > lyophilized liposomes. A significantly lower EE of the lyophilized liposomal
vesicles was expected since the process of freeze-drying is harmful to the integrity of th
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4. Discussion

The EE of different silibinin-loaded liposomes, as a significant parameter of the encapsulation
process, follows the following trend: MLVs and UV-irradiated liposomes > SUVs > lyophilized
liposomes. A significantly lower EE of the lyophilized liposomal vesicles was expected since
the process of freeze-drying is harmful to the integrity of the bilayer membrane. According to
the literature data, a decrease in encapsulation efficiency is noticed for lyophilized formulations
of liposomes, particularly in the absence of the cryoprotectant, as in the case of silibinin-loaded
liposomes developed in the present study. Namely, lyophilization results in liposome degradation
caused by ice crystals, destruction of the phospholipid membrane function, and consequently,
leakage of encapsulated compounds [60,62]. Prolonged exposure to ultrasound waves can also
cause a higher decrease in EE (as in liposomes with silibinin) due to higher cavitation effects and
the rupture of the vesicles, consequently leading to a potentially excessive release of encapsulated
silibinin. Nevertheless, sonication can be used to improve the EE and stability of the liposomal
particles in the presence of protein hydrolysates adhering to the membrane internally [63]. The
exposure to UV irradiation did not result in a change in the EE of silibinin since UV rays do
not create ruptures on the liposomal bilayer, which agrees with the literature data where UV
irradiation did not cause a leakage of encapsulated plant bioactives [33].

The average size of liposomal vesicles is significantly affected by the type of used
lipids, the liposomal preparation technique, and the physicochemical characteristics of the
encapsulated compounds [16,19,28]. In addition, the appropriate diameter of liposomes
is essential in terms of the delivery of active components through the skin since larger
vesicles cannot diffuse through the skin layers (stratum corneum and deep skin) and
achieve the target location. For example, liposomes with a size of 50 nm show a higher
diffusion rate in comparison to the vesicles of 200 nm. Small liposomes (diameter of
120 nm) provided a higher accumulation of encapsulated compounds in the stratum
corneum and deeper skin in comparison to bigger particles [29]. In the case of silibinin-
loaded liposomes, the mentioned parameter follows the following trend: MLVs and UV-
irradiated liposomes > lyophilized liposomes > SUVs. UV irradiation did not affect the
diameter of liposomes, whereas sonication caused a significant decrease in the particle
size. The size of the lyophilized liposomes shows that the lyophilization process led to a
decrease in the size of the liposome particles with silibinin in comparison to MLVs. In the
case of smaller liposomes (50-300 nm), the freeze-drying process increases the chance of
membrane apposition and the creation of larger particles (fusion/aggregation of vesicles)
due to the higher liposome concentration by the propagating ice front and the absence
of the hydration barrier to fusion [64]. On the other hand, for larger liposomes (such as
the silibinin-loaded liposomes developed in the present research), the fragmentation of
particles (decreasing in size) is possible during lyophilization [65]. The obtained value of
vesicle size of SUVs agrees with the literature data where the mentioned parameter varied
between 250 and 280 nm after the ultrasound treatment of the liposomes due to the efficient
conversion of larger multilayered vesicles (multilamellar) into single-layered (unilamellar)
ones [63]. Namely, the size of liposomes depends on the number of their layers, which
can vary in a very wide range (from nm to mm) in thickness [66]. A short ultrasound
treatment period (15 min was used for silibinin-loaded liposomes) was required to obtain
nano-sized particles, while prolonged sonication time can cause the complete rupture of the
liposomal membrane, causing the leakage of encapsulated components, as well as the easy
binding of broken integrity membranes, leading to an increase in particle size [48,63]. Silva
et al. [67] have also obtained nano-sized liposomes (~200 nm) after 15 min of sonication.
UV irradiation can change the physical properties of liposomal bilayers by disturbing the
order and phospholipid packing, as well as causing an increase in membrane fluidity and
permeability [68,69]. UV irradiation also excites vibrational motions in molecules of the
complex, changing the lengths and angles of bonds and causing electronic transitions and
the cleavage of chemical bonds. However, the mentioned changes were not visible when
measured immediately after UV radiation of silibinin-loaded liposomes. The encapsulation
of silibinin can affect membrane integrity and avoid further disintegration under UV
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irradiation, due to silibinin incorporation between the two imperfect adjoining chains
within lipid bilayers of mono- and polyunsaturated phospholipid chains [69]. Silibinin,
as a highly hydrophobic compound, can be “sandwiched” between the two monolayers,
providing the stabilization of the membrane structure and preventing extra damage.

The PDI values for MLVs, UV-irradiated, and lyophilized liposomes are ~0.3, in-
dicating the mono-dispersity or homogeneity of the system [42]. PDI also remained
around 0.3 for liquid and lyophilized phospholipid liposomes with rutin, showing that
freeze drying did not cause the changes in PDI values [70], as in the case of liposomes with
encapsulated silibinin. The highest PDI was recorded for the SUVs, which can mean the
presence of MLVs along with SUVs. The main disadvantages of sonication, as the most
extensively employed technique for the preparation of SUVs, are the low encapsulation
efficacy, possible degradation of phospholipids and encapsulated compounds, metal pol-
lution from the probe tip, and presence of MLVs along with SUVs [26]. The measured
value of PDI of SUVs agreed with the results of the Silva et al. study [67] where the PDI
was ~0.5 after 18 min of sonication. According to the literature data, a higher uniformity
of liposomal vesicles can be achieved by prolonged ultrasound treatment or the usage of
higher amplitude [63,67]. However, ultrasound waves can promote phospholipid hydrol-
ysis and oxidation via the production of free radicals in the cavitation bubbles collapse,
while a high temperature that arises due to long-term sonication can accelerate phospho-
choline hydrolysis as well [67]. The Arias-Alpizar et al. study [71] has also shown that the
measured size and PDI of liposomes were unchanged before and after UV irradiation. In
addition, potential membrane reorganization does not always have to lead to a change in
liposome integrity, size, size distribution, or the leakage of liposome-encapsulated com-
pounds during and after UV irradiation, which was also proven by measurement of EE
after irradiation (Table 1).

The zeta potential of all tested silibinin-loaded liposomes possessed negative values
and reached the highest level (absolute value) in the case of MLVs and UV-irradiated
liposomes. The values of the zeta potential of MLVs and UV-irradiated samples were not
significantly different. Zeta potential values were negative due to the anionic phospho-
lipids, including phosphatidylcholine, and higher (absolute value) than —30 mV, indicating
that the MLVs and UV-irradiated samples are considered stable due to the relatively high
repulsive forces, preventing the aggregation, flocculation, or sedimentation of their vesi-
cles [70]. However, freeze drying and ultrasound waves significantly decreased the zeta
potential (absolute value) of the obtained liposomes. The decrease in zeta potential after
ultrasound treatment can be explained by the release of a small extent of the hydrophobic
core or molecules due to the cavitation covering the negatively charged surface [63]. In
the freeze-drying process, the temperature changes can decrease the zeta potential value
and consequently, the crystal structure of the lipids was altered, and the release of encap-
sulated compounds from the liposomes was increased (that is also shown in Section 3.1.);
in addition, the liposomal stability was reduced [48]. Chotphruethipong et al. [60] have
also reported that active compounds plausibly liberated from liposomes can interact with
a negative charge of phospholipids that, subsequently, can be partially neutralized, re-
sulting in decreased negative surface charge. Several studies showed that the presence of
hydrophobic compounds in the bilayer, particularly on the surface, can mask the negative
charge [63,72,73]. The drop in the values of zeta potential after ultrasound treatment and
lyophilization can result in decreased repulsive interactions between liposomal particles,
low stability, and flocculation occurrence, since the negative charge was below —30 mV [63].
The conductivity of liposomal suspension follows the following trend: lyophilized lipo-
somes > SUVs > UV-irradiated liposomes > MLVs. Since UV irradiation caused water
evaporation from the liposome sample, the increase in the conductivity factor in the men-
tioned formulation should be explained by higher lipid and ion concentrations. On the
other hand, a significantly higher conductivity factor of lyophilized liposomes and SUVs
should be correlated with a lower EE. Namely, the increase in the conductivity factor in
the liposome sample can be related to the release of entrapped components [74]. Since the
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mobility of liposomes is a function of the diameter, surface charge, and lipid composition of
liposome vesicles, as well as the characteristics of encapsulated compounds [75], variations
between different liposomal formulations were expected. The lower mobility of SUVs and
lyophilized liposomes with silibinin compared to the MLV and UV-irradiated samples can
be due to the potentially adsorbed flavonoid compound, such as silibinin, at the surface
of the liposomal bilayer. Since ultrasound treatment and lyophilization cause the leakage
of encapsulated compounds, which are proven by the lower EE in SUVs and lyophilized
samples with silibinin (Table 1), the presence of silibinin from the outer membrane of the
liposome is possible. Namely, according to Yang et al. [76], the presence of flavonoids on
the liposome surface can result in decreased mobility.

A significant increase in vesicle size was noticed in all developed liposomes with silib-
inin during 60 days of storage at 4 °C. According to Hamadou et al. [43], the aggregation
generated by the accumulation of liposomal vesicles can significantly influence liposome
size and distribution. The most prominent increase can be noticed in the lyophilized sample,
which showed the lowest absolute value of zeta potential (Table 1), i.e., the lowest potential
to prevent the aggregation of particles. In the case of SUVs with encapsulated silibinin, the
absolute value of zeta potential lower than 30 mV can be also responsible for a significant
increase in particle diameter due to the decrease in repulsive interactions, both electrostatic
and steric, creating a system that is prone to accumulation [42]. Additionally, the particle
size of UV-irradiated liposomes showed consequential variations and, after the 21st day,
their size was significantly higher in comparison to the non-treated parallel, suggesting
the photochemical destruction of products due to absorption of photon energy and change
in the liposome bilayer conformation [68,69]. Also, the predominant effect of UV light on
the bilayer damage, i.e., photodegradation from highly disordered polyunsaturated fatty
acids chains of phospholipids and the exposition of hydrophobic patches, could promote
particle aggregation during storage time [69]. Moreover, physical factors can influence
the shelf life of liposomes, such as aggregation/flocculation and fusion/coalescence, size
changes, and drug loss, which represents an important disadvantage of liposome usage.
Although lyophilization is suitable for liposomal bilayers with heat-sensitive compounds,
the stability of lyophilized liposomes can be lost and depends on the freezing rate, liposome
formulation technique, and membrane composition, as well as the residual moisture con-
tent. Thus, the optimization of the mentioned factors and/or the utilization of appropriate
cryoprotectants can improve the stability, encapsulation efficiency, and biological potential
of freeze-dried liposomal particles [77]. The potential strategies to mitigate these negative
effects that occur during the freeze drying of liposomes for future studies can include
the addition of cryoprotectants, such as carbohydrates (monosaccharides, disaccharides,
polysaccharides, or synthetic saccharides), proteins (amino acids), and alcohols, as well
as additional encapsulation of active compounds in various carriers, e.g., cyclodextrins
(double loading technology). The addition of the mentioned cryoprotectants or cyclodex-
trins to the liposome formulation can prevent particle aggregation and the leakage of the
encapsulated compounds and protect the liposomal bilayer from degradation caused by
ice crystals [77,78]. The PDI value of the lyophilized sample showed a slight increase
in heterogeneity, while the PDI significantly increased in MLVs and UV-irradiated and
SUV liposomal suspensions, indicating less homogeneity and more aggregation. The PDI
significantly affects the physical stability of the liposomal suspension and, therefore, the
value should be as low as possible to provide the long-term stability of the nanosuspen-
sion vesicle size distribution [42]. A significant decrease in the zeta potential (absolute
value) was noticed in all liposomal forms during the 60-day storage study. The Lopez-
Polo et al. study [70] reported that the zeta potential of liquid and lyophilized liposomes
(absolute value) decreased during storage at 4 °C, particularly in the case of dried form.
All developed liposome formulations have retained negative values of zeta potential in
the 60-day storage study. Since the polar heads or phosphate groups of phospholipids
(mainly phosphatidylcholine) are responsible for the negative charge of the surface, it can
be concluded that the reorganization of phospholipids in the lipid bilayer did not occur over
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time [63,72]. In addition, the decrease in zeta potential values during time can be explained
by the size changes. Namely, according to the literature, the charge can be associated with
the liposomal vesicle size, and the smallest size is correlated with a larger surface area,
providing the exposure of the phosphate groups to the aqueous surrounding, which results
in an increased negative charge [63]. Considering that over time, the particle size of all
developed liposomes was significantly increased (Figure 1A), the values of zeta potential
consequently decreased due to the lower surface area. The surface charge of liposomes
might be partially neutralized via the interaction of negatively charged phospholipids with
potentially released compounds, which lead to the enhanced aggregation of liposomal
particles [60]. It was also evidenced by the decreased zeta potential and increased diameter
of the vesicles of silibinin-loaded liposomes. In the 60-day storage study, the conductivity
significantly increased in MLVs and SUVs with silibinin, whereas the mentioned parameter
was not changed in the UV-irradiated sample. A significant drop in the conductivity of the
lyophilized liposomes might be explained by the greater surface area (smaller liposomal
vesicles on the 1st day) exposing a greater percentage of head groups of phospholipids
that most notably affected the conductivity (higher conductivity factor on the 1st day) in
comparison to larger vesicles at the end of the storage study [79]. The mobility of MLVs and
UV-irradiated lipid vesicles with silibinin significantly decreased during storage, while the
decrease in the mobility of SUVs and lyophilized samples was more gradual. A significant
increase in vesicle size during storage (Figure 1A) can explain the drop in the mobility of
all prepared liposomal formulations. Yanagihara et al. [80] have reported that liposomes’
size affects their migration behavior in tissues, cells, and blood circulation.

A significantly lower density of liposomal suspension after UV irradiation and ul-
trasound treatment is probably due to the occurrence of hydrolytic reactions in aqueous
surroundings. In addition, decreased density results in higher fluidity and less stability,
which is important for the application in preparations that are intended for longer usage
and storage [81,82]. The obtained values of surface tension are higher in comparison to
the surface tension of different liposomes in the literature [53,83], probably due to the
presence of various lipids in their liposomal bilayer, such as lecithin, which can have the
role of surfactant and variations in the characteristics of encapsulated compounds. Since
flavonoid compounds can be good stabilizers of emulsion systems, due to their adsorption
at the surface [84], and SUVs showed a higher amount of silibinin in aqueous surroundings
(lower EE, Table 1), it can explain the significantly lower surface tension in the mentioned
sample. All developed liposomes with silibinin showed very low viscosity. According
to the literature data, liposomal suspension with lower viscosity showed a significant
change in the vesicle size of liposomes [81], which was also proven in the stability study of
silibinin-loaded liposomes (Figure 1A). Based on Stoke’s law, viscosity values are in reverse
relation with the sedimentation of vesicles, i.e., an increment in viscosity can decrease the
rate of sedimentation; the size distribution of high viscosity liposomes remained unchanged
for a longer time and, therefore, more viscous formulations are more stable [81]. Thus, in
the case of silibinin-loaded liposomes, viscosity modifiers should be used to decrease the
chance of size separation and changes, as well as sedimentation.

UV irradiation did not cause significant changes in the ABTS and DPPH radical scav-
enging potential of silibinin-loaded liposomes, confirming the protective role of liposomal
particles on bioactive compounds. On the other hand, freeze drying significantly decreased
the antioxidant capacity of silibinin-loaded liposomes. A slow freezing rate can damage
the lipid bilayer due to the formation of large ice crystals and induce deformations via
mechanical stresses and osmotic pressure, resulting in the release of encapsulated antioxi-
dants, i.e., lower EE [77] which is also determined in the case of silibinin-loaded liposomes
(Table 1). Among all developed liposomes in the present study, the lyophilized sample
possessed the lowest amount of encapsulated silibinin. In addition, since the antioxidant
tests were performed after the reconstruction of lyophilized liposomes in water, it can lead
to the rearrangement of the liposome structure, as well as the incomplete re-suspension
of phospholipid particles, which can cause a decrease in the overall antioxidant potential
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of the liposomes [77]. Although SUVs also showed lower EE compared to MLVs and UV-
irradiated liposomes, the effect of ultrasound waves positively influenced the antioxidant
potential of liposomes with silibinin, probably due to a larger contact surface of smaller
liposomal particles with free radicals. The antioxidant activity of pure silibinin was higher
in both antioxidant tests. Therefore, it can be noticed that the liposome surroundings
significantly influenced the antioxidant capacity of silibinin.

MLVs and lyophilized liposomes with silibinin did not cause a significant change in
the viability of the HaCaT cells, while the UV-irradiated parallel possessed cytotoxic effects.
On the other hand, SUVs showed a significant decrease in the viability of HaCaT cells. The
obtained result can be related to potential free radicals and lipid peroxidation in liposomal
suspension that can be produced due to UV irradiation and ultrasound treatment. UV irra-
diation caused the chemical changes in developed liposomes that were proven in the FT-IR
and Raman analyses (Sections 3.5 and 3.6). Namely, free radicals (produced by ultrasound
probe or under UV irradiation) can change the protein structure and induce apoptosis
and the release of cytokines responsible for inflammatory reactions in the skin [85]. Free
radicals trigger different biological responses via the activation of transcription factors as
well, while lipid peroxidation induces the expression of vascular endothelial growth factors
in human keratinocytes [85,86]. In the case of free radical-induced lipid oxidation, ferropto-
sis is a recognized form of programmed cell death different from apoptosis, necroptosis,
and pyroptosis. According to the literature, ferroptosis is the basis of the pathogenesis
of various skin diseases, including psoriasis, collagen diseases, and skin cancers [87]. In
the previous paper, it was shown that UV-irradiated liposomes possessed Raman spectra
bands with strong intensities located at 834 and 867 cm ™! as the most characteristic features
of stearic acid [33]. In addition, the current study reported that FT-IR analysis confirmed
the presence of bands in the spectra between 800 and 900 cm ™!, indicating the presence of
hydroperoxide species for the UV-irradiated liposomes, a potentially oxidative derivative
of stearic acid. In various papers, it was shown that stearic acid and its oxidative derivative
are lipotoxic, decrease cell viability, and induce cell death [88,89]. This agrees with the
observation related to the UV-irradiated liposomes in HaCaT cells, and it is plausible
that an increase in stearic acid and its oxidative derivatives content confer their elevated
cytotoxicity. The observed cytotoxic effect of empty liposomes can be explained by the
excessive amount of phospholipids, which probably caused this cytotoxicity. It corresponds
to what other authors observed, e.g., that cell death in HaCaT keratinocytes could be
induced by the presence of large amounts of lecithin in the formulations [90]. In the study
with the HEK-293 cells, the reduction in the cells’ viability was perceived at the highest-
used concentrations of lecithin-based systems: emulsions, liposomes, and aqueous lecithin
dispersion (at 10% or 25%), while formulations diluted 10-fold (to a final phospholipid
concentration of 0.12% and 0.5% in emulsions and other dispersions, respectively), did not
cause any toxic effect on the cells [91]. According to the literature data, one of the main
disadvantages of liposome usage is their degradation when the hydrocarbonate chains
hydrolysate, the ester bond, to glycerol, and by the peroxidation of unsaturated chains,
leading to short-chain lipids, which will form soluble derivatives, decreasing the quality of
the liposomal system [29].

The cell treatment using liposomes with silibinin reduced ROS levels in comparison to
cells exposed to HyO, alone. The Li et al. study [92] showed that silibinin can decrease the
mitochondrial ROS level. On the other hand, silibinin has been found to increase the ROS
production involved in apoptosis and induce oxidative stress in cancer cell lines [93]. Since
MLVs and all modified liposomal systems with silibinin showed a significant decrease
in the ROS levels at the same concentration (0.1 ng/mL), it can be concluded that the
modification technique did not have a significant influence on the antioxidant potential
of the obtained liposomes. However, UV-irradiated liposomes and SUVs caused a signif-
icant decrease in ROS levels at the highest concentration. This was probably due to the
smaller cell number producing ROS, considering that these concentrations of UV-irradiated
liposomes and SUVs with silibinin reduced the cell viability as shown in MTT (Figure 7).
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Namely, when unsaturated and other lipids are present in liposomal vesicles, photon energy
emissions during UV irradiation can result in membrane disorders, due to the formation of
free radicals through various processes, including one-electron redox reactions, thermal
homolysis of the bonds, and high-energy radiation, as well as photolysis [69].

All developed liposomes with silibinin significantly reduced MIF expression in cells
incubated for 24 h only with liposomes (without LPS). The results from the experiment
where the cells were exposed to LPS confirmed the inhibitory effect on the MIF expression
of all four liposomal forms. Namely, all tested liposomes with silibinin (non-modified and
modified samples) significantly influenced the MIF expression, causing its inhibition. Thus,
post-processing procedures for the liposomal modifications did not significantly affect
the inhibitory capacity of the developed silibinin-loaded liposomes in terms of the MIF
level. The Ramasamy et al. study [94] showed that silibinin decreased the level of MIF in
tumor-associated macrophages. The pre-incubation of lyophilized liposomes significantly
reduced the expression of IL-1f3 (in cells treated with LPS), whereas SUVs showed a
reducing but not significant trend. In contrast, MLVs and UV-irradiated liposomes did
not have a significant influence. Namely, the liposome size and its reduction (SUVs and
lyophilized samples possessed a lower diameter, Table 1) play a significant role in terms of
skin delivery because the mentioned parameter influences the penetration of encapsulated
components through the skin to the deeper layers [29]. For example, the reduced particle
size of liposomes was used to enhance their therapeutic efficacy in vitiligo [29]. The Peralta
et al. study [95] has shown that liposomes with an average vesicle size of 100 nm function
effectively as enhancers of skin penetration, consequently improving the efficiency of
the applied preparation. Since silibinin has reduced the level of IL-1f in preeclamptic
women, exhibiting potent anti-inflammatory activity [96], the reason for the absence of a
significant down-modulation of inflammatory cytokine production, such as IL-1f3, can be
explained by its encapsulation in liposomal particles and potential prolonged or postponed
release. In the case of lyophilized liposomes and SUVs with silibinin, the particle size
was significantly lower in comparison to MLVs and UV-irradiated parallels; thus, a higher
release of encapsulated silibinin due to a higher contact surface can be the reason for
the better effect on the reduction of the IL-1f3 expression. The Yan et al. study [97]
demonstrated that silibinin in liposomes had better effects on inflammation than silibinin
alone in an in vivo model via modulating signaling pathways, but after oral and parenteral
applications, due to excellent oral absorption and bioavailability.

5. Conclusions

Silibinin, as a potent antioxidant, antimicrobial, anti-inflammatory, and UV protective
agent, was encapsulated in phospholipid liposomes to improve its stability and bioavail-
ability. The liposomes obtained were further modified via UV irradiation, sonication, and
lyophilization. The effect of UV irradiation, the ultrasound reduction of vesicle size, or
freeze drying on the cytotoxic, antioxidant, and anti-inflammatory capacity of liposomes
with encapsulated silibinin on keratinocytes, storage stability, and the FTIR and Raman
fingerprint spectra were investigated for the first time in the present research. Different treat-
ments of silibinin-loaded liposomes caused diverse effects on physicochemical properties
and biological activities, depending on the type of the process. UV irradiation significantly
changed the rheological characteristics of the liposomes and increased the cytotoxic ef-
fect on HaCaT cells due to chemical changes proven by FTIR and Raman spectroscopy.
The freeze-drying process significantly affected the physical characteristics of liposomes,
decreased their EE and ABTS and DPPH radical scavenging activity, and enhanced their
anti-inflammatory potential (reduction of the expression of potent proinflammatory cy-
tokine, IL-1$3, in HaCaT cells treated with LPS). The sonication significantly decreased
the EE and changed the physical and rheological characteristics of silibinin-liposomes,
and slightly increased their cytotoxicity. On the other hand, the inhibitory effect on the
expression of IL-1f and anti-ABTS and the anti-DPPH capacity of sonicated liposomes
was significantly enhanced. All silibinin-loaded liposomes showed an increasing trend
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in particle size and a decreasing trend in zeta potential (absolute values) during storage.
MLVs and lyophilized liposomes with silibinin showed promising antioxidant potential on
ROS generated in HaCaT cells and anti-inflammatory activity via reducing MIF expression
in HaCaT cells treated with LPS, and did not cause a cytotoxic effect. Due to the shown
promising bioactivities related to skin cells and the possible synergistic beneficial effects
of silibinin and phospholipids on human skin, the developed liposomal systems can find
application in various cosmetic or pharmaceutical formulations. However, UV irradiation
should not be used as a method for the sterilization of silibinin-loaded liposomes because
of the shown cytotoxic potential of the obtained samples. Nevertheless, freeze drying can
be employed as a technique for the prevention of hydrolytic and oxidative degradation
in a final silibinin-liposome formulation due to preserved bioactivities (antioxidant and
anti-inflammatory) and the absence of cytotoxic effect. Therefore, future perspectives will
be focused on the optimization of the lyophilization process via varying the pressure,
temperature, and time of the process, employing various types of cryoprotectants and
their amounts, as well as on wound healing, anti-aging, and other potential effects of
silibinin-loaded liposomes in sophisticated cell-based models of skin diseases, wounds,
and aging.
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in a range of phospholipid concentrations (1, 10, 100, 250, 500, and 1000 pg/mL) on the cell viability
of HaCaT cells versus control (represented by dashed line); determined by MTT assay. Data are ex-
pressed as mean + SEM relative to the unexposed control (dashed line); * p < 0.05 by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison post hoc test; Figure S9: Effect of 24 h pre-
incubation with the empty liposomes in a range of phospholipid concentrations (1, 10, 100, 250, 500,
and 1000 pg/mL) on the production of reactive oxygen species in HaCaT cells versus control; deter-
mined by H2DCFDA assay. The data are expressed as mean + SEM; * p < 0.05 by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison post hoc test; Figure S10: Effect of 24 h
pre-incubation with the empty liposomes at a concentration of 10 ug/mL on the protein expression
of cyclooxygenase-2 (COX-2), interleukin 1 beta (IL-1p), and macrophage inhibitory factor (MIF) in
HaCaT cells versus control; using the cELISA method. The data are expressed as mean + SEM.
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ABSTRACT

In this study, we investigated the cytotoxic effect of highly soluble dextran-coated CeO,
nanoparticles on human fetal lung fibroblasts MRC-5. We examined individual nanoparticle-treated
cells by Raman spectroscopy and analyzed Raman spectra using non-negative principal component
analysis and k-means clustering. In this way, we determined dose-dependent differences between
treated cells, which were reflected through the intensity change of lipid, phospholipid and CeO,; MRC-5 fibroblasts;
RNA-related Raman modes. Performing standard biological tests for cell growth, viability and Raman spectroscopy; PCA;
induction of apoptosis in parallel, these changes were correlated with nanoparticle-induced VCA

apoptotic processes. The cells with specific spectral characteristics, referring to non-apoptotic, but

possibly autophagic cell death modality, were also detected. Additionally, Raman imaging

combined with principal component and vertex component analysis was used to map the spatial

distribution of biological molecules in treated and untreated cells. This work provided the

description of different resulting states of the treated cells depending on the dextran-coated CeO,

nanoparticles dose, which can be later used in the design of the nanoparticles for industrial or

medical applications. The wide content of information resulting from single-cell Raman

spectroscopy has the potential to detect biochemical changes caused by nanoparticles that

would otherwise require a series of expensive and time-consuming standard biological techniques.
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1. Introduction superoxide dismutase and catalase, but also oxidase
and peroxidase (Walkey et al. 2015; Feng et al.
2022). This means that those NPs can act both as
scavenger and generator of harmful reactive oxygen
species (ROS) in the cell. The imbalance between
the pro-oxidant and anti-oxidant activities of CeO,
can lead to oxidative stress, resulting in apoptotic
cell death, which is considered the main reason for

Cerium oxide (CeO,) is a rare earth metal oxide,
characterized by a fluorite cristal structure with a
significant concentration of oxygen vacancies
(Campbell and Peden 2005). Cerium can exist in two
oxidation forms, Ce3* and Ce** (Reed et al. 2014).
By receiving or releasing one or more oxygen atoms

from crystal lattice and changing the Ce3*/Ce*" ratio
at the same time, cerium oxide can easily cycle
between CeO, and CeO,, states. Such characteristics
provide CeO, with excellent redox and catalytic
capabilities, used for industrial application (Ma et al.
2018), but also crucial for biological activities.
Namely, CeO, nanoparticles (NPs) can mimic the
activity of numerous cellular enzymes, like

the possible cytotoxicity of these NPs (Jana et al.
2014; Mittal and Pandey 2014; Nourmohammadi
et al. 2019).

Nowadays, CeO, NPs are present in a large num-
ber of industrial products, such as fuel catalysts,
polishing agents, gas sensors etc. (Reed et al. 2014;
Zhou et al. 2021; Jung, Kittelson, and Zachariah
2005; Mangalaraja et al. 2010). Emitted into the air
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from such sources, they can be inhaled and poten-
tially affect the lungs and other internal organs. The
toxicity of inhaled CeO, NPs, manifested by
decreased viability of lung cells and induction of
inflammation, has been demonstrated in some in
vivo studies in rat and mouse model systems
(Srinivas et al. 2011; Guo et al. 2019). It has also
been shown that these NPs can cause pulmonary
fibrosis, a very serious and progressive disease with
fatal outcome (Annangi et al. 2021; Hill et al. 2019).
Contrary to these studies, other in vivo and in vitro
experiments showed that CeO, NPs can protect cells
from the negative influence of free radicals, such
as those from cigarette smoke (Niu, Wang, and
Kolattukudy 2011; Chen et al. 2006). There is limited
information about the mechanisms of CeO, NPs
interactions with different bronchiolar and alveolar
cell types and their interplay during lung tissue
remodeling (Annangi et al. 2021; Ma et al. 2012).

MRC-5 is a cell line derived from human fetal
lung fibroblasts, connective tissue cells that play a
key role in the development of pulmonary fibrosis
(Ortiz-Zapater et al. 2022). In the literature, only few
data about the possible cytotoxic effect of CeO,
NPs on these cells are available and the results of
the performed studies are not clear and consistent,
evidencing both weak and strong cytotoxicity (Pesi¢
et al. 2015; Spezzati et al. 2017; Alghamdi 2023).
Some studies have shown that the cytotoxic effect
is highly dependent on the dimensions of NPs and
the size of their agglomerates in dispersion, which
are usually present due to CeO, poor solubility (Abdi
Goushbolagh et al. 2018). In recent decades,
researchers have investigated surface modifications
that would address the solubility problem. One such
modification concerns the coating of NPs with dex-
tran. Dextran molecules have been shown to suc-
cessfully stabilize the surface charge of CeO, NPs
and prevent agglomeration, without affecting the
redox properties and toxicity of CeO, per se (Naha
et al. 2020; Perez et al. 2008; Yazici, Alpaslan, and
Webster 2015; Karakoti et al. 2007).

The most common methods for screening the
cytotoxicity of NPs are based on the loss of cell
membrane integrity or mitochondrial membrane
potential, demonstrating the physical state of the
cells, with no insight into the underlying mecha-
nisms. To detect more specific biochemical changes
caused by NPs, e.g. DNA degradation or expression
of a protein of interest, several standard methods
that include labels, dyes or antibodies would be
required (Drasler et al. 2017). With some of them
NPs can interfere, which makes the result of the
experiment irrelevant (Monteiro-Riviere, Inman, and
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Zhang 2009). On the other hand, Raman spectros-
copy gives an insight into the entire chemical com-
position of the cell and the structures of present
biomolecules (Ferraro, Nakamoto, and Brown 2003).
Physiological or pathological changes in the cell
that lead to a change in its biochemical composition
are reflected in the cell’s Raman spectrum (Brauchle
et al. 2014; Shin et al. 2019; Wieland et al. 2021;
Short et al. 2005; Lasalvia, Perna, and Capozzi 2019).
Since the Raman spectrum of a NP-treated cell con-
tains information about the effect of NPs on numer-
ous cellular macromolecules, it can be used to
simultaneously monitor several changes, for which
several conventional biological methods are usually
needed. Furthermore, Raman spectroscopy is a non-
destructive, biocompatible method that does not
require additional chemicals and labels. Consequently,
Raman spectroscopy offers great possibilities in
screening and studying the effects of NPs on
human cells.

Raman measurements are most often performed
on a single cell, which is another advantage com-
pared to conventional methods for evaluating the
effects of NPs on the cells (Brauchle et al. 2014; Ma
et al. 2021; Pavillon and Smith 2023). Differences in
the Raman spectra of NP-treated cells enable mon-
itoring of different modalities of interactions
between NPs and the cell and correlate spectro-
scopic with biochemical and morphological changes
(Lasalvia, Perna, and Capozzi 2019; Fazio et al. 2020).
For this purpose, Raman images, showing the spatial
distribution of spectral information, are of great help
(Harvanova et al. 2017; Ahlinder et al. 2013). To
assess the effects of NPs on the cell culture as a
whole, it is necessary to analyze the Raman spectra
of a large number of cells using multivariate statis-
tical methods. In this way, cells can be grouped and
classified according to the effects of NPs and finally
can be compared with each other. One of the com-
mon methods used for this application is principal
component analysis (PCA) (Brauchle et al. 2014;
Pavillon and Smith 2023; Schie et al. 2014; Crow
et al. 2005). In a previous publication, we showed
that the relatively new and non-standard method
of non-negative PCA (nnPCA) is particularly suitable
for the analysis of cells’ spectra, since in the result-
ing components, which show the differences
between the analyzed spectra, Raman spectral fea-
tures of specific molecules are easily recognized
(Mileti¢ et al. 2023). Particular attention was paid
to the lipid features of the Raman spectrum as
potentially important for recognizing the degree of
cell damage caused by NPs. Vertex component anal-
ysis (VCA) is another unsupervised method of
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multivariate statistics. While PCA components rep-
resent linear combinations of original variables that
capture the variability of the data set in the best
way, the VCA algorithm extracts pure components,
so-called endpoints, which are differently abundant
in each of the original variables (Nascimento and
Dias 2005). If Raman spectra are collected at many
points across the entire cell, the contribution of
each VCA component can be quantified for each
point and used to create a color image of the cell.
This method is less frequently used than PCA (Mazur
et al. 2013; Hedegaard et al. 2011; Krafft et al. 2011;
Zuser et al. 2010; Liu et al. 2022) for the analysis
of the cells’ Raman spectra. There are only few pub-
lished studies that used VCA for Raman imaging of
NP-treated cells, and none of them addressed the
cytotoxic effect of NPs (Chernenko et al. 2009;
Chernenko et al. 2013; Tolstik et al. 2016).

