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Biodegradation of Oxide Nanoparticles in Apoferritin
Protein Media: A Systematic Electrochemical Approach

Ehsan Rahimi,* Donghoon Kim, Ruben Offoiach, Roger Sanchis-Gual,*
Xiang-Zhong Chen, Peyman Taheri, Yaiza Gonzalez-Garcia, Johannes M. C. Mol,
Lorenzo Fedrizzi, Salvador Pané,* and Maria Lekka*

Functional oxide nanoparticles are extensively utilized in the last decades for
biomedical purposes due to their unique functional properties. Nevertheless,
their biodegradation mechanism by biological species, particularly by proteins
at oxide/protein interfaces, still remains limited. Here, a systematic
approaches is provided to investigate electrochemical behavior, electronic
properties, and biodegradation mechanism of cobalt ferrite (CFO) and cobalt
ferrite-bismuth ferrite (CFO-BFO) core-shell nanoparticles in
apoferritin-containing media. Scanning Kelvin probe force microscopy results
indicate that the presence of a thin shell (≈5 nm) of BFO on CFO causes a
significant increase in surface potential. The potentiodynamic polarization
measurements in different solutions showed higher anodic current densities
for both samples when decreasing pH and increasing apoferritin
concentration. Notably, CFO-BFO exhibits lower anodic current densities than
CFO due to a slightly higher flat band potential and lower donor density
distribution on CFO-BFO than on CFO, which results in lower electrochemical
activity. Long-term monitoring reveals that biodegradation of both
nanoparticles is accelerated by high apoferritin concentrations and acidic
media, resulting in the decrease of electrochemical potentials and impedance
values, and enhancement of metal ion release. Thus, this systematic
biodegradation study can help to predict the lifespan and toxicity of these
functional nanoparticles in biological environments.

1. Introduction

The development of various synthesis methods for functional ox-
ide nanostructures with unique properties has led to significant
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advances in biomedical applications of
nanostructures as desired functionalities
and morphologies can be designed.[1,2]

Among various oxide nanomateri-
als, magnetic oxide nanostructures
have been suggested for targeted drug
delivery,[3–6] tissue engineering,[7–9] mag-
netic hyperthermia treatment,[10–13] and
magnetic resonance imaging[14–16] since
the magnetic properties can be wirelessly
controlled with external magnetic fields,
which is well known to be harmless to
the human body organs. Lately, magne-
toelectric core-shell nanoparticles also
emerged as attractive materials since
electrical stimulation can be triggered
by the application of external magnetic
fields, which enable the use of these
nanoparticles for targeted drug deliveries
and cell stimulation/proliferation.[17–19]

Among them, spinel ferrites as cobalt
ferrite (CoFe2O4, CFO) nanoparticles
have gained particular scientific and
technological interest and are extensively
utilized in several branches of engineer-
ing and medicine due to their magnetic
and catalytic properties, mechanical

hardness, and chemical stability, among others.[20–23] Further-
more, by compositing the CFO or creating core-shell nanopar-
ticles by covering it with multiferroic materials such as bis-
muth ferrite (BiFeO3, BFO) into CFO-BFO, we can achieve novel
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multifunctionalities including magnetoelectric, magnetooptic,
and photocatalytic properties.[24,25]

Although there have been many efforts to enhance their bio-
compatibility, control drug targeting, and efficiently release ther-
apeutics by modifying the surfaces or compositions of magnetic
nanoparticles,[26,27] studies on their other important aspects, such
as biodegradation, metal ion release, and remediation mecha-
nisms in contact with different proteins, cells, or macrophages
are still lacking.[28,29] It is worth noticing that the release of metal
ions (such as Cu2+, Co3+, Ni2+, Fe2+, etc.,) from nanomaterials
can induce the generation of reactive oxygen species (ROS), and
toxic responses, which trigger cytotoxicity, inflammations, oxida-
tive stress, and oxidation of protein molecules.[30,31] In particu-
lar, oxidative stress can happen in the lungs, kidneys, and liver
of the human body[32,33] due to the released metal ions from
iron oxide and cobalt-ferrite nanoparticles. In these parts of the
human body, apoferritin and ferritin (apoferritin filled with a
metal complex core) proteins undoubtedly play a substantial role
in the metal ion-release and/or up-taking process of magnetic
nanoparticles.[33–35]

