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Environmental significance

Does the doping strategy of ferrite nanoparticles
create a correlation between reactivity and
toxicity?+

Swaroop Chakraborty, ©*2 Dhruv Menon,? Venkata Sai Akhil Varri,® Manish Sahoo,?
Raghavan Ranganathan,® Peng Zhang ©*? and Superb K. Misra @ *¢

Owing to their remarkable properties in terms of electrical resistivity, chemical stability, and saturation
magnetisation, ferrite nanoparticles are being increasingly used for a wide range of applications. This study
looks to investigate as to whether ferrite nanoparticles can be safely and viably doped with transition metal
elements without adversely affecting the stability and toxicity of the nanoparticles. Monodispersed and
phase pure variants of ferrites (M,Fes_,O4 where M = Co, Cu, Zn, Mn) were synthesised with a size range of
9-11 nm using a wet chemistry route. The doping % within the ferrites was within the range of 15-18% for
all the dopants. Compared to ferrite nanoparticles, Co and Mn doping significantly enhanced the
dissolution, whereas doping with Cu and Zn had an opposite effect to dissolution. DFT calculations
performed on the ferrites to calculate the vacancy formation energy of Fe and dopant atoms substantiated
the experimental dissolution data. A549 cells showed a dose dependent response (10-200 pg mL™) and
the reduction in cell viability followed the trend of Mn,Fes_,O4 > Co,Fes_,O4 > Zn,Fes,O4 > CuyFes Oy
> Fez04. A correlation study between dissolution, cell viability and uptake indicated cell viability and
dissolution had a strong negative correlation for FesO,4 and CoyFes O, whereas for CuyFes O, this
correlation was very weak. We conclude by providing an overview of the impact of doping on the safety of
other metal-oxide nanoparticles (CuO, ZnO, TiO, and CeO,) in comparison to ferrite nanoparticles.

The strategy of doping in nanomaterials has been used to improve their physicochemical properties or to impart additional properties for use in a wide
range of applications. However, there haven't been reports unravelling the impact of doping on the toxicology of nanomaterials. The overarching aim of

this work is to investigate whether doping makes ferrite nanoparticles safe or unsafe. We performed a range of dissolution and ion-release studies, density
functional theory studies, cellular uptake studies, cytotoxicity and reactive oxygen species generation studies to draw correlations between cell viability, cell
uptake, dissolution and toxicity in an attempt to guide ferrite nanoparticle safety-by-design. The work is of profound relevance to the environmental impact

of doped nanoparticles in terms of their transformations (dissolution and speciation), bio-uptake, and toxicological implications.

Introduction

Ferrites are typically obtained in one of three different crystal

feasible to tailor their properties to the application at hand."?
Owing to certain basic properties such as high saturation
magnetization, high electrical resistivity, and superior

systems (spinel, hexagonal and garnet), and offer the means
to prepare an infinite number of solid solutions, making it
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chemical stability compared to their alternatives, ferrites have
emerged as a heavily investigated class of materials over the
last few decades.' In the biomedical domain, the possibility
of preparing doped ferrite nanoparticles for their enhanced
magnetic properties, for imaging and hyperthermia has
expanded their applications.” The increased use of such
customised ferrites demands a thorough investigation of
their likely impact when in contact with biological and
environmental entities.* In the case of humans, exposure to
nanoparticles could be through inhalation, ingestion,
injection and/or contact with the skin.*” Owing to their small
sizes, they can overcome biological barriers such as the cell
membrane and can affect regular cellular processes, leading
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to cellular dysfunction.”® Scattered data on doped
nanoparticle variants (CeO,, CuO, TiO,) have shown that
dopant type and concentration does affect the cellular and
ecotoxicological responses of nanoparticles.®

A recent study on analysis of sub-micron atmospheric
particles in the UK found the overall iron content in particles
<100 nm to be in the range of 10-100 ng m™* and reported
environmentally relevant concentrations of 50-500 pg m™"."
Iron oxide nanoparticles are relatively less toxic at low
concentrations compared to several other metal oxide
nanoparticle counterparts (viz. CuO, ZnO). Nonetheless, they
have been shown to induce toxicity due to the excessive
production of reactive oxygen species (ROS) at higher
concentrations.'™'* High levels of ROS tend to damage cells
through DNA damage, protein alteration, a decline in cellular
physiological functioning and cell apoptosis.’> ROS can be
generated directly from the surface of some nanoparticles
and contribute to oxidative stress, which impairs
mitochondrial functioning and affects cellular signalling.">"?
When observed in vivo, iron oxide nanoparticles undergo
complicated interactions with proteins and cells, through
which they get distributed to various organs, in either the
particulate or metabolized form, and have shown the ability
to cross the blood-brain barrier."*"® Following cellular
uptake, these nanoparticles tend to accumulate in the
endosome, where they slowly decompose into free iron,
which is subsequently released into the cytoplasm.'* Given
that the ferrite nanoparticles are relatively less toxic at lower
concentrations, several studies have focused on introducing
transition elements (Cu, Zn, Co, Mn) as dopants to enhance
certain properties. These nanoparticles are then used for
applications pertaining to energy, gas-sensing, thin films and
catalysis."*"” Despite these advances, the impact of doping
on the safety-by-design of ferrite nanoparticles has not been
studied extensively, and given the large-scale industrial use of
these nanoparticles, such a study becomes essential. In fact,
the current data and overall understanding of metal-oxide
nanomaterial release from nanomaterial-containing products
is largely incomplete,'® with no systematic study comparing
the relative impact and application ratios of these materials,
to guide safety-by-design. We thus feel that there is a pressing
need for a systematic study that correlates and compares the
impact of various metal-oxide nanoparticles, and have
attempted to do so for doped ferrite nanoparticles.

To probe the impact of dopants, Cu,Fe;_,04, Co,Fe;_ Oy,
Mn,Fe;_,O,4, and Zn,Fe;_,O,4, nanoparticles were subjected to
toxicological profiling in a lung epithelial cell line (A549). These
studies were complemented with dissolution and ion-release
studies, cellular uptake studies, and cytotoxicity and ROS
generation studies. The ion-release studies were supported by
density functional theory (DFT) calculations of the vacancy
formation energies as a proxy for the dissolution potential of
each ferrite nanoparticle. The overarching aim of this study is
to demonstrate the impact of transition element (Cu, Zn, Co,
Mn) doping on the toxicity of ferrite nanoparticles. We present
a correlation between cell viability-cellular uptake-dissolution
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for all the doped ferrite variants. The scope of this study is also
to understand the extent of toxicity generated due to dissolved
ions versus the particulates affecting the safety by design of
ferrite nanoparticles.

Materials and methods
Materials

All the chemicals and reagents used in conducting the
experiments were purchased from Merck-Sigma-Aldrich and
were of analytical grade. The separation of particles from the
dissolved species was performed using Amicon Ultrafiltration
Tubes (MWCO: 3 kDa) purchased from Merck, India. A-549
lung carcinoma cells (Homo sapiens) were procured from ATCC.
Dulbecco's modified Eagles medium (DMEM), fetal bovine
serum (FBS), 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) dye, and 2,7-dichlorofluorescein diacetate
(DCFDA) were purchased from Himedia Limited, India. The Fe,
Cu, Zn, Mn, and Co standards for ICP-MS analysis were
purchased from Perkin Elmer, USA., USA.