In this work, the cytotoxic effect of dextran-coated
CeO, NPs on MRC-5 cells was studied using vibra-
tional Raman spectroscopy. To the best of our
knowledge, there is no data in the available litera-
ture on the effect of dextran or similar material
coated CeO, NPs on MRC-5 cells. Dose-dependent
differences among cell spectra were analyzed pri-
marily using nnPCA. Raman spectra combined with
PCA and VCA were also used to obtain Raman-PCA/
Raman-VCA images, showing the differences in the
spatial distribution of biomolecules of control and
treated cells. In addition to Raman spectroscopy,
several conventional biological methods were
employed to detect changes in cell growth, meta-
bolic activity and induction of apoptosis in
NP-treated MRC-5 cells. The performed experiments
aimed to expand knowledge about safety issues
related to the use of CeO, NPs in industry and med-
icine, applying for this purpose a comprehensive
approach of Raman spectroscopy and at the same
time examining the potential of the given method-
ology in this scientific field.

2. Materials and methods
2.1. Cell culture

MRC-5 cells (ATCC, USA), human fetal lung fibro-
blasts, were cultured in DMEM high glucose content
medium (Sigma-Aldrich, USA) supplemented with
10 % fetal calf serum (FCS, Sigma-Aldrich) (v/v) and
1 % antibiotic/antimycotic solution (Sigma-Aldrich),
in a humidified atmosphere with 5 % CO, at 37-C.

MRC-5 is a normal diploid human cell line with
a 46, XY karyotype, derived from normal lung tissue

of a 14-week-old male embryo (Jacobs et al., 1970).
The modal number of chromosomes is 46 and
occurs in 70 % of cells, with the polyploidy rate of
3.6 %. Cells are capable of 42 to 46 population
doublings before senescence begins. MRC-5 cells
display a fibroblast-like morphology, with a diameter
of approximately 18 um. Doubling time can vary
between 35 and 45 hours, depending on cultivation
conditions. MRC-5 cells used in this study were
between 25 and 30 population doublings (ATCC n.d.;
Cytion n.d.).

2.2. NPs synthesis and cell treatment

Dextran-coated CeO, (CD) NPs were synthesized
according to the synthesis procedure by Karakoti
et al (Karakoti et al. 2007). Briefly, 0.5g of cerium
nitrate hexahydrate was added in 50 ml of 0.135 mM
dextran T40 solution in deionized water. The result-
ing solution was oxidized with 0.05ml of 30 %
ammonia and stirred for 24 hours. 24 hours after cell
seeding, the cell culturing medium is replaced with
a fresh medium containing 100 pg/ml, 200 ug/ml or
400 ug/ml CD NPs and incubated for 48 hours.
Synthesized NPs were stable in dispersion, with an
average grain size of 3-4nm and the hydrodynamic
radius of 47 nm (Mileti¢ et al. 2020).

2.3. NPs characterization

The grain size of NPs was estimated using transmis-
sion electron microscopy, while crystalline structure
and average crystallite size was determined from
X-ray diffraction (XRD) spectra, as described in our
previous study (Mileti¢ et al. 2020). The specific sur-
face area and porosity of the nanoparticles were
determined using a gas-adsorption analyzer, SURFER
ANALYZER 11510300 (Thermo Fisher Scientific).
Before measuring, the powder samples were
degassed under vacuum (10-? Torr) at 150°C for
2hours to remove any adsorbed gases. The
Brunauer-Emmett-Teller (BET) analysis method was
employed to calculate the specific surface area.
Average hydrodynamic radius of NP was determined
by dynamic light scattering (DLS), also described
earlier (Mileti¢ et al. 2020).

2.4. SRB assay

Cells were cultured in 96-well plates with seeding
density of 7000 cells/well. Next day the cells were
treated with CD NPs, incubated for 48h and then



fixed with trichloroacetic acid. After fixation, the
cells were stained for 15min with 0.4 % (wt/vol)
sulforhodamine B (SRB) (Sigma-Aldrich) dissolved in
1 % acetic acid. Washing with 1 % acetic acid
repeated in four steps was applied to remove
unbound dye. SRB which stayed bound was
extracted with 10mM unbuffered Tris base
(Sigma-Aldrich). The absorbance of the extracted
dye solution was measured at 550nm in a micro-
plate reader (Wallac, VICTOR2 1420 Multilabel
counter, PerkinElmer, Finland). The absorbance val-
ues obtained for NPs without the cells (blank) was
subtracted from the values obtained for samples.
Results were presented as percent of the control,
where the cell growth of control is set to 100 %,
in the form of mean values+standard error. The
assay was performed three times in three replicates
for every experimental group. Statistical significance
of differences between treated and untreated cells
was estimated by one-way analysis of variance
(ANOVA) and post-hoc Tukey test, performed in R.

2.5. MTT assay

Cells were seeded in 96-well plates at density of
7000 cells/well and next day treated with CD NPs.
After 48h, the cell culture medium with NPs was
discarded and 100l of fresh culture medium con-
taining 0.5mg/ml of MTT (Sigma-Aldrich) was added.
Upon 2 h of incubation at 37°C and 5 % CO,, 100l
of 10 % SDS (0.01N HCI) was added to each well
and the plate was incubated at 37 °C overnight.
The absorbance was measured at 570nm on a
microplate reader (ELx800, BioTek). Results were cal-
culated by subtracting absorbance values obtained
for blank (NPs without the cells) from the values
obtained for samples and the average value for the
control cells (cells without NPs) was set to 100 %.
Results were presented as percent of the control.
Experiments were repeated three times in three
replicates. The data are presented as meanz*stan-
dard error. One-way ANOVA with Tukey post-hoc
test performed in R was used for statistical analyses
since the data followed a normal distribution.

2.6. Apoptosis detection

For apoptosis detection, a commercial FITC Annexin
V Apoptosis Detection Kit with Pl (Biolegend, USA)
was used. The protocol given by the manufacturer
was adapted for staining on microscope slides. The
cells were grown for 48h on 20x20mm glass slides
in a cell culture medium, after which the medium
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was removed. The slides were rinsed twice with PBS
and immersed in annexin-V binding buffer with
annexin-V-FITC (5 ul/100 pl of buffer) and propidium
iodide (PI; 10ul/100 pl of buffer) added. After 15 min
of incubation at room temperature in the dark,
slides were rinsed twice in PBS and air dried. In the
final step of sample preparation, microscope cover
slips were mounted to slides with the aid of mount-
ing medium Mowiol (Sigma-Aldrich). The samples
were analyzed by Leica TCS SP5 Il confocal micro-
scope (Leica Microsystems, Germany), equipped with
acusto-optic tunable filter and acusto-optic beam
splitter for excitation-emission separation. The emit-
ted radiation of various wavelengths is taken to two
photomultiplier tubes for detection. Visualization
was achieved by excitation of FITC with 488nm Ar
laser and Pl with 543nm HeNe laser. The emitted
fluorescence was detected in sequential mode via
the green (FITC) and red (Pl) channels, to avoid
signal overlap between the channels. Samples with
untreated cells that underwent exactly the same
staining and preparation procedure as treated cells
were used as negative controls. At least six fields
of view were recorded from each sample.

For assessing the frequency of apoptotic cells by
flow cytometry, the same FITC Annexin V/PI kit was
used, following the manufacturer’s instructions for
flow cytometry. In brief, untreated MRC-5 cells and
cells incubated with NPs for 48h were washed twice
in PBS supplemented with 2 % FCS and 0.01 %
NaN; (Sigma-Aldrich Chemie GmbH), and resus-
pended in Annexin V Binding Buffer. Next, 5uL of
FITC-conjugated annexin V and 10puL of Pl solution
were added to the cells and incubated for 15min
at room temperature in the dark. For analysis, 50
000 events per sample were acquired on a flow
cytometer (LSR Il, Becton Dickinson, East Rutherford,
NJ, USA). Data were analyzed using FlowJo v10 soft-
ware (TreeStar Inc., Achland, OR, USA). One-way
ANOVA with Tukey post-hoc test was used for sta-
tistical analyses.

2.7. Transmission electron microscopy (TEM)

NP-treated cells after 24 hours of incubation, as well
as untreated controls were detached from the cell
flask surface using trypsin/EDTA, washed twice with
PBS and fixed in 2.5 % glutaraldehyde in 0.1 M cac-
odylate buffer. Cells were then post-fixed with 1 %
osmium tetroxide in the same buffer, dehydrated in
a series of ethanol and embedded in Epon (Agar
Scientific, UK). The sections were cut with a dia-
mond knife (Diatome, Switzerland), mounted on
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copper grids and counterstained with uranyl acetate
and lead citrate on Leica EM STAIN (Leica
Microsystems, Germany). Philips CM12 transmission
electron microscope (Philips/FEl, The Netherlands)
operated at 60keV and equipped with a SIS
MegaView Il digital camera (Olympus Soft Imaging
Solutions, Germany) was used for examination and
images obtaining.

2.8. Raman spectroscopy

For the Raman experiments, three sample groups
were prepared: cells treated with 200 pg/ml CD
NPs, cells treated with 400 ug/ml CD NPs and con-
trol cells. Each group was grown in three T-25 cell
culturing flasks in parallel, i.e. in three replicates.
After incubation with NPs, treated cells, as well as
untreated controls, were detached with trypsin/
EDTA. During the step of inhibition of trypsin, cell
suspensions from three cell flasks of the same sam-
ple group were collected into one common tube.
After removing the trypsin, the cells were fixed in
Roti-Histofix 4 % (Roth, Germany) for 20 min at
room temperature and washed twice in PBS
(2x5ml per flask). The resulting pellets were resus-
pended in 1ml of PBS and stored at 4°C. Right
before the measurement, PBS was discarded, the
cells were washed in 1 ml of DI water and resus-
pended in 50 ul of DI water (100 pl for control sam-
ple, due to higher cell density). A drop of 20 ul was
placed onto CaF, coverslip and air dried. Raman
spectra were acquired with NT-MDT system NTEGRA
Prima (NT-MDT, The Netherlands) using 600g/mm
grating. A laser excitation line of 532nm with an
incident power of ~0.5mW was used and the expo-
sure time was 180s. Raman spectra were measured
in the nuclear region of the cell, to avoid spectral
differentiation based on different cell compart-
ments. The cells chosen to be measured were not
selected based on their morphology but ran-
domly chosen.

2.9. Raman spectra preprocessing

The obtained spectra were calibrated using Raman
spectra of paracetamol. The spectral region (700-
1800) cm™', so called fingerprint region, was chosen
for the analysis. The background was subtracted by
first order polynomial fit. Finally, Raman spectra
were normalized relative to the mean intensity cal-
culated for entire spectrum. All spectral preprocess-
ing steps were performed in R, using hyperSpec
package (Beleites and Sergo 2024).

2.10. Raman data analysis

nnPCA was performed in R using nsprcomp package
(Sigg 2018). The function of the same name, nspr-
comp, computes components (nnPCs) by projecting
the principal vectors onto the non-negative orthant.
Each nnPC is calculated after the previous one so
that it captures the maximum of variance not
explained by the previous nnPCs. The procedure
would be the same as standard PCA if the negativity
restriction were not applied. The percentage of the
explained additional variance of each nnPCA is cal-
culated using function peav.

K-means clustering was performed using the
function kmeans from the R package stats. The goal
of this method is to group the data of the dataset
into clusters, in such a way that the sum of squares
from each data point (a spectrum) to the centroid
of the cluster is minimized. The number of clusters
should be predefined. Here, the grouping of all
measured Raman spectra (control and treated cells’
spectra) into four clusters was chosen. Clustering
into three and five groups was also tried out but
gave less valid physical meaning.

2.11. Raman imaging

Cell samples for Raman imaging were prepared in
the same way as for previously described Raman
measurements (Paragraph 2.8). Two sets of samples
were prepared: cells treated with 200 ug/ml CD NPs
and control (untreated) cells. Micro-Raman spectros-
copy investigation of the individual cells was per-
formed on confocal Horiba Xplora plus system
equipped with 532nm laser excitation source and
Peltier cooled CCD detector. The Raman spectra
were collected with low laser power, using 50x long
working distance (LWD) objective and 600g/mm
grating.

To map single cells, we utilized a piezo-controlled
sample stage, adjusting the grid raster to match the
morphology of the cells under investigation. Data
acquisition was performed within the spectral range
of 500cm~' to 1800cm™', with each acquisition last-
ing 30seconds. Following the measurements, we
applied a first order polynomial baseline fitting pro-
cedure to all collected spectra. This step was crucial
for compensating for random spatial variations on
the sample surface.

Subsequently, PCA analysis of measured spectra
in the region 700cm~" to 1800cm~" was performed
for each single cell (NP-treated and control), using
R function prcomp from package stats. The resulting



PC1 was used for cell imaging: PC1 score values for
each pixel were presented by color scale (from
green to red). Similarly, the VCA imaging method
was applied: based on the abundance of VC1, VC2
and VC3 components in the spectra of each pixel,
color maps of both control and treated cells were
created. This method was applied using R function
vca from package hyperSpec.utils, with ncomp argu-
ment set to value 3 (for extraction of three pure
components from the data set) (Mayer 2024).
Spectra measured on the cell periphery were
excluded from both PCA and VCA imaging, due to
the significantly different background and signal-to-
noise ratio. If they were included in the analysis,
they would be separated into distinct group as out-
liers, masking the differences between the spectra
measured on the central part of the cells. For that
reason, we first did PCA to identify such outliers
and then repeated PCA or performed VCA with the
rest of the spectra. In that way we have imaged
~500-600 pixels for control and NP-treated cells,
with a pixel size of 0.6x0.6 um.

3. Results and discussion

MRC-5 cells grown in culture were treated with CD
NPs synthesized and characterized in our previous
study (Mileti¢ et al. 2020). They proved to be very
stable in dispersion, with a hydrodynamic radius of
less than 50nm, while the CeO, NPs used in previ-
ous studies on MRC-5 cells were very susceptible
to agglomeration, with a hydrodynamic radius of at
least 500 nm (Pesi¢ et al. 2015; Spezzati et al. 2017;
Alghamdi 2023; Abdi Goushbolagh et al. 2018). The
average grain size, crystallite size, hydrodynamic
radius and specific surface area (SBET) of CD NPs
are summarized in Table 1 (more details are given
in Supplementary material and Figure S1).

CD NPs were applied in the dose range of (100-
400) pg/ml, also used in previous studies of CeO,
NPs effect on MRC-5 cells (Pesi¢ et al. 2015; Spezzati
et al. 2017; Alghamdi 2023; Abdi Goushbolagh et al.
2018), with an altered incubation time of 48 hours.
The effects of NPs were first evaluated by standard

Table 1. Characteristics of CD NPs: grain size estimated from
TEM images; average crystallite size, determined from XRD
using Scherrer formula; average hydrodynamic radius, deter-
mined by DLS; and BET specific surface area (Sgep).

Specific

Grain size Crystallite size  Hydrodynamic radius  surface area
(TEM) (XRD) (DLS) (Sger)
=~ 4nm 3.5nm 46.5nm 34.4 m?/g
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biological methods, in order to select the doses that
will be used for Raman measurements based on
their results and to assure more reliable interpreta-
tion of Raman spectra analysis.

3.1. NPs effects on cell growth, metabolic activity
and apoptosis induction

Effects of NPs on cell growth (SRB assay), metabolic
activity (MTT) and induction of apoptosis (annexin-V-
FITC) were examined. Changes in metabolic activity
determined by MTT were more intense than the
changes in cell growth detected by SRB assay for the
same applied dose of NPs (Figure 1). While average
cell growth decreased to 67 % and 29 % in average
upon treatment with 200ug/ml (CD-200 cells) and
400 ug/ml CD NPs (CD-400 cells), respectively, meta-
bolic activity registered by MTT dropped sharply to
32 % and 10 % in average, relative to control.
Considering that MTT assay detects the level of met-
abolic activity based on mitochondrial function pres-
ervation, it follows that mitochondrial function
impairment is one of the first events in the cells
treated with cytotoxic dose of CD NPs. Interestingly,
at the lowest applied dose, 100ug/ml, a slight
increase (109 % in average) in metabolic activity is
noticed, possibly through the stimulation of cell pro-
liferation. At higher doses, CD NPs are undoubtedly
cytotoxic. As previously stated, due to their physico-
chemical properties, CeO, NPs exert both pro-oxidative
and anti-oxidative activity, which could result in dif-
ferent, sometimes opposite, effects on cells.
Nevertheless, in order to trace the changes of the
same parameters, we limited this study to cytotoxic
doses of NPs.

Impairment of mitochondrial activity caused by CD
NPs leads to induction of cell death, which is confirmed
by staining the cells with fluorescently labeled annexin-V
and PI. Annexin-V specifically binds to phosphatidylser-
ine, while Pl intercalates between the bases of nucleic
acids and dyes them. In the confocal microscopy images
shown in Figure 2a, left panel, cells stained by annexin-V-
FITC only (annexin-V*/PI-, colored green) represent the
cells with externalized phosphatidylserine, but still with
the intact cell membrane, i.e. the cells in early apopto-
sis. The cells stained with both annexin-V-FITC and PI
(annexin-V*/PI*, colored green and red) are the cells
with damaged cell membrane, i.e. cells in necrosis or
later phases of apoptosis. For quantifying cell frequen-
cies in early and late apoptosis flow cytometry was
used. The flow cytometry analysis confirmed that expo-
sure to CD NPs induced apoptotic cell death of MRC
cells. Namely, compared to the control cells, 48h
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Figure 1. Changes in cell growth (left) and metabolic activity (right) induced by CD NPs, assessed by SRB and MTT assays, respec-

tively. Standard error bars, *p <0.05, **p <0.01, ***p<0.001.

exposure to both CD-200 and CD-400 NPs increased
the frequency of early (annexin V*/PI") and late (annexin
V*/PI*) apoptotic cells in culture. Moreover, the fre-
quency of late apoptotic cells increased in a
concentration-dependent manner, whereas the fre-
quency of early apoptotic/necrotic cells was similar
among the cells exposed to either CD-200 or CD-400
(Figure 2a, right panel, and Figure 2b).

TEM imaging was performed on treated cells with
lower dose of CD NPs, i.e. CD-200 cells, to confirm
the uptake and intracellular presence of NPs. TEM
images of both control and CD-200 cells are shown
in Figure 3. Accumulations of NPs can be detected
mostly in cytoplasmic endosome-like vesicles across
the entire NP-treated cell, except within the nucleus.

3.2. Raman spectroscopy of NP-treated cells and
spectral multivariate analysis

Since biological methods showed that doses of
200 pg/ml and 400 ug/ml CD NPs are both cytotoxic
to MRC-5 cells but to a different extent, the Raman
measurements were performed on both groups of
MRC-5 treated cells, as well as on untreated cells
as controls. Raman spectra of treated and untreated
MRC-5 cells were comparatively analyzed. In Figure
S3 (Supplementary material) mean Raman spectra
of control and treated cells are presented. As can
be seen, spectral differences between the three cell
groups are very subtle and manifested by the
changes of relative intensity, rather than by radical
decrease/increase of particular Raman modes inten-
sities. The standard deviation for CD-200 cells is the

largest, suggesting the existence of different sub-
populations of the cells, with unequal levels
of damage.

To extract more precisely changes in the Raman
modes in treated cells, nnPCA was applied. This
non-conventional modification of standard PCA is
useful in the analysis of cell spectra, resulting in PC
loadings which could be interpreted more intui-
tively. nnPCA was performed in a pairwise manner,
meaning that CD-200 and CD-400 cells spectra were
analyzed separately, through direct comparison with
the control. PC components that enable the greatest
separation of cell groups, i.e. that best describe the
differences between control and treated cells, were
identified using PC scores plots. The relevant scores
plots for CD-200 and CD-400 cells are shown in
Figures 4 and 6, respectively. Corresponding PC
loading vectors for CD-200 and CD-400 cells are
shown together in Figure 5. The peaks contained
by PC loading vectors indicate Raman modes whose
intensity changes in the spectra of treated cells,
while the sign of PC scores (PC* or PC™) determines
the direction of the change (increase or decrease
of Raman mode intensity).

As can be seen from Figure 4, nnPCA of control
and CD-200 cells abstracted two PCs which segre-
gate control and treated cells: PC1 and PC2. Taken
together, those two PCs encompass ~60 % of total
variance among the cells spectra. On average,
CD-200 cells have a positive PC1 score (PC1%), hence
PC1 presents Raman modes whose intensity
increases after the treatment with NPs (Figure 5a).
For PC2, the reverse is true: CD-200 cells on average
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Figure 2. Induction of cell death caused by CD NPs. a) Left
panel: fluorescence confocal microscopy images of cells dyed
with annexin-V-FITC (green) and PI (red). Annexin-V*/PI~ (col-
ored only green) are cells in early apoptosis, while annexin-V*/
PI* (colored green and red) are in late apoptosis or necrosis.
Right panel: the corresponding flow cytometry dot plots indi-
cating annexin-V-FITC vs Pl staining of MRC-5 cells are pre-
sented (control cells in the first row and CD-200 and CD-400
treated cells in the second and third rows, respectively). b)
Distribution of early (quadrant Q3) and late (quadrant Q2)
apoptotic cells, gated as indicated on the flow cytometry dot
plots. Standard error bars, *p<0.05, **p<0.01, ***p<0.001.
The presented data are from one of two experiments with
similar results performed in three technical replicates.

have a negative PC2 score sign (PC27), therefore
PC2 presents the Raman modes with decreasing
intensity in NP-treated cells (Figure 5d). Control cells
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Figure 3. TEM images of the untreated cell (row 1) and the
cells treated with CD-200 NPs (rows 2-4). Arrows point to NPs
accumulations in the cell. For more images of control cells see
Figure S2 in Supplementary material.

on average have negative PC1 and positive PC2
scores (PC1-/ PC2%); the corresponding annotation
will be used for the other PCs in the further text.

PC1 overall appearance from Figure 5a resembles
the Raman spectrum of lipid molecules and almost
all presented peaks can be assigned to different types
of lipid modes, though other biomolecules cannot be
strictly excluded. In Table S1 (Supplementary material)
are presented cell Raman modes assignations.
Furthermore, all peaks present in this component,
except 1128cm™, 1147cm™, 1162cm™, 1548cm™" and
1597 cm~" peaks, are contained in the Raman spectrum
of phosphatidylserine (Milligan et al. 2021).
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PC2 resulting from the same analysis is shown in
Figure 5d. Considering the negative PC2 score sign
for CD-200 cells, all peaks that appear in this com-
ponent indicate the decreasing intensity of corre-
sponding Raman modes. PC2 is composed of typical
nucleic acid modes: 786cm=', 1099cm~', 1182cm™,
1375cm™, 1485cm™" and 1576cm~". The presence of
a small shoulder at 814cm™, as well as the position
of the mode at 1099cm™" instead of 1095cm™’, sug-
gest that RNA molecules are present among the
nucleic acids which diminish in CD-200 treated cells.
Also, for the peaks centered at 1237cm~' and
1337 cm™', the shoulders positioned at ~1245cm™'
and 1322cm™!, which are particularly prominent in
RNA (Samuel et al. 2022), are hinted. Beside nucleic
acids modes, this PC2 contains a few peaks typical

Figure 4. nnPCA of control (black squares) and CD-200 cells
(green triangles): PC1:PC2 scores plot. Centroids of the groups
are represented by a correspondingly colored circles with an
orange border. Percentages in the brackets denote the amount
of total variance encompassed by each PC.

for protein Raman modes (1006 cm~', 1162cm™’,
1683 cm™"). Modes at 1237cm™" and 1337cm™! could
be from protein and nucleic acids both (see Table S1).

Results of the Raman spectra analysis by nnPCA
method can be explained in the light of the results
given by standard biological experiments. A decrease
in cellular metabolic activity, that is disordered mito-
chondrial function, could be caused by oxidative
stress generated by CD NPs in the cell, which was
reported in previous studies (Hussain et al. 2012; Park
et al. 2008). Overproduced ROS induce mitochondrial
membrane potential loss and impairment of the
mitochondrial oxidative chain, leading to increased
mitochondrial membrane permeability and loss of its
function. At that step, MTT assay already detects the
cytotoxic effect of NPs (Figure 1). Cytochrome C
released from dysregulated mitochondria triggers the
apoptosis pathway (Figure 2), while disruption of
mitochondrial redox reactions leads to the enhance-
ment of oxidative stress and deterioration of oxida-
tive damage of other cell structures and molecules.
Beside mitochondria, ROS damage DNA, causing
breaks of its chains, which also triggers apoptosis.
Therefore, decreased DNA Raman modes, especially
those originating from phosphodiester bonds, could
be expected as a consequence of oxidative DNA
damage. RNA present in the cell is also damaged by
ROS, while new RNA transcription is disabled by the
degradation of DNA and overall metabolic dysregu-
lation. When apoptosis is triggered in the cells, one
of the first biochemical events is an externalization
of phosphatidylserine to the outer leaflet of the cell

Figure 5. PC loading vectors showing the variations in lipid content among the cells: a) PC1 obtained from nnPCA of control and
CD-200 cells, b) PC1 obtained from nnPCA of control and CD-400 cells, ¢) PC5 obtained from nnPCA of control and CD-400 cells.
PC loading vectors showing the variations in nucleic acid content among the cells: d) PC2 obtained from nnPCA of control and
CD-200 cells, e) PC2 obtained from nnPCA of control and CD-400 cells, f) PC3 obtained from nnPCA of control and CD-400 cells.
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membrane. Externalized phosphatidylserine is there-
fore conventionally used as a marker for early apop-
tosis detection, usually by exposing the cells to
labeled annexin-V (Figure 2). Detection of early apop-
totic NP-treated cells correlates to increased phos-
phatydylserine Raman modes in treated cell spectra.
Other lipid structures in treated cells which can be
associated with increased lipid Raman modes, are
different membranous organelles, such as endosomes
or endolysosomes, generated by NPs intake, or lipid
droplets, overaccumulated in cell death processes.

The changes in the Raman spectra of CD-200
cells (Figure 5a and d), correspond very well with
the results obtained by standard biological assays.
The resemblance of nnPC components to the Raman
spectra of particular biomolecules (lipids and nucleic
acids) makes spectral analysis of CD-200 cells rela-
tively simple.

However, with the higher dose of NPs (CD-400),
the analysis becomes slightly more complex. Figure
6a and b present PC scores obtained from nnPCA
of control and CD-400 cells. The upper score plot
shows that treated and untreated cells can be best
distinguished by PC1 and PC5, though separation
by PC1 is much greater: more than 90 % of analyzed

Figure 6. nnPCA scores plots of control (black squares) and
CD-400 cells (brown triangles): PC1:PC5 (a) and PC2:PC3 (b).
Centroids of the groups are represented by a correspondingly
colored circles with a green border. Percentages in the brack-
ets denote the amount of total variance encompassed by each
PC. The cells with positive PC1 but negative PC5 score values
(PC1*/PC5™ cells) are encircled by a black curve at the upper
graph; the same cells at the bottom graph are encircled also
with black curves.
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treated cells differ from control. This component
also encompasses much larger part of the total vari-
ance than PC5. Corresponding PC1 and PC5 load-
ings are shown in Figure 5b and ¢, respectively.

Like PC1 from the analysis of cells treated with
lower dose of NPs, this PC1 also shows an increase
in lipid modes intensity in treated cells. The differ-
ence in lipid content between treated and control
cells, based on PC1, is more emphasized for the
higher than for the lower dose (compare Figures 4
and 6 a). This could be partially attributed to the
increased level of endocytic vesicles, more present
at higher doses. The appearance of PC1 difference
among the two doses (Figure 5a and b) seems to
be of particular interest. The most obvious differ-
ence is in the relative intensity of 1267cm=' and
1300cm™" peaks, l;,5,/11300 Which is significantly
higher for the cells treated with the lower dose of
NPs (Figure S4, Supplementary material). According
to the literature, higher intensity ratio of these
modes in the Raman spectra of cells indicates lower
saturation of cellular lipids (Czamara et al. 2015).
Our previous study pointed to this intensity ratio
as a potential marker indicating the degree of
NP-induced cell damage (Mileti¢ et al. 2023). This
study confirms that |,,.,/1,500 has a higher value in
early apoptotic cells, compared to the cells in late
apoptosis or necrosis.

Furthermore, PC1 obtained from the analysis of
higher dose (Figure 5b) is less rich in resolved peaks
and almost without peaks in the region (800-1000)
cm™', typical for phospholipids. Instead, phospho-
lipid modes from this region appear in PC5 (Figure
5¢), which also has positive score sign for treated
cells (PC5%). In PC1:PC5 score plot (Figure 6a) the
following can be observed: while almost all treated
cells differ from control by PC1, most of them, but
not all, differ also by PC5. Those cells in which total
lipid content is increasing (PC1%), but markers of
phosphatidylserine and other phospholipids are not
expressed (PC57) are circled by a black curve in the
score plot, in order to trace their behavior regarding
PC2 and PC3 components. Besides lipid modes, PC5
contains some protein modes too.

PC2 component, bearing mostly DNA Raman
modes (Figure 5e), does not separate control and
CD-400 cells (Figure 6b). Still, it can be observed
that the dispersion of DNA content among treated
cells is wider than among control cells: there are
cells having lower or higher DNA content than
either control cells. It can be assumed that the
intensity of DNA Raman signal is under the influ-
ence of DNA quantity, integrity and density;
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therefore it can be diminished by DNA cleavage,
but also enhanced by DNA condensation (Brauchle
et al. 2014; Corfe, Dive, and Garrod 2000).

Unlike PC2, PC3 component from analysis of
CD-400 cells separates treated from control cells
(Figure 6b). This component also bears some of the
nucleic acid modes (Figure 5f), but it indicates their
decrease upon cell treatment. The most important
modes are 786cm~'and 814cm~’, but also 733cm™,
1182cm™", 1237cm™, 1337cm™', 1375cm™,
1485cm™" and 1576 cm™'. Relative intensity lg;,/I,g6
in this component is particularly high and indicates
that the content of RNA rather than DNA diminishes
in the cell. Considering that apoptotic nuclear con-
tent can be cleaved or highly condensed, while
cytoplasmic RNA is degraded, such results of Raman
spectra analysis, representing decrease of Raman
RNA modes intensity, are in accordance with the
previous conclusion.

Treated cells with high nucleic acid content in
general (PC2%), but with lower RNA content com-
pared to control (PC37) are seen in the score plot
in Figure 6b. All cells that have a higher lipid (PC17)
but not phosphatidylserine content (PC57) also
belong to this group of treated cells and are marked
with the black curve in Figure 6b.

There is, therefore, a population of CD-400 cells
in which the lipid content is increased compared
to the control (PC2*/PC3"), but also the DNA content
(PC1*/PC57), which is an unusual phenomenon that
did not occur with CD-200 cells, nor has it been
described in previous studies on NP-treated cells by
Raman spectroscopy. At the same time, lipids in the
given CD-400 cells were not characterized by phos-
pholipid features, and the content of RNA was
reduced compared to the control cells. In order to
examine whether PC2*/PC3~ and PC1*/PC5- cells
underwent specific changes induced only by the
highest dose of NPs, the k-means clustering method
was applied. This analysis included control, CD-200
and CD-400 cells altogether. The goal was to deter-
mine whether among all examined cells, PC2*/PC3~
and PC1*/PC5~ CD-400 cells would be segregated
into a separate cluster. The k-means clustering
method requires the number of resulting clusters
to be set as an input parameter. Based on theoret-
ical knowledge, it was assumed that cells can be
divided into four clusters: unchanged (control) cells,
cells in early apoptosis, cells in late apoptosis or
necrosis, and cells in some other modality of cell
death, characterized by very small reduction of DNA
material and an increase in lipids without phospha-
tidylserine markers. As a result of this analysis, the

examined cell spectra were divided into four clusters
(Figure 7a), where indeed the spectra of PC2*/PC3~
and PC1*/PC5- cells belonged exclusively to one
cluster, i.e. cluster 4 (Figure 7a, brown stars). Bar
plots in Figure 7b show the composition of each
cluster. Most of the control cells belonged to the
cluster 3 and a smaller part to the cluster 1.
Approximately half of the CD-200 cells belonged to
the cluster 3 and half to the cluster 1. Therefore, it
was assumed that the cluster 3 contains unchanged
cells, while the cluster 1 contains cells in early apop-
tosis. Cluster 2 contains only two CD-200 cells and
more than half of CD-400 cells, therefore it can be
assumed that it represents cells in late apoptosis or
necrosis. Cluster 4 consists exclusively of a certain
number of CD-400 cells. Spectra that correspond to
the centroid of each cluster are provided in
Supplementary material (Figure S5), along with opti-
cal images of the cells positioned closest to each
centroid (Figure S6). To analyze spectral differences
among the clusters, intensities of typical lipid (I;5,)
and typical DNA (l,g) Raman modes in four centroid
spectra were compared. The values are shown in
Figure 7c. The cells of cluster 4 have nucleic acids
content slightly lower than the control but higher
than the cells assumed to be in early and late apop-
tosis. The lipid content of the cells in cluster 4 is
very high, approximately equal to the cells in late
apoptosis (Figure 7c). Therefore, it seems more likely
that these cells are in some alternative modality of
cell death, rather than in the furthest stages of
apoptosis or necrosis.

There is a study which showed that at high doses
of CeO, NPs, in addition to the increased level of
apoptosis, the percentage of autophagic cells also
increases (Hussain et al. 2012). At low, non-cytotoxic
doses, autophagy was not detected. On the other
hand, another study shows that autophagic cells are
hardly distinguishable from control cells by Raman
spectra (Rangan et al. 2018). In the case of cells
treated with CD NPs, a large difference in the amount
of lipids compared to the control can certainly come
from a large number of endocytic vesicles by which
the NPs were introduced into the cell, but also from
a large number of resulted autophagosomes. Unlike
apoptotic cells, autophagic cells are not character-
ized by externalized phosphatidylserine. In accor-
dance with the above stated, the assumption that
CD-400 cells with increased lipid content and not
highly reduced nucleic acid content (compared to
the control) can represent cells in autophagy is not
unfounded. High concentration of NPs could activate
autophagy as a protective mechanism, which in the
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Figure 7. K-means clustering of control and treated cells
Raman spectra. a) Four clusters with belonging cell spectra.
PC1*/PC5~ and PC2*/PC3~ cells are marked with brown stars.
b) The composition of each cluster. ¢) Plot showing Raman
intensities |59, (lipids) and l,¢, (nucleic acids) for each cluster
and standard error bars. Lines parallel with x-axis and y-axis
present statistical significance of differences between the clus-
ters in X (l;500) @and y (l,4¢) values, respectively (nonparametric
ANOVA, ***p<0.001, *p <0.05).

final outcome can lead to cell death. It is known
that the mechanisms of apoptosis and autophagy
communicate in the cell in a complex manner
(Hussain et al. 2012; Marifo et al. 2014). Cells
detected by Raman spectroscopy as members of a
separate cluster may therefore be cells that managed
to survive the impact of NPs thanks to autophagy,
at least until the moment of examination.
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It should be noted that proposed distribution of
cells in different phases or modalities of cell death,
based on the k-mean clustering of cells’ Raman
spectra, is not entirely consistent with the frequency
of apoptosis detected by flow cytometry, though
NP dose-dependent increase of late apoptosis fre-
quency is indicated by both methods. Moreover,
the percent of NP-treated cells in which changes
were detected by Raman spectroscopy is signifi-
cantly higher than the frequency of apoptosis
detected by flow cytometry. Raman spectroscopy
certainly captures a wider spectrum of changes in
the cells caused by NPs than the externalization of
phosphatidylserine and the appearance of cell mem-
brane permeability. Some of them are related to
the entry and transport of NPs in the cell and to
the direct and indirect interactions of NPs with cel-
lular molecules, which do not necessarily result in
apoptosis. On the other hand, MTT assay showed a
very large decrease of viability of NP-treated cells,
consistent with Raman spectroscopy. Markers of
various biochemical changes are intertwined in the
Raman spectrum of the NP-treated cell and provide
a unique representation of its physiological state.
The possibility that Raman fingerprint can indicate
lethal changes caused by NPs earlier or more com-
pletely than some of the conventional methods
used for this purpose should not be overlooked.