Intracellular degradation and physiological remediation pro-
cesses by ferritin proteins, in which proteins uptake Fe2+

or Co2+ ions, have been studied in vitro and in vivo us-
ing scanning transmission electron microscopy (STEM),[33]

energy-dispersive X-ray spectroscopy (EDXS),[34,36] inductively
coupled plasma (ICP),[30,37] and monitoring the magnetic
response[29,38] for iron- and cobalt-containing nanoparticles.[39–41]

However, more systematic studies and advanced character-
ization methods are required in order to understand the
kinetics and thermodynamic interactions, specific electronic
properties, and electrochemical responses at protein nano-
biofilm and oxide surface interfaces. Elucidating degradation
and/or biodegradation and remediation mechanisms would al-
low for a more bespoke design and development of func-
tional oxide nanostructures with minimal toxicity and maximized
efficiency.[26,42]

Hence, in this research, we report new insights into electro-
chemical interactions, electronic properties, and biodegradation
mechanism of both CFO and CFO@BFO nanoparticles during
their exposure to phosphate-buffered saline (PBS) with various
concentrations of apoferritin protein (0, 10, 100 μg mL−1) and
pH (7, 5, and 3) values. To achieve these goals, a combination of
multi-techniques characterization was utilized. Using scanning
Kelvin probe force microscopy (SKPFM), we examined the effect
of a thin layer of coated BFO on the surface potential difference
and/or surface charge distribution. Electrochemical measure-
ments, including the potential versus time (E-t), potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS), and
Mott-Schottky analyses, were used to elucidate the electrochem-
ical current-potential response of both nanoparticles, their to-
tal impedance value or resistance to charge transfer, and espe-
cially their electronic properties. These techniques provide im-
portant information about the interaction between the nanopar-
ticles and apoferritin, shedding light on the biodegradation pro-
cesses. Therefore, this work offers new approaches to acquiring
a comprehensive understanding of the biodegradation processes
of oxide nanoparticles for their application in the human physio-
logical media.

2. Results and Discussion

2.1. Physical and Electronic Characterization of CFO and
CFO-BFO Nanoparticles

The functional CoFe2O4 (CFO) core particles were synthesized
by co-precipitation and hydrothermal methods, and the BiFeO3
(BFO) shell was synthesized using a sol-gel method (Experimen-
tal Section). Their crystalline structures and morphologies were
analyzed by X-ray diffraction (XRD) and transmission electron
microscopy. As previously reported,[24] the CFO core exhibits a
Fd-3m spinel structure while the BFO shell has a R3c rhom-
bohedral structure without any secondary phases or impurities
(Figure 1a). Both CFO and CFO-BFO nanoparticles show narrow
size distributions (Figure 1b,c) with a mean size of ≈20–30 nm.
The core-shell nature of CFO-BFO (Figure 1d–g) was confirmed
by EDXS mapping, where Bi ions are localized in the shell area
while Co ions are concentrated in the particle center.

For materials in contact with various ions and reactive species
such as proteins and cells, the reactivity or the degradability of
the materials is determined by the energy state of valence band
electrons.[43] In this regard, the surface potential or work func-
tion (WF) can be used as indicator of the chemical stability of
the materials.[44] Surface potential refers to the electric poten-
tial at the surface of a material, while WF indicates the mini-
mum energy required to remove an electron from the material’s
surface. Thus, materials with high surface potential or WF are
supposed to have higher stability of valance electrons, which in-
hibit them from participating in electrochemical reactions.[44–46]

Therefore, to determine the local surface potential on the surface
of both nanoparticles, we employed AFM and SKPFM surface
analysis (Figure 2). Both CFO and CFO-BFO nanoparticles ex-
hibited a lower response to electrostatic interactions (lower sur-
face potential/charge) in comparison with the glassy carbon sub-
strate, which is attributed to a combination of the local changes
in polarization, bandgap energy values, and density of states
distribution.[47] Considering that both samples have a similar
roughness, the surface potential line profiles clearly show that
the CFO-BFO nanoparticles exhibit a higher surface potential dif-
ference (ΔP) to the glassy carbon substrate (ΔP = ≈34 mV) than
that of CFO nanoparticles (ΔP = ≈22 mV) (Figure 2c,f). Note that
surface potential/charge values were extracted from both sam-
ples at the same height to ensure their comparison. Accordingly,
the CFO nanoparticles exhibit a higher semiconductive behav-
ior (electrons (Fe2+) or electron holes (Co3+) and obtain n-or p-
type semiconductivity) than the CFO-BFO, which is in agreement
with other research groups’ results on current sensing AFM.[48]