Synthesis of ferrite nanoparticles (M,Fe;_,0,, where M = Co,
Cu, Zn and Mn)

Ferrite nanoparticles were synthesized wusing a co-
precipitation method followed by microwave irradiation.
Briefly, 3.2 M of sodium hydroxide solution was prepared
at a volume of 20 mL and challenged with 40 mL of 2
mM FeCl;:6H,0 and 1 mM FeCl,4H,0. The resulting
precipitate suspension was stirred for 30 minutes and
transferred to a 100 mL ceramic crucible. Later, the
precipitates were subjected to microwave irradiation (100
°C and 30 bar pressure) to obtain undoped Fe;O,
nanoparticles. Subsequently, they were cooled to room
temperature naturally. After repeated washing with
ultrapure water and ethanol, the nanoparticles were
centrifuged at 8000 rpm (8229 x g) for 10 min and the
pellet was dried in an oven. After drying overnight, the
pellet was stored for further experiments.

Similar protocols were followed for the synthesis of Cu,
Co, Zn and Mn-doped ferrite nanoparticles (Cu,Fe;_,O,, Co,-
Fe; 0,4, Zn,Fe; O, and Mn,Fe;_,0,.). Briefly, the respective
salts of the dopants (MnCl,-4H,0; CuCl,-2H,0; ZnCl,-2H,0;
COCl,-6H,0) were weighed equal to 20% of the Fe salts used
for undoped nanoparticle synthesis. NaOH solution with a
concentration of 3.2 M was prepared at a volume of 20 mL
and mixed with 40 mL of 0.6 mM of X (Cu, Mn, Co, Zn) salts,
1.6 mM FeCl;-6H,O and 0.8 mM FeCl,-4H,0. The molar
concentrations of the all the precursors used is shown in
Table S1.7 The precipitate suspension was transferred to a
100 mL ceramic crucible. Later, the precipitates were
subjected to microwave irradiation (100 °C and 30 bar
pressure) to obtain doped ferrite nanoparticles. These
nanoparticles were washed several times (8229 x g) with
ultrapure water and ethanol until the pH of the solution
turned neutral (washing of unreacted precursors) and dried
in an oven overnight at 50 °C.

This journal is © The Royal Society of Chemistry 2023
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Physicochemical characterization

The synthesized doped and undoped ferrite nanoparticles
were subjected to a wide range of analytical techniques to
investigate their physicochemical properties. Identification of
the compound and its phase purity were assessed through
powder X-ray diffractometer (PXRD, Bruker D8, Cu-Ka, 40 kV,
30 mA, 260 = 20-80°). The diffraction patterns obtained from
Fe;0,, Cu,Fe;_,0,4, Co.Fe;_0,, Zn,Fe;_,O4, Mn,Fe; 0O, were
compared with that of the Inorganic Crystal Structure
Database (ICSD) to deduce their phase purity. The
morphology and size distribution of the nanoparticles was
investigated using Transmission Electron Microscopy
(Themis, FEI, 200 kV). Size distribution analysis was
performed on TEM images using Image] software. Inductively
Coupled Plasma-Mass Spectrometry analyses (ICP-MS, Nexion
2000, Perkin Elmer, USA) were performed to quantify the
concentration of each dopant in the ferrite nanoparticles.
Appropriate amounts of doped and undoped samples were
digested in an aqua regia acid mixture using an open
digestion method (120 °C, 20 min) until the samples turned
clear. The digested samples were cooled down at room
temperature, filtered and diluted with 2% ultrapure nitric
acid (70% Nitric Acid, Suprapure, Merck) for ICP-MS analysis.
The surface composition and elemental valence states of
Fe;0,, Cu,Fe;_,0,4, Co.Fes;_0,4, Zn,Fe;_,O4, Mn,Fe; O, were
investigated using X-ray photoelectron spectroscopy (Thermo
Scientific, NEXSA XPS, Al Ka, 1486 eV and 72 W). The high-
resolution spectra of C-1s, O-1s, Fe-2p, Cu-2p, Mn-2p, Zn-2p
and Co-2p were measured at the constant analyzer energy
(CAE) with a step size and pass energy of 0.1 eV and 50 eV,
respectively. The data acquisition took place with a step size
and dwell time of 0.1 eV and 700 s. The binding energies for
all of the samples were corrected with carbon references at
284.6 eV. The sedimentation behaviour and hydrodynamic
size of the ferrite variants were measured in cell culture
media (DMEM with 10% FBS) using Malvern Nano ZS
(Malvern Panalytical, UK) for 72 h to remain consistent with
other time-dependent experiments (e.g., dissolution, uptake,
and cytotoxicity studies). The surface charge and isoelectric
point of various ferrite samples were evaluated using zeta
potential measurements.

Batch dissolution study

To investigate the dissolution of ferrite variants, they were
subjected to time-dependent dissolution experiments (n = 3) for
up to 72 h in complete cell culture media (CCM, DMEM with
10% FBS, pH ~7.4). Briefly, 100 ng mL ™" of Fe;0,4, Cu,Fe; Oy,
Co,Fe;_,O4, Zn,Fe;_,O,, Mn,Fe; , O, nanoparticles were
suspended separately in 100 mL of CCM in a wide mouth plastic
bottle and incubated at 37 °C, 150 rpm in a shaking incubator.
At several time points, 1 mL of sample was withdrawn from
each bottle containing the nanoparticle suspensions and they
were subjected to centrifugal ultrafiltration using ultrafiltration
tubes (MWCO: 3 kDa) at 6000 rpm (4629 x g) for 10 min. The
filtrates were collected from the bottom of the tubes and were

This journal is © The Royal Society of Chemistry 2023
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acidified using 2% nitric acid for the ICP-MS analysis. The ICP-
MS analysis was performed to detect Fe, Cu, Co, Mn, and Zn in
helium KED mode.

Intracellular trafficking of ferrite nanoparticles

The trafficking of Fe;0,, Cu,Fe;_, 0,4, CoFe;_,O4, Zn,Fe; Oy,
and Mn,Fe; O, nanoparticles were measured in lung
adenocarcinoma cells to investigate the trend of nanoparticle
uptake across the undoped and doped ferrite nanoparticles.
In this experiment, 100 ug mL™" of each ferrite nanoparticle
was exposed to 2.0 x 10° cells for 24 h, 48 h and 72 h in a
6-well plate. PBS was used as a negative control exposure to
the cells. After each incubation time point (24 h, 48 h, 72 h),
the cells were thoroughly washed with 1x PBS to remove
excess nanoparticles that might alter the uptake results.
Later, the cells were harvested by trypsinisation and were
collected in a separate tube. The harvested cells were freeze-
dried and digested using an ashing mixture (3:1 molar ratio
of HNO; and H,0,) under heating conditions. The digested
samples were acidified using 2% nitric acid and the total
uptake was measured using ICP-MS. The calibration curve
was made to detect Fe, Cu, Co, Mn, and Zn in a range of
0.0001 to 1 pg mL " using the ionic standard of the respective
elements. The measurement was carried out in helium KED
mode (dwell time = 50 ms, sweeps/readings 50, helium gas
flow 3.5 mL min~', Syngistix software). The net uptake was
calculated using eqn (1).