3.3. Raman imaging

Raman imaging is usually performed using the
intensity of one or more Raman modes in a certain
number of locations on the sample to generate an
image or map of the sample, where the intensity
of the color corresponds to the intensity of a given
Raman mode. In this work, instead of classical meth-
odology, the imaging based on multivariate (PCA
or VCA) analysis of Raman spectra was used. The
goal of combining statistical methods with Raman
imaging was to distinguish spectral characteristics
across the analyzed cells more clearly. For this rea-
son, we labeled the applied methods as PCA-Raman
imaging and VCA-Raman imaging.

The imaging experiments aimed to show
NP-induced changes in the spatial arrangement of
cell molecules. For this purpose, CD-200 cells were
selected, as moderately damaged NP-treated cells
which largely kept their integrity, so their maps are
more comparable to those of control cells. Raman
spectra were measured in each pixel of three control
and three CD-200 cells and PCA was applied to all
measured spectra of six cells together. The resulting
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Figure 8. PCA-Raman imaging of control and CD-200 treated
cells a) PCA-Raman images of analyzed cells, based on PC1
score values in each pixel (left column - control cells, right
column - NP-treated cells); b) PC1 loading spectrum. Local
maxima of PC1 are assigned to nucleic acids’ and proteins’
Raman modes while local minima are assigned to lipid Raman
modes, which imply that positive score values at images char-
acterize pixels with high nucleic acids but low lipid content
(red) and negative score values characterize pixels with low
nucleic acids but high lipid content (green).

PC1 was used to create PCA-Raman images of the
cells. Results of this experiment are presented in
Figure 8. PCA-Raman images are shown in Figure

8a. PC1 loading spectrum, used for imaging, is
shown in Figure 8b. It reflects Raman modes of
nucleic acids and proteins as local maxima and lipid
modes as local minima (Table S1, Supplementary
material). It should be noted that, in this case, stan-
dard PCA was used instead of nnPCA, in order to
simplify the presentation of both lipid and nucleic
acid changes in the same image. PCA-Raman images
are generated based on PC1 score value for each
pixel on the image, in the way that the highest
positive score is represented by light red and the
highest negative by light green color (color scale
in Figure 8a). Hence, light red pixels denote Raman
spectra with high intensity of nucleic acid and pro-
tein modes (maxima) but low intensity of lipid
modes (minima), while light green represents the
opposite: Raman spectra with high intensity of lipid
and low intensity of nucleic acid and protein modes.
It is interesting that Raman mode at 1006 cm™,
assigned to phenylalanine, which is probably the
most typical Raman mode of proteins, shares trend
in spatial distribution with nucleic acids and not
with lipids, although proteins are present together
with lipids in the membranes of endocytic vesicles
and definitely the smaller portion of total cell pro-
teins is localized in nucleus (Itzhak et al. 2016).

By observing obtained PCA-Raman maps, it can
be seen that in control cells, Raman modes of nucleic
acids and proteins dominate, occupying the majority
of the cell area (Figure 8a, left). They should be most
intense in the nuclear region, the edges of which
are not clearly defined in the first two control cells.
Outside the nucleus, the presence of Raman modes
with positive intensity in PC1 may originate from
RNA molecules or possibly from mitochondrial DNA.
In the third control cell (Figure 8a, third row left),
the nucleus is more clearly distinguished, but the
intensity of lipid Raman modes, i.e. the lipid content
of the cell, is still low. On the other hand, in treated
cells, lipids are significantly abundant, as evidenced
by the presence of light green dots on the map,
while the nuclear region is clearly limited to a smaller
area than in control cells (Figure 8a, right). Since
these cells, according to the MTT test, are metabol-
ically less active than control cells, reduced transcrip-
tional activity, and thus the amount of RNA and
protein in the cytoplasm is expected for them. Also,
the increase in the amount of lipids is consistent
with endocytosis and demonstrated induction of
apoptosis in the treated cells.

In addition to PCA, the VCA method is also
applied for Raman imaging. The aim of this method
is to extract spectra of pure components from the
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mixture of components constituting the sample.
Biomolecules that are contained in a cell have many
common Raman modes and most often together
form different supra-molecular structures. Thus, it is
likely that there are no points in the cell that con-
tain perfectly pure components. However, it is
expected to obtain components in which the spec-
tral characteristics of certain molecules are more
prevalent than others. It was reasonable to expect
that components representing lipids, nucleic acids
and proteins, as the three main groups of biomol-
ecules in the cell, could be extracted. For that rea-
son, VCA algorithm is designed to calculate three
VCA components (VC1, VC2, VC3). VCA is applied
to spectra/pixels of each control or CD-200 cell sep-
arately. This analysis is performed on the same cells
used for PCA-Raman imaging. Results for one con-
trol and one treated cell (cells whose PCA-Raman
images are shown in the first row in Figure 8a) are
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presented in Figure 9. Extracted VCA (‘pure’) com-
ponents are given in the first row for control cell
(Figure 9a-c) and in the fourth row for CD-200 cell
(Figure 9j-1), while corresponding VCA-Raman
images are given in the second row for the control
(Figure 9d-f) and in the third row for the CD-200
cell (Figure 9g-i). For components representing
mostly DNA (VC1) and lipid (VC3) Raman modes,
red and green colors are used, respectively. Other
two colors are used for VCA components proposed
to be dominantly RNA (blue) and dominantly cyto-
chrome ¢ (apricot orange). The intensity scale is
denoted on the right side of each image and refers
exclusively to a given image.

As expected, in both control and CD-200 treated
cell, two VCA components with pronounced nucleic
acid (VC1, Figure 9a and j) and lipid Raman markers
(VC3, Figure 9c and I) were extracted. In this case,
nuclear area in control cell is equally well defined

Figure 9. VCA-Raman imaging of control and CD-200 cells. a), b), c) VCA components of the control cell, used for imaging; d), e),
f) corresponding images of the control cell. j), k), 1) VCA components of the treated cell, used for imaging; g), h), i) corresponding
images of the treated cell. Red is used for imaging based on nuclear acid component, green for lipid component, blue for RNA

and orange for cytochrome ¢ component.
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as in treated cell, presumably due to the fact that
RNA content of control cell is represented by VC2.
Also, since this analysis is performed on each cell
separately, it should be more successful in distin-
guishing intracellular spectral differences. On the
contrary, described PCA-Raman imaging (Figure 8)
captured both intracellular and intercellular differ-
ences, but their intensity range is mutually depen-
dent: if the differences between cells are greater
than the differences within cells, the image contrast
of some cells may be insufficiently pronounced.
Contrary to expected, in VC2 component, protein
Raman markers were not distinctly distinguished.
Instead of that, VC2 component of the control cell
bears Raman markers which could be assigned to
RNA. This component is slightly less intensively dis-
tributed in the nuclear than in cytoplasmic region.
In the case of the treated cell, in VC2 component,
peaks corresponding to resonance Raman markers
of cytochrome ¢ (marked with corresponding wav-
enumbers in Figure 9k) are distinguished. This com-
ponent is pronounced in the cytoplasm and very
weakly in the nuclear region of treated cell.
Cytochrome c is pro-apoptotic factor, released from
mitochondria to the cytoplasm in the early stages
of apoptosis, whereas nuclear accumulation of cyto-
chrome c starts later (Nur et al. 2004). The images
obtained by VC3 are characterized by lower contrast,
hence the differences between different compart-
ments of the cells are hardly noticeable. In addition,
the VC3 component differs between control and
treated cells - it probably describes a presence of
different set of lipids, combined with other classes
of molecules. Similarly, in dominantly lipid VC com-
ponents obtained from the analysis of other four
cells (Figure S7, Supplementary material), the influ-
ence of different cellular molecules is visible.
Extensive imaging of a large number of control and
treated cells would be required to clarify which
types of molecules are involved and to what extent
each component is useful in describing the
NP-induced state of the cell. With the current instru-
mentation, there are severe limitations for imaging
large number of cells.

To summarize, standard biological tests showed
the cytotoxic effect of CD NPs on MRC-5 cells start-
ing from a dose of 200 pg/ml, which is accompanied
by differences in Raman spectra, both between con-
trol and treated cells, and also between cells treated
with different doses of NPs. The common general
changes are an increase in the intensity of lipid
modes and a decrease in the intensity of nucleic
acid modes, detected by nnPCA. However, Raman

modes that make the difference between the treated
and the control cells are not the same for the two
doses of NPs, indicating changes in different mem-
bers of the lipid or nucleic acids class. Cells treated
with a lower dose of NPs (200 ug/ml) are character-
ized by a marked increase in unsaturated fatty acids
and phospholipid markers, especially phosphati-
dylserine, a marker of early apoptosis. After treat-
ment with a high dose of NPs (400 ug/ml), cells with
an increased intensity of lipid modes, but without
phosphatidylserine markers can be clearly distin-
guished. At the same time, these cells are the ones
in which there is no decrease in the content of
nucleic acids in general, but only a decrease in the
intensity of the RNA markers. The k-means clustering
confirmed that these cells stand out as a distinct
group, most likely as a group of autophagic cells
characterized by a specific effect of CD NPs on
them. It was proposed that most of the other
CD-400 treated cells analyzed by Raman spectros-
copy have undergone late apoptosis or necrosis.
Raman images created based on score values for
PCA components illustrated higher lipid content and
reduced nuclear acids’ area in CD-200 cells.
Furthermore, Raman images based on VCA compo-
nents abundance indicated that the amount of
nucleic acids in the cytoplasm rather than in the
nucleus is what distinguishes treated from untreated
cells. Additionally, with the Raman-VCA method, it
was possible to obtain an image of the treated cell
based on the intensity of the Raman modes of cyto-
chrome ¢, which indicated the presence of this
apoptotic marker in the cytoplasm of the treated cell.

4, Conclusion

This study, based on multivariate single-cell Raman
spectroscopy complemented by standard cytotox-
icity assays and flow cytometry, unequivocally indi-
cates the toxic effect of CD NPs on MRC-5 lung
fibroblasts in culture, starting from the concentra-
tion of 200 ug/ml NPs. An early indicator of CD NPs’
cytotoxicity is the deprivation of mitochondrial
activity, which leads to cell death in a certain pro-
portion of MRC-5 cells. Depending on the NPs dose,
early or late apoptosis/necrosis is registered and
related changes in biochemical composition are
described. The most pronounced are the quantita-
tive and qualitative changes in cellular lipid and
nucleic acid content, which differentiate the
NP-treated cells from the untreated ones, but also
the cells treated with different doses of NPs from
each other. Nevertheless, the other modality of cell
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death, possibly autophagy, caused by interaction
with NPs in dose higher than 200 ug/ml, is also indi-
cated. Considering the small dimensions of the NPs
and the hydrodynamic stability provided by the
dextran coating, cytotoxic effect of CD NPs could
have been expected. The absence of formation of
CeO, NPs agglomerates, otherwise problematic in
studies of their cytotoxicity, makes the results of
this study particularly reliable.

The obtained results confirmed the usefulness of
phospholipid-related Raman modes in assessing the
effects of NPs and especially the importance of the
Raman intensity ratio l;,,/l;55, @s a parameter for
assessing the degree of cell damage or the phase
of cell death. In addition, it was demonstrated that
the intensities of nucleic acids Raman markers vary
with the degree of cell damage and can be associ-
ated with changes in RNA composition, hence used
also for evaluating the effects of NPs. In a cell, RNA
is difficult to distinguish from DNA by Raman spec-
tra; therefore the insight provided by this study is
significant. Moreover, integrating the PCA and VCA
methods into Raman imaging, we were able to
depict changes in the spatial distribution of RNA,
but also the spatial arrangements of lipids, DNA
and cytochrome c in treated cells through a single
experiment. Finally, yet importantly, with the
single-cell approach enabled by Raman spectros-
copy, we were able to separate cell populations
with different types of NP-induced biochemical
changes and subsequently cross-analyze them using
several parameters and statistical methods. In this
way, we detected individual cells that underwent a
specific effect of CD NPs, not registered by applied
standard biological methods. Combining different,
both standard and unconventional methods for
Raman spectra analysis reveals the wealth of infor-
mation about cell-NP interactions accessible by
Raman spectroscopy.
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The structural and electrical properties of sol-gel synthetized Bi, Tb ,FeO; films (x = 0, 0.05, 0.1, 0.2)
were analyzed combining experimental observations and density functional theory, with an aim to elucidate
the influence of Tb dopant on conduction properties of the films. Bi,  Tb FeO; films have a rhombohedral
crystal structure, as identified from X-ray diffraction and Raman spectroscopy. Raman and X-ray photoelectron
spectroscopy revealed that 10% Tb-doped film had significantly lower concentration of oxygen vacancies. This

Density functional theory (DFT) sample showed notably lower leakage current compared to other ones. Conductive atomic force microscopy

measurements confirmed the lowest conductivity of 10% Tb-doped film. Density functional theory calculations
provide atomic-level insights into the electronic structure and are consistent with experimental findings.
Undoped and ~5% doped films are conductive due to high density of surface oxygen vacancy conducting states,
whereas the conductivity of ~20% Tb-doped film originates from increased density of Tb conductive states
near the Fermi level. In contrast, in ~10% Tb-doped film, lack of states responsible for electronic transport
was found. These results highlight the necessity of judicious selection of doping concentrations to suppress
vacancy-assisted as well as dopant-induced conduction paths and provide valuable guidelines for designing
future BiFeO;-based multiferroic materials with high resistivity.
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1. Introduction

Bismuth ferrite (BiFeO;) is a notable room temperature multifer-
roic material, exhibiting both ferroelectricity and G-type antiferro-
magnetism, as well as, weak ferromagnetism and coupling between
ferroelectricity and ferro/antiferromagnetism [1-3]. With high Curie
and Néel temperatures (T ~ 830 °C and Ty = 370 °C), it is highly
suitable for the applications in next generation of ferroelectric ran-
dom access memory (FeRAMs) and magnetoresistive random-access
memory (MRAM) devices, but can also be a promising material for
spintronic devices such as novel types of magnetoelectric sensors and
magnetoelectric random access memories (MERAM) [2-6].

However, the major issue for the practical application of BiFeOj; is
large leakage current density which mainly originates from Bi volatility
and formation of oxygen vacancies or presence of impurity phases, re-
sponsible for the deterioration of multiferroic features of BiFeO; [7-9].
An effective way to suppress the high leakage current and improve
the multifunctional properties of BiFeO; is the partial substitution
of rare-earth ions at Bi sites. It is documented that rare-earth ion
doping prevents the volatilization of Bi atoms and creation of oxygen
vacancies and other impurity phases, enhancing the resistive properties
of BiFeO; [9-15]. Nevertheless, some authors have shown that doping
with rare earth elements more than 20% can deteriorate the electric
properties of BiFeO; [16]. Among the rare-earth elements, terbium
(Tb) doping has gained attention for its ability to suppress the for-
mation of oxygen vacancies and impurity phases, thereby enhancing
ferroelectric or ferromagnetic characteristics of BiFeO; thin films and
nanostructures [8,17-20]. However, higher Tb doping (> 10%) causes
structural phase transition, when improved ferroelectric characteristics
weaken [20,21].

The conductivity properties of Tb-doped BiFeO; are controversial.
Some authors stated that for BiFeO; nanowires [8] and thin films [20],
leakage current continuously decreases with increasing of Tb content
up to 15%. When the substitution exceeds 15% of Tb, the leakage
current increases approaching the value of undoped BiFeO; [20]. The
other authors claimed that only 5 or 10 (11)% of Tb doping of BiFeO;
thin films led to the reduction of leakage current [19,22,23]. These
findings suggest that Tb doping of BiFeO; can mitigate defect-related
conduction, but the conductivity is strongly dependent on dopant con-
centration and structural modifications and therefore warrants further
investigation.

Previous conductivity measurements were mostly performed on a
macroscopic scale. However, these measurements often fail to reveal
important local variations in conductivity. Such local conductivity mea-
surements can be performed using conductive atomic force microscopy
(C-AFM), but its application to BiFeO; films has been scant [24,25].
In above mentioned papers structural, electrical, magnetic and fer-
roelectric properties of Tb-doped BiFeO; have been widely studied,
but to the best of our knowledge the density functional theory (DFT)
calculations of Tb influence on electronic structure of BiFeO; have not
been performed. These calculations are useful to predict the role of
dopant and defects i.e. how their position within the crystal lattice and
concentration will play on conductivity.

This study investigates the effect of Tb doping on structural, mor-
phological and conductivity properties of BiFeO; thin films, combining
several experimental techniques and DFT calculations of electronic

structure. We discussed the relations between dopant and vacancy con-
centrations on one hand and electronic properties on the other hand,
which gave us an in-depth understanding of our experimental results.
By correlating the above-mentioned findings, we aim to clarify the
mechanisms responsible for the significant improvement in electrical
performance of the 10% Tb-doped BiFeO; film, in order to optimize
BiFeO;-based materials for advanced multiferroic applications.

2. Methods
2.1. Materials synthesis

Bi,_, Tb,FeO; thin films were prepared using the sol-gel spin coating
process. Knowing from the literature that the solubility limit of Tb
is between 15 and 20% [8,26], BiFeO; films were doped with 5, 10
and 20% of Tb. The following reagents were used: bismuth nitrate
pentahydrate (Bi(NO;);-5H,0, Sigma-Aldrich), terbium nitrate hex-
ahydrate (Tb(NO;);-6H,0, Sigma-Aldrich), iron nitrate nonahydrate
(Fe(NO3);-9H,0, Sigma-Aldrich), and glacial acetic acid (CH;COOH,
Merck Millipore). The reagents were dissolved in acetic acid and mixed
under constant magnetic stirring for 30 min. Films were deposited onto
FTO glass (Fluorine doped Tin Oxide coated glass slide). substrates
from the prepared solution using sol-gel spin coating. Depositions were
carried out at 1000 rpm for 30 seconds using a Laurell WS-650-23 Spin
Coater. The films were dried for 40 min at 150 °C, followed by heat
treatment at 550 °C for 2 h.

2.2. Structural and morphological characterization

The crystalline structure of Bi, ,Tb, FeO; thin films has been in-
vestigated using a Rigaku Ultima IV diffractometer, equipped with Cu
Ka, , radiations and operating at 40 kV and 40 mA in the 26 range
of 20° to 80° in a continuous scan mode with a scanning step size
of 0.05° and a scan rate of 1°/min. Thin films were analyzed using
X-ray diffraction at a grazing incidence angle of 0.5°, a technique
known as Grazing Incidence X-ray Diffraction (GIXRD). This method
was chosen to improve the signal quality. By using a small angle,
we get better X-ray penetration into the film, which enhances the
resolution of the diffraction pattern and gives us clearer details about
the film’s structure and crystallinity. The PDXL2 (Ver. 2.8.4.0) software
was used to evaluate the phase composition and identification [27].
All obtained thin films were identified using the ICDD database [28]
and the ICSD database [29]. GIXRD pattern analysis was performed
using the software package Powder Cell [30,31]. The TCH pseudo-
Voigt profile function gave the best fit to the experimental X-ray data.
Crystallite sizes and microstrain were estimated from the GIXRD data
using the Williamson-Hall method [32]. Micro-Raman spectra of thin
films of Bi;_ Tb,FeO; were collected in a backscattering configuration
using a Jobin Yvon T64000 triple spectrometer, with the spectral
resolution of 2 cm~!. The argon/krypton ion laser with an emitting
line at A = 514.5 nm was used as an excitation source, with the output
laser power less than 2 mW to avoid the heating effects and/or sample
degradation.

All atomic force microscopy measurements were done using Ntegra
Prima system from NT-MDT. Topographic imaging of samples was done
in tapping mode using SCOUT 350 RAI probes from NUNANO. Based on
these images, we calculated surface roughness (from the images with
30 x 30 pm? scan size), and grain size distributions (from the images
with 2 X 2 pm? scan size).
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Fig. 1. (a) Perspective view of the conventional unit cell with considered positions of terbium dopants (pink spheres) and oxygen vacancies (blue spheres). (b) The surface supercell.

Green lines indicate the boundaries of the bulk and surface supercells.

2.3. Macroscopic and microscopic leakage current measurements

The leakage current of Bi;  Tb,FeO, films was measured by macro-
scopic, as well as microscopic electrical measurements. Macroscopic
I-V curves were measured using a Keithley 2450 Source Meter, with
the voltage varied from —3 V to 3 V, providing leakage current density
as a function of voltage.

Local electrical currents (microscopic measurements) of investi-
gated samples were measured using C-AFM and platinum coated AFM
probes CSG10/Pt. The measurements were done by recording the elec-
trical current through the conductive probes during scanning in contact
mode, while a DC bias voltage was applied to the conductive FTO glass
substrate (conductive AFM probe was virtually grounded). In order to
get statistical information about conductivity from two dimensional
current maps, we determined a conductive surface in percents in the
following way. For each current map, we first calculated a bearing
ratio curve which corresponds to the cumulative probability density
function. Each point on this curve gives the percentage of points (y-
axis) in the considered current map with a current below the value
specified on the x-axis. The current map is taken as conductive if the
current measured at this point is above the threshold defined as 10 pA
or 50 pA. Therefore, the conductive surface in percents was obtained
from bearing ratio curves by calculating percents of points with the
current above the specified threshold current.

2.4. X-ray photoelectron spectroscopy

Chemical analysis of the Bi;, ,Tb,FeO; thin films was performed by
X-ray photoelectron spectroscopy (XPS). SPECS System with XP50M
X-ray source for Focus 500 and PHOIBOS 100/150 analyzer was em-
ployed, operating at 12.5 kV and 250 W. Excitation of the spectra was
performed with monochromatic Al Ka radiation (1486.7 eV). Survey
spectra were recorded in the range of 800-0 eV, with constant pass
energy of 40 eV, step size 0.5 eV and dwell time of 0.2 s in the
fixed analyzer transmission (FAT) mode. High resolution spectra of Fe
2p, O 1s and C 1s peaks were recorded with constant pass energy of
20 eV, step size of 0.1 eV and dwell time of 2 s in the FAT mode.
Instrument base pressure was ~10~° mbar during the experiments. To
minimize the effect of charging at samples, electron flood gun (SPECS
FG15/40) was used for charge neutralization, and all peak positions
were referenced to C 1s at 284.8 eV. The data was analyzed after
Shirley-type background subtraction, and by using CasaXPS software
package. The fitting of high-resolution spectra was conducted with

a Gaussian/Lorentzian (70/30) product formula for peak shapes. For
the Fe 2p spectra, area constraints were applied to ensure a 2:1 ratio
between the 2p3/2 and 2p1/2 peaks.

2.5. Theoretical calculations

2.5.1. Parameters used in DFT calculations

Density functional theory calculations were performed using SIESTA
software [33] with the Perdew-Burke-Ernzerhof (PBE) form of the gen-
eralized gradient approximation (GGA) of exchange—correlation func-
tional [34], norm-conserving Troullier—-Martins pseudopotentials [35],
and a double-¢ basis including polarization orbitals. Since GGA does not
always describe well transition metals and lanthanoids, we employed
GGA+U functionals [36-38], which proved efficient in our previous
studies [39,40]. We used a Hubbard parameter U, = 3.8 eV for
the Fe 3d orbital, Uy = 0.95 eV for the Fe 4s orbital, and Uy =
2.5 eV for Tb 4f orbital. The reciprocal space was sampled with a
2 x 8 x 2 k-point mesh for geometry optimizations and refined to
10 x 16 x 10 for calculations of electronic properties. A real-space sam-
pling cut-off energy of 350 Ry was used. To achieve atomic geometries
where maximum atomic forces do not exceed 0.05 uniteV/A, we in-
tegrated several optimization methods: conjugate gradient, FIRE [41],
L-BFGS [42], and a modified Broyden algorithm [43]. Each method was
allowed to proceed up to 600 steps; if convergence failed, the structure
with minimal atomic forces served as the initial point for subsequent
method. Due to difficulties to achieve convergence of atomic forces,
we applied constrained optimization on some structures containing
vacancies, allowing only atoms adjacent or second-nearest neighbors
to vacancies and dopants to move while other atoms remained fixed.
Moreover, since a lattice parameter change of 0.33% between crystals
with 0% and 10% doping levels was experimentally observed, close to
the accuracy limit of our DFT method with pseudopotentials, we fixed
the lattice parameters in our calculations to their experimental values.
We investigated the type G antiferromagnetic (AFMG) ordering, which
is the most prevalent in BiFeOj; crystal.

2.5.2. Model of atomic structure and structural relaxation

Studying both bulk and surface structures in materials like BiFeO,
doped with terbium is essential for a comprehensive understanding of
their properties and behavior. The bulk structure provides fundamental
information about the intrinsic material properties. However, surfaces
and interfaces can exhibit distinct behaviors due to altered coordination



B. Stojadinovié et al.

environments. These effects are critical for understanding phenomena
like charge transport, which is often dominated by surface states.

To simulate materials approximating experimental doping levels
of 5%, 10%, and 20%, we used a supercell containing 18 Bi atoms,
with one, two, or four Tb atoms substituted for Bi atoms at respective
concentrations of 5.5%, 11.1%, and 22.2%. A larger supercell would
more accurately match the desired doping levels but at the expense of
significantly increased DFT computational time. The conventional unit
cell of terbium-doped BiFeOj; is depicted in Fig. 1(a). It was formed by
3 x 1 x 1 replication of the hexagonal unit cell. The supercell has lattice
parameters a = 16.65 f\, b =5.55 A, and ¢ = 13.84 A. For relatively
small b lattice parameter, terbium dopants form chains; however, the
dispersion of terbium electronic bands is minimal, as discussed later,
indicating negligible Tb-Tb coupling in these chains.

In addition to terbium doping, we introduced oxygen vacancies
in BiFeO;. We analyzed combinations of 0.0%, 5.5% (1 Tb dopant
per supercell), and 11.1% (2 Tb dopants per supercell) doping levels
in conjunction with 0.0%, 1.9% (one vacancy per supercell), and
3.8% O vacancies (two vacancies per supercell). Bulk crystals with
20% doping level are not presented since structural relaxation could
not drop atomic forces below the desired threshold of 0.05 eV/A.
Given the computational complexity, we could not calculate all possible
combinations using an ab initio method. For instance, for 11.1% Tb
doping and 3.7% vacancies, there are (524) X (128) = 218943 possible
arrangements to choose two Bi atoms from the supercell for substi-
tution by two Tb atoms and two O atoms for vacancies. Therefore,
we selected a representative subset of combinations. Particularly, we
focused on positions of O vacancies, indicated as blue spheres in Fig.
1, that were either adjacent to or separated from Tb dopants by several
intervening atoms. The locations of these Tb atoms are also shown in
the same figure. Calculated configurations are labeled accordingly; for
instance, v1 configuration is vacancy at position 1, whereas v12 is the
configuration with two vacancies at positions 1 and 2. v4 is a vacancy
separated from nearest Tb atom by several intervening atoms. Besides
bulk we also considered a (0001) surface atomic structure, which model
is shown in Fig. 1(b). It is constructed from the bulk supercell with
lattice parameter c extended to 29 A, which presents a 15 A thick
vacuum layer between the periodic replicas.

3. Results and discussions
3.1. Structural and morphological properties

Fig. 2 shows the diffraction patterns of Bi, ,Tb FeO; thin films
on FTO glass substrate. Based on the results of GIXRD analysis, it
was determined that the rhombohedrally distorted R3¢ (S.G. N° 161)
perovskite structure is present in all samples. The corresponding Miller
indices of the R3¢ phase are indicated, whereas all other peaks can be
indexed to tetragonal P4,/mnm (S.G. N° 136) cassiterite SnO, (ICSD #
56671) originating from the FTO glass substrate, without the presence
of impurities.

The broad peaks of low intensity indicate the nanocrystalline nature
of the thin films. With an increase of terbium content, a minimal
changes of peak intensities are observed, but not their shift towards
larger or smaller angles. Good agreement was obtained (based on
data from the database, card number ICSD # 168740) between the
experimental and calculated diffractograms.

The values of the lattice parameters and the unit cell volume are
presented in Table 1, whereas the crystallite size and microstrain as a
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Fig. 2. GIXRD pattern of the Bi, Tb FeO; thin films fabricated by the sol-gel spin
coating process. The inset illustrates the average crystallite size and microstrain as a
function of Tb doping.

function of Tb doping are presented in the inset of Fig. 2. The lattice
parameters a and ¢ show a slight decrease up to 10% Tb doping,
accompanied by a shrinkage of the unit cell volume. This behavior
is consistent with the substitution of Bi** (~1.03 A) by smaller Tb3*
ions (~0.92 ;\) [19,20]. At 20% doping, a slight increase in both lattice
parameters and unit cell volume is observed. The changes of the lattice
parameters and unit cell volume correlate well with the evolution of
crystalite size and microstrain with Tb doping, as shown in the inset
of Fig. 2. As can be seen, the crystallite size increases with Tb doping,
whereas the microstrain values decrease. The presence of higher mi-
crostrain in Bi;_  Tb,FeO; samples with smaller crystallite size can lead
to the shrinkage of the unit cell, particularly along the c-axis [44]. The
microstrain decreases as the crystallite size increases [45], causing the
lattice to slightly expand, which is reflected in the moderate increase
of the a and ¢ parameters, as observed in the case of 20% Tb-doped
sample.

In order to investigate the surface morphology and grain size dis-
tribution of the samples, AFM topographic images and correspond-
ing height histograms are presented in Fig. 3. This figure includes
30 x 30 pm? and 2 x 2 pm? AFM images for Bi, ,Tb,FeO; samples
at various doping levels (images (a), (d), (g), and (j) for 30 x 30 pm?
and (b), (e), (h), and (k) for 2 x 2 pm?). The topographic images show
that all films have a flat surface, without visible cracks and holes, and
with a well defined grain structure. The histograms (images (c), (f),
(i), and (1)) depict an average grain size, showing values of 180, 187,
200, and 224 nm for BiFeOj;, Bij g5Tbg osFeOs, Bij ooThg 19FeO; and
Bi goTbg ooFeOs, respectively.

Using these topographic images, we calculated the surface rough-
ness and the grain size distribution. The corresponding results are
presented in Fig. 4. The grain size increases with Tb doping, in agree-
ment with XRD crystallite size. The grain sizes are several times larger
than the crystallites, indicating that each grain consists of multiple

Table 1

The lattice parameters and the volume of the unit cell.
Phase BiFeO, Bij 95 Tby o5 FeO; Bij 99 Tby 10FeO; Big g Thg 20FeO;
BiFeO,
ICSD #168740 a=558A a=557A a=556A a=557A
rhombohedral c=1387A c=1387 A c=1382A c=1385A
S. G. R3¢ N°(161) V = 374.25 A3 V = 373.10 A3 V = 371.07 A3 V = 372.67 A
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Fig. 3. The left column (images (a), (d), (g), (j)) presents 30 x 30 um? AFM images,
whereas the middle column (images (b), (e), (h), (k)) shows 2 x 2 ym?> AFM images of
BiFeO;, Bij g5Tby g5FeOs, BiggoTby 1oFeO; and Bij g, Tby 5oFeO; thin films, respectively.
The right column (images (c), (f), (i), (1)) displays the corresponding histograms of
average grain size derived from the 2 x 2 pm? AFM images. The red lines stand for
Gaussian fits.
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Fig. 4. Grain size (left axis) and surface roughness (right axis) data obtained from
AFM measurements of Bi) Tb FeO, thin films.

crystallites. The surface roughness of investigated films is low, in the
range 20-30 nm.

Fig. 5(a) presents the room-temperature Raman spectra of
Bi, . Tb FeOj; thin films, deconvoluted using a Lorentzian type profiles.
According to the factor group analysis, rhombohedral structure of
BiFeO; exhibits 13 Raman-active modes, classified as 4 A; and 9E, all
of which are observed in the spectrum of BiFeO; at room temperature
and marked in Fig. 5(a). The low frequency, intense A; and E modes,
are associated with Bi-O vibrations. The weaker E modes at higher
frequencies, mainly correspond to Fe-O vibrations.

Tb doping induces noticeable changes in the Raman spectrum. At
lower Tb concentrations, slight peak shifts to higher wavenumbers and
a reduction of the intensity of low-frequency A, modes are observed.
As the Tb content increases, the blueshift and broadening of the Raman
modes become more pronounced [46]. These changes of the A; modes
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Fig. 5. (a) Raman spectra of Bi,  Tb FeO; thin films (thick colored lines), along with
cumulative fits (yellow lines). Individual Lorentzian peaks are presented with thin lines.
Vertical dashed lines represent the guide to the eye in tracking the shift of specific
modes. (b) Intensity ratio of the E;,, and A4, Raman modes, as a function of Tb
doping.

suggest structural distortion due to the substitution of Bi** ions with
the smaller Tb3* ones and higher electronegativity of the Tb-O bonds
which strengthen the Bi(Tb)-O covalent bonds [23]. The rest of the E
and A; modes at higher frequencies show minor shifts and intensity
changes, except the E mode at 471 cm~!. This mode undergoes a
pronounced blue shift and intensity increase in all doped samples ex-
cept for Big 9 Tby 1oFeOs, suggesting the modifications in Fe-O bonding
interactions with Tb incorporation.

It is well known that the volatility of Bi3* during synthesis pro-
cess promotes the formation of oxygen vacancies, which significantly
influence the structural and vibrational properties of BiFeO;. These
defects predominantly affect Fe-O bond dynamics within the FeOgq
octahedra, altering specific Raman modes. Notably, the E mode located
around 471 cm™1, associated with Fe—O-Fe bending vibrations, exhibits
a distinct blue shift and intensity change with Tb doping.

As suggested by Gupta et al. [47], the E mod at 471 cm™! is
affected by oxygen vacancies. They found that relative intensity ratio
of E and A, modes at 471 and 142 cm™ (E(47,,/A,(14p)) increases with
increased disorder, i.e increased concentration of oxygen vacancies.
In Fig. 5(b) is presented the E;, /A4 ratio as a function of Tb
doping. As can be seen, the lowest E47;)/A; 143 Tatio is found in 10%
Tb-doped sample, indicating that this sample has the lowest oxygen
vacancy concentration. In undoped, 5% and 20% Tb-doped samples
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Fig. 6. (a) Semilogarithmic representation of current density (J) versus electric field
(E) for Bi,  Tb,FeO; thin films. (b) Log-log representation of current density versus
electric field, including linear fits with corresponding slope coefficients.

this intensity ratio is higher implying that these samples have higher
concentration of oxygen vacancies.