In addition, since the bandgap energy value of CFO-BFO core-
shell nanoparticles (Eg = ≈1.8 eV) is higher than that of CFO
nanoparticles (Eg = ≈1.45 eV),[49] the CFO nanoparticles show a
lower barrier to the transfer of electrons from valance band en-
ergy (Ev) to conduction band energy (Ec). Note that, the electron
transfer mechanism for both nanoparticles is based on electron
hopping between iron or cobalt ions due to the smaller activation
energy and lower bandgap energy for the transfer process.[50,51]

It is important to mention that the interface between CFO and
BFO shell can lead to a special density of states and electronic
structure (characterized by the presence of additional states at
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Figure 1. Structural analysis of nanoparticles. a) X-ray diffraction (XRD) of as-synthesized CFO core and CFO-BFO core-shell nanoparticles. Each peak
corresponds to the Bragg peaks of Fd-3m CFO and R3c BFO phases and no secondary phases nor impurities were observed. TEM images of b) CFO and
c) CFO-BFO nanoparticles, respectively. d) High angle annular dark field (HAADF) image of CFO-BFO core-shell nanoparticles and e–g) corresponding
EDXS mappings. The core-shell nature of CFO-BFO nanoparticles can be inferred from Co, Fe, and Bi ions distributions.

the interface) due to atomic or lattice discontinuity and mod-
ification of chemical bonds, which, in turn, gives rise to dif-
ferent surface potential and WF at the interface. This explana-
tion is consistent with previous works demonstrating that the
CFO/BFO interface with a special electronic structure and low
energy barrier leads to enhanced local conduction.[47,52] Like-
wise, the presence of a high density of oxygen vacancies at the
CFO/BFO or perovskites/spinels interface can act as donors, fa-
cilitating electron transfer to the conduction band. On the other
side, the segregation of Fe3+ ions in the regions close to the inter-
face can significantly reduce the interfacial energy and increase

the conductivity or electron transfer.[52] Moreover, crystal defects,
cation distribution, grain size, porosity, and sintering method can
influence the dielectric behavior of ferrite materials.[53] There-
fore, the surface potential or electrostatic force signal detected
by SKPFM on the CFO-BFO oxide surface is a combination of
the surface potential of the BFO shell (a thin layer with an ap-
proximate thickness of 5 nm)[24] and the one at the CFO/BFO
interface, where the bandgap energy and WF are close to CFO
nanoparticles. Based on previous studies,[24,49] the bandgap ener-
gies of CFO, BFO, and CFO-BFO nanoparticles were calculated
using the Kubelka-Munc function to be 1.45, 2.2, and 1.8 eV,
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Figure 2. AFM, SKPFM images, and corresponding line profiles of a–c) CFO and d–f) CFO-BFO nanoparticles. respectively. g) A schematic representation
of the energy band diagram of CFO, BFO, and CFO-BFO oxides.

respectively, considering an approximate CFO core diameter of
20 nm and a BFO shell thickness of 7 nm. Thus, the use of
BFO as a coating over CFO results in lower Eg values with
respect to bulk BFO. Hence, the difference in surface poten-
tial and/or surface charge of CFO and CFO-BFO nanoparticles,
ΔPdifference = ΔPCFO-BFO – ΔPCFO = 12 mV, is not significant be-
cause of the close Fermi level values.