C(Fe) + C(X)

Total uptake = Clcells)

(1)
where, C(Fe) is the measured concentration of Fe in the
samples (ug mL™"), C(X) is the measured concentration of the
dopant (Cu, Mn, Co, Zn) (ug mL™") and C(Cells) is the
concentration of cells (cells mL™") in the samples.

Cytotoxicity and oxidative stress analysis

An MTT assay (n = 3) was performed to investigate the toxicity
of undoped and doped ferrite nanoparticles. Briefly, 96 well
plates were seeded with 5 x 10° cells/well and were exposed
to nanoparticles at a concentration of 10-200 pg mL™" for a
period of 72 h. 2% H,0, was used as a positive control
whereas, 1x PBS was used as a negative control. The time-
dependent cytotoxicity was measured for 24 h, 48 h, and 72 h
at 590 nm using a multimode plate reader (Biotek, Synergy
HT spectrophotometer). The cell viability was calculated
using eqn (2).

Cell viability = %

(2)
where: A(s) is the absorbance of the samples in presence of
nanoparticles, A(m) is the absorbance of a blank CCM, and A(c)
is the absorbance of the CCM with cells and no nanoparticles.
Oxidative stress in the cells was investigated by measuring
the reactive oxygen species using DCFDA assay. Briefly, black
opaque 96 well plates were seeded with 5 x 10% cells/well and
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exposed to nanoparticles at a concentration of 10-200 ng
mL™" for a period of 72 h (n = 3). Post-exposure, the cells were
thoroughly washed with 1x PBS to remove the nanoparticles
in the samples. The cells were exposed to 200 uL of 20 uM
DCF-DA and incubated at 37 °C for 30 min. After incubation,
the cells were washed with 1x PBS to remove the unreacted
dye and the fluorescent intensity was measured using a
multimode plate reader (Biotek, Synergy  HT
spectrophotometer). The fold changes in ROS production
were calculated with respect to control.

Ion versus particulate mediated cell uptake and viability

To investigate the intracellular uptake and cytotoxicity caused
by undoped and doped ferrite nanoparticles and their
dissolved species, a series of cellular uptake and cytotoxicity
studies were performed. In this experimental setup, two
distinct scenarios were considered in terms of ionic exposure,
1) if the ferrite nanoparticles undergo complete dissolution
(i.e., 100% nanoparticles dissolve in CCM), and 2) the realistic
ionic release as calculated in the batch dissolution experiment.
Stock solutions for Fe ions, Cu ions, Co ions, Mn ions and Zn
ions were prepared using their respective chloride salts. In
ionic uptake studies, an equivalent concentration of 100 g
mL™" (considering 100% dissolution of undoped and doped
ferrite variants) of Fe ions, Cu ions, Co ions, Mn ions and Zn
ions were exposed to 2.0 x 10> cells for 24 h,48 hand 72 h in a
6 well plate. The objective of performing this experiment is to
investigate the extent of toxicity that both doped and undoped
ferrites could cause if they undergo complete dissolution. For
clarity, we have represented the exposure ionic concentrations
in both the scenarios, for doped and undoped ferrite variants.

2.0 x 10° cells were exposed to equivalent
concentrations (as calculated from dissolution experiments)
of Fe, Cu, Co, Mn and Zn for 24 h, 48 h and 72 h in a 6-well
plate. After each incubation time point, the cells were
thoroughly washed using 1x PBS, harvested by trypsinisation
and collected in a separate tube. The harvested cells were
freeze-dried and digested using an ashing mixture (3 :1 molar
ratio of HNO; and H,0,) under heating conditions. The
digested samples were acidified using 2% nitric acid and the
total uptake was measured using ICP-MS. Similarly, cell
viability assays were performed using both scenarios
mentioned previously. The equivalent concentration as that
of undoped and doped ferrites undergoing complete
dissolution and realistic dissolution values were exposed to 5
x 10* cells/well. The cell viability data obtained from the ionic
studies were correlated with the cell viability data obtained
from nanoparticle exposure. All the experiments were
performed in triplicate (n = 3) to investigate the statistical
significance of the data.

ionic

Computational details

DFT-based first-principles calculations for vacancy formation
energy for all the systems i.e., ferrite and other spinel ferrite
systems (MFe,O, where M = Co, Cu, Zn and Mn) were
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performed on Vienna Ab initio Simulation Package (VASP)"
version 6.3.0. All calculations utilise a plane wave basis set for
expansion of electron wavefunctions®® and further use
Projector Augmented Wave (PAW)*' pseudopotentials for
approximating the exchange-correlation functional, which for
the systems under consideration are obtained from the
Perdew-Burke-Ernzerhof =~ (PBE)  generalised  gradient
approximation (GGA) scheme.”” The vacancy formation
energy was calculated for each system using eqn (3).>*

Eyvp = (Ey + Enyre) — Eo (3)

Here, Eyr represents the vacancy formation energy for the
system; E, represents the ground state energy of the defect-free
supercells and, Ey refers to the ground state energy of the
supercell with one random vacancy introduced by the removal
of either a substituent (M) atom in the case of doped ferrite or
a Fe atom in the case of undoped ferrite. Eyyre is the energy of
a single Fe/M atom that has been removed to create a vacancy
in its most stable state and was calculated as the energy per
atom of a defect-free unit cell of the particular element in its
equilibrium crystal structure at 0 K (Fig. 1). All the
aforementioned energies were obtained by performing self-
consistent field (SCF) calculations while considering the ions
in the supercell to be fixed in their experimentally reported
lattice positions. Ionic relaxations were avoided to be able to
accurately model only a single vacancy formation energy in an
infinite lattice, for which the ionic cores must be essentially
unperturbed.** Two different vacancy formation energies had
to be calculated for all the systems either pertaining to the
different element types (M and Fe vacancies for spinel ferrites)
or the same element type being present in sites with different
coordination numbers within the supercell (Fe in Fe;O, in
octahedral and tetrahedral sites). More details related to the
computational experimentation is added in ESIT (section S1).

Statistical analysis

Dissolution studies, cellular uptake studies and cell
cytotoxicity assays were performed in triplicate (n = 3). All
data were represented as mean + standard deviation. For all
biological experiments, analysis of variance (ANOVA) was
performed to identify the p values as compared to the
control. The differences were statistically significant at values
of *p < 0.05, **p < 0.01, and ***p < 0.001. A correlational
analysis between the dissolution, cell uptake and cytotoxicity
was performed using Pearson's correlation coefficient in
Origin Labs software version 9.2.

Results and discussion
Characterization of ferrite nanoparticles

The ultrafine nanoparticles obtained through co-precipitation
under characterized using an array of
physicochemical characterization techniques. TEM images
revealed that Fe;0, (Fig. 2a), Cu,Fe;_,0, (Fig. 2b), Co,Fe;_,0,
(Fig. 2¢), Zn,Fe; 0, (Fig. 2d) and Mn,Fe;_,0, (Fig. 2e) have

reflux were

This journal is © The Royal Society of Chemistry 2023
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not significant. From the ICP-MS measurement data, the
doping percentages of the transition metals is represented in
Fig. 2f. Owing to incompatible surface energies, Cu is much
more likely to occupy interstitial sites in the Fe;O, matrix
than to be loosely bound to the surface. This observation is
supported by similar atomic radii of Cu and Fe, which makes
it easier for Cu to occupy interstitial sites in the matrix. In
comparison, Zn, Co, and Mn have larger atomic radii than
Fe, as a result of which, if these atoms were to occupy
interstitial sites in the matrix, a large strain would be
generated. This hypothesis is supported by the large peak
shifts in the XRD measurements (Fig. 2a). Based on the
stoichiometric calculations as per the ICP-MS measurement,
the composition of doped ferrites was Cu,Fe;_,O; (Cuggo-
Fe, 10,), CosFe; ,O4 (Coy.a5Fe 540,4), ZnyFe; Oy (Zny z6Feq 75
0,) and Mn,Fe;_,0, (Mn; sFe; 50,).