3.2. Leakage current

Fig. 6(a) presents the current density (J) versus electric field (E)
curves for Bi;, ,Tb FeO; thin films, while Fig. 6(b) displays the same
data in a logarithmic scale. The data in Fig. 6(a) show that the 10% Tb-
doped sample exhibits a current density an order of magnitude lower
compared to other doping levels. In Fig. 6(b), the measured data were
fitted with linear functions, yielding slopes approximately equal to 1,
indicating that the Ohmic conduction is dominant [23].

Our results indicate that the most significant reduction in leak-
age current occurs at 10% Tb doping. Further doping does not pro-
portionally enhance resistive properties; instead, the Bij g, Tbg 50FeO5
sample becomes more conductive. A similar non-monotonic depen-
dence of conductivity on Tb content has been observed in previ-
ous studies, where intermediate doping levels led to minimized leak-
age current, while higher doping concentrations resulted in increased
conductivity [22].

Although the previous results of the macroscopic measurements re-
vealed how electrical conductivity change with Tb-doing, we employed
C-AFM in order to measure local currents at the micro-scale and to
get further insights into conduction mechanisms. Typical current maps
measured on the surface of the Bij oyTbg 19FeO; film using C-AFM at
different bias voltages ((@) 1 V, (b) 2 V, (¢) 3V, and (d) 4 V) are
displayed in Fig. 7. As can be seen, the maps exhibit very low currents
for low bias voltages (1 V and 2 V, Figs. 7(a) and 7(b), respectively).
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Fig. 7. Current maps of the Bijo,Tb,,,FeO; sample measured by C-AFM at different
bias voltages: (a) 1 V, (b) 2 V, (c¢) 3 V, and (d) 4 V. The color scales for all maps
were adjusted to the same range 0-2 nA (they were saturated at 2 nA) in order to
highlight lower (leakage) currents and at the same time, to facilitate the comparison
of all current maps.

At the same time, conductive paths represented by a bright contrast
and associated with a more pronounced current are very narrow and
localized. On the other hand, at higher bias voltages (3 V and 4 V,
Figs. 7(c) and 7(d), respectively), the current is significantly enhanced
while conductive paths become extended. Therefore, one of the main
features of the presented current maps is their spatial inhomogeneity.
This implies that the film surface is associated with an analogous spatial
inhomogeneity of the conductivity.

The current maps from Fig. 7 show that the conduction starts from
very small and localized domains, which are spatially separated. With
increasing bias voltage, these domains spatially extend. Finally, for high
voltages they start to merge into large conductive domains.

As we have already demonstrated for similar BiFeO; samples, there
is a significant difference in electrical properties among the grains
and grain boundaries [24]. The most obvious difference is that the
grain boundaries are much more conductive. Since the grain bound-
aries present a certain discontinuity in a crystal structure of single
grain, they are always associated with an increased concentrations of
various defects which facilitate conduction. Oxygen vacancies are the
most frequent defects in BiFeO; films. Therefore, bright contrast in
the current maps in Fig. 7 measured at lower voltages, most prob-
ably corresponds to a network of grain boundaries with enhanced
concentration of oxygen vacancies resulting in increased conductivity.
Current maps like in Fig. 7 (recorded at increasing bias voltage) were
measured on all investigated films. The current maps of all samples,
measured at 1 V, are presented in Figs. 8(a—d) for comparison. The
color scales in all maps are saturated at 100 nA for better visibility
and easier comparison. Since absolute current value is, in principle,
not relevant for our study, the presented current maps exhibit a nearly
black-and-white color contrast. They are practically binary images,
where dark areas (zero current) indicate insulating domains, and bright
areas represent conductive domains. As can be seen, the dark contrast
dominates in all maps indicating a near-zero current, while bright spots
mark narrow conductive paths. Based on the visual comparison, the
area of the conductive paths is the smallest for the film with 10% Tb
doping (Fig. 8(c)) implying the lowest conductivity. On the other hand,
the film with 5% Tb doping (Fig. 8(b)) exhibits a dense network of
bright domains indicating a pronounced leakage current.
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of applied voltage and for two current thresholds: (e) 10 pA and (f) 50 pA. To better illustrate the evolution of the conductive surface in the approximate range of 0%-10%, the

gray regions marked on the main graphs are enlarged and shown on the right-hand side.

In order to compare the presented current maps, each of them was
associated with a corresponding conductive surface expressed in per-
cents. Briefly, each point on a measured current map (each map consists
of 256 x 256 pixels) was counted as a conductive if the measured
current at the considered point was larger than the predefined threshold
current. The conductive surface in percents was then obtained as a ratio
between a number of conductive and total number of points for one
map. Two selected threshold currents were set at 10 pA and 50 pA.
The comparison of conductive surfaces for all considered samples as a
function of the applied bias voltage is given in Figs. 8(e) and 8(f). As
can be seen, the Bij 9oTbg 1oFeO; film exhibits the smallest conductive
surface for both threshold currents. This observation is in accordance
with the results of the macroscopic I-V measurements and it confirms
that the Bij g Tbg 1oFeO; film has the smallest conductivity.

While moderate doping (around 10%) effectively reduces leakage
current, higher doping levels (20%) lead to an increase in leakage
current. Therefore, a delicate balance between Tb dopant concentration
and defect control is essential to optimize the electrical performance of
BiFeO; thin films.

3.3. X-ray photoelectron spectroscopy (XPS)

The survey XPS spectra of Bi;_,Tb FeO; thin films, as shown in Fig.
9, provide insights into the chemical composition, oxidation states and
the presence of defects.

These survey spectra confirm the presence of all major elements in
the films: Fe, Bi, Tb, and O, whose most prominent lines are clearly
marked. One can also see signals from the Sn substrate and adventitious
carbon (C 1s) contamination at 284.8 eV, reflecting the sensitivity of
the XPS technique in capturing both intrinsic and extrinsic elements.
Furthermore, the changes in the O 1s and Fe 2p spectra can provide
insight into defect structure of Bi,_ Tb,FeO; thin films.

The oxidation states of Fe in Bi,_, Tb,FeO; thin films, analyzed by
XPS, are shown in Fig. 10 (right panel). The Fe 2p;,, peak is deconvo-
luted into two components corresponding to Fe?t at 709.6(2) eV and
Fe3* at 711.1(2) eV. Their coexistence indicates charge compensation
mechanisms mediated by oxygen vacancies. The splitting between Fe
2p;,, and Fe 2p,, components is consistently 13.6 eV for all samples,
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Fig. 9. XPS survey spectra of Bi,  Tb FeO; thin film.

confirming the expected multiplet structure. Additionally, a noticeable
Sn 3p contribution, present in all samples, overlaps with the Fe 2p
region, preventing us to perform more precise quantitative estimation
of Fe2t/Fe3* fraction. Since XPS only probes the surface to a few
nanometers, the Sn signal is more prominent in the undoped sample
and decreases with the increased thickness of the doped films. The pres-
ence of Sn in the spectra can also be attributed to thermal treatment,
which has caused Sn to diffuse towards the film’s surface.

The O 1s spectra of Bi; ,Tb,FeO; samples, presented in Fig. 10 (left
panel), were deconvoluted into multiple peaks. The binding energies of
lattice oxygen bonded to Fe and Sn are 529.4(1) eV and 530.5(1) eV,
respectively, while the peak centered at 531.4(2) eV corresponds to
oxygen vacancy-related species and hydroxides [48,49]. To quantita-
tively investigate the effect of Tb doping on oxygen vacancies, atomic
percentages of oxygen vacancies (V) for each sample were extracted
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Fig. 10. High-resolution XPS spectra of O 1s (left) and Fe 2p (right) regions for Bi,  Tb FeO; thin films, including experimental data (dots) and fitted peaks (solid lines).

from deconvoluted high-resolution XPS spectra of O 1s spectrum and Table 2
Atomic percentage of oxygen vacancies (V) for Bi,  Tb FeO; thin films.

are summarized in Table 2.

. . . . . 0
The concentration of oxygen vacancies is the highest in the undoped Sample Vo [at%]
BiFeO; film and decreases a bit for Bij 95 Tby osFeO5 sample, reaching a gFeo;b £e0 ;513‘21
o . . . 19.95 1 Dg.051'€0;3 .
minimum for tl.1e BIO.goTbO‘loFeOS sample. However, at higher .dopu.lg Big o0 Tby 1 FeO5 186
levels, a slight increase is observed, suggesting a complex relationship Big, 5o Thy,20FeO; 22.6

between defect concentration and dopant incorporation. The XPS re-
sults are in fairly good agreement with the conductivity measurements,
showing that among all samples the Bij o,Tbj 19FeO; has the lowest
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Table 3
Relaxation energies and vacancy formation energies. Configuration labels correspond
to the positions of vacancies marked in Fig. 1.

Configuration E,., (eV/atom) E,, (eV/atom)
undoped

no vac. —-0.020

vl —-0.008 0.061
v2 —0.006 0.057
vi2 —-0.013 0.119
1 Tb (5.5%)

no vac. -0.015

v4 —-0.049 0.026
v5 —-0.040 0.037
vl -0.034 0.043
v2 —-0.030 0.034
v45 —-0.051 0.067
v13 —-0.003 0.097
2 Tb (11.1%)

no vac. -0.024

v4 -0.012 0.031
vl —-0.009 0.042
v13 —-0.001 0.063
v14 —-0.001 0.030

concentration of oxygen vacancies which makes this sample the least
conductive.

3.4. Theoretical calculations

3.4.1. Bulk atomic structure and relaxation energies

The favorable vacancy concentration can typically be derived from
the formation energy associated with specific chemical reactions used
in sample fabrication. However, the fabrication conditions employed
in this study introduce uncertainties that complicate precise theoret-
ical calculations. For instance, the exact atomic structures of nitrates
involved in the fabrication process cannot be definitively determined.
To circumvent these limitations, we compared relaxation energies upon
introducing vacancies into bulk structures for various atomic config-
urations and also evaluated vacancy formation energies. While this
approach does not yield an exact vacancy concentration for our experi-
mental samples, it provides qualitative insights into doping level versus
vacancy concentration dependencies.

The relaxation energies from structural optimization are detailed in
Table 3. When oxygen vacancies are introduced near the Tb dopant
sites (designated as vl and v2) within a 5.5%-doped crystal, the re-
laxation energies decrease to —0.034 eV and —0.030 eV from their
respective values of —0.008 eV and —0.006 eV in undoped sample.
This observation indicates a strong interaction between Tb doping and
nearby oxygen vacancies, enhancing structural stability. Interestingly,
when the vacancies are located farther away from the Tb dopant
(designated as v4 and v5), their presence leads to even lower relax-
ation energies of —0.049 eV and —0.040 eV. This suggests that while
local interactions between Tb doping and oxygen vacancies contribute
significantly to stability, long-range effects also play an important role
in lowering the overall energy of the doped system. For structures
with two Tb dopants (11.1% doping concentration), the presence of
vacancies results in relaxation energies higher than those without any
vacancy. This indicates that at 11.1% doping level, the system is less
prone to incorporating oxygen vacancies.

Vacancy formation energies are also presented in Table 3. These

energies are defined as:
E,(0,) L
E, (vacant str.) + NOT — E, (pristine)
Eform = N ’

where E, (vacant str.) and E, (pristine) are the total DFT energies
of relaxed structures with vacants and pristine structures respectively,
E,(O,) is the energy of an oxygen molecule, N, is the number of oxygen
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Fig. 11. DOS of (a) undoped, (b) 5.5% doped and (c) 11.1% Tb doped BiFeO;. In
each panel the top, middle and bottom graphs correspond to 0.0%, 1.9% and 3.8%
oxygen vacancies. Each graph depicts DOS for majority/minority spins above/below
local horizontal axes. Vertical dashed line marks the Fermi level.

vacancies and N is the number of atoms in the structure. Similar to the
trend observed for relaxation energies, vacancy formation energies are
consistently lower in lattices with 5.5% doping compared to undoped
structures. However, at an 11.1% doping concentration, these energies
do not significantly differ from those at a 5.5% doping level.
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3.4.2. Analysis of bulk electronic properties

In Fig. 11, we present a comparative analysis of the electronic den-
sity of states (DOS) of BiFeO; with varying concentrations of terbium
dopants and oxygen vacancies. We examined three doping levels: 0%,
5.5%, and 11.1% terbium, alongside three vacancy concentrations: 0%,
1.9%, and 3.8%.

The Fermi level of the undoped vacant-free BiFeOj; is positioned at
the center of the band gap, as expected for the semiconducting pristine
bismuth ferrite. Introducing the oxygen vacancies into an undoped
crystal shifts the Fermi level towards the bottom of the conduction
band due to excess electrons from vacant oxygen sites (Fig. 11(a)).
In contrast, the Fermi level for 5.5% and 11.1% doped BiFeO; with
no oxygen vacancies (0.0%) is positioned at the top of the valence
band, evident from the top graphs in panels b and c of Fig. 11. In
BiFeO; crystals doped at 5.5%of Tb (Fig. 11(b)), oxygen vacancies
cause a significant upward shift in the Fermi level, placing it near or
within the conduction band. At higher terbium doping levels (11.1%,
Fig. 11(c)), an equilibrium between vacancy-induced n-type doping and
dopant-induced p-type behavior results in the Fermi level returning
to the bandgap. Our DFT calculations encountered convergence issues
for terbium concentrations above 11.1% in bulk structures, preventing
theoretical DOS graphs for these conditions. However, further doping
would likely exacerbate p-type behavior, shifting the Fermi level to-
wards or within the valence band. Both terbium doping and oxygen
vacancies introduce states within the bandgap of BiFeO;. In vacancy-
free crystals, dopants at 5.5% and 11.1% concentrations generate one
and two distinct bandgap states, respectively. Conversely, systems with
oxygen vacancies exhibit a proliferation of bandgap states due to the
presence of numerous dangling bonds. These additional states are
characterized by minimal dispersion, indicating strong localization.
The localized nature of these bandgap states plays a crucial role in
modulating charge transport properties. In vacancy-free crystals, excess
electrons would naturally fill the conduction band upon increasing
vacancy concentration, potentially rendering the material conductive.
However, the presence of localized bandgap states necessitates se-
quential filling according to Fermi-Dirac statistics and Pauli exclusion
principle, thereby impeding easy movement of the Fermi level within
the bandgap.

3.4.3. Local density of states

Local density of states (LDOS) integrated +0.05 eV around the
Fermi level is presented for three atomic configurations in Fig. 12:
an undoped supercell with 2 vacancies (Fig. 12(a)), a supercell with
1 Tb atom and two neighboring vacancies (Fig. 12(b)), and a supercell
with 2 Tb atoms, each with one neighboring vacancy (Fig. 12(c)).
Graphical representation of LDOS can vary with isosurface values; from
our careful analysis of LDOS for a range of isovalues we found that
isovalue of 0.0003 states/eV/A3 captures the most important details of
investigated supercells’ electronic structures.

Fig. 12 reveals two key observations: 1. In the undoped config-
uration (a), significant LDOS contributions are not localized around
both vacancies, contrary to expectations, but rather LDOS is relatively
delocalized through the supercell. 2. For doped configurations (b) and
(c), LDOS is concentrated around Tb dopants and their neighboring
vacancies, with a decaying distribution further away. These findings
suggest that in doped systems, electronic states become more localized
near the dopant sites, potentially leading to delocalization at higher
doping concentrations as the wavefunctions overlap increasingly with
dopant concentration (conversely the Tb-Tb distance decreases). This
could result in percolation effects and an increase in electrical conduc-
tivity as dopant concentration increases. The states around the Fermi
level in undoped structure are delocalized, which is one of the key
conditions for high electric conductivity.
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Table 4
Vacancy formation energies.

Configuration E/,, (€V/atom)
undoped

one vac. in bulk 0.039
one vac. on Bi surf. 0.034
one vac. on Fe surf. 0.036
1 Tb (5.5% doping)

one vac. in bulk 0.016
one vac. on Bi surf. 0.003
one vac. on Fe surf. 0.055
2 Tb (11.1% doping)

one vac. in bulk 0.042
one vac. on Bi surf. 0.210
one vac. on Fe surf. 0.060
4 Tb (22.2% doping)

one vac. in bulk 0.102
one vac. on Bi surf. 0.049
one vac. on Fe surf. 0.121

3.4.4. Vacancy formation energies in surfaces

The infinite periodic structures we considered above are represen-
tative of doping and vacancy effects in bulk. However, experimental
samples are rather polycrystalline in which surfaces and grain bound-
aries may affect the electronic and transport properties. The lower
coordination of oxygen atoms at surfaces can significantly alter their
binding energies and consequently affect the distribution of vacan-
cies. To bridge this gap between theoretical models and experimental
observations, we extended our investigation to incorporate surface
phenomena. Specifically, we introduced a single vacancy into either the
Bi or Fe layer at the surface or within deeper layers of the structure. We
utilized the supercell from our bulk studies but modified it by extending
the c lattice vector to 29 A to ensure an adequate vacuum layer between
periodic replicas, i.e. negligible interaction between them. While we
aimed to optimize these surface structures, atomic forces could not be
reduced below a tolerance level of 0.05 ev/A for some structures. In
order to have fair comparison among all configurations, we present
data only for unoptimized structures. The Table 4 presents calculated
values of vacancy formation energy for various configurations, includ-
ing undoped and doped structures with one, two or four Tb atoms
per supercell. These calculations are performed to determine the most
favorable positions for oxygen vacancies within these structures. Un-
doped BiFeOj; exhibits similar vacancy formation energies regardless of
the surface type, indicating minimal intrinsic anisotropy in oxygen va-
cancies under pristine conditions. When one Tb atom is introduced per
supercell (corresponding to 5.5% doping level), vacancy formation en-
ergies change significantly. The energy in bulk (0.016 eV/atom) and Fe
surface (0.055 eV/atom) decrease compared to the undoped structure,
suggesting that Tb doping facilitates oxygen vacancy formation in these
configurations. However, the most striking change is observed at the
Bi surface: 0.003 eV/atom. This suggests that Tb doping strongly facili-
tates vacancy formation on the Bi-terminated surface even at the room
temperature. Introducing two Tb atoms per supercell (corresponding to
11.1% doping level) alters these trends. The vacancy energy increases
for all studied configurations, indicating a less favorable environment
for vacancies in these configurations. This is in agreement with our
analysis of vacancies using XPS (Section 3.4), while the doping level
also corresponds well to the doping level for which the reduced leakage
current was observed (Section 3.2). Interestingly, the most significant
increase of vacancy formation energy is for Bi-terminated surface,
which is the most favorable place for less doped level. This implies that
with two Tb atoms per supercell, oxygen vacancies are least favorable
to form at either surfaces or in bulk. At four Tb atoms per supercell
(corresponding to 22.2% doping level), vacancies become significantly
least favorable in bulk and Fe-terminated surfaces. Vacancy formation
energy on Bi-terminated surface decreases to 0.049 eV/atom from
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Fig. 12. Local density of states integrated within +0.05 eV around the Fermi level for three different supercell configurations: (a) an undoped supercell with two vacancies, a
supercell containing one Tb atom, (b) with two neighboring vacancies to the Tb atom, and (c) a supercell with two Tb atoms each having a neighboring vacancy. Elemental spheres
are color-coded as indicated in the legend at the bottom. Vacancies are marked by red ‘V’ labels. An isosurface value of 0.0003 states/eVA® is depicted for all configurations.

0.210 eV/atom in structure with 2 Tb atoms per supercell; however
this is still significantly larger than the values obtained for 5.5%-doped
structures. Interesting, the trend of DFT-predicted change of vacancy
concentrations corresponds to the dependence of grain sizes and surface
roughness obtained with our AFM measurements. Particularly, DFT
calculations indicate that vacancy concentration rises for undoped to
5.5%-doped structures, whereas the vacancy concentration decreases
for 11.1% and 22.2% Tb doping levels. Less vacancies, i.e. defects can
naturally result in larger grains and smoother surfaces, as observed
experimentally. At room temperature, which corresponds to approx-
imately 0.025 eV/atom, we can infer that vacancies would be most
favorable in structures with a single Tb dopant per super cell and
vacancy located on the Bi surface (formation energy 0.003 eV/atom).
This is because this vacancy formation energy is well below the room
temperature and represents the lowest activation barrier for vacancy
formation. It is important to note that these energies are calculated for
non-optimized structures. Optimization would likely decrease all va-
cancy formation energies, potentially bringing them closer to the room
temperature value and enhancing the stability of vacancies at certain
positions. Note that vacancy formation energies obtained for unrelaxed
surfaces are consistently lower than those for relaxed bulk structures
(Table 3), further signifying the possibility for vacancy formation in
the former configurations.

3.4.5. Electronic structure of surfaces with vacancies

The DOS profiles for surface energetically favorable structures of
BiFeO;, doped with 0%, 5.5%, 11.1%, and 22.2% terbium, and con-
taining vacancy concentrations of either 0% or 1.9%, are depicted in
Fig. 13. Fig. 13(a) illustrates the DOS for energetically favorable atomic
configurations of Tb-doped BiFeO; with and without oxygen vacan-
cies. Notably, there are both qualitative and quantitative differences
between undoped and 5.5% doped materials compared to those with
higher doping concentrations (11.1% and 22.2%). The total DOS for
these structures indicates electronic bandgaps of approximately 0.2 eV
for the former two configurations and around 0.3 eV and 0.4 eV for the
latter two.

A critical factor influencing electric conductivity is the position of
the Fermi level relative to the available energy states. In undoped
and 5.5% doped structures, the Fermi level resides at the bottom of
dispersive bands, providing numerous accessible electronic states that
enhance electrical conductivity. Conversely, in both 11.1% and 22.2%
doped structures, the Fermi level is positioned at the top of filled
bands separated from unfilled bands by a sizable bandgap. The similar
DOS characteristics of 11.1% and 22.2% doped structures seemingly
contradicts our experimental finding, which shows an increase in cur-
rent when doping level increases from 10% to 20%. To address this
disagreement we have to inspect the projected density-of-states (PDOS).
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Fig. 13 (panels (b), (c) and (d)) provide PDOS for analyses of 5.5%,
11.1%, and 22.2% doping levels, respectively. These figures illustrate
that the electronic states around the Fermi level predominantly origi-
nate from the first atomic surface layers, mainly Fe-terminated surfaces,
with less influence from Bi-terminated surface and minor contributions
from bulk Bi and Fe layers. In all cases, a narrow Tb state is present at
the Fermi level. However, contribution to PDOS from Tb dopants varies
with dopant concentration. In the energy range +2 eV around Fermi
level the Tb states are sparse and non-dispersive for 5.5% and 11.1%
doping levels. Importantly, as the doping concentration increases from
11.1% to 22.2%, there is a significant increase in the number of
available Tb states, as evidenced by comparing PDOS profiles for these
concentrations. The physical origin of the experimentally observed vari-
ation in electric conductivity with Tb doping level can be summarized
as follows:

1. Effects of doping and vacancies are mutually opposite; while
vacancies shift Fermi level up towards the conduction band,
doping pulls the Fermi level towards the valence band.

2. Undoped and weakly doped bismuth ferrites are conducting
materials, with transport channels localized primarily on sur-
faces and eventually grain boundaries in experimental samples.
The oxygen vacancies present at this doping level n-type doped
material, bringing its Fermi level to the region with high density
of dispersive well-conducting states.

3. Samples with the approximately 10% doping level lack states
responsible for electronic transport; the Fermi level is shifted be-
low a bandgap, making unoccupied states that provide conduct-
ing channels in undoped and lower-doped materials unreachable
at low bias voltages in the intermediately doped structure. Ad-
ditionally, dopant states around Fermi level are dispersionless,
which do not contribute to efficient charge transport.

4. Increased conductivity in highly doped (approximately 20%)
samples can be attributed to a significantly denser population
of Tb states around the Fermi level. With a sufficient dopant
concentration these states can overlap, delocalize and present
dispersive, hence conducting states.

The results of DFT calculation are in accordance with our ex-
perimental findings. Undoped and weakly Tb-doped (~5%) BiFeO,
thin films are conductive due to the formation of oxygen vacancies
primarily on the surface and grain boundaries. For much higher Tb
doping (~20%) DFT calculations indicate a significant increase of Tb
conducting states around the Fermi level and less formation of oxy-
gen vacancies. Therefore, experimentally obtained high conductivity
of BijgyTbg ooFeO; sample originates from the increased number of
Tb conductive states. In the case of intermediate Tb doping (~10%)
DFT calculations showed that the formation of oxygen vacancies is the
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least favorable, whereas sparse and non-dispersive Tb states do not
contribute to efficient charge transport. It can be concluded that the
balance between dopant concentration and defect formation is a key
factor in achieving the much higher resistivity of the Bij ¢ Tbg 1oFeO5
sample compared to the other samples. The findings presented above
give a meaningful insight into how the Tb doping concentration influ-
ences the defect formation and thus the electrical properties of BiFeO;
thin-films.

4. Concluding remarks

In summary, this study revealed that Tb doping has a great and
non uniform influence on the formation of oxygen vacancy defects
and electronic structure of BiFeO; thin films. The noticeable decrease
of the intensity of 471 cm™! Raman mode, seen in 10% Tb-doped
film, indicates that 10% Tb doping leads to a decrease in the oxygen
vacancy concentration. XPS analysis confirmed that 10% Tb-doped
film has the lowest concentration of oxygen vacancies. Macroscopic
I-V measurements showed that this sample has significantly reduced
leakage current i.e the smallest conductivity. C-AFM measurements
at the micro-scale provided additional insights into the conduction
processes of Tb-doped BiFeO; thin films. These measurements con-
firmed that among all films, 10% Tb-doped film is the least conductive.
At low voltages, the conduction is confined to localized, spatially
inhomogeneous domains and takes place across grain boundaries with
enhanced concentration of defects. As the voltage increases, the local-
ized domains merge into larger conductive domains. From ab initio
calculations, atomistic insight into such phenomena was gained. Un-
doped and ~5% doped samples are conductive due to high density
of dispersive well-conducting oxygen vacancy states. For much higher
Tb dopant concentration (~20%), DFT calculations indicate that less
oxygen vacancies are formed, whereas the high conductivity originates
from increased density of Tb conductive states near the Fermi level. An
intermediate Tb doping concentration of ~10% causes a lack of states
responsible for electronic transport, i.e. the concentration of oxygen va-
cancies is significantly lower, whereas the dopant non-dispersive states
near the Fermi level are sparse and insufficient for the efficient charge
transport. It is exactly this balance between the dopant and oxygen
vacancy concentrations that ensures the best electrical performances
of 10% Tb-doped film. These investigations pave the way for designing
advanced multiferroic materials with thoroughly controlled structural
and electrical properties.
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Abstract

Melanin-based biosorbents (MiCS), derived from chestnut shells, were encapsulated in
sodium alginate to obtain MiCS@Alg, useful in a column adsorption study. MiCS contains
various acidic surface groups able to participate in the removal of cationic pollutants from
aqueous solutions. The MiCS and MiCS@Alg were characterized by Fourier-transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and Dynamic Light
Scattering (DLS), while zeta potential and particle size analyses were performed to gain
deeper insight into surface charge behavior. Batch adsorption experiments were carried
out at three different temperatures, demonstrating that the adsorption kinetics followed
a pseudo-second-order (PSO) model and that the Freundlich model best described the
equilibrium data. The process was found to be endothermic and spontaneous, with maxi-
mum adsorption capacities of 300.2 mg g~ (BR2), 201.5 mg g~ ! (BY28) and 73.08 mg g !
(NH3) on MiCS, and 189.3 mg g~ ! (BR2), 117.1 mg g~ ! (BY28) and 50.06 mg g~ (NH3)
on MiCS@Alg at 45 °C and compared with the unmodified chestnut shell. The MiCS and
MiCS@Alg exhibited good adsorption performance, improved environmental compatibil-
ity, and greater reusability. Overall, these results highlight MiCS@Alg as a cost-effective,
sustainable, and highly promising novel biosorbent for the removal of cationic pollutants
(BR2, BY28, and NHj3) from water.

Keywords: melanin; sodium alginate; adsorption; textile dyes; ammonia; environmental
protection

1. Introduction

Water pollution by synthetic compounds, particularly pharmaceutical pollutants and
dyes containing amine functional groups, represents one of the most significant chal-
lenges in environmental protection. These compounds, including antidepressants (e.g.,

Processes 2025, 13, 3314

https:/ /doi.org/10.3390/pr13103314


https://doi.org/10.3390/pr13103314
https://doi.org/10.3390/pr13103314
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-9473-0116
https://orcid.org/0000-0002-2711-8821
https://orcid.org/0000-0001-5060-8936
https://orcid.org/0000-0003-4572-4398
https://doi.org/10.3390/pr13103314
https://www.mdpi.com/article/10.3390/pr13103314?type=check_update&version=3

Processes 2025, 13, 3314

2 0f27

amitriptyline [1]), beta-blockers (e.g., atenolol), antibiotics (e.g., amoxicillin), and various
cationic dyes (such as methylene blue [2]), are often not effectively removed by conven-
tional wastewater treatment methods, leading to their accumulation in aquatic ecosystems
and threatening human health and biodiversity. According to data from UNICEF and
the World Health Organization (WHO), in 2020, two billion people lacked access to safe
drinking water (WHO and UNICEF 2021) [3]. Yaseen and Scholz (2019) [4] report that
dye concentrations in textile wastewater can range from 10 to 7000 mg L~!, depending
on the type of fabric and dye used during the manufacturing process. Consequently,
the efficient treatment of dye-containing wastewater is essential before its discharge into
aquatic environments [5]. Colored effluents are released by numerous industries, including
textile, dyeing, food, pharmaceutical, paper, leather, and cosmetics sectors [6]. Among
these pollutants, Safranin T (BR2) is a widely used azine dye. In addition to its application
in the textile and leather industries, BR2 also finds use as a photosensitizer, biological stain,
and fluorescent probe [7]. However, exposure to BR2 poses serious health risks, such as
eye irritation, skin inflammation, and respiratory tract disorders. Owing to its extensive
industrial use in textiles, plastics, paper, and cosmetics, the removal of BR2 from industrial
effluents and wastewater is of urgent importance for ensuring a safer and healthier envi-
ronment. Alongside dyes, ammonia (NH3/NH,4") represents another major contaminant in
municipal and industrial wastewaters, originating from agriculture, fertilizer production,
and domestic effluents. High concentrations of ammonia can cause eutrophication, oxygen
depletion, and toxicity to aquatic organisms, thereby creating significant ecological and
regulatory concerns.

Conventional biological treatments, such as nitrification—denitrification, are commonly
employed but are often limited by high operational costs, long retention times, and sen-
sitivity to pH and temperature fluctuations. In this regard, adsorption has emerged as a
particularly attractive alternative due to its simplicity, efficiency, and potential for adsorbent
regeneration. A wide variety of adsorbents [8] have been investigated for dye and ammo-
nia removal, including zeolites, activated carbon [9], and biochar [10,11]. Among them,
bio-based materials stand out as sustainable and cost-effective options. Within this category,
melanin-based sorbents derived from chestnut shells (MiCS) and their alginate-modified
derivatives (MiCS@Alg) show considerable potential, offering abundant functional groups
and environmentally friendly synthesis routes. In the search for efficient, environmentally
friendly, and cost-effective wastewater treatment solutions, the application of adsorption
processes using biosorbents made from plant waste materials is gaining increasing im-
portance. One such material is chestnut shell, an agro-industrial waste generated in large
quantities during the peeling process, accounting for 10% of the total mass. In 2020, global
chestnut production reached 2.322 million tons, distributed across many countries world-
wide [12]. Chestnut shells are rich in lignocellulosic components and contain various
functional groups (-OH, -COOH), enabling interaction with water contaminants. Like
other agricultural wastes, chestnut shells have been evaluated for the adsorption of dye
molecules and metal ions, either in their natural form or after carbonization and activation,
with quite satisfactory results [13]. Their natural adsorption properties are often insufficient
for the efficient removal of pollutants, especially those with specific functional groups such
as amines. Main compounds in chestnut shell were found to be holocellulose 42.4 wt.%
(27.8 wt.% of a-cellulose), 39.8 wt.% lignin, and extractive content was 3.2 wt.% [extraction
agent MeOH /Water (95:5 v/v)] [14]. Therefore, chemical modification of natural biosor-
bents is necessary, offering an effective approach to enhancing their adsorption capacity. In
this study, sodium alginate was used as a surface-modifying agent for melanin isolated
from chestnut shells. By cross-linking with melanin particles, a higher number of functional
groups (e.g., carboxyl and hydroxyl groups) was introduced, enabling the formation of
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microbeads with stronger and more selective interactions with cationic pollutants. More-
over, sodium alginate (Na-alg) is rich in carboxylate groups (-COOH), which facilitate
chelation with a wide range of multivalent metal ions, forming stable “egg-box” struc-
tures [15,16]. This property makes it particularly suitable for the removal of heavy metals
and cationic pollutants from water, such as dyes Astrazon Yellow 7GLL (BY28) and Safranin
T (BR2). To improve its mechanical stability and adsorption efficiency, sodium alginate is
frequently modified into various composite forms. For example, Na-alg has been success-
fully combined with chitin, humic acid, polyaniline, cellulose, and even carbon nanotubes,
significantly enhancing its adsorption capacity and applicability in wastewater treatment.
Recent studies have increasingly focused on the development of sorbents designed for the
removal of carbon dioxide (CO;), one of the major air pollutants that significantly affects
climate change and human health. In this study [17], a mesoporous silica foam (MSF) was
used as a support, prepared from coal fly ash (CFA), providing a cost-effective porous
material while simultaneously enabling the recycling of silicoaluminate solid waste.

This research aimed to develop and characterize a new biosorbent derived from raw
chestnut shell, initially in the form of isolated melanin, and subsequently encapsulated
in alginate beads to obtain spherical microstructures to serve as a carrier material for the
removal of cationic dyes from aqueous solutions. Adsorption capacity, sorption mecha-
nisms, as well as the stability and reusability of the material, were examined through a
series of experiments, with a particular focus on its potential application in the treatment
of textile wastewater. In addition to its chemical advantages, the particle shape in the
form of microgranules helps to overcome common issues associated with powdered biosor-
bents, such as small particle size, difficulty in separating the sorbent from the solution
after adsorption, and limited potential for reuse. The prepared composites exhibited good
stability in aqueous environments and a structure suitable for continuous pollutant removal
processes. The materials characterization was performed to confirm the success of material
purification and morphological changes. The adsorption performance of the new sorbent
was evaluated through a series of batch experiments, including adsorption isotherm and
kinetic analyses under varying temperature and pH conditions, with particular emphasis
on interactions with cationic pollutants in aqueous systems.

2. Materials and Methods
2.1. Chemicals and Materials

Chestnut shells (Castanea mollissima) [15] were collected in VrSac, Serbia (Supplementary
Materials 52.1), and the pericarp (outer shell) was separated and used in this study. Sodium
alginate (Na-alg), copper sulfate (CuSOy), calcium chloride (CaCl,), Folin—Ciocalteu’s
phenol reagent (2N, ACS), potassium hexacyanoferrate(Ill) (>99%, ACS), ammonium
hydroxide (~25%), gallic acid (C7H¢Os, 97.5-102.5%, p.a.), iron(III) sulfate pentahydrate
(99.9%, trace metals), butyl alcohol (CH3(CH;)30H, >99.5%), potassium hydroxide (KOH,
90%, flakes), sodium hydrogen carbonate (NaHCO3, >99.7%, ACS), sodium chloride
(>299%), sodium sulphate (>99%), magnesium sulphate (>99%), aluminium sulphate
(99.99%), methylene blue (>97%), and sodium benzoate (99%) were purchased from Sigma-
Aldrich (Merck), Darmstadt, Germany. Ethanol, hydrochloric acid (HCl, 38% w/w, AG),
and sodium hydroxide (NaOH) were obtained from Alkaloid, Skopje, Macedonia. Nitric
acid (65% HNOs) was purchased from Zorka Pharma a.d., Sabac, Serbia. Tannic acid
(99%, ACS), potassium nitrate (KNO3, >99.0%), and bovine serum albumin (>98%, p.a.)
were obtained from Merck, Darmstadt, Germany. All chemicals were of analytical grade
and used without further purification. All solutions were prepared with distilled water
purified using a Simplicity® UV water purification system (Merck Millipore, Darmstadlt,
Germany). Dye solutions with different concentrations were prepared in deionized water.



Processes 2025, 13, 3314

40f27

Astrazon Yellow 7GLL (C.I. Basic Yellow 28, BY28) and Safranin T (C.I. Basic Red 2, BR2)
were purchased from Sigma-Aldrich, Darmstadt, Germany.

2.2. Extraction of Melanin from Integument Chestnut Shell (MiCS)

Pulverized chestnut shell (iCS, 70 g) was subjected to alkaline extraction using 0.5 M
NaOH at a solid-to-liquid ratio of 1:1.15 (w/v), in a 1 L glass beaker with continuous stirring
for 12 h. The mixture was then treated in an ultrasonic bath at 40 °C for 2 h. The resulting
suspension was centrifuged for 15 min at 5000 rpm to separate the phases. The supernatant
was further purified from proteins using the Sevag method. The obtained effluent was
acidified to pH 2.5 using 2 M HCl and left to stand for 12 h. The precipitated melanin was
then left at room temperature to dry for three days and subsequently used in the following
experimental procedures. Following drying, the melanin precipitate was dissolved in an
appropriate volume of 1.25% NaOH solution (200 mL) to attain a final pH < 8 [18]. The
obtained alkaline extract was then treated with an equal volume of 8 wt.% CuSO,4-5H,O
solution [19] with continuous stirring for 30 min at room temperature. The resulting dark
melanin precipitate was separated by centrifugation, thoroughly washed with distilled
water, and treated with 200 mL 2.5% HC], filtered, and washed with 250 mL deionized
water (DW). The re-dispersion of wet products in 200 mL of DW using ultrasound for
10 min, and filtration with 250 mL of DW (two cycles applied), and freeze-dried (frozen at
—50 °C for 2 h and lyophilized overnight at —70 °C) gave 15.6 g of product (yield 22.3 wt.%).
All operation was performed in an inert atmosphere. The final water-insoluble melanin
brown powder was used for further characterization and evaluation of its adsorptive
properties. Residual Cu?* ion was determined first by microwave digestion and atomic
absorption spectroscopy (residual Cu®* ion was found to be less than 0.01%).

2.3. Preparation of MiCS Encapsulated in Alginate Particles (MiCS@AIg)

The melanin obtained in powder form was used for the synthesis of MiCS@Alg, as
illustrated in Scheme 1. Dissolution of sodium alginate (2.0 g) in 100 mL of deionized water
was followed by the addition of 2.0 g MiCS, and stirring until a homogeneous dispersion
was obtained [20]. Na-alg hydrogel beads were formed by dropping the produced disper-
sion into a CaCl, solution (2%, w/v). The resulting Na-alg beads were further immersed
in the CaCl, solution for an additional 30 min to ensure complete cross-linking. After
cross-linking, the beads were frozen at —50 °C for 2 h and lyophilized overnight at —70 °C.
The resulting lyophilized beads were used for further characterization and adsorption ex-
periments. The yield of MiCS@Alg was 33%. The results show that 77% of the free volume
of MiCS@Alg was available for the filling/wetting with adsorption medium, providing a
large free volume available for pollutant transport.

Scheme 1. Graphical presentation of sodium alginate treatment of extracted melanin.
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2.4. Characterization and Analysis

The structural and physicochemical properties of all samples were characterized using
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), UV-
Vis spectrophotometry, dynamic light scattering (DLS), and laser Doppler electrophoresis
(LDE) with a Zetasizer Nano ZS and a Multi-Purpose Titrator MPT-2, as well as elemental
analysis. Detailed results are provided in Supplementary Material S2.4.

Other characterization and analytical methods, such as the determination of specific
density, total polyphenol content (TPC) in chestnut shells, total tannin content (ITC), pro-
tein analysis, Bradford assay, enzymatic deproteinization, and “dry-wet mass” method
for porosity, are presented in the Supplementary Materials S2.4. The methods for de-
termining total basic, total acidic, and carboxyl groups are provided in Supplementary
Materials 52.4.1.

The collected filtrate, after iCS purification (Section 2.2. Extraction of melanin from
integument chestnut shell (MiCS)), was analyzed for copper presence using atomic ab-
sorption spectrometry (AAS), Perkin Elmer PinAAcle 900T, PerkinElmer, Inc., Shelton,
CT, USA.

Determination of chemical oxygen demand (COD) value: to assess adsorption success,
the study referred to Serbian national emission limit values: COD =200 mg O, L1 (satisfies
the criteria prescribed by the Official Gazette of the Republic of Serbia, No. 67/2011,
48/2012, and 1/2016) [21]. The ISO 6060 method determined chemical oxygen demand
(COD) using a Lovibond MD 600 spectrophotometer and Lovibond RD 125 sample heating
apparatus [22]. Spectrophotometric tests, with mercury(Il) sulfate masking chloride, were
conducted for COD determination.

2.5. Adsorption Experiments

The adsorption behavior of the new materials was investigated using the batch and
column methods (MiCS@Alg). Briefly, varying masses of the adsorbent (1, 2.5, 5, 7.5,
and 10 mg) were added into 10 mL glass conical flasks containing 8 mL of dye solution
with an initial concentration of 30 mg L~!. The flasks were then placed on a digitally
heated magnetic stirrer (Thermo Scientific, Waltham, MA, USA) and stirred at a constant
rate for 90 min to reach equilibrium. In an experiment of ammonia removal, plastic
centrifuge tubes of 50 mL and varying masses of the adsorbent (5, 12.5, 25, 37.5, and
50 mg) were used. The shaking was provided using the Thermo Scientific Thermal mixer
and Blocks. The temperature was maintained at 25 °C, 35 °C, or 45 °C, depending on
the experimental condition, while the pH was adjusted to the optimal value of 7.5 for
dyes removal and pH 4 for ammonia (Section 3.3.1 Adsorption isotherm study). pH was
adjusted using either 1 mol L~ HCI or 1 mol L~! NaOH solution. After equilibrium
was reached, the MiCS@Alg and MiCS adsorbents were separated either by filtration
through quantitative Whatman filter paper or centrifugation for 15 min at 11,000 rpm,
respectively. The residual concentration of pollutants in the filtrate was determined using a
UV-Vis spectrophotometer in absorption peak intensity at 518 nm and 435 nm (Amax of
BR2 and BY28, respectively), as shown in Scheme 2. The residual ammonia concentration
in aqueous samples was determined using the standard boric acid absorption-titration
method following alkaline distillation (modified Kjeldahl procedure) [23]. To describe the
experimental data and determine the nature of the adsorption process, commonly used
isotherm models, as well as various kinetic models adopted from relevant literature, were
employed [2]. Ionic strength influences on adsorption efficiency were performed in the
presence of KNO; (0.01, 0.05, and 0.1 mol dm~3). Each experiment was run in triplicate, and
mean values were calculated. The chemical structure of the dyes is presented in Figure 1.
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The design of adsorption experiments is presented in the Supplementary Information, in
the section on Supplementary Materials 52.7. Response Surface Methodology (RSM).

Scheme 2. Schematic representation of the adsorption procedure.

Figure 1. Chemical structures of the dyes. (a) 2D model. (b) 3D model.

In order to test the applicability of MiCS and MiCS@Alg adsorbents, a higher pollu-
tant concentration—e.g., C; of 200 mg dm~3—of the dyes and ammonia was used, and
adsorption experiments were performed at the following conditions: C; = 30 mg L1,
m=1mg, V=8mL, T=25°C, and t = 90 min.
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Competitive adsorption experiments were performed in a two-component system
using Ca2*, AIP*, Cl—, 5042, methylene blue (MB), and sodium benzoate at 30 mg dm—3
of initial concentration.

For column adsorption (Supplementary Materials 52.5), data analysis was simplified
using the Bohart-Adams and Yoon-Nelson models. The test solution was prepared by
passing BR2 and BY28 dyes or ammonia (5 mg L~!) through model water adjusted to pH 7.5

for the dyes and pH 4 for ammonia, at controlled flow rates of 0.5, 1.0, and 1.5 mL min .

2.6. Desorption Experiments

Desorption and reuse of adsorbents were examined using a batch method to evaluate
their efficiency in repeated adsorption of BY28, BR2 dyes, and NHj3 from wastewater. The
experiments were performed according to the procedure described in [24]. Each test was
carried out separately using 0.1 M HCl as the desorption agent for 3 h under agitation at
150 rpm to regenerate the surface of MiCS and MiCS@Alg adsorbents loaded with pol-
lutants. Before reuse, each adsorbent was thoroughly rinsed with distilled water. This
procedure was repeated for five consecutive cycles.

3. Results
3.1. Characterization of Materials

In this work, an attempt is made to isolate melanin and encapsulate it into Na-alg
matrix to obtain applicable adsorbents in both batch and flow systems. Chemical and
elemental analysis (Table S2) of pulverized chestnut shell (iCS) showed the presence of
holocellulose, mainly x-cellulose, and klason lignin. After chestnut shell purification—i.e.,
melanin isolation from cellulose and lignin—significant increases in the total basic group,
from 0.28 to 0.71 mmol g~*, the total acidic group, from 1.32 to 3.06 mmol g, and the
carboxyl group, from 0.89 to 2.14 mmol g~ !, indicate high potential of MiCS for cationic
pollutants removal. Recording of the NMR spectra of the MiCS material (dissolved in
DMSO-d6) was not possible, since melanin possesses a stable population of free radicals
distributed across its aromatic structures, as confirmed by the Electron Spin Resonance
(ESR) spectrum [25].

3.1.1. SEM Analysis

SEM micrographs of iCS, MiCS, and the surface of MiCS@Alg are given in Figure 2.

SEM was employed to investigate the surface morphology of raw chestnut fruit shells,
the isolated melanin, and the Na-alg-based formed beads. As shown in Figure 2a, irreg-
ularly shaped and sized fragments with a rough and porous surface were observed. The
particles exhibited a layered and heterogeneous texture, which is characteristic of ligno-
cellulosic plant residues rich in lignin, cellulose, and hemicellulose, as presented in the
study [13]. The pronounced surface damage can be attributed to the mechanical grinding
applied as part of the pretreatment using a laboratory mill. In Figure 2b, the surface of the
MiCS displays narrowed slits and a wavy, layered structure with an amorphous appear-
ance [12]. At higher magnifications, a compact amorphous morphology with low porosity
becomes evident, which is typical of melanin derived from plant-based materials [26].
Figure 2c presents a cross-section of the formed beads MiCS@Alg, showing a homogeneous
and smooth surface, indicating successful alginate cross-linking. Similar to the melanin
sample, the internal structure appears dense and non-porous, with no pronounced cavities,
suggesting uniform distribution within the gel matrix. At higher magnification, traces of
dispersed particles, most likely melanin, can be observed in the central region of the bead.
Figure 3 presents SEM micrographs of bead cross-sections, along with their morphological
characteristics and diameters. The bead diameters were determined using a digital optical



Processes 2025, 13, 3314 8 of 27

microscope (Delta Optical Smart 5.0 MP PRO) equipped with HiView (HiRISE) software,
version 1.5.0.

Figure 2. SEM micrographs of (a) pulverized chestnut shell (iCS), (b) MiCS, and (c) external surface
of MiCS@Alg at a magnification of 500, 1000, 2000/5000x .
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Figure 3. (a) SEM micrographs of cross-sections of beads and (b) the morphology and average
diameter of MiCS@Alg beads.

SEM micrographs (Figure 3a), taken at magnifications from 500 pm down to 10 pm,
reveal the highly porous internal architecture of the MiCS@Alg beads. The cross-sections
reveal interconnected macropores with irregular walls, while higher magnifications reveal
a rough, layered morphology with micro-fissures, indicating an enhanced surface area that
is favorable for adsorption. A complementary analysis (Figure 3b) was performed on a
large number of beads to obtain accurate size measurements, and the size-distribution char-
acteristics were determined by processing digital images of the samples. The synthesized
composites appeared as small black beads, forming nearly monodisperse spheres of vary-
ing diameters. SEM observations confirmed that the lyophilized beads retained a spherical
shape with a rough surface and no visible signs of collapse, with an average diameter of
2.394 + 0.260 mm. Volume shrinkage caused by water evaporation during lyophilization
inevitably led to slight shape deformation, and the observed irregularities in sphericity can
be attributed to this effect. Similar findings have been reported for Argan-nutshell-based
beads used for methylene-blue removal [6]. The result of the “dry-wet mass” method
revealed that the determined bead porosity was about 76.2%. The density, determined to
be 0.19 g mL~!, was calculated following the procedure reported by Popovic et al. [27].

3.1.2. FTIR Analysis

FTIR spectra of the iCS, MiCS, Na-alg, and MiCS@Alg are given in Figure 4.

The broad absorption band at 3255 cm~! indicates the presence of O-H groups,
characteristic of hydroxyl moieties in cellulose, hemicellulose, and lignin. The bands in
the region between 2929 and 2850 cm ! correspond to symmetric and asymmetric C-H
stretching vibrations of methyl and methylene groups, commonly found in lignocellulosic
structures. A moderate peak at 1734 cm !, observed in the spectrum of the raw sample
(iCS), is assigned to ester and carbonyl (C=0) groups, which are mainly associated with
hemicellulose and/or pectin [28]. The disappearance of this peak in the MiCS sample
after melanin extraction suggests the removal or hydrolysis of the ester group in the
course of melanin isolation. In any case, a significant number of carboxylic groups are
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still present in MiCS (Table S3). The iCS spectrum also displays a prominent band at
1014 cm~!, which can be attributed to C-O stretching vibrations of phenolic compounds,
indicating the presence of natural pigments. Similar melanin spectra have been reported in
a study comparing standard and extracted pigments [29]. In addition, bending vibrations
of aliphatic groups and aromatic ring deformations were observed at 1435 and 1281 cm !,
respectively, confirming the presence of lignin-related structures. In the MiCS sample (blue
line), the O-H stretching band shifts and decreases in intensity (from 3255 to 2929 cm 1),
indicating chemical modification of the material and a reduction in free hydroxyl groups.
The transmission at 1605 cm~! represents aromatic C=C stretching vibrations (skeletal
stretching), suggesting an increased content of aromatic structure after treatment. The band
at 1435 cm ! is also related to deformation vibrations of aliphatic moieties. Following acid
extraction, the intensity of the peak at 1085 cm !, associated with cellulosic material, is
significantly reduced in the MiCS@Alg spectrum, confirming successful cellulose removal
from the matrix. The Na-alg spectrum showed characteristic asymmetric and symmetric
vibrations of the carboxylate anion at 1605 and 1405 cm ™!, respectively.

Figure 4. FTIR spectrum of raw chestnut shell (iCS), Na-alginate and isolated melanin (MiCS), and
Na-alg beads (MiCS@Alg).

The spectrum of MiCS@Alg shows multiple absorption peaks, including a broad band
around 3255 cm !, assigned to O-H stretching vibrations of hydroxyl groups in the alginate
and melanine structure [30]. The peak at 1710 cm ™!, resulting from C=0 stretching, is
related to the carboxyl groups of the melamine structure. An additional intense peak at
1605 and 1415 cm ! further confirms the presence of carboxylate anion. The bands at 1281,
1085, and 1014 cm ™! correspond to C-H and C-O deformation vibrations, characteristic
of polysaccharide structures. Finally, the peaks at 997 and 815 cm™~! can be attributed to
C-O-C vibrations and glycosidic linkages in the ring structures of alginate.

Natural materials MiCS showed structural complexity of constituent material, which
indicates that the adsorption mechanisms are very demanding. From that point of view, it
is of utmost importance to quantify surface functionalities to discuss the relation between
adsorption performance versus adsorbent properties. Melanin, lignin, and tannins, present
in the chestnut shell and MiCS, contain an appropriate number and type of functional
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groups as potential binding sites for specific pollutants. The establishment of a relationship
between adsorbent properties/functionalities versus adsorption performance can be based
on the quantitative determination of surface functionalities. The results from total basic
and acidic groups, and carboxyl groups content determination using standard volumetric
methods are given in Table S3.

3.1.3. UV-Vis Analysis
UV-Vis spectra of iCS and MiCS are given in Figure 5.

Figure 5. UV —Vis absorbance spectra of iCS and MiCS in aqueous NaOH solutions.

On the basis of the obtained UV-Vis spectra, an intense absorption in the UV region
can be observed with maxima at 279 nm (iCS) and 283 nm (MiCS), corresponding to m—*
transitions of aromatic chromophores present in the melanin structure. Following these
maxima, the absorbance gradually decreases toward longer wavelengths, displaying a
continuous “tail” up to 800 nm without distinct peaks, which represents a typical char-
acteristic of melanin and melanin-like materials known for their so-called “featureless
broadband absorption” profile [31,32]. A comparison of the samples shows that MiCS
exhibits slightly more pronounced absorption in the UV region, indicating a higher concen-
tration or better dispersion of melanin pigments compared to the iCS sample. The obtained
results clearly confirm that the analyzed samples exhibit the spectral characteristics of
melanin, with the identification of this pigment further corroborated by its distinctive con-
tinuous absorption behavior in the visible region. A similar spectrum was reported in the
study [32], where melanin was extracted from the marine sponge-associated actinomycete
Micromonospora fulva HV6.

3.1.4. DLS and ZETA Analysis

The zeta potential and average particle radius were determined to better understand
surface electrostatics as a function of pH. The zeta potential of the isolated melanin is
—36.6 £ 29 mV at a pH of 10.5, while the untreated chestnut bark exhibits a value of
—25.9 4+ 1.04 mV at a pH of 12.8 (Figure 6). These results indicate a pronounced negative
surface charge of both materials, which can significantly influence their ability to interact
with cations in solution, specifically Astrazon Yellow 7GLL and Safranin T dyes. In relation
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to these results, a series of preliminary adsorption experiments at initial pH 6, 7, and 8 were
performed, and the optimal results were obtained at pH 7.5. Higher pH affects the increase
in solubility of MiCS.

Figure 6. Effect of pH on (a) zeta potential and (b) hydrodynamic radius of nontreated chestnut shell
(iCS) and MiCS.

The stability of the colloidal dispersions of the iCS and MiCS samples was investigated
as a function of pH by determining their hydrodynamic radius using DLS analysis (Figure 6).
The results clearly indicate that the aggregation behavior of the particles depends on the
pH of the medium. At pH 2, the MiCS sample exhibited a huge hydrodynamic radius
(4952 nm), suggesting strong particle aggregation in the acidic environment due to reduced
zeta potential and destabilization of interparticle repulsion. In contrast, the iCS sample
showed a significantly smaller radius at the same pH (997 nm), indicating somewhat better
dispersibility.

As the pH increased to 4, a decrease in the hydrodynamic radius was observed for
both samples. Although MiCS still exhibited a larger radius compared to iCS (1852 nm
versus 384 nm), a significant reduction in aggregation relative to pH 2 was evident. The
lowest values of hydrodynamic radius were recorded in the pH range of 6 to 10, where
both samples displayed relatively small dimensions (below 500 nm), indicating the highest
colloidal stability. Within this pH range, MiCS exhibited a slightly smaller radius compared
to iCS, suggesting that melanin extraction contributes to enhanced dispersion stability,
likely through the reduction in interparticle interactions caused by changes in surface
functional groups. At higher pH values (12 and 13), a slight increase in hydrodynamic
radius was observed for both samples, with aggregation more pronounced in iCS (821 nm
at pH 12.6). In contrast, MiCS maintained a moderate size (612 nm), further confirming
the stabilizing effect of melanin extraction. As shown in Figure 6, MiCS exhibits better
dispersibility and a lower degree of aggregation across a broad pH range. The most
favorable pH for stable dispersion of both samples lies within the 6-10 range, which is
particularly important for potential applications in aqueous systems, including wastewater
treatment. In this range, the average particle size of iCS was 786 nm at pH 5.8, while MiCS
measured 612 nm at pH 10.5.

3.2. Elemental Analysis

The elemental composition of the pulverized chestnut shells and MiCS is presented in
Supplementary Table S2. Compared to the raw chestnut shells, MiCS exhibited a slightly
increased carbon content (49.7 wt.%) and decreased hydrogen (3.90 wt.%) and oxygen
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(43.21 wt.% vs. 41.83 wt.%) contents, indicating a mild concentration of organic components
and partial removal of oxygen- and hydrogen-containing functional groups during the
preparation process. The nitrogen content remained essentially unchanged, suggesting the
preservation of proteinaceous or nitrogen-containing constituents. Overall, these changes
reflect subtle modifications in the chemical composition of the material resulting from the
MiCS preparation process.

3.3. Batch Adsorption Experiments
3.3.1. Adsorption Isotherm Study

Analysis of adsorption equilibrium data provides valuable information about the
interaction mechanisms between the adsorbent and adsorbate. Analyzing the zeta potential
measurement at different pH (Figure 6a) and the results from the study of the pH influences
on dyes and ammonia adsorption efficiencies onto MiCS and MiCS@Alg (Figure S1), it was
deduced that pH 7 was optimal for dyes removal, while pH 4 was optimal for ammonia
removal. Low decrease in adsorption capacity of both MiCS and MiCS@Alg adsorbent
indicates the significance of deprotonated phenol groups in dyes removal. Moreover, a
wider pH range, from 6 to 8, could be used in processes of dye removal, while a narrower
pH range, from 4 to 5, could be applied for ammonia removal without a significant decline
in adsorption efficiency. This pH range can possibly be used in processes of dye removal,
which falls in the range of most natural water, while one that could be applied in processes
of ammonia removal could be found in wastewater from the mining industry.

In this study, adsorption experiments were conducted at three different temperatures
to determine the adsorption capacity of MiCS and MiCS@Alg. The experimental data
were fitted to both the Langmuir and the Freundlich isotherm models [33], which describe
monolayer and multilayer adsorption on surfaces with a defined number of active sites,
respectively. The corresponding model nonlinear parameters and correlation results are
presented in Table 1. The results of nonlinear modelling using Langmuir and the Freundlich
isotherms are presented in the Supplementary, in Figure S2. Data fitting with other adsorp-
tion isotherms (Dubinin-Radushkevich, Tempkin, Sips, Toth, etc.) [34] provides modelling
data at lower statistical validity.

The equilibrium adsorption data were analyzed using both the Langmuir and the Fre-
undlich isotherm models (Table 1). The Langmuir model assumes monolayer adsorption on
a homogeneous surface, whereas the Freundlich model accounts for adsorption on hetero-
geneous surfaces with the possibility of multilayer formation. In this study, the Freundlich
model exhibited a superior fit, with R? values ranging from 0.752 to 0.997, confirming that
adsorption predominantly occurs on heterogeneous surfaces, consistent with the structural
complexity of the synthesized adsorbents. The Langmuir equilibrium constants (K ) also
supported these trends. For BR2, MiCS exhibited values up to 0.2471 L mg~!, whereas
BY28 showed moderately lower constants (0.2154 L mg’l). For NHj3, however, K, val-
ues were much higher (2.21 L mg~! for MiCS and 4.79 L mg~! for MiCS@Alg at 45 °C),
suggesting a strong affinity of NH3 molecules for active sites despite the lower qm values,
which may reflect steric limitations and weaker multilayer formation compared to dye
molecules. The Freundlich constants (Kp) confirmed these observations. The highest Kg
was obtained for BR2 adsorption on MiCS (62.73 mg g ! (L mg~1)! /™ at 45 °C), confirming
its strong adsorption capacity. For NHj3, K values were also substantial (40.28 mg g~ !
(Lmg~H! /™ for MiCS and 35.13 mg g~ ! (L mg~!)! /™ for MiCS@Alg at 45 °C), indicating
favorable adsorption but less pronounced than for dyes. The Freundlich intensity factor
(n) ranged from 1.70 to 5.80 across all systems, confirming favorable adsorption condi-
tions, with NH3 on MiCS@Alg showing the highest intensity (n = 5.81) (Table 1). Overall,
the Freundlich model provided a more accurate description of the adsorption behavior,
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highlighting the heterogeneous surface nature of both adsorbents and the potential for
multilayer adsorption, as also in the work [35]. Comparable adsorption capacities have
been reported in the literature, such as the removal of BR2 using bentonite (269 mg g~ 1)
and the removal of BY28 with zinc oxide-chitosan composites [36,37]. Similarly, adsorption
of ammonium ions has been extensively studied, with related findings reported in recent
works [10] further validating the observed trends in this study. In order to test the applica-
bility of both MiCS and MiCS@Alg adsorbents at higher initial pollutant concentrations at
200 mg L~! of dye and ammonia pollutants, adsorption experiments in a batch system
were performed. The preliminary results confirmed the high potential of produced adsor-
bents, and the following adsorption capacities were obtained: 954.4 mg g~! for BR2,
686.2 mg g_1 for BY28, and 176.4 mg g_1 for NHs on MiCS; 628.4 mg g_1 for BR2,
4458 mg g~! for BY28, and 116.2 mg g~ ! for NH; on MiCS@Alg at 25 °C. In the case
of BY28 dye, methyl groups contribute to the steric inhibition of both the approach and
the establishment of electrostatic interactions. On the other hand, BR2 dye, with its higher
aromatization and charge dispersibility in the phenazine ring, helps in adaptable access to
the carboxylate anion. Without exception, the contribution of amino to the establishment of
hydrogen bonding with carboxylate anions must not be neglected.

Table 1. Results of nonlinear Langmuir and Freundlich model for pollutant adsorption
(Ci=30mg L1, m, =1-10 mg, V=8mL, T = 2545 °C, t = 90 min).

Langmuir Freundlich
Sample . Gm Ky, ) Kr (mg g~ )
Pollutant T (°C) (mgg1) (L mg1) R (L mg-1)Vn n R
25 291.1+21.5 0.2166 £ 0.061 0.9635 5621 +£247  1.714 £0.08 0.9912
BR2 35 295.7 £222  0.2247 £ 0.064 0.9632 58.36 + 2.62 1.715 £+ 0.08 0.9905
45 300.2 £22.6 0.2471 £ 0.075 0.9601 62.73 £2.98 1.709 + 0.08 0.9912
25 1925+134  0.1864 £+ 0.03 0.9829 35.67 £0.96  1.873 +0.045 0.9974
MiCS BY28 35 1982 +£13.8  0.1942 £ 0.03 0.9827 37.65+136  1.882+0.074 0.9933
45 201.5+143  0.2154 +0.03 0.9857 40.40 £1.26  1.895 =+ 0.056 0.9960
25 7126 £546 19554 +£1.15 0.7565 38.35+3.04 3.563 + 0.501 0.9354
NH; 35 7194 £552 20242 +£1.19 0.7558 3898 £3.06 3.569 £ 0.503 0.9361
45 73.08 +£585 22128 £1.32 0.7519 40.28 £3.13  3.596 + 0.504 0.9361
25 180.5+9.40 0.2351 £ 0.106 0.8829 43.09+314  2175+0.17 0.9757
BR2 35 1843 £10.5 0.2338 £0.116 0.8654 4437 £3.71  2.193 £0.205 0.9674
45 189.3 +10.8  0.2853 +0.141 0.8741 4891 £3.68 2.141+0.187 09755
25 1093 £896  0.4981 £ 0.28 0.7919 39.28 £3.33  2.736 + 0.301 0.9564
MiCS@Alg BY28 35 1152 +945  0.4566 £ 0.27 0.7872 4024 £ 3.51  2.706 £ 0.304 0.9545
45 117.14+9.60  0.4873 £ 0.30 0.7775 4220 £3.67 2.747 £ 0.316 0.9529
25 4978 £515  4.1601 £2.78 0.7809 3424 +228  5.622 £1.00 0.9309
NH; 35 49.65 £514 45621 +£3.17 0.7762 3462 +£224 5726 £1.01 0.9333
45 50.06 £4.99 47934 +3.17 0.7882 3513 +£223  5.807 +1.02 0.9338

In summary, the produced adsorbents MiCS and MiCS@Alg showed significantly
higher adsorption capacities in relation to iCS (preliminary results indicated between 32
and 36% of those obtained for MiCS and MiCS@Alg, as shown in Table 1). Use of MiCS
as an ammonia adsorbent provides additional benefits, as the enriched materials contain
approximately 10 wt.% nitrogen, which could be used in agriculture as fertilizer. Also, the
obtained results refer to the possibility of MiCS use as adsorbents for removing unpleasant
odors in toilets. Moreover, the production of MiCS@Alg beads opens a new path for their
potential applicability in a flow system, verifying the concept of melanin isolation and
encapsulation in Na-alg carriers.
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3.3.2. Adsorption Kinetics

Adsorption kinetics represents one of the key practical aspects in the application of
environmentally friendly adsorptive materials. To demonstrate this effect, the influence
of contact time on dye adsorption onto MiCS and MiCS@Alg sorbents was investigated
at an initial dye concentration of 30 mg L.~!, using 0.001 g of adsorbent. The experiments
were performed at three different temperatures (including 25 °C), under constant magnetic
stirring. Adsorption equilibrium was monitored over 24 h, with maximum adsorption
achieved after 90 min. The parameters obtained from nonlinear fitting are presented in
the table for 25 °C, while the results for other temperatures are shown in Figure 7. To gain
a deeper understanding of the adsorption kinetics, the experimental data were analyzed
using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models [38]. The
results are presented in Table 2. The kinetic results fitting, obtained by using the Weber—
Morris (W-M) diffusion model [33], are presented in Table 2.

Table 2. Results of the nonlinear PFO and PSO models for pollutants adsorption (Ci = 30 mg L1,
m, =1mg, V=8mL, T=25°C, t =90 min).

Adsorbent Pollutant

Model Parameters

Pseudo-First

Pseudo-Second

ge (mgg™h) 165.7 + 6.00 175.3 + 5.58
BR2 ki (min~1)/ky (gmg~! min~!)  0.7401 £ 0.196 0.0031 = 0.001
R? 0.956 0.979
ge (mg g1 125.5 + 1.33 127.9 + 0.88
MiCS BY28 ki (min=1)/k; (g mg~! min~1) 36.38 % 0.00 2.4812 £ 0.006
R? 0.995 0.999
e (mg g™ 54.90 + 1.71 60.97 & 0.855
NH; ki (min~1)/k; (g mg~! min~1) 0.135 4 0.02 0.0031 4 0.0003
R? 0.975 0.997
ge (mg g~ 1) 117.3 + 6.61 138.9 + 8.6
BR2 ki (min~1)/k; (gmg~! min~1)  0.1565 =+ 0.043 5.7928 4 2.077
R? 0.921 0.962
ge (mgg™h 78.45 + 1.75 80.23 + 1.18
MiCS@Alg ~ BY28 k1 (min—1)/k; (g mg~! min~1) 10.07 & 8.38 0.0198 + 0.0065
R? 0.982 0.995
ge (mg g1 31.70 £ 1.24 36.35 & 0.984
NH;3 ki (min~1)/k; (gmg~! min~!)  0.0906 £ 0.015  0.0032 = 0.0004
R? 0.969 0.993

The adsorption kinetics of BR2, BY28, and NH3 onto MiCS and MiCS@Alg adsorbents
were evaluated using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic
models (Table 2). In all cases, the equilibrium adsorption capacities (qe) calculated from
the nonlinear PSO model were closer to the experimental values than those obtained from
the PFO model. Moreover, the correlation coefficients (R?) were consistently higher for the
PSO model (0.962-0.999) compared to the PFO model (0.921-0.995), confirming its superior
fitting. Similar results were reported for chestnut shell-derived activated carbon (CNS-AC)
in the removal of quinary heavy metal ions [13]. For BR2 adsorption, MiCS exhibited
a higher ge value (175.3 mg g~ !) compared to MiCS@Alg (138.9 mg g~!). Similarly,
for BY28, MiCS demonstrated a slightly higher adsorption capacity (127.9 mg g~ !) than
MiCS@Alg (80.23 mg g~ !). A comparable trend was observed for NH3, where MiCS reached
qe = 60.97 mg g~ !, while MiCS@Alg achieved a lower value of 36.35 mg g~ !. Interestingly,
although the incorporation of alginate slightly reduced the overall adsorption capacities of
the sorbent, it led to an increase in the kinetic rate constants in some cases. For instance,
in BR2 removal, MiCS@Alg displayed a significantly higher k;, value compared to MiCS,
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indicating that surface modification improved the accessibility and reactivity of the binding
sites. For BY28 and NHj3, the differences in k, values between the two sorbents were less
pronounced, but MiCS still generally outperformed MiCS@Alg in terms of adsorption
capacity. Kinetic analysis confirmed that the adsorption of dyes (BR2 and BY28) and
ammonia (NHj3) onto both sorbents is more accurately described by the pseudo-second-
order model. This highlights the predominance of chemisorption, involving electron
sharing or exchange between the sorbent surface and pollutant molecules, as the dominant
adsorption mechanism.