XRD measurements were carried out to identify the
crystalline structure of the elements. In the case of Fe;O4
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nanoparticles, six characteristic peaks at 26 values of 30°,
35°, 43°, 55°, 57° and 62° corresponding to the (220), (311),
(400), (422), (511) and (440) planes were observed (Fig. 3a).
XRD measurements did not reveal any new peaks (Fig. 3a) for
the doped ferrite nanoparticles, which demonstrates the
phase purity of the synthesized nanoparticles. Upon the
introduction of the dopant ions into the system, in each case,
a peak shift was observed in the XRD patterns attributed to a
decrease in one of the lattice dimensions. This decrease has
been attributed to some of the Fe-O bonds in Fe;O, being
substituted by M-O bonds (M = Cu, Zn, Co or Mn).>® This
observation is supported by the shifting of peaks in the case
of the doped variants indicating an increased loading of the
crystal. Additionally, the broadening of the peaks was
observed for the doped variants due to the loss in ordering
due to the occupation of the interstitial sites (Fig. 3a). XPS
measurements on Fe;O, nanoparticles showed a
characteristic peak at 709.5 eV assigned to Fe 2p;,.>%*’
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Fig. 3 Chemical characterization of various doped ferrite nanoparticles (a) XRD spectral pattern of the ferrite variants. (b) XPS spectral pattern of
the ferrite variants. (c-f) Magnified XPS spectrum of individual dopants present in the ferrites to demonstrate their characteristics peaks.
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Characteristic peaks at 528.5 eV, 529.7 eV and 530.7 eV
corresponding to O 1s were observed.”® In the case of Cu,
Fe;_,O,4, additional peaks were resolved at 932.5 eV and 952.5
eV corresponding to Cu 2p;, and Cu 2p,,, respectively
(Fig. 3b and e). For Co,Fe;_,O,4, the additional peak at 781.5
eV and the satellite peak at 786.5 €V is ascribed to Co 2pj;),,
while the peak at 796.5 eV is ascribed to Co 2pi),
(Fig. 3b and f).*® For Zn,Fe;_,Oy4, Zn 2p;, was deconvoluted
into two peaks at binding energies of 1022 eV and 1045 eV
(Fig. 3b and c).*® Lastly, in the case of Mn,Fe; ,O;, Mn 2p
has broad peaks at 642 eV (Mn 2p3/,) and 652 eV (Mn 2p,,,)
(Fig. 3b and d). The characteristic peaks of respective dopants
in the XPS spectra confirm the presence of the doping
elements within the ferrite nanoparticles.

Suspension characteristics of ferrite nanoparticles

The zeta potential values at pH 7 for each variant of ferrite
nanoparticles were measured to be Fe;O, (+7.07 mV), Cu,-
Fe; .0, (-23.55 mV), Co,Fe;_,0, (+17.22 mV), Zn,Fe;_,0,
(-4.47 mV) and Mn,Fe;_,O, (-20.09 mV). The net surface
charge at neutral pH for each ferrite variant is different. In
the case of Fe;0, and Co,Fe;_,O,, the surface zeta potential
was observed to be positive, whereas the other three
variants (i.e., Cu,Fe;_,O,4, Zn,Fe;_,0,, Mn,Fe;_,0,) showed a
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net negative charge at the neutral pH. Zeta potential
measurements were carried out on all variants of ferrites to
determine  their  isoelectric ~ points  (IEP).  These
measurements revealed that the IEP of Fe;O, nanoparticles
in ultrapure water was 7.8 (Fig. 4b), which is consistent with
values reported in the literature.’®*' At near neutral pH, the
zeta potentials ranged from -24 + 0.15 mV to 21 + 0.41 mV,
with Fe;O, and Zn,Fe; ,O, having the least suspension
stability, implying that they were most likely to agglomerate.
These observations are confirmed by hydrodynamic size
measurements which revealed that Co,Fe; O, and Mn,-
Fe;,O, have relatively higher suspension stability in
complete media (DMEM with 10% FBS) (Fig. S4at).
Compared to these two variants, the others seem to undergo
sedimentation, which is highest in the case of Fe;0,. After
24 h of exposure, the hydrodynamic size of Fe;O, drastically
reduced (29.8%) from 338 + 13 nm to 237 + 18 nm, which
after 72 h of exposure further reduced to 189 + 5 nm (44%).
This corresponds to a high rate of sedimentation of
particles owing to poor stability in the cell culture media. In
the case of Cu,Fe; O, and Zn,Fe; 04 the hydrodynamic
stability was drastically affected by the degree of
nanoparticle sedimentation with time. For instance, the
hydrodynamic size of Cu,Fe;_,O, was 292 + 20 nm at 0 h,
which was reduced by 16% in 24 h (241 + 13 nm) and
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Fig. 4 Experimental results of ion release during dissolution studies on ferrite variants. (a) lonic release profile for FezO,4 (b) ionic release profile
for CuyFez_,O4. (c) lonic release profile for Co,Fez_,O4. (d) lonic release profile for Zn,Fes_,O4. (€) lonic release profile for Mn,Fez_,O,. (f) Profile of

the % dissolution (wt%) of ferrites with time. The concentration of each ferrite variant used for the experiments was 100 ug mL™

up to 72 h in

complete media (DMEM, 10% FBS). The experiments were performed in triplicate (n = 3). The statistical significance was calculated with respect to

the dissolution values of FezO,4.
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further reduced by 56% (128 + 5 nm) in 72 h. Similar
observations were made in the case of Zn,Fe; ,0O,, wherein
the nanoparticle sizes were reduced by 40% (259 + 6 nm at
0 h to 148 + 11 nm at 72 h). In comparison, after 24 h
hydrodynamic size of Co,Fe;_,O, nanoparticles reduced only
by 18.2% (246 + 10 nm to 201 + 9 nm) in 24 h and remains
stable thereafter, whereas for Mn,Fe;_,O, the reduction was
10% (222 + 10 nm to 198 + 4 nm) after 24 h and were
suspension stable until 72 h. The values of hydrodynamic
stability of these ferrite nanoparticles are largely dependent
on their sedimentation rate and have a clear role in their
dissolution. It is because the colloidal stability of the
particles governs the particle-media interactions and hence,
enhances or reduces the amount of dissolution.