Figure 7. Results of PFO and PSO nonlinear model calculation for adsorption of dyes on (a,c,e)
MiCS and (b,d,f) MiCS@Alg at three temperatures (Ci = 30 mg L 1,m,=1 mg, V=8mL, T=25°C,
t =90 min).
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The results of the Weber-Morris model in Table 3 confirmed that the adsorption of
BR2, BY28, and NH3 on MiCS and MiCS@Alg proceeds in two distinct steps. In Step 1,
the diffusion rate constants (k;jq;) for BR2 were the highest among all systems, reaching
6.385 mg g~ ! min~*° for MiCS and 13.25 mg g~ min~%° for MiCS@Alg. These values
indicate a rapid and intense initial uptake of BR2, consistent with a strong surface affinity.
For BY28, significantly lower kid1 values were observed (1.400 for MiCS and 0.935 for
MiCS@Alg), indicating slower diffusion in the early stage. Similarly, NH3 showed modest
initial diffusion rates, reflecting weaker interaction in the initial surface-controlled phase
compared to BR2. In Step 2, the process slowed down, as demonstrated by reduced
kiq> values. For BR2, the diffusion rate constants decreased to 4.015 (MiCS) and 12.25
(MiCS@Alg), while for BY28, they were 1.219 (MiCS) and 0.8248 (MiCS@Alg). For NHj3, the
kid2 values further decreased to 0.6746 (MiCS) and 0.9287 (MiCS@Alg), confirming that its
adsorption is strongly controlled by intraparticle diffusion.

Table 3. Results of the intraparticle diffusion model (Weber-Morris) for BR2, BY28, and ammonia
adsorption (Ci =30 mg L™!, m; =1 mg, V=8mL, T =25 °C, t = 90 min).

Kinetic Model

Weber—Morris
(Step 1)

MiCS MiCS@Alg
BR2 BY28 NH;3 BR2 BY28 NH;
kig1 (mg g~ ! min=05)  6.385 +0.224 1.400 £ 0.050 1.078 £ 0.038 13.25 £ 0.517 0.935 + 0.033 1.200 £ 0.042
CpL (mgg™) 120.2 118.3 83.41 20.64 71.10 43.78
0.992 0.997 0.879 0.909 0.865 0.982

Weber-Morris
(Step 2)

kigo (mg g~ ! min=05)  4.015 4+ 0.141 1219 £0.043 0.6746 £0.024 12.25+0.480 0.8248 =0.029  0.9287 + 0.035
CpL (mgg™) 143.2 115.9 87.66 18.17 74.08 45.15

0.999 0.887 0.879 0.982 0.992 0.973

The intercept values (Cpr,) were consistently high for dyes on MiCS, indicating that
intraparticle diffusion is not the sole rate-limiting mechanism, but rather that film diffusion
and surface interactions also play significant roles. For NHj3, the Cgy, values were notably
lower, suggesting that the adsorption of ammonia is less affected by surface diffusion
resistance and relies more on gradual penetration into the pores. Interestingly, the incor-
poration of alginate significantly reduced the intercept values for dyes, which indicates
that Na-alginate modification weakens the external film diffusion resistance and alters the
adsorption pathway.

The correlation coefficients (R?) further supported these findings. For MiCS, the Weber—
Morris model provided excellent fits, with R? values up to 0.999 (BR2, Step 2). For NH3, the
model also showed a good correlation (R? = 0.879-0.982), though slightly lower compared
to dyes. In contrast, for MiCS@Alg, the model agreement was generally lower, with R?
values ranging from 0.8649 to 0.9924, suggesting that alginate incorporation modifies the
pore structure and sorption kinetics, thereby reducing the predictability of the intraparticle
diffusion model. Overall, the Weber-Morris analysis demonstrates that BR2 exhibits the
fastest sorption dynamics due to strong interactions with the sorbent surface, while BY28
shows slower kinetics but a significant contribution from intraparticle diffusion. In contrast,
NHj; adsorption is more strongly governed by diffusion within the sorbent pores. Alginate
modification enhances the initial uptake rate of BR2 but reduces boundary layer effects,
leading to altered adsorption kinetics compared to pristine MiCS.

The 25, 35, and 45 °C confirm that the PSO model provides a consistently better
fit to the experimental data compared to the PFO model for all studied systems. This
indicates that the adsorption rate is not solely governed by physical diffusion, but also
involves chemisorptive interactions between the active sites of the sorbent and the adsorbate
molecules. The adsorption process in all cases (Figure 7) exhibited a very fast initial phase,
with most of the equilibrium uptake reached within the first 20-30 min, followed by a
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gradual plateau due to surface saturation. Temperature was found to influence adsorption
differently depending on the pollutant and sorbent. For BR2 dye, increasing the temperature
enhanced adsorption, confirming the endothermic nature of the process, whereas for
BY28 dye and NHj pollutant, the adsorption capacity remained nearly unchanged with
temperature. When comparing the two sorbents, MiCS@Alg generally showed a slower
approach to equilibrium than MiCS, which can be attributed to the presence of alginate that
modifies diffusion pathways and the accessibility of active sites. The compatibility between
the experimental data and the kinetic models was evaluated based on the determination
coefficient (R?) and the amount of adsorbed pollutants (qe). Since the calculated ge value
for the pseudo-first-order model was significantly lower than the experimental value, it
can be concluded that this model does not provide adequate results for either sorbent.
The pseudo-first-order equation fails to accurately describe the experimental data for both
sorbents in the removal of the investigated pollutants. Similar results to those presented in
the table were reported for biochar-alginate in MB removal [6].

3.3.3. Thermodynamic Study and Adsorption Mechanism

Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS®) were calculated using
Van’t Hoff equations to analyze the thermodynamic aspect of the adsorption process [38].
The calculated parameters are presented in Table 4. A better agreement with the experimen-
tal values (R?) in the calculation of thermodynamic parameters was achieved by using the
Langmuir constant obtained from the linear form of the Langmuir model. Larger deviations
were obtained when applying the nonlinear form, as shown in Table 4.

Table 4. Thermodynamic parameters for BR2, BY28 and ammonia removal using MiCS and
MiCS@Alg (Ci =30 mg L1, m,=1-10 mg, V=8mL, T=25°C,35°Cand 45 °C, t = 90 min.

AG® (kJ mol—1) AH® AS® )
Adsorbent Pollutant - -1 K-

sorben ollutants 25 °C 35°C 45°C (k] mol 1) (J mol 1K-1) R
BR2 —39.33 —40.78 —4243 6.78 154.5 0.941
MiCS BY28 —38.58 —40.01 —41.50 491 145.8 0.988
NHj; —3259 3374 3495 2.63 118.1 0.959
BR2 —39.37 —40.82 —4254 7.77 157.9 0.915
MiCS@Alg BY28 —40.14 —41.52 —43.05 3.23 145.4 0.869
NHj; —33.83 —-35.05 —36.29 2.87 123.1 0.997

The thermodynamic parameters obtained for the adsorption of BR2 and BY28 dyes
and NHj3 on MiCS and MiCS@AIlg provide clear insights into the nature of the process. The
negative AG® values, ranging from —32.59 to —43.05 k] mol !, confirm that adsorption
is spontaneous within the investigated temperature range, with spontaneity generally
increasing as the temperature rises. The positive AH® values (2.63-7.77 k] mol~!) indi-
cate that the adsorption process is slightly endothermic, while the positive AS® values
(118.1-157.9 J mol~! K~!) suggest an increase in randomness at the solid-solution inter-
face, likely associated with the release of solvent molecules and structural rearrangements
during adsorption. The most favorable adsorption was observed for BR2 on MiCS, with
AG® values between —39.33 and —42.43 k] mol ! and AS® =154.5 ] mol 1 K1, reflecting
the most potent driving force and a high entropic contribution. By contrast, the lowest
spontaneity was recorded for NHz on MiCS, where AG® values ranged from —32.59 to
—34.95 k] mol~! and AS® was 118.1 ] mol~! K~1. Interestingly, although adsorption of
BY28 on MiCS also showed relatively high spontaneity (AG® = —38.58 to —41.50 k] mol~1;
AS® =145.8 ] mol~! K1), this system exhibited the best agreement with the Van’t Hoff
model (R? = 0.9877), indicating strong consistency with the linear thermodynamic ap-
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proach. Similar values of the thermodynamic parameters AH® and AS® were obtained for
the removal of TC, as presented in the study [39].

For the alginate-modified material, MiCS@Alg, BR2 adsorption remained highly fa-
vorable, with AG® values between —39.37 and —42.54 k] mol~!, AH® = 7.77 k] mol !,
and AS® =157.9 ] mol~! K~1. This system showed a slightly higher enthalpic contri-
bution compared to pristine MiCS (AH® = 6.78 k] mol~!), while maintaining a strong
entropic effect. Adsorption of NH; on MiCS@Alg was characterized by AG® values of
—33.83 to —36.29 k] mol !, AH® = 2.87 k] mol~!, and AS® = 123.1 ] mol~! K~1, show-
ing improved spontaneity relative to NH3 on MiCS, with excellent model agreement
(R? = 0.997). On the other hand, BY28 on MiCS@Alg demonstrated the lowest fit to the
Van’t Hoff model (R? = 0.869), with AG® values ranging from —40.14 to —43.05 k] mol !,
AH® =3.23 k] mol !, and AS® = 145.4 ] mol ! K™}, suggesting that alginate modification
alters the thermodynamic profile by slightly reducing the entropic contribution compared
to MiCS.

Overall, the results from Table 4 indicate that alginate modification modulates the
balance between enthalpic and entropic contributions, strengthening spontaneity for NH3
adsorption while slightly decreasing the model’s applicability for BY28.

Adsorption and thermodynamic results indicate that the ion-exchange is an operative
mechanism with participation of electrostatic and m— stacking interactions. Additional
proof of the adsorption mechanism was accessed through supplementary experiments. In
the course of the adsorption experiments, using BR2 and BY28 dyes, the initial and final
pH, as well as the time-dependent changes, were followed. It was found that pHi was
decreased by 0.58 and 0.74 units for MiCS, respectively. Even lower change was recorded
for MiCS@Alg adsorbent. Thus, the most plausible mechanism can be described by the
sodium exchange, due to pH adjustment with NaOH, with cationic dyes and nucleophilic
ammonia (Figure S3). The selection of operative pH (Section 2.5. Adsorption experiments)
was based on the availability of the most natural and polluted water and deprotonation
of MiCS surface functionalities (mainly carboxylic group: pKa of carboxylic acid varies
in the range 3.6—4.5). In that manner, effective deprotonation of carboxylic acid groups
creates an anionic structure able to participate in an ion-exchange process with cation
dyes. Otherwise, the use of lower pH in the course of ammonia adsorption is in favor
of a simple neutralization reaction producing ammonium salt. Also, the study of ionic
strength (IS) (0.01, 0.05, and 0.1 mol dm—3 KNOj3) showed a low effect on the change
in adsorption efficiency (less than 10% adsorbent capacity decrease). It primarily affects
adsorbent/adsorbate electrostatic interactions at the adsorbent surface, ion diffusivity, and
hydration shell stability.

These phenomena were reflected through adsorption efficiency due to the same/opposite
charge sign repulsion/attraction, causing higher deterioration in the adsorption efficiency of
weakly bonded pollutants. Thus, MiCS could be effectively used at increased concentrations
of anionic competing ions if we consider selective removal, considering organic pollutant
sodium benzoate or CI~ and SO4? (less than 5% of adsorption capacities decrease, given in
Table 1, was found). Otherwise, use of cationic pollutants, e.g., calcium or magnesia, and
especially AI**, causes a significant decrease in dyes adsorption capacity. A large decrease
in adsorption efficiency (higher than 70%) indicates the predominance of an electrostatic
interaction between carboxylate anion and cation (e.g., Ca** and Mg?*), i.e., higher affinity to
ion-exchange with calcium cation, forming preferably calcium—carboxylate salt. Ca?* and
Mg?* ions show a high affinity with respect to carboxylate ions, interacting through multiple
binding modes by forming monodentate and bidentate metal complexes. The extent and
type of metal/carboxylate ion binding are influenced by the number and orientation of
neighboring carboxylate groups. The strength of these bindings can be affected by the pres-
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ence of other carboxylic groups in close proximity, which help in the formation of bidentate
complexes (cooperative mechanism). At a higher presence of negatively charged functionali-
ties with diverse structural arrangements, they can participate in forming different binding
structures on the adsorbent surface. Strong affinity of hard metal cation AI** to carboxylate
ion, i.e., oxygen as electron donor, provides effective formation of stable complexes, even
higher stability than those obtained with Ca®* and Mg?* cations (adsorption efficiency drop
for more than 87% with respect to BY28). In general, MiCS and MiCS@Alg can effectively
remove cationic species in the presence of anionic species, as they have a higher affinity for
metal cations compared to textile dyes.

These results indicate the potential of the produced MiCS adsorbent to be applicable
in the process of natural water softening. High influences on dye removal arise from
their structural complexity, hydration, and steric hindrance to the attainment of multiple
adsorbent/adsorbate interactions. The moderate effect of methylene blue on BY28 dye
removal indicates that similar competitive potential (somewhat higher for methylene
blue, 62% adsorption capacity decrease was found for BY28). It indicates the significance
of structural limitation and charge concentration/availability for interaction with the
carboxylate ion. On the contrary, the low competitive effect of the cationic pollutants (Ca?*,
Mg?*, and AI**) with ammonia removal at pH 4 was observed. In this case, a neutralization
reaction takes place freely with no competition from the side processes.

3.4. Desorption Study

Desorption studies play a key role in understanding the nature of the adsorption
process and evaluating the regeneration of adsorbents [40] and were therefore conducted
to investigate their reusability. The sorbent recycling study was performed over five cycles
using 0.1 M HCl as the desorbing agent. The obtained results are presented in Figure 8 and
summarized in Table S4.

Figure 8. Reusability study of MiCS and MiCS@Alg in five adsorption/desorption cycles
(Ci=30mg L, m=01 g, T =25 °C, desorption time: 3 h) using 0.1 M HCL

By comparing the performance of the MiCS and MiCS@Alg sorbents, it is evident
that MiCS exhibits higher adsorption capacities and slightly better regenerability than
the alginate-modified sorbent, which is consistent with the trend obtained from the Lang-
muir adsorption model. The maximum adsorption capacity for BR2 on MiCS reached
291.1 mg g~ !, whereas for MiCS@Alg it was significantly lower (180.5 mg g !). A similar
trend was observed for BY28 and NHj3, where MiCS demonstrated higher adsorption
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capacities across all five cycles. The desorption efficiency of both materials was high in the
first cycle (>90%) (Figure 8). However, MiCS@Alg showed a more pronounced decline in
subsequent cycles, particularly for NH3 (92.2% — 70.8% for MiCS vs. 88.2% — 68.8% for
MiCS@Alg), corresponding to an overall capacity loss of 30—40% after five cycles, which
indicates limited long-term regenerability, especially for MiCS@Alg. These results suggest
that, although alginate contributes to forming a more mechanically stable composite, it may
restrict the accessibility of active sites and reduce the overall efficiency of the adsorption—
desorption process. MiCS, in contrast, retained a more stable capacity in the initial cycles,
highlighting the advantage of the unmodified sorbent in maintaining accessible active sites.
Comparable desorption values for BY28 dye from a natural-origin sorbent were reported
in the study by [23], where desorption efficiencies of about 98-99% were achieved after the
first and second cycles.

3.5. Bed Column Study

To evaluate the adsorption performance of MiCS@Alg in a flow system, it is essential
to conduct adsorption experiments beyond batch tests. The maximum adsorption capacity
(qQexp, mg g~ 1) for each pollutant was calculated based on the number of bed volumes
processed until the concentration in the effluent exceeded the maximum permissible con-
centration (MPC), which is controlled by COD determination (Section 2.4. Characterization
and analysis). Data analysis was simplified by applying the Bohart-Adams and Yoon-
Nelson models [33], which assume that adsorption kinetics control the rate-limiting step
and are valid only for single-component systems. The test solution was prepared by passing
either BR2 and BY28 dyes, or ammonia at a concentration of 5 mg L~! to model water,
adjusted to pH 7.5 for the dyes and pH 4 for ammonia. This solution was then passed
through the column at controlled flow rates of 0.5, 1.0, and 1.5 mL min 1. Effluent samples
were collected at set intervals to measure the concentration of dyes and NH3. The obtained
results are presented in Table 5 and Figure S4.

The results obtained from the fixed-bed column tests (Table 5) indicate that MiCS@Alg
performs effectively across all the pollutants studied. In similar tests carried out with
a flow rate of 3 mL. min~! and an initial contaminant concentration of 5 mg L~ (yield-
ing an EBCT of 1.66 min), the observed adsorption capacities were 88.3 mg g~! for BR2,
49.4 mg g~ ! for BY28, and 33.2 mg g~ ! for ammonia. These findings demonstrate that
shorter residence times within the column result in lower adsorption capacities for each of
the tested substances. The concentration of pollutants in the influent also plays a critical
role in adsorption efficiency; lower feed concentrations were associated with increased ad-
sorption capacities, improving by roughly 7-16%. This behavior underscores the potential
of MiCS@Alg in treating drinking water, particularly at lower contaminant levels where
the system operates on the initial, more efficient portion of the adsorption isotherm. The
material’s high porosity and favorable surface properties contribute to reduced internal
mass transfer resistance, making adsorption sites more readily accessible.
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Table 5. B-A and Y-N fitting for BR2, BY28, and NHj3 adsorption onto MiCS@Alg (Cijgro] =

Cipy2s] = Cipnma) = 5.0 mg dm ™3, m,gs = 570 mg, T = 25 °C).

Q (cm?® min—1)

Model and Parameters Pollutant
0.5 1.0 1.5
Kga (dm® mg~! min~1) 0.0360 + 0.0002  0.0703 + 0.0006 0.109 + 0.0012
o (mg g~ 1) BR2 147.6 + 0.19 122.8 + 0.25 100.1 + 0.30
R? 0.999 0.999 0.993
Kpa (dm® mg~! min~1) 0.0409 + 0.0005  0.0949 + 0.0023 0.138 + 0.0017
B-A o (mg g~ 1) BY28 94.71 + 0.32 77.02 + 0.44 61.58 + 0.26
R? 0.998 0.998 0.998
Kga (dm3 mg~! min—1) 0.0665 + 0.0008 0.130 + 0.0024 0.216 + 0.0047
go (mg g~ 1) NH; 47.28 +0.18 43.19 + 0.28 37.51 + 0.29
R? 0.999 0.999 0.998
kyn (min~1) 0.360 + 0.0025 0.351 + 0.0032 0.344 + 0.0040
6 (min) BR2 16.83 + 0.022 13.99 + 0.050 11.42 + 0.034
R? 0.999 0.999 0.999
kyn (min~1) 0.409 + 0.0054 0.475 + 0.0099 0.480 + 0.0001
Y-N 6 (min) BY28 10.80 + 0.036 8.78 + 0.069 7.02 + 0.0003
R? 0.999 0.999 0.999
kyn (min—1) 0.665 + 0.00001 0.668 + 0.012 0.719 + 0.0056
6 (min) NH; 5.39 + 0.00001 492 + 0.031 4.27 +0.032
R? 0.999 0.998 0.998

3.6. Comparative Overview of Adsorption Data

Based on the data in Table S5 and previously reported studies, the adsorbents inves-
tigated in this work can be classified among materials with relatively high adsorption
capacities. Notably, isolated melanin and sodium-alginate beads containing melanin (MiCS
and MiCS@Alg) have not, to the best of our knowledge, been reported in the available liter-
ature for the removal of such cationic pollutants. These materials are particularly attractive
because of their low cost, ready availability, and inherent biodegradability. MiCS exhibits a
higher adsorption capacity than conventional activated carbon derived from horse chestnut
(~169 mg g~ !; [41]) and citric-acid-modified corn stalk (~200 mg g~!; [42]) but lower
than the highest values reported for ZnCly-activated chestnut shell [43] (~1.1-1.4 g g 1)
and for the chestnut-snail shell composite MCS3-1 (up to 1.6 g g~ !; [44]). For ammonia
(NH3), MiCS shows a markedly lower capacity (=73 mg g’l), as expected from the dif-
ferent binding mechanism compared with cationic dyes. The encapsulation of melanin
in sodium-alginate beads further decreases the adsorption capacity (e.g., from 300 to
189 mg g~ ! for BR2) but produces a striking enhancement in adsorption kinetics. The
pseudo-second-order rate constant (k) for BR2 increases from 0.0031 g mg’1 min~!
for MiCS to as high as 5.79 g mg~! min~! for MiCS@Alg-several orders of magnitude
faster than most reported sorbents, including citric-acid-modified corn stalk (maximum
8.7 g mg ! min~! at elevated temperatures). Typical k, values for comparable sorbents
fall in the 10~4-10"3 g mg ! min ! range (e.g., chestnut-snail composite 1.25 x 10~# [40];
almond-walnut 9.16 x 1074, [45]; Elaeagnus 1.26 x 1074, [46]). Within Table S5, the highest
adsorption capacity is again observed for the chestnut-snail composite (MCS3-1), reaching
~1.6 g g~ ! for cationic dye removal, followed by ZnCl,-activated chestnut (1.1-1.4 g g 1).
The lowest value is recorded for MiCS toward ammonia, at ~73 mg g~ . This range high-
lights both the exceptional performance of the chestnut snail composite and the expected
limitation of MiCS when targeting non-aromatic, anionic pollutants, such as ammonia.
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Regarding selectivity, MiCS exhibits excellent affinity for cationic dyes but lower affinity for
ammonia, indicating that adsorption is primarily governed by electrostatic interactions and
mi—7t stacking between the aromatic dye rings and the melanin structure. A slight increase in
gmax with temperature (25-45 °C) follows the trend reported for ZnCl-activated chestnut
and other carbonized materials.

Opverall, the results summarized in Table S5 demonstrate that MiCS@Alg, particularly
in the form of alginate beads, offers a competitive, rapid, and environmentally friendly
approach for treating dye-contaminated and ammonium-rich wastewaters, even though its
maximum capacity is lower than commercial activated carbons having high surface areas.

4. Conclusions

In this study, produced MiCS and MiCS@Alg, derived from chestnut shells, were
successfully used as efficient adsorbents for the cationic dyes BR2 and BY28 and NHs.
Utilizing waste chestnut shells treated with environmentally friendly extraction and modi-
fication procedures, the melanin-based materials exhibited functional groups capable of
removing cationic pollutants from aqueous solutions. Characterization results revealed
significant changes in the structure and morphology of MiCS during the purification
and encapsulation process in MiCS@Alg. The isolated melanin particles demonstrated
improved adsorption efficiency compared to raw chestnut shell particles, which can be
attributed to their smaller size and higher negative zeta potential (—36.6 = 2.9 mV at
pH 10.5). DLS measurements showed that the average particle size of iCS was 786 nm
at pH 5.8, whereas MiCS measured 612 nm at pH 10.5. The process was found to be
low endothermic and spontaneous, with maximum adsorption capacities of 300.2 mg g~
(BR2), 201.5 mg g~ ! (BY28) and 73.08 mg g~ ! (NH3) on MiCS, and 189.3 mg g~ ! (BR2),
117.1 mg g~ ! (BY28) and 50.06 mg g~! (NH3) on MiCS@Alg at 45 °C, as determined us-
ing the Langmuir model. Thermodynamic, kinetic, and mechanistic studies indicated a
complex adsorption process, primarily governed by electrostatic interactions between the
negatively charged functional groups of melanin and the cationic dyes. Positive enthalpy
values (AH® = 2.50-7.77 k] mol 1) suggest that adsorption is mildly endothermic, while
negative Gibbs free energy values (AG® from —33 to —43 k] mol~!) confirm that the process
is spontaneous and feasible, with spontaneity generally increasing with temperature. Addi-
tionally, positive entropy values (AS® = 119.3-157.9 ] mol~! K~!) indicate an increase in
randomness at the solid-solution interface, likely due to structural rearrangements and sol-
vent molecule release during adsorption. The results obtained from the fixed-bed column
tests indicate that MiCS@Alg performs effectively across all the pollutants studied. The
materials also demonstrated good reusability over multiple adsorption—desorption cycles,
maintaining significant adsorption efficiency, highlighting their potential for sustainable
water treatment applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr13103314/s1. Table S1. Adsorption experiments template;
Table S2. Elemental data of chestnut shell and MiCS; Table S3. Total basic, total acidic, and carboxyl
groups content in iMC and MiCS; Table S4. The results from five adsorption-desorption cycles for
BR2, BY28 and NH3 (Ci =30 mg L, m=01 g, Q=1.0mL min~!, T = 25 °C); Table S5. Overview
of adsorption performance of literature data related to bio-based adsorbents; Figure S1. Influences
of pH on dyes and ammonia removal using MiCS and MiCS@Alg adsorbents (Ci = 30 mg L1,
m=1mg, V=8mL, T =25 °C, t =90 min); Figure S2. Langmuir and Freundlich model fitting for the
removal of pollutants onto both sorbents at different temperatures (Ci = 30 mg L1, m = 1-10 mg,
V=8mL, T=25°C, 35 °C, and 45 °C, t = 90 min); Figure S3. The schematic presentation of
the most plausible adsorption mechanism; Figure S4. B-A and Y-N fitting for BR2, BY28, and
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NH3 adsorption onto MiCS@Alg (Ci[BR2)] = Ci[BY28] = Ci[NH3] = 5.0 mg dm~3, mads = 570 mg,
T =25 °C). References [14,25,27,41-67] are cited in the supplementary materials.
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Abstract

Lately, considerable attention has been given to developing magnetoelectric-active
materials in microelectronics and spintronics. Motivated by that, the influence of partial
substitution of isovalent rare-earth gadolinium ions for bismuth in multiferroic four-layered
Aurivillius BisFeTizO1s (BFT) compounds to improve magnetic and electric properties is
reported in this work. Polycrystalline ceramics of Gd-doped BFT according to formula
Bis-xGd:FeTiz015 (x = 0, 0.1, 0.2, 0.3, 0.5, 1.0) were prepared by conventional solid-state
reaction. Crystal structure, phase purity, and structural evaluation were investigated via X-ray
diffraction, Rietveld refinement, and Raman spectroscopy. Scanning electron microscopy (SEM)
images show a significant influence of Gd content on microstructure, and it is found that x=0.3 is
a critical amount of Gd that affects the grain growth dynamics. Ferroelectric measurements show
unsaturated leaky hysteresis loops in all samples, still showing a slight improvement of
ferroelectric properties by low-level Gd substitution and their breakdown strength is enhanced.
Magnetic measurements confirm the paramagnetic nature of BFT ceramics with the nonlinear,
hysteretic behavior at 5 K in the sample with the highest Gd substitution level. Dielectric
properties were investigated in various temperatures (300—-1000 K) and frequencies (1 Hz-1
MHz). At temperatures above 990 K, a jump in the real part of the dielectric permittivity, related
to the ferroelectric phase transition, appears and moves slightly toward higher temperatures with
the increase of Gd content.

Keywords: Aurivillius structure, Gd*>" doping, Ferroelectrics, Magnetic properties, Dielectrics,
Rare earths
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1. Introduction

Multiferroic materials are still attracting extensive attention because they offer
prospective opportunities for multifunctional applications in modern technology, such as high-
energy density capacitors, spintronic devices, and gas sensing applications [1, 2]. The coupling
between ferromagnetism and ferroelectricity in multiferroics can produce attractive phenomena,
such as the magnetodielectric (MD) and magnetoelectric (ME) effects.

BiFeOs is a unique single-phase multiferroic material due to its simultaneous ferroelectric
(with a Curie temperature of 825 °C) and magnetic (with a Néel temperature of 370 °C)
properties at or above room temperature that could be utilized for information storage,
processing and transmission [3]. On the other side, compounds based on the Aurivillius
ferroelectric Bi4Ti3012 have been investigated as potential options for non-volatile ferroelectric
random access memory (FRAM). This interest arises from their excellent fatigue resistance and
significant ferroelectric spontaneous polarizations along the g-axis, with a Curie temperature of
675 °C [4, 5]. By integrating BiFeOs with BiaTi3012, a typical Aurivillius phase known as
BisFeTi3O15 (BFT) can be formed characterized by its four-layered structure and general formula
(Bi202)*" (Am-1BmO3m+1)*~ (m is the number of octahedral layers in the perovskite slab). BFT
structural transition at 730 °C from orthorhombic 421am to tetragonal [4/mmm without any
intermediate state was reported in the literature [6, 7]. It possesses the ferroelectric transition
temperature and antiferromagnetic (AFM) ordering with its Neel temperature (7n) at —180 °C [8,
9].

Many papers deal with the magnetic properties of BFT, but their origin is still under
debate. They are highly dependent on sample preparation conditions, such as synthesis method,
starting materials and, sintering temperature [10], as well as on the presence of secondary phases
that are usually hard to detect by a laboratory X-ray diffractometer [11, 12]. Some earlier reports
suggest superparamagnetic (SPM) behaviors for BFT with local antiferromagnetic (AFM)
interaction [13, 14], while Mao et al. [15] and Liu et al. [16] confirmed weak ferromagnetism
(WFM) in the paramagnetic background. Weak ferromagnetism appears because of insufficient
magnetic ordering of Fe ions and the short-range exchange interaction in the perovskite block,
probably also due to the presence of non-magnetic (Bi202)*" layers [2, 12]. On the other hand,
more recent studies reported paramagnetic behavior with no magnetic long-range ordering at
very low temperatures [17, 18].

BFT allows different site substitutions that enable the development of ferroelectricity and
magnetism, leading to improved material properties. The most commonly-used structural
modifications to improve magnetic properties are B-site (Fe ions) substitutions with other
magnetic elements such as Co, Mn, Ni, and Cr [11, 16, 19-21]. In most cases, the magnetic
properties were improved, but electrical properties were compromised due to the multivalent
nature of the transition metals.

The incorporation of rare-earth ions with numerous oxidation states at the A-site can
introduce a degree of disorder within the crystal lattice, leading to distortions in the lattice
structure and resulting in modifications in ferroelectric and magnetic properties [22-26]. The
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Gd** ion is recognized for its highly localized f-electrons and possesses a considerable magnetic
moment, in contrast to the diamagnetic Bi** ion [27]. Furthermore, the smaller ionic radius of
Gd** compared to Bi** could lead to structural distortions within the Aurivillius lattice structure.
To our knowledge, very few papers deal with the structural and magnetic properties of Gd-doped
BisFeTi301s ceramics [28, 29]. Still, not such attention has been given to the ferroelectric and
dielectric properties. Koval et al. [28] claimed that substitution of Bi** ions by Gd*" ions on A-
sites of the perovskite-like slabs is not capable of inducing any magnetic ordering in the four-
layer Aurivillius-type Bis+GdxFeTi301s, while Zuo et al. [29] confirmed that the substitution of
Gd ions can effectively enhance the room-temperature ferromagnetism.

This work presents a comprehensive study of the influence of different concentrations of
Gd on BisGdiFeTizO15s (x=0.0-1.0) structure, microstructure, dielectric, and magnetic
properties. The optimal content of gadolinium that affected those properties was determined.

2. Experimental

The pure and doped BFT polycrystalline ceramics were synthesized using the
conventional solid-state reaction method. Appropriate analytically pure oxide precursors TiO2,
Fe203, Bi203, and Gd203 (Alfa Aesar, 99% pure) were used. The initial components were
measured in stoichiometric ratios based on the subsequent chemical equation: Bis-xGd:FeTi3O1s,
x=20.1, 0.2, 0.3, 0.5, and 1, denoted as BFTG1, BFTG2, BFTG3, BFTG5, and BFTG10.Details
about the procedure used for obtaining the final undoped and doped ceramic samples can be
found in the previous publication of the authors [20]. The relative density of the fabricated
ceramics was calculated geometrically.

The phase structure of the prepared ceramics was determined via a conventional X-ray
diffractometer (Model XRD D5000, Siemens, Germany) with Cu Ka radiation, 26 range between
20° and 70°, step size of 0.02° (26), divergence slit = 0.5 mm, receiving slit = 0.3 mm. The
Rietveld refinement was performed using the FullProf Suite toolbar. The micro-Raman spectra
were measured at room temperature using a Jobin Yvon T64000 spectrometer with a nitrogen-
cooled CCD detector. The A = 514.5 nm line of Ar'/Kr" mixed laser was used as an excitation
source, with the output laser power kept at less than 2 mW to avoid the heating effects and/or
sample degradation. The Bose-Einstein thermal occupation factor corrected the Raman spectra.
Natural surface micrographs were examined using a scanning electron microscope (Model Vega
TS5130MM, Tescan, Czech Republic) and the images were analyzed by the Imagel software.
The electrodes were deposited by painting the appropriate pastes onto the ceramic samples, silver
paste (7095 Silver conductor paste, DuPont, USA) for polarization measurements and platinum
paste (71% Pt, Gwent Electronics Materials Ltd.) for dielectric measurements. The dielectric
measurements were performed using a custom-made impedance spectrometer, in which the
sample under investigation is a part of the coaxial line [30] in the 1 kHz-7.8 GHz frequency
range and between 300 and 1070 K with 1 K accuracy. The precision multiferroic test system
measured the polarization-electric field curves with High Voltage Interface-Radiant
Technologies, Inc., applying up to 4000 V at room temperature and at different external electric
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fields. The remnant hysteresis technique was applied to measure the real ferroelectric
contribution to the total polarization at zero electric field. Magnetic measurements of materials
were carried out using a vibrating-sample magnetometer (7307 Series VSM, Lake Shore
Cryotronics, USA).

3. Results and discussion

3.1. XRD analysis

As can be seen in Fig. 1, all diffraction peaks of the Bis-xGd:FeTi3015 ceramic samples
matched the diffraction data for the orthorhombic structure according to the JCPDS database
(No. 89—8545) with space group of 421am. The small impurity peak at 26 = 27.8° (marked by an
asterisk) was found in undoped BFT and the samples with less Gd (BFTG1, BGTG2, and
BFTG3). Secondary phase formation may be linked to the development of intermediate
compounds of the sillenite type (B112TiO20), which are crystalographically related to cubic -
Bi203 [20]. With Gd concentration increasing above x=0.2, the impurity peak disappears,
confirming the reduction of the secondary phase in the structure. The amount of secondary phase
is estimated to be from 5.9 wt% to 8.0 wt% in the undoped sample and the samples with less
amount of Gd.

Fig 1. XRD patterns of unmodified and Gd**-doped BFT ceramics with different substitution
concentrations. The impurity peak was marked by an asterisk (*)

The lattice parameters for all samples are presented in Table 1. The cell parameter a
decreases almost linearly with increasing content of Gd in the structure, while parameter b varies
but still has a partially decreasing trend (Fig. 2). Along the ¢ direction, the structure expands with
increasing Gd content while both the unit cell volume (V) and orthorhombic distortion (§ =
2(a —b)/(a + b)) are progressively reduced. Obviously, regarding the partial replacement of
larger Bi*" ions (0.117 nm) with smaller Gd** ions (0.105 nm), the increase in Gd content caused
the shrinkage of the crystal lattice and a gradual reduction of orthorhombic distortion of the unit
cell. The anomalous increase in unit cell volume for BFTG3 can be attributed to a combination
of improved phase purity, more homogeneous Gd incorporation, reduced internal strain, and
grain size effects. The transition from a more defective structure (with secondary phases) at
lower doping levels to a purer phase for BFTG3 likely allows a temporary expansion of the unit
cell before contraction resumes at higher Gd concentrations.

Table 1 Refined structural parameters (a, b, ¢), unit cell volume (V), density (D), orthorhombic
distortion (), phase composition and number of grain per um? of all samples.

~ Phase No. of
Samples | a (nm) b (nm) ¢ (nm) V (nm?) D 0 (310 fraction BET grains/um?
(%) ) (Wi%) Sec. phase
BFT 0.5479 0.5452 4.1256 1.2325 | 914 6.0 914 59 1.106




BFTG1 0.5474 0.5444 4.1277 1.2301 94.5 54 93.4 6.6 0.961
BFTG2 0.5463 0.5439 4.1304 1.2274 | 97.6 44 92.0 8.0 0.950
BFTG3 0.5463 0.5444 4.1328 1.2292 | 97.5 3.5 97.3 2.7 1.300
BFTGS 0.5437 0.5451 4.1337 1.2252 | 95.7 24 97.9 2.1 0.883
BFTGI10 | 0.5428 0.5443 4.1416 1.2236 | 93.6 2.9 97.4 2.6 1.040

Fig 2. (a) Rietveld plots for refinement of undoped BFT ceramics; (b) Gd-substitution-induced
change of the structural parameters in Bis-xGd:FeTi3015 ceramics.

3.2 Raman scattering

The Raman spectra of all prepared ceramic samples recorded at RT for a wavenumber
from 30 to 1000 cm™' are shown in Fig. 3. All peak positions are generally consistent with the
spectra reported in the literature. The Raman studies of bismuth-based layered materials
distinguished two parts in the vibrational spectra, below 200 cm™!, which can be ascribed to the
motions of heavy Bi ions at the A-site, while those above 200 cm™' result from the torsion,
bending, and stretching of the oxygen octahedra [31, 32]. It is well known that the bismuth layer-
structured ferroelectrics (BLSFs) have two sites containing Bi**, with different coordination
surroundings; the [Bi20:] layer site is an 8-coordinate position, while the perovskite A-site
adopts 12-coordination [33, 34]. The lowest frequency peak at about 57 cm™' results from the
vibrations of Bi*" ions in (Bi202)*>" layers. At the same time, modes between 90 and 150 cm™! are

closely associated with the vibrations of the Bi*" ions on the A-site positions of the perovskite-
like slabs [28].

Fig 3. Raman spectra collected from Bis-xGd:FeTi3015 ceramics at room temperature

As shown in Fig. 3, the soft Raman modes 1 and 2 at 51.9 and 62.8 cm ! in the BFT
spectra change with Gd substitution, merging into a single mode at 58.7 ¢cm™!' above x=0.3.
However, these modes match the Raman modes of Bii2TiO20, which is a secondary phase
detected in neat BFT and samples doped with Gd up to x=0.3 [35, 36]. In BFTG5 and BFTGI10,
the presence of one mode at 57 cm ' confirms that the Bi2TiO20 phase is almost absent,
following XRD data. These observations confirm that Gd substitution in the BFT lattice does not
affect the fluorite-like Bi2Oz2 layers for all investigated concentrations of Gd and that this mode is
associated with the vibrations of Bi** ions in (Bi202)*>" layers. Similar results were obtained by
Koval and co-authors [28].

Through the Raman spectra, it can be further noticed that the intensities of triplet modes
3, 4, and 5 that are closely linked with the vibrations of the Bi** ions on the A-site positions of
the perovskite-like slabs [32] progressively decrease by Gd doping compared to neat BFT. This
suggests that Gd*" ions are replacing Bi*" ions at the A-sites of the pseudo-perovskite layers.
Having in mind that ferroelectricity in Aurivillius BisTisFeO1s compounds originates, among




others, from the stereochemical activity of lone pair electrons of Bi*" ions [35], the most
prominent Bi-site vibration mode nearly disappears, indicating that the suppression of the
ferroelectric long-range ordering in BFT ceramics might occur with high-level doping with Gd.

The spectral modes 6 and 7 (223 and 264 cm™!) are related to the Ti—~O/Fe—O bending
vibrations. Generally, mode 6 should be inactive if no distortion occurs in the TiOs octahedron
[34]. However, it can be noticed that these phonon modes are slightly suppressed with increasing
gadolinium content. This kind of change can be attributed to the decreasing tilting distortion of
the [Ti/Fe]Os octahedra and, hence, the decrease of the orthorhombic distortion J, confirmed by
presented XRD data. The low-intensity modes around 332 and 461 cm™' (referred to as modes 8
and 9) are assigned to the oscillations related to the ferroelectricity, movement, or vibration of Bi
atoms on the A site in the pseudo-perovskite layers and the (Bi202)*" layers [28]. The intensities
of these modes decrease upon Gd substitution, which indicates that substitution affects the
bending of (Ti/Fe)Os octahedra.

Modes 10 and 11, appearing at 542 and 569 cm™!, showed interesting changes with
varying Gd*" concentrations. Gd** substitution on the A-site leads to structural disorder, which
results in progressive shifting and merging of these two modes in one at 562 cm™! (as marked by
the box). These results indicated that the increase of Gd*>* content in the perovskite layer reduced
the Bi cation interactions with the TiOs¢ octahedron unit, consequently affecting the local
structure surroundings around [Ti/Fe]Os octahedron [37]. It has been noted that the doublet of
peaks observed in Raman spectra that tends to merge into a single mode is often observed when
the Bi ion is replaced by rare earth elements [38]. Modes 12 and 13, which correspond to the
stretching of the FeOs and TiOs octahedra, respectively, are unaffected by the Gd*" modification
as expected.

Generally, Raman scattering is used to investigate the intrinsic physical behavior of
materials. Specifically, many papers used Raman analysis to investigate complex Aurivillius
structures. Chen and co-authors [39] investigated the La-doping on Bi*" site in four- and five-
BLSFs, namely SrBiaTi4O15, Sr2Bi4Ti5018, and Bi4Ti3012-SrBi4Ti4O1s. They claimed, by Raman
analysis, that the influence of La dopant on the Bi2O2 layers is negligible. In contrast, the
influence on pseudoperovskite layers is significant when the dopant content is relatively low.
Further, Osada and co-authors [40] reported that La occupies the perovskite A site of three-
BLSFs Bis «LasTi3012 samples with x less than 0.75. They claimed that La was incorporated in
both the perovskite and Bi2Oz layers above this value. These reports witness the complexity of
the structural changes induced by doping in a wide range of dopant concentrations that might
reflect on the functional properties of this type of material.

3.3 Microstructure and morphology evaluation

Fig. 4 shows SEM images of free surfaces of all investigated compositions. Evidently, the
ceramics are dense and show well-grown laminar grains with random orientations, which are
unique microstructural features of Aurivillius compounds [41]. The density of neat BFT ceramic
is 91.5% of the theoretical value. At the same time, Gd substitution improved the sintering
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behavior and, therefore, the relative densities of the samples are up to ~98% of the theoretical
value for BFTG2 and BFTG3 samples (Table 1). SEM micrograph confirms that improvement.
A particular lamellar morphology was formed due to the structurally highly anisotropic grain
growth of the Aurivillius type of crystal structure, which had a much higher grain growth rate in
the direction perpendicular to the c-axis than the a-b direction [5]. The micrographs of all
samples revealed the dimensions of the grains up to 3—5 pm in width and 0.1 pm in thicknesses
with the exception of the BFGT3 sample, which possessed significantly shorter grains up to 1
um in length. This was confirmed by the ImageJ software by calculations of number of grains
per um? (presented in Table 1). This parameter was convenient to study since the shape of the
grains significantly deviates from the spherical, and one can assess the grain boundary
abundance per surface area that can influence the electrical properties. The BFTG3 sample
contained obviously the largest number of grains/grain boundaries per surface area, while the
other samples’ grain number density follows no specific trend yielding around 1 grain per pm?.

Fig 4. SEM images of the free surface of BFT (a), BFTG1 (b), BFTG2 (¢), BFTG3 (d), BFTGS5
(e) and BFTGI10 (f) samples.

3.4 Ferroelectric properties

Generally, ferroelectricity in Aurivillius BisTi3FeO1s compounds originates from the rotation
and tilting of TiOs/FeOs octahedra, the stereochemical activity of lone pair electrons of Bi** ions
and distorted (Bi202)*" layers [20]. As for the ferroelectric properties, the role of the Gd** differs
at lower (up to x=0.3) and higher concentrations (over x=0.5), in general. It is more
comprehensive by comparison of the hysteresis loops measured at the highest electric field for
each sample (Fig. 5(a) and (b)). The light-doped samples (BFTG1, BFTG2, and BFTG3) could
sustain higher electric fields than the undoped sample (130 kV/cm). Specifically, the BFTG1 and
BFTG3 samples withstood the highest electric field (170 kV/cm). At that field, the hysteresis
loops appeared wider, whereby the sample BFTG3 exhibited the optimal ferroelectric potential.
On the other hand, the samples with higher amount of Gd*" (the samples BFTG5 and BFTG10)
showed no significant improvement of the ferroelectric properties, judging by their narrower
hysteresis loops even at somewhat higher electric fields than that for the undoped sample.

In Fig. 5(c), by observing the leakage current profiles of all the samples expressed as a
logj—logE plot, one can conclude that Gd** was ineffective in reducing leakage currents as
assumed by replacing highly volatile Bi*", responsible for the occurrence of structural defects
such as bismuth and oxygen ion vacancies. Again, the divide between the light and heavily
doped samples concerning leakage properties is evident. The undoped sample exhibited the
lowest conductivity, although within the same order of magnitude as the BFTG1, BFTG2, and
BFTG3 samples. A significant increase in conductivity is yet present for the samples with higher
Gd content (BFTGS and BFTG10). Besides, we can see that all logj—logE plots follow the same
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pattern with the slope values (m) between 1 and 2 up to 100 kV/cm that are related to the space-
charge-limited conduction (SCLC) mechanism [42]. At high fields (above 100 kV/cm), the logj
values start to exhibit a non-linear relationship with the logE values, and this indicates a shift
from bulk-dominated conduction to grain boundary-limited conduction (GBLC) [43, 44]. It is a
consequence of accumulation of space charge at the grain boundaries that decreases the mobility
of the charge carriers. The anisotropic grain structure can influence the conduction process by
directing the current along the planes of the grains. As a result, it may restrict conduction more
significantly at higher electric fields if the mobility of charge carriers is affected by resistivity at
the grain boundaries. Even though the BFT sample exhibited the lowest conductivity within the
SCLC region, it became more vulnerable after the transition to GBLC, which resulted in the
lowest breakdown voltage (130 kV) compared to the Gd-doped samples. Apart from other
reasons, it can be due to the highest porosity of this sample (~9%).

There are typically two primary reasons for breakdown when a high electric field is
applied. The first one relates to intrinsic dielectric breakdown, a property of the material itself.
The second factor is influenced by defects and imperfections, likely due to randomly distributed
open pores, voids, inclusions, and other irregularities [45]. In practice, the breakdown strength of
even high-density good-prepared ceramics is mainly affected by the presence of defects formed
inside the ceramics. In this investigation, gadolinium improved the sinterability of BFT by
reducing porosity (below 3% for BFTG3). These doped ceramics were more resistant to the
dielectric breakdown under the stress [46]. While the leakage current in the doped samples was
higher than that of pure BFT, their breakdown strength was improved, particularly at low levels
of Gd. Therefore, understanding the ferroelectric properties of BFTG materials is complicated by
the interplay of various factors such as dealing with the complex four-layered Aurivilius
structure, change in symmetry and microstructure by Gd doping, porosity, anisotropic grain
growth, and the presence of secondary phases.

Fig. 5. (a, b) Ferroelectric loops of the maximum field that all sample has withstood; (c) Leakage
current measurements presented in the form of logj—logFE; (d) Remnant polarizations for pure
BFT and light-doped samples at 130 and 140 kV/cm; (e) Hysteresis loop (with RMH loop) for
BFTG3 at 50 °C; (f) Current loop for BFTG3 sample at 50 °C.

The beneficial method for detecting the pure ferroelectric response is the remnant
hysteresis (RMH) loop measurement. The rationale of this method is explained in detail
elsewhere [47]. Thus, the measured remnant polarization (RMP) is free from electric and
dielectric contributions that can often lead to misinterpretation of ferroelectric properties. The
RMP values at 130 kV/cm (Fig. 5(d)) reveal that the ferroelectric potential decreases as Gd**
concentration increases. It can be due to the inability of the spheric Gd*" cations to polarize like
Bi**, which contains the lone 6s? electron pair. Furthermore, these values comply with the
change in structural symmetry expressed by a decrease in the orthorhombic distortion (0) with an



increase in Gd content. At 140 kV/cm, the results are more dependent on microstructure-driven
factors as explained in the previous paragraph. The BFTG3 sample reached the highest RMP
value of 0.65 pC/cm? at room temperature, which is probably due to its less anisotropic grain
structure, the highest density and the least amount of secondary phases compared to BFTG1
(0.42 pC/cm?), and BFTG2 (0.41 nC/cm?) that also exhibit higher remnant polarizations than the
undoped sample at 130 kV/cm (0.30 uC/cm?).

In the end, we tried to enhance the ferroelectric properties of BCTG3 sample by
increasing its temperature to 50 °C, but not at fields above 140 kV/cm due to the immediate
breakdown of the sample. As can be seen from Fig. 5(¢), the RMP value at 140 KV/cm increased
from 0.65 to 1.2 uC/cm? when the sample tamperature increased from room temperature to
50 °C, which indicates that ferroelectric properties of BFT are highly temperature-sensitive.
Also, as the evidence of ferroelectric switching, two characteristic peaks around 100 kV, and —
100 kV/cm were present in the current loop measured up to 140 kV/cm at 50 °C (Fig. 5(f)).
Thus, light-doping up to x=0.3(BFTG3) can be beneficial to ferroelectric properties of BFT, first
of all by allowing the application of higher electric fields that can initiate dipole switching in the
material. At x=0.3 (BFTG3), Gd** doping enhances the sinterability and reduces the porosity,
allowing for a more dense material. A dense material generally exhibits better ferroelectric
properties because there are fewer structural defects and more uniform polarization switching
within the grains. The XRD analysis indicates that the structural symmetry decreases (i.e., the
orthorhombic distortion diminishes) as Gd content increases. This suggests that at BFTG3, the
material may achieve a structure that is still conducive to ferroelectric switching. The decrease in
symmetry could reduce energy barriers for domain switching, allowing for more efficient
polarization at higher electric fields. Besides, the structure of BFTG3 is less anisotropic, meaning
that the grains are more uniformly oriented and the grain boundaries are better aligned. This
could help the material switch polarization more effectively, contributing to the highest Pr value
observed. Anisotropic grains can sometimes create resistance to ferroelectric switching, as
polarization would prefer to switching along certain crystallographic directions [48]. Higher
Gd*" concentrations, on the contrary, cause an increase in conductivity and change in the
structural symmetry as demonstrated by XRD analysis and Raman spectroscopy, all of which
deteriorated the ferroelectric properties of BFT. Also, inability of Gd*" to polarize in the same
manner as Bi**, which has a lone 6s? electron pair that contributes to polarization, is one more
reason that negatively impacts the ferroelectric properties [35]. As shown in many investigations
on ferroelectric properties of BisTisFeOis ceramics influenced by various dopants, it is hard to
obtain a saturated hysteresis loop at room temperature [20-25, 37, 49-50]. The ferroelectric
hysteresis loops, very close to saturation, were obtained only in BisTisFeOis thin films [51],
where, due to a different domain structure, smaller volume and thickness, much higher electric
fields can be applied. These changes allow for faster and easier formation of saturated hysteresis
loops than in thicker materials, where the breakdown occurs regularly at lower electric fields.

3.5 Magnetic measurements



Magnetic measurements for neat and Gd-doped (Bis—+Gd:FeTizO1s) samples at room
temperature are shown in Fig. 6(a). The maximum magnetic field of +10 kOe is applied to
explore the magnetic nature of the samples. The relationship between magnetization and
magnetic field for both pure BFT and all doped samples exhibited a linear behavior at room
temperature, which is characteristic of paramagnetic materials. The magnetization gradually
increased with the increase in Gd content, which can be explained by the highly magnetic nature
of Gd** ions due to the electron configuration with 7 unpaired electrons, more than that in most
other ions. However, the concentration of Fe*" ions is relatively low in the BFT structure. It
consists of 25% magnetic Fe ion and 75% non-magnetic Ti ion in the B-site of the perovskite
slab. So, the presence of non-magnetic ions within the same site of the octahedral unit results in a
weakened magnetic super-exchange interaction. Also, the long order of magnetic interaction is
restricted because of barrier of the non-magnetic [Bi2O2] layer sandwiched between the
perovskite layers [13]. For this specific concentration of magnetic ions, the limited range of the
superexchange interaction poses a significant obstacle to achieving long-range magnetic order at
elevated temperatures [2].

Fig 6. Magnetic hysteresis loops of all samples at room temperature (a) and BFTG10 at 5 K (b);
(c) Temperature dependences of the magnetization for BFTG10 sample at # =100 Oe (The inset
demonstrates Curie—Weiss law fitting of the reciprocal susceptibility for BFTG10 sample).

Generally, the magnetic order in doped structures depends on the ionic radius and
electronic structure of substituting ions. As was already confirmed by Rietveld analysis, doping
on the A-site of BFT with Gd*" introduces distortion in the perovskite lattice because of a
significant difference between the ionic radii (the ionic radius of Gd** is smaller than that of
Bi*"). Related to that, and considering the effective magnetic moment of rare earth Gd** ions of
6.9 us (that is higher than the magnetic moment of 5.9 us for Fe*"), it is anticipated that
gadolinium will induce considerable alterations in magnetic behavior [38]. Although the
magnetization at magnetic fields up to 10 kOe increased with higher Gd concentration, the linear
nature of all Gd-doped magnetic hysteresis loops suggests that the Gd substitution at the A-site
does not influence the magnetic state of the parent BisFeTi301s phase.

By measuring the magnetization of BFTG10 under magnetic field of +50 kOe and at 5 K,
the nonlinear, hysteretic behavior was confirmed (Fig. 6(b)). This very weak, parasitic
magnetism characterizes a well-known effect called canted antiferromagnetism [38, 52]. In
canted antiferromagnetic materials, the atomic magnetic moments are aligned in an antiparallel
configuration, but are also inclined or tilted relative to one another. This creates a small net
magnetization which is perpendicular to the antiferromagnetic ordering. Fig. 6(c) illustrates the
variation of magnetization with temperature (5-300 K) in the field cooled-zero field cooled (FC-
ZFC) mode for the applied field of 100 Oe. The magnetic interaction can also be reflected by 1/y
against temperature 7, where y is the susceptibility measured after zero-field cooling. As shown
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in the inset of Fig. 6(c), the relation between 1/y and T can be well fitted by Curie—Weiss law at
high temperature range. The extrapolated Curie—Weiss temperature is about —40 K, indicating
that the magnetism of BFTG10 ceramics is dominated by antiferromagnetic interaction [16, 28,
38].

A few previously published papers dealt with the influence of Gd on the magnetic
properties of BFT ceramics and showed discrepancies in the results. Our investigation complies
with the results of Koval et al. [28], who revealed that substituting Bi*" ions with Gd** cannot
induce any magnetic ordering in the BFT structure. Our previously published paper [23], and
some others, confirmed that the enhancement of magnetic properties could be achieved by B-site
doping of the perovskite-type units with magnetically active transition-metal ions such as Co,
Mn, Ni, and Cr [19-22]. On the other hand, Zou and coauthor [29] illustrated that the remnant
magnetization of Bis25Gdo.75Fe0.sC00.5Ti3015 is about four times higher (18.5 memu/g) than that
of BisFeo.5C00.5T13015 (~4 memu/g), as if Gd exhibits a synergetic effect when in the presence of
Co or other transition-metal ions, interrelated by their strong exchange interaction.

3.6 Dielectric measurements

The temperature dependences of dielectric constant (¢') and dielectric loss (tand) were
measured from room temperature to 1070 K. The result at I MHz frequency on cooling is shown
in Fig. 7. These characteristics were similar for all doped materials and remain almost invariant
on temperature changes up to 600 K for both &' and tand. Starting at a low value near room
temperature (approximately 98 for pure BFT), &' exhibited a noticeable increase as the
temperature approached 600 K, indicating enhanced conductivity of the sample. Between 600
and 900 K, all samples displayed a peak in the dielectric constant, which may be associated with
a change in the conductivity mechanism. As mentioned earlier, the migration of inherent defects
(bismuth and oxygen vacancies) played a significant role in promoting intrinsic ionic conduction,
which substantially improved conductivity at elevated temperatures [53]. The dielectric constant
around 980 K (for pure BFT) reached a narrow maximum, representing the ferroelectric phase
transition. It is worth mentioning that this maximum is clearly seen in dielectric data at higher
frequencies as well (see Fig. 8). Moreover, a small (5—10 K) hysteresis between heating (not
shown here) and cooling cycles can be noticed what confirms the ferroelectric nature of this
anomaly. From Figs. 7 and 8, one can assume that the phase transition peak decreases slightly
with the increase of Gd doping even though the dielectric constant value shows the opposite
trend for BFTG1-BFTG3 compounds. In the BFTG10 sample, the dielectric anomaly at the
phase transition point becomes more like a kink than an anomaly.

The phase transition temperature was shifted toward the high temperatures with an
increase of the dopant concentration, from 980 K for BFT to 991, 1006, 1019, 1026 and 1048 K
for BFTG1, BFTG2, BFTG3, BFTGS, and BFTG10, respectively. Not many papers deal with the
dielectric properties of BFT compounds. What’s more, they report very different results and
conclusions. The investigated temperature region is usually narrow, from room temperature up to
800 K. Wu et al. [18] have noticed three different anomalies: one located between 720 and 780 K
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(that may be related to a change in the conductive model), the second around 1007 K (related to
phase transition), and the third at 1090 K (associated with an abrupt lattice expansion of the
tetragonal structure). A similar conductivity-related anomaly but in a lower temperature range
(500—700 K) was found by Patri et al. in W/Co co-doped BisLaFeTi3O1s ceramics [50]. Snedden
et al. have determined phase transition at 1003 K without evidence of a lower temperature phase
transition reported by some other authors [7].

Fig 7. Temperature dependence of the dielectric constant (a) and tand (b) of all samples.

The values of dielectric constant vary in different literature data depending on the
synthesis conditions (calcination and sintering conditions), densities, structure, dopant
concentration, grain size homogeneous nature and so on. In this study, the value of the dielectric
constant at room temperature is about 98 for BFT and increase with doping up to 200. In
contrast, the relatively low dielectric constant was measured at Curie temperature, about 500,
which is similar to an earlier report by Wu et al. [18]. Maximum values of &r at Curie temperature
firstly increase with Gd doping up to x=0.2 and then decrease with increasing levels of Gd
substitution.

Fig. 8. Temperature dependence of the dielectric constant and tand at selected frequencies for
BFT, BFTG3 and BFTG10 samples

Besides the previously mentioned dielectric peak around 1000 K temperature, a broad
anomaly above 500 K temperatures is visible in all compounds (Fig. 8). It is important to
mention that the maximum of this anomaly shifts toward higher temperatures with the increase
of measurement frequency which is different behavior and cannot be associated with any phase
transformation. Usually, ion thermal conduction and accumulation at the grain boundaries may
be responsible for this dispersion, accompanied by a nearly exponential increase of values of
dielectric loss at temperatures between 500 and 800 K. However, at room temperature, the
dielectric losses are very low, below 0.01 for all samples and dielectric dispersion becomes
negligible as well. A slight dielectric anomaly can be seen for the BFTG10 sample below 400 K,
and it extends below room temperature. Summing up, dielectric studies of Gd-doped BFT
compounds demonstrated excellent dielectric behavior with high Curie temperature (7c = 1008
K), high dielectric constant (er = 167, emax = 980), and low dielectric losses (tand~= 0.02), for an
optimum value of Gd dopant (x = 0.2). The doping of Gd decreased epsilon at room temperature,
and shifted Curie temperature toward higher temperatures. However, it is not possible to
establish a clear correlation between dielectric and ferroelectric behavior due to concomitant
changes in structural, microstructural and chemical properties of material induced by Gd doping.

4. Conclusions
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In summary, the influence of gadolinium doping on the structural, ferroelectric, magnetic,
and dielectric properties of the Bis«GdxFeTi3015 ceramic obtained from the solid-state reaction
method was investigated in this study. A minimal number of impurities was identified by XRD
analysis in the neat BFT and samples with low Gd concentration. However, it is clear that higher
concentrations of dopants suppress the formation of the impurity phases. SEM analysis reveals
an anisotropic nature of grain growth with the exception of the BFGT3 sample, which possesses
significantly shorter grains. Raman spectroscopy results indicate that Gd ions prefer to replacing
Bi ions in the pseudo-perovskite layers rather than that in the bismuth-oxide layers.

The ferroelectric loops of all investigated samples are unsaturated even at electric fields
close to the sample breakdown. The remnant hysteresis technique reveals that a small but finite
remnant ferroelectric polarization is present, and it decreases as Gd content increases at the
observed electric field. However, the breakdown strength is enhanced through doping, especially
by low level Gd substitution (up to x=0.3). Thus, the BFTG3 sample exhibits the highest remnant
polarization of 0.65 uC/cm? at 140 kV/cm, which increases up to 1.2 uC/cm? at 50 °C. Although
the Gd doping is ineffective in decreasing the leakage current, it increases the breakdown
strength of the BFT samples at higher electric fields. In general, low Gd concentrations (up to
x=0.3) can be considered beneficial to the ferroelectric properties. The magnetization at magnetic
fields up to 10 kOe increases with Gd substitution, but it does not lead to the development of
ferromagnetic ordering in the four-layered Aurivillius Bis—+GdiFeTi3O1s ceramics. However,
very weak, parasitic ferromagnetism is observed at 5 K for sample with the highest concentration
of Gd (x=1). Dielectric studies demonstrate that x=0.2 is the optimum value of Gd content when
the material shows the highest value of Curie temperature and dielectric constant and low
dielectric losses (tano =~ 0.02).

Thus, the doping with Gd can improve the overall properties of BFT ceramics. While
higher Gd concentrations induce proportionally higher magnetization under magnetic fields at
room temperature, it is not the case with the ferroelectric and dielectric properties that are more
dependent on structural and microstructural characteristics, where lower Gd concentrations are
beneficial. Therefore, special attention should be given to the synthesis and processing
conditions for preparing BFT bulk ceramics to avoid irregularities such as porosity and
secondary phases that can deteriorate the ferroelectric properties.
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Gd**-modified Bis-+FeTisO1s ceramics were successfully synthesized by solid state reaction. It

enhances the electrical and magnetic properties of the investigated material.
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Highlights:

- Pure and Gd3** modified ceramics were successfully synthesized by solid state reaction.
- Raman analysis confirmed that Gd3* replaces Bi3* in the BFT structure.

- Up to 6 mol% Gd enhanced the dielectric and ferroelectric properties of BFT.

- The magnetization at magnetic fields up to 10 kOe increased with Gd substitution.
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ABSTRACT

ErsFes012 nanoparticles were synthesized via the sol-gel method, yielding an Ia3d garnet structure, as confirmed
by XRD, HRTEM, EDX, and Raman spectroscopy. Magnetic measurements showed that the temperature of
magnetic compensation is 75 K (Tcomp1), and that the coercive field exhibits a single peak near Tcomp;. Above
Teomp1, the coercive field was found to be proportional to the susceptibility of the Er®* paraprocess. Zero-field-
cooled (ZFC) and field-cooled (FC) measurements were performed, including both cooling (FCC) and warming
(FCW) cycles. FCC measurements revealed double magnetization reversal, with two compensation temperatures,
observed for the first time in ErsFesO12. At Teomp1, the magnetization switches from positive to negative, whereas
at the lower Teomp2, it switches from negative to positive. Tcomp2 depends on the applied field and increases with
increasing field, and for fields above 1000 Oe, the magnetization reversal no longer occurs. In contrast, these
magnetization reversals are completely absent in the FCW regime. Additionally, ErsFesO;2 nanoparticles exhibit
magnetization switching, where the magnetization orientation can be reversed by changing only the magnitude
of the applied field while keeping its direction fixed. The observed double magnetization reversal is attributed to

a strong magnetocrystalline anisotropy opposing the Zeeman-driven realignment of magnetization.

1. Introduction

Magnetization reversal (MR), also known as negative magnetization,
is a phenomenon in which the magnetization changes its direction,
transitioning from a positive state (aligned with the external field) to a
negative state (opposite to the field) within a specific temperature range.
The temperature at which the magnetization becomes zero is referred to
as the compensation temperature. Such an effect was first predicted by
Néel [1] as a phenomenological possibility in certain ferrimagnetic
materials. It arises from the different temperature dependencies of
magnetization in two antiferromagnetically coupled magnetic sub-
lattices, which result from different molecular fields acting on magnetic
ions positioned at two different crystallographic sites. This behavior was
later experimentally observed in spinel ferrites [2]. This unusual and

* Corresponding author.
** Corresponding author.

intriguing effect has attracted significant attention due to its importance
in fundamental physics and its potential applications in magnetic data
storage, spin valves, magnetic switches, thermomagnetic switching, bi-
polar magnetocaloric devices, and advanced spintronic and memory
technologies [3-9]. MR has been experimentally reported in various
magnetically ordered materials, such as spinels [2,10-13], perovskites
[14-17], particularly in orthochromites [18-22] and orthoferrites [8,23,
24]. In contrast, it has been reported in a relatively small number of
cases for garnets, e.g., Refs. [25-32].

Erbium iron garnet (ErIG) belongs to the rare-earth iron garnet
family, a class of ferrimagnetic materials with a cubic garnet structure.
These materials are known for their complex magnetic interactions,
magnetization compensation effects, and spin reorientation transitions,
making them highly relevant for both fundamental research and
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spintronic applications. ErIG crystallizes in a cubic garnet structure with
space group Ia3d, where Er’* ions occupy dodecahedral (24c) sites, Fe3*
ions are distributed between octahedral (16a) and tetrahedral (24d)
sites, while 0%~ ions reside at the 96h positions. The Fe>* ions in octa-
hedral and tetrahedral sites form distinct magnetic sublattices that are
antiferromagnetically coupled but unequal in magnitude, resulting in a
net magnetization that gives rise to the ferrimagnetic behavior of ErIG.
The Er* ions at dodecahedral sites form a separate magnetic sublattice
that weakly antiferromagnetically couples to the resultant magnetiza-
tion of the Fe sublattices. The Curie temperature in iron garnets is
largely independent of the rare-earth ion, as it is primarily determined
by the strong exchange interaction between the Fe sublattices. For ErIG,
as well as other iron garnets, the Curie temperature is approximately
560 K [33,34]. The magnetizations of the Er and Fe sublattices in ErIG
exhibit different temperature dependencies, with the Er sublattice
dominating at low temperatures and the Fe sublattices dominating at
high temperatures. The temperature at which their opposing magneti-
zations cancel each other, resulting in zero net magnetization, is known
as the compensation temperature (Tcomp), which for ErIG is approxi-
mately 80 + 5 K [35-37]. At high temperatures, ErIG exhibits an easy
magnetization axis along [111], while at low temperatures, it undergoes
a spin reorientation toward the [100] direction, and also adopts the
so-called double-umbrella structure, in which the Er moments on
magnetically inequivalent sites form two canted cones around the Fe
axis [37]. This complex spin behavior makes ErIG interesting for both
fundamental research and potential applications.

In this paper, we synthesized ErIG nanoparticles and characterized
them using XRD, HRTEM, EDX, and Raman spectroscopy. We also per-
formed detailed field- and temperature-dependent magnetic measure-
ments. ErlG was found to exhibit a double MR, a phenomenon not
previously reported for this material and observed in only a few other
garnets [30-32]. We found that the MR effect is present only in FCC
measurements, and completely absent in FCW measurements. Such
asymmetry has been reported in systems such as chromates [18,21], but
never before in garnets. Additionally, magnetization switching was
observed, where the direction of magnetization reverses solely due to
changes in the magnitude of the applied field, without altering its di-
rection. These results advance knowledge of ErIG properties and play an
important role in the broader understanding of MR in garnets.

2. Experimental

ErIG nanoparticles were prepared by the polyvinyl alcohol (PVA)-
mediated sol-gel method. For the preparation of the precursor solution,
constituent nitrates Er(NO3)3-5H,0 and Fe(NO3)3-9H,0 were used
(Sigma-Aldrich). Stoichiometric amounts of the precursors were dis-
solved in deionized water. The chelating agent PVA was added to the
solution in a 1:1 M ratio relative to the total content of metal ions, and
the mixture was continuously stirred and maintained at 80 °C to ensure
homogeneous gel formation. The resulting gel was dried in an oven at
110 °C for 5 h, and then calcined at 800 °C for 3 h to obtain ErIG
nanoparticles.

The crystalline structure of nanocrystalline ErIG was characterized
by X-ray diffraction (XRD) using a Rigaku MiniFlex diffractometer with
a Cu-Ka radiation source. XRD data were collected over a 20 range of
10°-80°. The Rietveld refinement of the XRD data was performed using
the FullProf Suite. Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM) images, and
selected area electron diffraction (SAED) patterns were acquired using a
JEOL JEM-2100 transmission electron microscope operated at 200 kV.
Elemental analysis was performed with an Oxford EDX system attached
to the TEM. The room-temperature micro-Raman spectrum was
measured in backscattering geometry using a Jobin Yvon T64000 triple
spectrometer equipped with a liquid nitrogen-cooled CCD detector and
an Ar"/Kr" ion laser operating at a wavelength of 514.5 nm as the
excitation source. Magnetic measurements were performed using a
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Quantum Design MPMS XL5 SQUID magnetometer.
3. Results and discussion

ErlG crystallizes in a body-centered cubic crystal structure with
space group Ia3d (0}°, No. 230), schematically presented in Fig. 1. The
conventional unit cell contains eight formula units, corresponding to
160 atoms in total. In this structure, the Fe ions occupy two distinct sites:
octahedral 16a sites (Fe®) with sixfold oxygen coordination, and tetra-
hedral 24d sites (Fe') with fourfold oxygen coordination, thus the for-
mula unit can also be represented as Ers[FeS | [Fel] O12. The Er ions are
located at the 24c dodecahedral sites, each surrounded by eight oxygen
ions, while the oxygen ions reside at the 96h positions. The room-
temperature XRD pattern of the ErIG nanocrystalline sample, along
with the Rietveld refinement, is shown in Fig. 2. The diffraction peaks
correspond to the body-centered cubic crystal structure of ErIG, indexed
to the Ia3d space group (JCPDS standard pattern 23-0240). The pa-
rameters obtained from the refinement are summarized in Table 1. The
obtained crystal lattice constant is 12.34 A, which is close to previously
reported values [38]. Using the Scherrer equation, the average crystal-
lite size was estimated to be approximately 43 nm.