Dissolution behaviour of ferrite nanoparticles

Dissolution profiles for the ferrite variants are plotted for Fe
and the respective dopants. These observations are important
because in most cases, it is the dopant ions that are more
toxic. Moreover, these observations would give key insights
into the type of interactions between the dopant ions and Fe
in the matrix. For Fe;O, nanoparticles over a period of 48 h
in cell culture medium 2.6 ug mL™" of Fe was observed to
leach out from the nanoparticles, and this increased to 5.9
pug mL™" in 72 h (Fig. 4a). By introducing 15.5% of Cu into
ferrite nanoparticles (Cu,Fe;-,0,), we observed a decrease in
the release of Fe into the cell culture medium. The maximum
release of Fe was recorded to be 1.2 ug mL™" over the 72 h
period. Although for the initial time point, Cu release was
less compared to Fe, at the end of 72 h there was no
significant difference observed. This observation is supported
by a couple of pieces of evidence. Firstly, the hydrodynamic
stability was drastically reduced with time (Fig. S4aft),
coupled with a high sedimentation rate and a high amount
of agglomerated nanoparticles. This reduces the overall
particle-media interactions, consequently, reducing the
dissolution. Secondly, as shown in DFT studies (Table 2),
there is a strong interaction between Cu and Fe in the matrix,
leading to a controlled release of these ions in cell culture
media. However, for Co,Fe;_,O, there was no suppression in
the release of Fe, rather a marginal increase in the Fe release
over the 72 h period. Co release from Co,Fe;_,O,
nanoparticles also increased with immersion time in cell
culture medium, with up to 3.43 + 0.16 ug mL ™" and 1.91 +
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0.03 ug mL™" Fe and Co release after 72 h. Similarly, Mn,-
Fe;_,O, showed Fe release to be 6.1 + 0.01 pg mL ' and Mn
release to be 1.95 + 0.3 ug mL™" after 72 h of exposure. The
concentration of Fe rapidly rose to 6.18 + 0.017 pg mL ™" and
for Mn, it increased to 1.95 + 0.32 pg mL™" at the end of 72 h
of exposure. This highlights weak interactions between Fe
and Mn, leading to a much higher release of ions in the
media as demonstrated by the vacancy formation energy and
binding energy data in DFT studies (Table 2).

The ion release profiles (Fig. 4b-e) show the consequence
of introducing a second metal ion. The lowest release of Fe
ions was seen in the case of Cu,Fe;_,O, (Fig. 4b), while Mn,-
Fe;_,O, showed a high release of Fe after 72 h (Fig. 4e).
Dissolution profiles in terms of wt% are shown in Fig. 4f,
wherein the cumulative release of all ions (Fe and dopant) is
considered in measuring the overall wt% dissolution. For
Fe;0, nanoparticles there was a 4% dissolution over 48 h,
which increased to 9% after 72 h (Fig. 4e). The dissolution
was the Ilowest for Cu,Fe; ,0,, which showed ~1%
dissolution after 12 h, with an increased to 3% at 72 h
(Fig. 4b). On the other hand, % dissolution was much higher
in the case of Co,Fe;_, O, as compared to the other variants
with 9% after 12 h, gradually increasing to 11% by 72 h
(Fig. 4c). Zn,Fe;_,O, showed an overall % dissolution very
similar to Cu,Fe;_,O,, with 2% in the first 12 h, gradually
increasing to 3% by the 72 h (Fig. 4d). A linear increase was
observed in the case of Mn,Fe;_,O, with 3% dissolution after
the first 12 h and increasing to 17% at 72 h (Fig. 4e). Higher
dissolution was observed in the case of Mn,Fe;_,0O, and Co,-
Fe;_,0, (Fig. 4f), which also showed better suspension
stability in CCM (Fig. S4at). However, in the case of Fe;O,,
Cu,Fe; O, and Zn,Fe;_,O4, lower hydrodynamic stability
with respect to time with a higher sedimentation rate didn't
allow them to have prolonged interaction with the media
owing to low dissolution. Additionally, the change in the
lattice geometry on the introduction of the dopant into Fe;0,
and the dopant-oxygen bond energies would also influence
their interactions with the media. Due to the complexity of
the factors involved, it becomes difficult to gauge their exact
roles in nanoparticle dissolution.**

The trends observed experimentally are reflected in
vacancy formation energy calculations carried out on the
undoped and doped ferrite variants in their bulk forms
(Fig. 1 and Table 2). In the case of Fe leaching out of the
matrix, the calculations point towards a decrease in Fe

Table 1 Physicochemical properties of doped and undoped ferrite nanoparticles

Parameters Fe;0,4 CuyFe;_, Oy Co,Fe3;_,0,4 Zn,Fe;_, O, Mn,Fe;_,O4
Composition Cug goFe, 10, Co4 45Fe; 5,04 7N, s6Fe; 730, Mn, sFe; 50,
“Size (nm) 11.5 + 3.5 9.9+3.2 11+2.9 10.2 + 3.7 8.6 +2.7
Crystallite size (nm) 5.01 5.41 3.7 3.03 8.5

Zeta potential (mV) (pH 7.0) +7.07 -23.55 +17.22 -4.47 -20.09

Fe concentration (ug mL™") 65.6 52.17 38 36.6 32

Dopant concentration (ug mL™") 15.8 18.4 15.4 16

¢ Size measured using TEM; n = 100 and data is presented as mean + std.dev.
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Table 2 Vacancy formation energy calculated using DFT

Vacancy
formation
Ferrites Eo (eV) Ey (eV) Ey (eV) energy (eV)
Dopant vacancy formation
CoFe, 04 -390.0737 -381.6398 -13.5222 1.6728
CuFe,0, -368.3630 -362.6943 -14.8575 1.9543
ZnFe, 0, -359.6753 -355.1706 -2.1075 3.4510
MnFe,0,4 -410.5625 —400.4572 -35.5694 1.2130
Fe vacancy formation
Fe;04 (TV) —299.8424 -289.5320 -15.3294 2.6457
Fe;0,4 (OV) —299.8424 -289.9661 -15.3294 2.2116
CoFe, 04 -390.0737 —378.8450 -15.3294 3.5640
CuFe,0, -368.3630 -356.1419 -15.3294 4.5564
ZnFe,0, -359.6753 -347.4861 -15.3294 4.5245
MnFe,O4 -410.5625 —400.4206 -15.3294 2.4772

released upon the addition of secondary metal ions. The
ease of removal of an Fe atom (that corresponds to ease of
leaching in experiments) was observed to be Fe;0,
(octahedral) > MnFe,0, > Fe;0, (tetrahedral) > CoFe,O, >
ZnFe,0, > CuFe,O, (Table 2). The same trend was observed
experimentally (Fig. 4a-e), hinting towards a strong
correlation between binding energies in the ferrite matrix
and dissolution. Along similar lines, when vacancy
formation energy was calculated for the doped atoms (Mn/
Co/Zn/Cu), the trend observed was ZnFe,O, > CuFe,O, >
CoFe,0, > MnFe,0O, (Table 2). Here, a high vacancy
formation energy implies that the release of the ion would
be more energetically expensive, and subsequently less
favourable. A similar trend was observed experimentally,
with Cu and Zn release being the least and Mn release
being the highest. DFT thus proves to be accurate for
qualitatively predicting ion release rates from doped ferrites.
It is to be noted that though we use ideal, bulk structures
in our simulations, we are still able to predict the relative
leaching rates of either Fe or a dopant atom by means of
relatively inexpensive, but highly accurate vacancy formation
energy calculations via DFT.

Variation in intracellular uptake of doped ferrite nanoparticles

Fig. S31 shows the intracellular uptake of all ferrite variants
in A549 cells after 24 h, 48 h and 72 h of exposure using
ICP-MS. Cellular uptake increased with exposure time across
all the ferrite variants. The unit ug per cell was used to
express the mass of nanoparticles uptake per individual
cells. The cells were exposed to similar masses of individual
ferrite nanoparticles, which were prepared as a stock
solution in mass by volume method. The general trend in
cellular uptake observed after 24 h of exposure is Co,Fe;_,-
0, (3.46 x 107 pg per cell) > Mn,Fe; 0, (2.17 x 107 pg
per cell) > Cu,Fe;_,0, (1.84 x 107 pg per cell), Fe;0, (1.82
x 107 ug per cell) > Zn,Fe; 0, (1.29 x 10~ ug per cell). In
contrast, the uptake was increased dramatically in the case

This journal is © The Royal Society of Chemistry 2023
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of Zn,Fe;_,O, after 48 h and 72 h. The cell uptake was
calculated to be 68% (48 h) and 168% (72 h) with respect to
the uptake values after 24 h. Similarly, the cell uptake of
Cu,Fe; O, was 40.7% and 84.18% at 48 h and 72 h,
respectively with respect to the cell uptake values of Cu,-
Fe;_,O, after 24 h. The trend of cell uptake magnitude after
48 h and 72 h exposure was Zn,Fe; ,O, > Cu,Fe;_,O, >
Co,Fe;_,O, > Mn,Fe;_,0O, > Fe;0,. Parallels can be drawn
between the observations of the dissolution study and the
corresponding uptake measurements. For example, Cu,Fe;_,-
O, and Zn,Fe;_,O, showed a similar % dissolution profile
and cellular uptake profile.

Co,Fe;_,O, having shown the highest amounts of
dissolution up to 48 h, consequently, ends up having high
cell uptake, while Zn,Fe;_,O, having shown the lowest
dissolution, ends up having low cell uptake, over the 48 h
period. The correlation between dissolution and uptake
however is not observed for the 72 h time point. The primary
reason for this, especially in the case of Mn,Fe;_,O, appears
to be cell death (Fig. 5c), which results in cells getting
eliminated during the washing step leading to lower cell
density. Another reason for these trends could be a
significant dissolution of the particulates into ions, as a
consequence of which the cell uptake gets altered. Further,
ionic uptake occurs through the diffusion process through
ion channels, which is relatively a quicker and spontaneous
process as compared to the particulate uptake in the cell.
Therefore, it could be observed that the ferrites that generate
sustained dissolved species correspond to higher intracellular
uptake as compared to the ones that are least dissolving. It
was observed through the TEM images (Fig. 2) and
hydrodynamic stability studies (Fig. S4f1) that there is a
significant level of nanoparticles agglomeration present,
particularly in the case of Cu,Fe;_,O, and Zn,Fe;_,O,.
However, the presence of smaller particles cannot be ruled
out entirely from the systems, which consequently, enhances
nanoparticle uptake in the cells. It was purely evident in the
case of Co,Fe;_,O, and Mn,Fe;_,O, uptake, wherein higher
suspension stability with smaller particle size enhanced
overall percentage cell uptake. The correlation of cell uptake
with toxicity and the role of ions compared to particulates
has been discussed in subsequent sections.

Cytotoxicity of ferrites depends on their dissolution and uptake

A549 cells were treated with all the doped ferrite
nanoparticle variants over a concentration range of 10-200
ug mL™" for 24 h, 48 h and 72 h. Cell viability results
indicated a dose-dependent behaviour (Fig. 5a-c) among all
the ferrites, which is a conventional trend observed in most
of the oxide nanoparticles.” For all tested ferrite
nanoparticles, it was observed that with an increase in
exposure concentration of the nanoparticles, there was a
reduction in the cell viability. For 24 h of exposure studies,
at lower concentration of 10 ug mL™ most of the ferrite
nanoparticles did not show significant reduction in cell
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Fig. 5 Effect of doped ferrite nanoparticles on viability of A549 cells after (a) 24 h of exposure (b) 48 h of exposure (c) 72 h of exposure. Doped
ferrite nanoparticle induced ROS generation after (d) 24 h of exposure (e) 48 h of exposure (f) 72 h of exposure, calculated as fold changes
compared with control (n = 3, data presented as mean * std.dev). The statistical analysis was performed with respect to control where *p < 0.05,

*xp < 0.01, and ***p < 0.001.

viability compared to control. However, Mn,Fe;_,O,
nanoparticles showed a significant reduction in cell viability
across all the tested concentrations. By 48 h of exposure, a
dose dependent cytotoxicity was observed across all the
doped variants of ferrite nanoparticles. In comparison, the
undoped Fe;O, nanoparticles did not show a dose
dependent response across all the three time points and
showed lowest cytotoxicity among all the variants. When
cells were exposed to 200 pug mL™" of each variant of ferrite
nanoparticles, there were significant reduction in cell
viability (at each time point), particularly in the case of
Mn,Fe;_,O, and Co,Fe;_,O,. The reduction in cell viability
at higher concentration might correspond to higher
agglomeration and deposition of the particles on the cell
surface leading to stresses on the cell surface.

As reported earlier, there is a trend showing higher
nanoparticle dose enhances cell cytotoxicity. For ease of
understanding and to make an argument, we are considering
the exposure concentration of 100 pg mL™" for further
discussion. After 72 h, the reduction in cell viability was
observed to be in the order of Mn,Fe; ,O, > Co,Fe; , 0, >
Zn,Fe; O, > Cu,Fe;_,O, and Fe;0,. This observation exactly
complements the argument of Fe;O, being the least cytotoxic
with respect to the other doped variants. Mn,Fe;_,O,
nanoparticles showed the least A549 cell viability, with more

1562 | Environ. Sci.: Nano, 2023, 10, 1553-1569

than a 75% reduction in cell viability after 72 h. Similarly,
Co,Fe;_,0, showed a similar trend, wherein, >70% cell death
was observed after 72 h exposure. In the other variants ie.,
Cu,Fe; O, and Zn,Fe;_,O4, the cell viability was reduced to
53% and 63% respectively after 72 h. Interestingly, Zn,Fe;_,-
0,4, Cu,Fe;_,O, and Fe;O, nanoparticles showed a relatively
less reduction in cell viability across all tested concentration
ranges for up to 48 h of exposure. This interesting
observation can be correlated with the low suspension
stability and higher agglomeration (Fig. 4a), low %
dissolution (Fig. 4f), and low uptake of nanoparticles (Fig.
S3+). However, for Co,Fe;_,0, and Mn,Fe;_,O, nanoparticles,
due to their suspension stability and high release of toxic
elements Co and Mn, along with high intracellular uptake
due to smaller size, significantly higher cell cytotoxicity was
observed even at 24 h of exposure.