The TEM image in Fig. 3(a) shows a loose agglomeration of irregu-
larly shaped nanoparticles. The histogram of the particle size distribu-
tion was analyzed and fitted to a log-normal distribution function,
yielding an average grain size of 47 nm. The HRTEM image (Fig. 3(b))
shows distinct lattice fringes with an interplanar spacing of 0.276 nm,
corresponding to the (420) planes in the ErIG crystal structure, indi-
cating high crystallinity of the nanoparticles. The SAED pattern (Fig. 3
(c)) displays multiple bright rings, characteristic of a polycrystalline
sample. EDX analysis was performed to investigate the elemental
composition of the synthesized sample, and a representative EDX spec-
trum of the top surface layers of the nanoparticles is shown in Fig. 3(d).
Aside from the Cu peak, which originates from the grid used to disperse
the nanoparticles for measurement, only peaks corresponding to Er, Fe,
and O were detected, with no impurities observed. The quantitative
results are summarized in Table 2, indicating that the elemental
composition is close to the stoichiometrically expected values.

The crystalline structure and purity of the ErIG sample were further
confirmed by the room-temperature Raman spectrum shown in Fig. 4.
Factor-group analysis for the body-centered cubic rare-earth garnet
structure with space group Ia3d predicts 25 Raman-active phonon
modes, classified as 3A14, 8E,, and 14T, [40-43]. The measured Raman
spectrum closely matches those of other rare-earth iron garnets, and the
symmetry assignments of the prominent Raman modes are indicated in
Fig. 4 according to the literature data [42]. The high-frequency modes
(>500 cm™Y) are attributed to internal vibrations of the tetrahedral and
octahedral units [40,41,44]. In the intermediate region (300-500
crn’l), the E; modes correspond to internal vibrations involving Er,
tetrahedral Fe, and oxygen ions, where Er and Fe vibrate either in phase
or out of phase. The T3, modes represent a combination of internal and
rotational vibrations of the tetrahedral and octahedral units [44]. The
low-frequency modes (<300 cm 1) correspond to translational motions
of Er®" ions and the tetrahedral and/or octahedral structural units [40,
44,45].

Magnetization curves M(H) were measured at various temperatures
between 5 and 300 K, and for clarity, only the selected representative
curves are shown in Fig. 5(a). The sample exhibits clear ferrimagnetic
behavior at 300 K, with a coercive field of 47 Oe and a remanent
magnetization of 1.59 emu/g. Superimposed on the ferrimagnetic
behavior is a linear component arising from the paraprocess contribu-
tion of Er>" ions. The ferrimagnetic component reaches most of its
saturation magnetization of 11.6 emu/g in fields around 2 kOe, and at
higher fields, the magnetization is dominated by the linear component.
In ErIG, the spin arrangement is governed by a complex interplay among
three distinct magnetic sublattices, schematically illustrated in the inset
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Fig. 1. Crystal Structure of ErsFesO; 5 (Ers [Feg’} [Feg] 012) erbium iron garnet. The dodecahedral (Er, blue), octahedral (Fe, green), and tetrahedral (FeT, yellow) local
polyhedra environments are shown, with oxygen atoms in red. An enlarged view of one representative set of polyhedra is also included for clarity. The crystal
structure was visualized using VESTA 3 [39]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 2. Rietveld refinement of the XRD pattern of the ErsFesO;2 nanocrystal-
line sample.

Table 1
Crystallographic parameters obtained from the Rietveld refinement of ErsFesO12
at room temperature.

Space group = Ia3d, a = 12.3427 A XZ = 2.856.

Atom Position x y z

Fe® 16a 0.000 0.000 0.000
Fe' 24d 0.375 0.000 0.250
Er 24c 0.125 0.000 0.250
(0] 96h —0.0270 0.0568 0.1504

of Fig. 5(b), with magnetizations denoted as M,, My, and M,. The Fe3t
ions occupying octahedral (16a) and tetrahedral (24d) sites are anti-
ferromagnetically coupled due to superexchange interactions mediated
by 02~ ions. Because the tetrahedral sites host a greater number of Fe>*

Fig. 3. (a) TEM image, (b) HRTEM image, (c) SAED pattern, and (d) EDX
pattern of nanocrystalline ErsFesO1.

Table 2

Elemental composition of the nanocrystalline ErsFesO;, sample obtained from

EDX analysis.

Element Weight % Atomic %
+5 % +5 %

o 16.6 55.1

Fe 28.9 27.5

Er 54.5 17.4

Total 100 100
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Fig. 4. Room-temperature Raman spectrum of the ErsFesO; nanocrystal-
line sample.

ions than the octahedral ones, the magnetization My of the tetrahedral
sublattice is stronger than the magnetization M, of the octahedral sub-
lattice, resulting in a net iron sublattice magnetization of Mg — M,. The
Er®" ions at the dodecahedral (24c) sites, with magnetization M., are
antiferromagnetically coupled to the resultant magnetization of the Fe
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sublattices, leading to a total net moment of (Mg — M) — M. The
magnetizations of the Er and Fe sublattices exhibit different temperature
dependencies. At low temperatures, the Er sublattice dominates. As the
temperature rises, the Er sublattice magnetization decreases more
rapidly than that of the Fe sublattices. At the compensation temperature
(Tcomp), the magnetizations of the Er and Fe sublattices cancel each other
out, resulting in net zero magnetization. Above Tconp, the Fe sublattices
dominate the net magnetization of the system. At high temperatures, the
Er®" ions exhibit a paramagnetic-like behavior known as the para-
process, subject to the influence of thermal fluctuations, the external
magnetic field, and a weak exchange field produced by the iron sub-
lattices [46-49]. This paraprocess leads to the linear high-field behavior
observed in the hysteresis curves at these temperatures (Fig. 5(a)). Fig. 5
(b) shows the temperature dependence of the spontaneous magnetiza-
tion (M;), obtained by linear extrapolation of the high-field magnetiza-
tion to zero field. With decreasing temperature, the spontaneous
magnetization decreases and becomes zero at the compensation tem-
perature Tcomp, below which it increases again. The obtained compen-
sation temperature Tcomp iS approximately 75 K, which is similar to
previous findings for ErIG [35-37].

From the linear high-field regions of the hysteresis curves measured
at different temperatures, we obtained the susceptibility of the super-
imposed Er®* paraprocess. The temperature dependence of the inverse
susceptibility is shown in Fig. 5(c). It can be seen that this dependence is
linear from T¢omp to room temperature. This linear region was fitted with
the Curie-Weiss law (which also applies to paraprocesses [50]), y =
C/(T—60), where C is the Curie constant and @ is the Curie-Weiss tem-
perature. The fit, shown as the red dashed line, yielded a Curie constant
of 39.5 emu-K-mol ! Oe !, The obtained Curie-Weiss temperature in

Fig. 5. (a) Magnetization curves M(H) of nanocrystalline ErsFesO» at selected characteristic temperatures. Inset: a magnified view of the central region of the
magnetization curves. (b) Temperature dependence of spontaneous magnetization. Inset: schematic representation of three distinct magnetic sublattices in ErsFesO15.
(c) Temperature dependence of the inverse susceptibility, along with Curie-Weiss fits. (d) Temperature dependence of the coercive field. Inset: temperature

dependence of its inverse.



N. Paunovi¢ et al.

this range was 6" = —24 K, indicating a weak antiferromagnetic inter-
action, and is close to the —19.6 K value reported by Guillot et al. for
ErIG single crystal [34,51]. Below T¢omp, the inverse susceptibility de-
viates from linear behavior but then enters another short temperature
range with linear paraprocess behavior, fitted by the blue dashed line
and characterized by a second Curie-Weiss temperature of = = —35 K,
which is close to the —33 K value reported by Guillot et al. [34,51]. A
similar behavior, with two distinct linear paraprocess regions above and
below Tomp and different Curie-Weiss temperatures, has also been
observed in other rare-earth garnets, such as DyIG and HolG. This has
been interpreted as a consequence of differing exchange interactions
acting upon rare-earth ions in the respective temperature ranges, with
an increasing importance of rare-earth-to-rare-earth exchange in-
teractions at low temperatures [34,51-53].

Fig. 5(d) shows the temperature dependence of the coercive field H,
derived from the hysteresis curves. It can be seen that H, exhibits a sharp
maximum in the vicinity of Tcomp. This maximum in H, correlates with
the minimum of M;, indicating that H, varies approximately inversely
with M;, which is in line with the Stoner-Wohlfarth model [54], where
H, = 2K/M; and K is the anisotropy constant. Similar behavior has been
observed in other rare-earth iron garnets which exhibit either single or
double peaks in coercivity near the compensation temperature. In the
literature, some confusion remains regarding this behavior. Although
the underlying mechanism is generally expected to be the same across
all rare-earth iron garnets, reports have shown two coercivity peaks in
some compounds [31,46,47,55,56], while others exhibit only a single
peak [47,55,57-59]. Moreover, for the same rare-earth iron garnets,
certain studies have reported double coercivity peaks, while others have
observed only a single peak. For instance, GdIG has been reported to
exhibit either a single peak [55,57,59] or double peaks [46,56]. Simi-
larly, HoIG shows a single peak in some studies [55,58] and double
peaks in others [31,46,47,55], and DyIG has also been reported with
either a single [47,55] or double peak [46]. In the case of ErIG, we
observed a single peak in our measurements, while Refs. [46,55] re-
ported double peaks.

Goranskii and Zvezdin [50] proposed a theory based on the Stone-
r-Wohlfarth model to explain the emergence of a double peak in coer-
civity near the compensation temperature, which was later extended by
Uemura et al. [46]. These models, developed within the molecular-field
approximation, assume that near the compensation temperature, the net
spontaneous magnetization becomes very small, effectively suppressing
magnetostatic interactions. As a result, the system behaves as a single
domain, and magnetization reorientation is governed predominantly by
coherent rotation under the influence of crystalline anisotropy, rather
than by domain wall motion characteristic of multidomain structures.
The characteristic double peak in coercivity arises from the interplay
between the vanishing net spontaneous magnetization of the iron and
rare-earth sublattices at the compensation point, and the paraprocess
response of the rare-earth ions, which are influenced by both the
external magnetic field and their weak exchange coupling with the iron
sublattice. In real materials, however, variations in composition, shape,
orientation, compensation temperature, magnetic anisotropy, structural
disorder, and other properties across grains and nanoparticles can smear
or merge the two peaks, often resulting in a single broadened maximum
in the experimental coercivity curve.

The inset in Fig. 5(d) shows the temperature dependence of the in-
verse coercive field, 1/H.. Above the compensation temperature Tcomp,
1/H, varies linearly with temperature, and a linear extrapolation in-
tersects the temperature axis at 74 K, i.e., near Tcopmp. Since both 1/H,
and the inverse paraprocess susceptibility of Er®* ions, 1 /y (Fig. 5(c)),
exhibit linear temperature dependence above Tcomp, this implies that in
this range, the coercive field H, is proportional to susceptibility y. Ac-
cording to the theories of Goranskii and Zvezdin [50] and Uemura et al.
[46], as the temperature moves away from T,omp, and net magnetization
increases, multi-domain structures are expected to form, allowing
magnetization reorientation via both domain wall motion and coherent
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rotation. However, the observed proportionality H.«) even well above
Tcomp indicates that coercivity in this range remains governed by the
paraprocess of the Er sublattice. This behavior likely reflects the nano-
structured nature of the sample, where small particle size suppresses
domain wall formation or movement and stabilizes single-domain
behavior.

The temperature dependence of the magnetization M(T) was
measured under an external magnetic field of 100 Oe using ZFC, FCC,
and FCW protocols, as shown in Fig. 6. In the ZFC measurement, the
sample was first cooled to 3 K in the absence of a magnetic field, and the
magnetization was recorded upon warming under the applied field.
Subsequently, the FCC measurement was carried out by cooling the
sample from 300 K to 3 K in the presence of the same field, followed by
the FCW measurement taken during the warming cycle.

The ZFC curve shows a sharp maximum around 11 K, after which it
decreases, reaches zero, and then increases again. Above 11 K, the ZFC
curve qualitatively resembles the behavior of the spontaneous magne-
tization shown in Fig. 5(b), as both are governed by similar underlying
dynamics between the Er and Fe sublattices. At low temperatures, the Er
sublattice dominates, but its magnetization decreases with increasing
temperature more rapidly than that of the Fe sublattice. At a certain
temperature, the magnetizations of the two sublattices cancel each other
out, and at higher temperatures, the Fe sublattice becomes dominant.

A notable feature in the FCC measurements is the appearance of MR
at two compensation temperatures. As can be seen from Fig. 6, with
decreasing temperature, the 100 Oe FCC curve exhibits the first MR,
crossing zero at Teomp; ~ 75 K. This temperature corresponds to the Tcomp
determined from the M; vs. T measurements (Fig. 5(b)), at which the Er
and Fe sublattice magnetizations are mutually compensated. Below
Tcomp1, the magnetization becomes negative, i.e., opposite to the direc-
tion of the external field. Upon further cooling, the magnetization rea-
ches a maximum negative value, then increases and exhibits the second
MR at Teompz ~ 27 K, below which it becomes positive again. The FCC
curves measured under different applied fields are shown in Fig. 7, with
an enlarged view of the region between Tcomp; and Teomp2 presented in
inset (a). The lower compensation temperature, Tcomp2, increases with
increasing field (inset (b) of Fig. 7), whereas the higher compensation
temperature, Tcomp1, is practically independent of the applied magnetic
field. For fields of approximately 1000 Oe and above, T¢omp2 merges with
Tcomp1, and the FCC curve no longer exhibits the MR.

The observed behavior of the FCC curves can be explained as a
consequence of competition between the anisotropy energy and Zeeman

Fig. 6. Temperature-dependent magnetization curves in ZFC, FCC, and FCW
measurements at an applied field of 100 Oe.
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Fig. 7. FCC magnetization curves under various applied fields. Inset (a):
enlarged section of the FCC curves in the range between Tcomp; and Teompz. Inset
(b): Variation of Tconpz with the applied field.

energy. At high temperatures, above Tconp1, the easy axis in ErIG lies
along the [111] direction, and the resultant net magnetization is
dominated by the Fe sublattices. When an external magnetic field is
applied, the net magnetization tends to align with the field direction.
The Er and Fe sublattices have antiparallel magnetizations with different
temperature dependencies, and at Tomp1, their opposing contributions
cancel each other. Around T¢onp;, the easy axis shifts from the [111] to
the [100] direction [35,37,60]. With further temperature decrease, the
Er sublattice magnetization becomes stronger than that of the Fe sub-
lattices. However, due to the strong magnetocrystalline anisotropy of Er
ions, the net magnetization cannot readily reorient along the applied
field direction. Instead, it continues to increase in the direction opposite
to the applied field, resulting in negative magnetization. Due to the
Zeeman energy, this antiparallel orientation of the net magnetization
and the field is energetically unfavorable, and below Tcomp1, as the Er
sublattice magnetization becomes increasingly dominant, the net
magnetization begins to rotate toward a more favorable parallel align-
ment with the field. Eventually, the Zeeman energy overcomes the
anisotropy barrier, resulting in reorientation of the net magnetization
along the direction of the external field, becoming positive again below
Tcomp2- The stronger the applied field, the greater is the Zeeman energy
relative to the anisotropy energy, and the increasing magnetization can
overcome the anisotropy barrier at higher temperatures, which explains
why Teomp2 shifts to higher temperatures with increasing applied field
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(Fig. 7). For sufficiently strong fields (~1000 Oe), the Zeeman energy is
large enough to rotate the net magnetization, thus preventing the
development of negative magnetization. Fig. 8 presents a simplified
schematic illustrating only the main features of this evolution. In
contrast, the FCW curves do not exhibit negative magnetization at any
field. The fact that the FCC starts from a system with the easy axis along
the [111] direction, while the FCW starts from a system with the easy
axis along the [100] direction, likely plays an important role in the
asymmetry between the cooling and warming curves. Related to this, it
is also possible that the system exhibits much lower anisotropy when
starting from a low temperature and easy axis along the [100] direction,
allowing the magnetization to align more readily with the applied field
and thereby suppressing the negative magnetization observed in the FCC
case.

The MR phenomenon is rare in itself, but MR with two or more
compensation temperatures has been reported in an even more limited
number of materials, e.g., Refs. [9,11-13,16,18,19,21,31,32], associ-
ated with a broad spectrum of different explanatory mechanisms. For
instance, in NdCr; 4FeyOs3, the MR was attributed to the competition
between the weak ferromagnetism of Cr>* ions and the paramagnetic
moments of Nd** and Fe®* ions under the effect of a negative internal
magnetic field [9]. In YVOs, the two magnetization reversals were
attributed to the competition between single-ion anisotropy and the
Dzyaloshinsky—Moriya-driven canting of the antiferromagnetic sub-
lattices [16]. In ErIG, we attribute the double MR to the competition
between Zeeman-driven realignment of the magnetization and magne-
tocrystalline anisotropy. In most materials, the FCW and FCC curves
look essentially the same. However, in our ErIG sample, the FCW curve
differs markedly from the FCC curve and does not exhibit any MR,
remaining positive at all temperatures. Reports that show significantly
different behavior between FCC and FCW curves are also relatively rare,
e.g., Refs. [18,21,22]. Among garnets, only a few reports have docu-
mented the presence of two compensation temperatures [30-32].
However, to the best of our knowledge, no rare-earth garnet compound
has been reported to exhibit significantly different behavior between
FCW and FCC curves. The presence of spin reorientation certainly plays
an important role in this asymmetry. At the same time, spin reor-
ientation is not unique to ErIG, but occurs in other rare-earth garnets as
well. However, Er>* has very high anisotropy, particularly at low tem-
peratures, and considering that ErIG has the lowest Tcomp in this family
and that magnetocrystalline anisotropy generally increases with
decreasing temperature, and given the importance of anisotropy in the
double MR of ErIG, all of this may contribute to the distinct behavior of
ErIG relative to other rare-earth garnets.

The appearance of a sharp maximum near 11 K in the ZFC magne-
tization curve is intriguing. We believe that this feature is related to the
different temperature dependencies of the Er sublattice moments in this
temperature range. As mentioned earlier, the easy axis shifts from the

Fig. 8. Schematic illustration of the evolution of magnetic moments in ErIG during FCC, responsible for the observed double magnetization reversal. From right to
left, the progression with decreasing temperature is shown. (a) At T > T¢omp1, the Fe sublattice (red) dominates over the Er sublattice (blue), and the net magne-
tization (Mye, green) is in the direction of the external magnetic field H. (b) Below Tcomp1, the Er sublattice magnetization begins to dominate. Due to strong
anisotropy, Mye; does not reorient in the direction of the field, but remains opposite, producing the observed negative magnetization. With further temperature
decrease, as the Zeeman energy associated with the growing My, increases, Mye; gradually rotates toward H. (c) Below Tcomp2, the net magnetization is again
oriented toward H and positive. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[111] to the [100] direction around and below Tcomp [35,37,601.
Moreover, below Tcomp, ErIG also adopts the so-called double-umbrella
structure, in which the Er moments form two conical arrangements
around the Fe spin axis, with different canting angles and magnetic
moments for the two magnetically inequivalent Er sites (8b and 16e).
This complex magnetic structure arises from the interplay of crystal-field
anisotropy at the Er sites and Fe—Er superexchange interactions. Such a
magnetic structure has been observed in ErIG, as well as in several other
rare-earth iron garnets, based on neutron diffraction and Mossbauer
spectroscopy studies [37,61-65]. From neutron diffraction measure-
ments, Tcheou et al. found that these magnetically inequivalent Er sites
form two cones with angles of 14° and 42° relative to the [111] direction
[61]. Hock et al. also conducted neutron diffraction studies on ErIG and
performed a detailed refinement of its magnetic and crystallographic
structure [37]. They found that ErIG adopts the rhombohedral magnetic
space group (R3c) above Tcomp, transitions to a tetragonal magnetic
symmetry (141/ac'd’) below 65 K, and that the symmetry of the magnetic
structure is possibly further lowered to an orthorhombic configuration
below 5 K. They also observed that multiple neutron diffraction re-
flections, most notably the {200} line, display a pronounced intensity
maximum near 12 K, which was attributed to the different temperature
dependencies of the erbium moments at the 8b and 16e sites. These
findings strongly suggest that the 11 K peak observed in the ZFC
magnetization curve essentially reflects the same underlying sublattice
dynamics responsible for the 12 K intensity maximum observed in
neutron diffraction, and arises from the differing temperature evolutions
of the Er sublattice moments at the 8b and 16e sites.

Fig. 9 shows the magnetization switching behavior observed in ErIG.
The sample was cooled under a magnetic field of 200 Oe down to 73 K
(below Tcomp1), resulting in a negative magnetization (—0.08 emu/g).
The magnetization was then monitored as a function of time. When the
field was increased to 1000 Oe without changing its direction, the
magnetization switched to a positive value (+0.380 emu/g). This MR is
achieved by changing only the magnitude of the field while keeping it in
the same direction, which is in stark contrast to conventional magnetic
materials, where MR would require reversing the field direction.
Repeated field cycling between 200 Oe and 1000 Oe induces fully
reversible and stable switching between these two magnetization states.
As shown in Fig. 9, the magnetization remains constant at each field
level, with no time-dependent relaxation, indicating robust and repro-
ducible field-induced reversal. Similar magnetization switching has
been reported in other systems such as chromites [6,7,11,18,19], and is
considered an attractive property for potential applications.

4. Conclusions

In summary, ErsFesO12 nanoparticles with the Ia3d garnet structure
were synthesized via the sol-gel method. M(H) measurements showed
that the compensation temperature T¢omp; is 75 K, and that the coercive
field exhibits a single peak near Tiomp;, indicating that the double
coercivity peak often observed in iron garnets is smeared out by varia-
tions in grain properties. Two distinct linear paraprocess regions above
and below T¢omp1, each characterized by a different Curie-Weiss tem-
perature, were found, originating from different exchange interactions
acting on the rare-earth ions in the respective temperature ranges.
Above T omp1, the coercive field was found to be proportional to the
paraprocess susceptibility of the Er ions, indicating that coercivity in this
temperature range is governed by the paraprocess of the Er sublattice.
FCC measurements revealed a double magnetization reversal at two
temperatures. The higher Tconp; is independent of the applied field,
while the lower Tconp2 increases with increasing field, and for fields
above 1000 Oe, the magnetization reversal no longer appears. We
interpreted this behavior as a consequence of strong magnetocrystalline
anisotropy opposing Zeeman-driven realignment of the net magnetiza-
tion of the competing Er and Fe sublattices. The magnetization reversals
occur only during FCC measurements and are completely absent in the
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Fig. 9. Magnetization switching in nanocrystalline ErsFesO;, induced by
cycling the magnetic field magnitude (200 Oe to 1000 Oe) at 73 K, demon-
strating reversible and stable switching under a constant field direction.

FCW regime. The ZFC curve exhibits a peak at 11 K, which we attributed
to the different temperature dependencies of the Er sublattice moments
at the 8b and 16e sites. We also observed magnetization switching
behavior, in which the magnetization orientation can be reversed by
changing only the magnitude of the applied field while keeping its di-
rection fixed. These results reveal interesting and previously unreported
aspects of magnetization behavior in ErIG and contribute to the broader
understanding of magnetization compensation and reversal processes in
rare-earth iron garnets.
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Dear Dr. Bojan,
Greetings from Mahatma Gandhi University, Kerala, Indial

| hope this email finds you in the best of health and spirits. It is with great pleasure and honour that | extend
to you a formal invitation to be a plenary speaker for the " Two Days International Workshop on
Advanced Materials for Emerging Applications (IWAMEA-2024)" jointly organised by the School of
Pure & Applied Physics (SPAP), International & Inter University Centre for Nanoscience & Nanotechnology
(IMUCNN), International Centre for Ultrafast Studies (ICUS), School of Nanoscience & Nanotechnology
(SNSNT) and School of Energy Materidls (SEM) of Mahatma Gandhi University in association with the
CEFIPRA Project No: 6408-1 and Indo-Serbian Project No: DST/ICD/Serbia/P-02/2021 (G).

IWAMEA-2024 covers a wide range of topics, including nanotechnology, biomaterials, smart materials,
renewable energy materials, electronic materials, advanced polymers, and more. This workshop brings
together experts and researchers worldwide to discuss and share insights on cutting-edge materials and their
potential applications.

As a distinguished researcher in advanced materials for emerging applications, your presence at our
workshop would be invaluable in imparting wisdom and expertise to our participants and setting a high
standard for the event. We also believe that your extensive experience and accomplishments in advanced
materials would give our attendees a unigue perspective on the opportunities and challenges within the fields.

Keralais one of the top tourist destinations in India, known as "God's Own Country", offering a very diverse
culture and natural beauty. Kottayam, the heart of Central Kerala, is popularly known as the ‘city of letters
and is flanked by the Western Ghats on the east and the Vembanad L ake on the west.

The brochure and tentative schedule of the workshop are also attached for your reference. Thank you for
considering our invitation, and we look forward to the possibility of having you as a plenary speaker for
IWAMEA-2024.

Best regards,

Prof. Dr. Nandakumar Kalarikkal

Chairman & Convenor, IWAMEA-2024

Senior Professor, School of Pure & Applied Physics
Hon. Director, International Centre for Ultrafast Studies
Mahatma Gandhi University, Kottayam, Kerala, India
www.nandakumarkalarikkal.com
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Book of Abstracts

Application of far-infrared reflectivity spectroscopy for
characterizing materials

Novica Paunovic

Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080
Belgrade, Serbia

Abstract

Far-infrared reflectivity spectroscopy is a powerful and nondestructive technique for
investigating materials. It can offer valuable insights into the behavior of phonons,
plasmons, and other quasiparticles in various materials. The reflectivity spectra can
be analyzed by fitting it to appropriate theoretical models, such as the 3-parameters
model (also known as the classical oscillator/Lorenz model) or the 4-parameters
model (also known as the factorized model) for phonons. In the case of presence of
free charges, models like Drude or Extended Drude can be applied, or the coupled
plasmon-phonon model. On the other hand, the spectra can also be analyzed by the
application of the Kramers-Kronig analysis. For heterogeneous or porous samples,
the sample's heterogeneity must be considered through the application of an
effective medium approximation, such as Maxwell-Garnett or Bruggeman. This is
exemplified through our investigations of far-infrared spectra of CeO, and MgFe,0,
nanoparticles.

Exploring Raman Spectroscopy: A Special Focus on Spin-
Phonon Interaction in Multiferroic Nanostructures

Bojan Stojadinoviél, Novica Paunovié¢!, Zorana Dohé&evié-Mitrovié', M. T.
Rahul?, B. Raneesh?, Nandakumar Kalarikkal>*

! Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080
Belgrade, Serbia

? Department of Physics, Catholicate College, Pathanamthitta, Kerala, 689 645, India
7 School of Pure and Applied Physics, Mahatma Gandhi University, Kottayam, 686 560, India

* International & Inter University Centre for Nanoscience and Nanotechnology,
Mahatma Gandhi University, Kottayam, Kerala, 686 560, India

Abstract

Raman spectroscopy is a powerful technique for investigating the vibrational
properties of materials, providing valuable information about their structural
and electronic properties. In the context of magnetic nanostructures, Raman

49



International Conference on Light Matter Interaction and Ultrafast Processes (ICLMIUP 2024)

spectroscopy offers a unique opportunity to delve into the intricate interplay
between spin and lattice degrees of freedom, known as spin-phonon
coupling. This coupling plays a crucial role in manipulating the magnetic,
ferroelectric, and magneto-electric properties of composite nanostructures. In
magnetic systems, the spin-phonon interaction often results in anomalous
temperature dependencies in the frequencies of optical phonons. These
deviations from conventional behavior are attributed to the influence of
exchange coupling between magnetic ions, particularly near and below the
temperatures of magnetic phase transitions. The complex nature of magnetic
interactions in nanomaterials leads to varying coupling strengths between
lattice vibrations and magnetic order for different phonon modes, even when
the spin-spin interactions are identical. Raman spectroscopy enables the
observation of deviations from anharmonic behavior in phonon frequencies,
which are reflected as positive or negative frequency shifts in the Raman
spectra below the magnetic ordering temperature. The magnitude and
direction of these shifts depend on the relative strengths of antiferromagnetic
(AFM) or ferromagnetic (FM) exchange interactions. By analyzing these
frequency shifts, estimates for the spin-phonon coupling strength can be
obtained.

To illustrate the spin-phonon coupling mechanism, we will focus on two
distinct types of magnetic nanomaterials: antiferromagnetic bismuth ferrite
(BiFeO3) and ferrimagnetic iron garnets (Dy3Fe5012). Through a mean
field approach, we elucidate the spin-phonon interaction in these materials,
allowing for the extraction of the spin-spin correlation function. Moreover,
this approach facilitates a quantitative assessment of the spin-phonon
coupling strength for different phonon modes, shedding light on the
underlying mechanisms governing the magnetic properties of these systems.
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Role of terbium doping in controlling oxygen
vacancies and enhancing conductive
performance in BiFeQO3 thin films

Bojan Stojadinovi¢ 2, Igor Popov °, Borislav Vasi¢ ?, Dejan Pjevic ¢,
Milena Rosi¢ ¢, Nenad Tadi¢ ¢, Zorana Dohé&evié-Mitrovié 2

4 Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
b Institute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11000 Belgrade,
Serbia
¢ Institute of Nuclear Sciences, “Vinca”, University of Belgrade, P. O. Box 522, 11000 Belgrade, Serbia
4 Faculty of Physics, University of Belgrade, Studentski trg 12-16, 11000 Belgrade, Serbia

Abstract. The influence of Tb doping on structural and electrical properties of BiFeOs thin films
is investigated, combining the experimental observations and density functional theory. With
such an approach we aimed to elucidate the influence of Tb dopant and defects in the form of
oxygen vacancies on electronic structure and electrical conductivity of BiFeOs films. X-ray
diffraction confirmed that the rhombohedral (R3c) crystal structure remains stable in the whole
doping range without any impurity phases. Relatively large leakage current was generated in
pure BiFeOs and 5% and 20% Tb-doped films. Significant reduction of electrical conductivity
was seen only in 10% Tb-doped film. Conductive atomic force microscopy (C-AFM) allowed
us to investigate local electrical conduction properties at the microscale level. The 10% Tb
doped film exhibited the smallest conductive surface confirming that this sample has the
smallest conductivity, whereas the current maps revealed that the conduction takes place across
spatially inhomogeneous grain boundaries with enhanced concentration of defects. The Raman
and XPS measurements have shown that oxygen vacancies are the dominant defects in Bii-
xTbxFeOs films. The higher concentration of oxygen vacancies, found in pure, 5% and 20% Tb-
doped films can be responsible for higher conductivity of these films. A reduction in oxygen
vacancy concentration was registered in 10% Tb-doped film which is in accordance with much
lower conductivity of this sample. Density functional theory calculations provide atomic-level
insights into the electronic transport mechanisms and are consistent with experimental findings.
Undoped and low level Tb-doped samples (~5%) are conductive due to n-type dopants in the
form of oxygen vacancies which are primarily localized on surface. For intermediate Tb doping
(~10%), the balance between the effects of oxygen vacancies and dopant-induced states results
in the highest electrical resistivity. Increased conductivity at higher doping levels (~20%) can be
attributed to the denser population of Tb states around the Fermi level, which can overlap,
presenting dispersive, conducting states. This work underlines the complex interplay of doping
concentration, oxygen vacancies, and electronic transport, suggesting that 10% of Tb is an
optimal dopant concentration for enhancing the electrical performances of BiFeOs thin films.
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New Phases of BiFeQ3 Perovkistes

Igor Popov', Maria Cebela?, Dejan Zagorac?, Bojan Stojadinovié®, Borislav Vasi¢?

(1) Institute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11030
Belgrade, Serbia

(2) Institute of Nuclear Sciences Vinca, University of
Belgrade, Mike Petrovi¢a Alasa 12-14, 11351 Vinéa, Belgrade, Serbia
(3) Institute of Physics, University of Belgrade, Pregrevica 118, 11080, Belgrade,
Serbia

Contact: E. FamilyName ( autor@institution.edu )

Abstract. Bismuth ferrite (BiFeO3) is a prominent multiferroic material, renowned for its
simultaneous ferromagnetic and ferroelectric properties. This presentation delves into the
theoretical exploration of novel crystalline phases in doped bismuth ferrite structures,
specifically focusing on holmium- and silver-doped BiFeOs;. Utilizing density functional
theory (DFT), we investigate the stability and electronic/magnetic characteristics of these
new phases, revealing a diverse array of properties that could enhance their application
potential in advanced electronic and spintronic devices.

In the second part of the presentation, we show experimental findings on the change in
electric resistance of BiFeOs upon doping with terbium. Through detailed atomic-level
analysis using density functional theory, we elucidate the physical mechanisms underlying
this observed phenomenon. This dual approach combining theoretical predictions with
experimental validation provides a comprehensive understanding of the structural and
functional modifications induced by dopants in bismuth ferrite perovskites.

REFERENCES

[1] M. erela, et al. Phys. Chem. Chem. Phys. 25 (2023), 22345-22358.
[2] M. Cebela, et al. Ceram. Int. 43 (2017), 1256—-1264.
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To 'Dr. Bojan Stojadinovic' <bojans@ipb.ac.rs>
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Dear Dr. Stojadinovic,

Thank you very much for the prepared review of the manuscript ID PAC-03J-2157. I am sure that your
comments and suggestions will be very helpful for the authors.

Best wishes
Vladimir V. Srdic, editor

----- Original Message-----

From: Dr. Bojan Stojadinovic [mailto:bojans@ipb.ac.rs]
Sent: Friday, November 21, 2025 11:12 AM

Cc: Vladimir Srdié¢

Subject: [PAC] Article Review Completed

Vladimir Srdic:

I have now completed my review of "Magnetic Properties of Er-Cr Co-doped Bismuth Ferrite Nanoparticles"
for Processing and Application of Ceramics, and submitted my recommendation, "Revisions Required."

Dr. Bojan Stojadinovic

Processing and Application of Ceramics
http://ojs.tf.uns.ac.rs/index.php/pac
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Ref.: Ms. No. MLBLUE-D-24-03317

Enhanced magnetocaloric effect in nano-sized Dy3Ga5012 garnet: A comparative study on the effect of
solid-state and wet-chemical synthesis

Materials Letters

Dear Dr. Bojan Stojadinovic,

Thank you for reviewing the above referenced manuscript. I greatly appreciate your contribution and
time, which not only assisted me in reaching my decision, but also enables the author(s) to disseminate
their work at the highest possible quality. Without the dedication of reviewers like you, it would be
impossible to manage an efficient peer review process and maintain the high standards necessary for a
successful journal.

I hope that you will consider Materials Letters as a potential journal for your own submissions in the
future.

You can access your review comments and the decision letter (when available) by logging onto the
Editorial Manager site at:

https://www.editorialmanager.com/mlblue/

As a token of appreciation, we would like to provide you with a review recognition certificate on Elsevier
Reviewer Hub (reviewerhub.elsevier.com). Through the Elsevier Reviewer Hub, you can also keep track of
all your reviewing activities for this and other Elsevier journals on Editorial Manager.

If you have not yet activated your 30 day complimentary access to ScienceDirect and Scopus, you can
still do so via the [Rewards] section of your profile in Reviewer Hub (reviewerhub.elsevier.com).
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