To investigate whether ROS generation plays a critical role
in the cytotoxicity of the doped ferrite nanoparticle variants,
the A549 cells were exposed to these particles in the presence
of a ROS scavenger. All data for ROS fold changes are
compared to the control. Results showed that after 24 h of
exposure, all variants displayed between 0.02-fold to 0.43-fold
ROS generation across a range of doses, with Fe;0, (0.4-fold)
and Cu,Fe;_,0, (0.43-fold) showing slightly higher values at
lower doses (Fig. 5d). After 48 h of exposure, Co,Fe; O,

This journal is © The Royal Society of Chemistry 2023
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(1.12-fold) showed high ROS values at low dose, while Zn,-
Fe; 0, (0.7-fold at 50 ug mL™") and Mn,Fe;_O, (0.6-fold at
200 pug mL™") showed high ROS values at higher doses
(Fig. 5e). After 72 h of exposure, the ROS generation values
varied over a wide range, with Zn,Fe;_,0, (1.48-fold) and Co,-
Fe; O, (1.2-fold) showing the highest values at 10 ug mL™
and Cu,Fe;_,0, (1.36-fold) showing high values at a larger
exposed concentration (Fig. 5f). In most cases, Mn,Fe;_,O,
did not show high values of ROS generation because of a
higher rate of cell death (Fig. 5a—c). Since ROS is generated
by the living cells in response to stress, the presence of more
dead cells in the wells wouldn't generate enough fluorescent
signals to be detected by the spectrophotometer. For Fe;O,
nanoparticles, ROS production has been linked to the
cytotoxic response.’> The mechanism of damage involves
Fe** reacting with H,O, and 'O, radicals produced by the
mitochondria, leading to the formation of Fe** and hydroxyl
radicals which tend to cause damage to the DNA and
proteins.®* In the case of Zn,Fe; ,0,, the production of
oxidative stress is the most likely mechanism of toxicity.
However, the toxicity is highly dependent on the medium in
which the experiments are carried out. In the case of cell
culture media, these nanoparticles tend to dissolve in the
presence of amino acids and form complexes by binding to
certain residues present in the media, making them
potentially more toxic.>”**¢

The mechanism and factors causing the cytotoxicity of
ferrites are highly complex, as observed in the data. In some
cases, dissolution, size and stability of ferrites are playing a
major factor (Co,Fe;_,O, and Mn,Fe; ,0,) whereas in some
cases, only dissolution of ionic species is playing a
determining factor for causing toxicity. However, the
suspension  stability = of  ferrites  nanoparticles is
predominantly the major factor in governing dissolution,
cellular uptake, bio-interaction, and cytotoxicity. For instance,
Cu,Fe; 0, and Zn,Fe; O, are the least hydrodynamically
stable (Fig. S4at), which causes the nanoparticles to deposit
on the surface of the cell and cause cell membrane
disruption.*”*® The size of the nanoparticles has a significant
impact on its cellular uptake. Smaller particle size and
suspension stability can lead to better cell internalization
and cause cytotoxicity through several processes. For
instance, Mn,Fe;_,O, nanoparticles have the smallest size
(8.6 £ 2.7 nm; n = 100, **p < 0.01) (Table 1) with higher
suspension stability (Fig. S4at) and therefore, has two ideal
factors for enhanced cell uptake and particle-mediated
toxicity. For Cu,Fe;_,O, nanoparticles, the mechanism of
damage includes the disruption of metal homeostasis,
triggering of cell cycle progression, induction of metal

alkalosis and ROS production.**°
Furthermore, not just the dissolved species, the
nanoparticle uptake through the endocytosis process

followed by lysosomal-based intracellular dissolution also
plays a major role in causing cytotoxicity. However, this
process is relatively less rapid as compared to the
extracellular dissolution of ferrites occurring in the cell

This journal is © The Royal Society of Chemistry 2023
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culture medium. In the case of Co,Fe; 0, the surface
charge at near-neutral pH is positive. Studies have shown
that there is a preferential uptake of positively charged

nanoparticles over neutral and negatively charged
nanoparticles owing to favourable electrostatic
interactions.’”*" This increased uptake translates to higher

cell toxicity through cell cycle arrest, cell apoptosis, and
decreased metabolism.*” Owing to the small size of Co,Fe;_,-
O, nanoparticles and its ~8% dissolution, the uptake of
these nanoparticles was higher in A549 cells leading to a
reduction in cell viability along with increased ROS
generation. Overall, there is a complex chain of events and
factors responsible for causing cytotoxicity for these ferrite
nanoparticles.

Cell uptake and cytotoxicity contributed by particulate and
dissolved ions

In these sets of experiments, cell uptake and toxicity for each
time point (24 h, 48 h and 72 h) were measured for two
scenarios: a) an ionic control wherein 100% of the ferrite
nanoparticles introduced to the media dissolved into ions,
and b) an ionic control from the experimental dissolution
data obtained from our experiments (Fig. S47). In all cases, it
was observed that the cell uptake was higher in the ionic
control representing 100% dissolution as compared to the
experimentally observed dissolution (Fig. 6a-e). The process
of uptake wasn't time-dependent in the case of a complete
dissolution scenario contrary to the actual dissolution
scenario. In each variant of ferrites, the uptake of Fe ions
and dopants (Zn, Mn, Cu, Co) increased with an increase in
the incubation time. Several factors affect ionic uptake by the
cells. Some of them include ionic concentration, organic and
inorganic complexation of ions in the media, permeability of
the ions and their complexes in the cells, ion saturation in
the cells, active and passive ion transportation processes. The
cells also control ionic homeostasis, wherein a fixed number
of ions are permitted inside the cells for metabolic activities
through the semipermeable membrane. However, if there is a
loss of cell membrane integrity due to stress, there is a high
chance that the ions diffuse inside the cells. Also, if we
compare the cell uptake values of ferrites (Fig. S31) with that
of ionic uptake values in the actual dissolution scenario
(Fig. 6a-e), the magnitude of intracellular uptake is lower in
the latter case. It means that the magnitude of the cellular
uptake has a contribution from both ionic and particulate
uptake by the cells (Fig. 7a-e). Subsequently, cell viability was
lower in ionic control representing 100% dissolution as
compared to the experimentally observed dissolution (Fig. 6f-
j)- Exposure of ionic Fe representing complete dissolution
from Fe;O, nanoparticles reduced the cell viability to ~60%
at the end of 72 h. In comparison, with an exposure of 3.61
ug mL™' (representing the experimental Fe release
concentration at 72 h), the cell viability was found to be
>80% at the end of 72 h (Fig. S4af). A similar trend is
observed for all of the samples, wherein an ionic exposure
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representing 100% dissolution of the ferrite nanoparticles
adversely affects the cell viability. In comparison, the cell
viability remains >70% for all of the variants when exposed
to the ionic counterparts representing the experimentally
observed dissolution data. This certainly means that not just

1564 | Environ. Sci.: Nano, 2023, 10, 1553-1569

dissolved ions but nanoparticles have a significant role to
play in enhancing the uptake and cytotoxicity of these ferrite
nanoparticles.

Fig. 7 shows the contribution of ions and nanoparticles
towards the toxicity of all the variants and supports clarifying
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the hypothesis stated above. While in the case of Cu,Fe;_,O,
and Zn,Fe;_,O4, most of the toxicity is due to the dissolved
ions, the same cannot be said about the other two variants.
Possible reasons for such an observation could be the
formation of large agglomerates of Cu,Fe;_,O, and Zn,Fe;_,-
O, nanoparticles which reduces the contribution from
nanoparticulate form and inherent toxicity of Cu and Zn
ions. Even though the toxicity of Cu,Fe;_,O, and Zn,Fe;_,O,
wasn't significantly higher up to 48 h of exposure, the
dissolution profile of Cu,Fe;_,O, (Fig. 4b) and Zn,Fe;_,O,
(Fig. 4d) showed a release of 0.88 + 0.01 and 0.4 + 0.01 nug
mL™" of Cu and Zn ions respectively after 48 h, that played a
role in causing initial toxicity. In the case of Co,Fe;_,O, and

This journal is © The Royal Society of Chemistry 2023

Mn,Fe;_,0,, both particulates and dissolved species play a
role in the toxicological impact on the cells. This could be
well correlated with the hydrodynamic stability of both these
particles (Fig. S4at) and the dissolution data (Fig. 5¢ and e).
Better suspension stability would help the particulate
contribution towards toxicity and enhance the dissolution
process. Therefore, both factors are contributing to cellular
toxicological impact. Put together, it can be inferred that the
toxicity of Co,Fe;_,O, and Mn,Fe;_,O, is contributed to by
both particulates and ions, whereas for Cu,Fe;_,O4 and Zn,-
Fe;_,O, toxicity is largely due to the dissolved ions as
opposed to particulates. Based on dissolution data (Fig. 4a-
e), we performed a cytotoxicity analysis using ionic control of
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respective dopant ions at an equivalent concentration of
dissolved species generated at various time points (24 h, 48
h, 72 h). It was observed that, there is a contribution from
the dopant ions in causing toxicity (Table S31).

Correlation between dissolution, uptake and cell viability

There isn't a linear correlation between dissolution, cell
viability and cell uptake for all variants (Fig. 7). For example,
in the case of Cu,Fe;_,O,, there is a weak positive correlation
between dissolution and cell uptake (0.46) and a weak
negative correlation between dissolution and cell viability
(-0.32). This implies that in spite of dissolution, there isn't a
large amount of cellular uptake of the nanoparticle or the
dissolved ion and consequently, the toxicity isn't as high
either. Something similar can also be observed for Zn,Fe;_,O,
nanoparticles, with a weak positive correlation between
dissolution and cell uptake (0.66) and a moderate negative
correlation between dissolution and cell viability (-0.79).
Therefore, it can be concluded that the toxicological impact
of ferrites is not straightforward. It is this inconsistency in
trends across all experiments carried out in this study that
makes safety-by-design not only challenging but also critical
to ensure considerations to safety have been thoroughly
addressed before these nanomaterials are used on industrial
scales. Fe;O, has a lower tendency to dissolve. Due to this,
Fe;0, shows less toxicity, and majority of the toxicity comes
from their particulate. However, the introduction of
transition metal dopants is increasing the tendency of ferrites
to dissolve. This could be because of structural changes,
changes to hydrodynamic stability or the overall chemical
stability of the material. Due to this reduced stability, there is
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important to note that the amount of surface area exposed to
the medium also plays a crucial role in the formation of
complexes and the rate of dissolution.

Relative change in toxicity of metal-oxide nanoparticles on
doping

The observations of this study give rise to an interesting
discussion on the impact of doping of metal-oxide
nanoparticles on its reactivity and toxicity. Although it is
acknowledged that the properties of nanoparticles can be
altered through doping, considerations of safety upon long-
term exposure to biological and environmental entities are
essential to ascertain their fitness for large-scale usage. A
mini-review was conducted to observe the relative change in
the toxicity of commonly used metal-oxide nanoparticles
(CuO, ZnO, TiO, and CeO,) upon doping (Fig. 8). Of
particular interest is the number of doped variants above and
below the baseline toxicity for each nanoparticle set. While in
some cases doping of CuO nanoparticles led to an increase
in toxicity (e.g. Ag doping®®), largely, there was a decrease in
toxicity after doping (Fig. 8a). In particular, on doping with
Sn or Fe,»** the largest relative shift below the baseline
toxicity was observed. The data indicate that doping may
serve to be a viable strategy for improving the safety of CuO
for large-scale applications.

In the case of ZnO nanoparticles (Fig. 8b), doping was
seen to have both positive and negative impacts on relative
toxicity. While dopants such as Mg, Ag, and La showed the
best positive impact on toxicity (largest shifts below the
baseline), 5% La showed the worst negative impact (largest
shifts above the baseline).*>*® The data suggests that

a release of toxic metal ions into the media. Here, it is  similar to CuO nanoparticles, doping can drastically
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Fig. 8 Comparison of the relative toxicity (a) doped CuO nanoparticles (b) doped ZnO nanoparticles (c) doped TiO, nanoparticles (d) doped CeO,
nanoparticles and (e) doped ferrite nanoparticles. The dotted line in each case is the baseline (the toxicity of the undoped nanoparticle). The data

and references used to generate these graphs is reported in the ESI}
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improve the toxicity of ZnO nanoparticles. TiO,
nanoparticles, on the other hand, are considerably safe, as
is evidenced by their widespread usage for biomedical
applications.*”*® Therefore, it comes as no surprise that in
most cases, upon doping, the toxicity of TiO, nanoparticles
increases (Fig. 8c). Only in rare cases (such as doping with
particular concentrations of Fe)** was a reduction in toxicity
observed. The data thus suggests that doping may not be a
viable strategy for improving the safety of TiO,
nanoparticles. CeO, nanoparticles show similar behaviour to
TiO, nanoparticles (Fig. 8d). In all cases except for Mn
doping, the toxicity of CeO, increased on doping.

In comparison to these metal-oxide nanoparticles, ferrites
are rather neutral. The behaviour of ferrite nanoparticles in
this respect, closely resembles that of ZnO nanoparticles.
On doping, there is either a drastic increase or decrease in
toxicity. For e.g., doping with Zn significantly decrease the
toxicity (largest shift below the baseline), while doping with
Mn, results in a significant increase (largest shift above the
baseline). However, these inferences aren't straightforward
because the toxicological impact has a direct correlation
with their suspension stability and dissolution of
nanoparticles.

Conclusions

In this study, by combining experimental and computational
approaches, we have quantitatively identified trends in the
dissolution of ferrite nanoparticles and their correlation to
toxicity. We synthesized variants of ferrite nanoparticles
doped with transition metal ions (Cu, Zn, Mn and Co) and
characterized them using a range of physicochemical
techniques (TEM, XRD, XPS, ICP-MS). Suspension
characteristics of these nanoparticles for up to 72 h was
measured to quantitatively identify the release of Fe and
dopant ions from the nanoparticles. We found that on
doping with transition metal ions, there was a decrease in
the release of Fe ions from the ferrite matrix, an observation
that was backed up by vacancy formation energy calculations
performed using DFT. Co,Fe;_,O, nanoparticles, showed
~8% dissolution, had a higher uptake leading to a reduction
in cell viability along with increased ROS. Toxicity of Co,-
Fe;,O, and Mn,Fe;,O, is contributed both by the
particulates and ions, whereas for Cu,Fe;_,O, and Zn,Fe;_,O,
toxicity is largely due to the dissolved ions as opposed to
particulates. The correlation analysis between cell viability,
cell uptake, dissolution and toxicity highlighted that the
overall reasons for causing toxicological impact after the
introduction of dopant in ferrites aren't straightforward.
While ferrite nanoparticles are safer than their metal-oxide
nanoparticle counterparts (CuO, ZnO), the introduction of
transition metal elements as dopants into the ferrite matrix
for enhancing properties can thus impact the safety of
ferrites. This study tried to correlate the various properties of
doped ferrite nanoparticles and investigate their impact on
safety-by-design and toxicology.

This journal is © The Royal Society of Chemistry 2023
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