According to the above elucidations, we can assume that the
charge carrier mobilities (μ) (electron/holes and oxygen vacan-
cies) on the surface oxide of CFO nanoparticles with superior
semiconductor behavior is higher than that of CFO-BFO core-
shell and BFO nanoparticles (μCFO > μCFO-BFO > μBFO, to be
shown in the Mott-Schottky results and discussion part). How-
ever, we must take into account the relationship between WF
and bandgap energy and especially the influence of the WF value

of both nanoparticles on the surface potential difference sig-
nal. Due to this fact, the local surface potential difference be-
tween the WF of PtIr probe (ΦPtIr = 4.28 eV)[54] and sample
(Φsample) is:[55]

ΔP = ΦPtIr − Φsample ∕ e (1)

Where e is an elementary charge (1.60217 × 10−19 coulombs).
Thus, considering that ΔPCFO/glassy carbon = 22 mV and

ΔPCFO-BFO/glassy carbon = 34 mV, it can be inferred that CFO-
BFO nanoparticles show a higher surface potential or WF dif-
ference than CFO nanoparticles on glassy carbon. This dif-
ference is related to the influence of the BFO shell and
the electronic properties of the CFO-BFO interface structure.
Materials with high surface potential or WF present higher

Adv. Mater. Interfaces 2023, 2300558 2300558 (4 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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stability of valance electrons or a more stable electronic state
which inhibits the valence electrons from participating in elec-
trochemical reactions in an environment with various ions and
species (complexes, proteins, and cells).[44–46] Consequently, ma-
terials with high surface potential or WF value are nobler, and
this can serve as a criterion to predict metal ion release or
degradation.[56,57]

2.2. Electrochemical Response in PBS at Different pH and
Apoferritin Concentrations

Electrochemistry is a valuable tool for studying biodegradation,
providing insights into electrochemical reactions and related pro-
cesses at the material’s surface. In this line, OCP measures the
potential difference between a degrading material and a reference
electrode in the absence of any external applied current, permit-
ting to evaluate its degradation behavior. In the case of CFO and
CFO-BFO nanoparticle samples, the OCP evolution was moni-
tored during immersion in the PBS solution with three differ-
ent pH values (3, 5, and 7) and apoferritin concentrations (0,
10, and 100 μg mL−1) for 1 h at 25 °C and aerated conditions
(Figure 3a,b). The ITO glass+Nafion® sample exhibits the high-
est OCP values in PBS solution (≈480 mV vs Ag/AgCl) while
the ITO glass is the lowest (−68 mV vs Ag/AgCl) because the
Nafion® film can act as a barrier to the diffusion of oxygen, wa-
ter molecules, and other ions toward the conductive surface of
ITO glass.[58,59] This organic layer with hydrophobic behavior in-
creases the electrochemical potential resulting in fewer electro-
chemical reactions at the solid/organic layer/solution interfaces.
In this regard, the OCP curves of both nanoparticles’ electrodes
are located in between those of both ITO and ITO glass+Nafion®
samples. Generally, the CFO-BFO particles present higher OCP
values in comparison to the CFO particles in all environmen-
tal conditions because of their nobler behavior. Remarkably, a
decrease in OCP was recorded for both nanoparticles when de-
creasing the pH of the solution or increasing the apoferritin
concentration.

The degradation or metal ion-releasing process of CFO oxide
nanoparticles can be described as:

CoFe2O4 + 4H2O → 2Fe3+ + Co2+ + 8 OH− (2)

The rate of this reaction is especially dependent on the pres-
ence of ion varieties, proteins, cells, and other species, which
can accelerate or inhibit the metal ion-releasing process. In
the case of apoferritin, its adsorption onto the surface of parti-
cles is a quick (seconds to hours)[60] and complex process that
significantly impacts the reaction rate. According to previous
studies,[61–63] protein molecules during their initial interaction
with a solid surface (oxides layer on metal, alloy, and ceramic
materials) tend to form a physicochemical metal-protein bond,
which acts as a cathodic inhibitor toward reduction reactions
(e.g., 2H+ + 2e− → H2 and/or O2 + 2H2O+ 4e− → 4OH−) and
decreases the electrochemical potential. Therefore, a higher con-
centration of apoferritin molecules provides a stronger effect, re-
sulting in a decrease in the OCP and thus, facilitating the occur-
rence of anodic reactions.

Anodic reactions were studied by measuring potentiodynamic
polarization curves of CFO and CFO-BFO nanoparticle sam-

ples after the OCP measurement (1 h) under environmental
conditions (Figure 3c–f). In addition, the electrochemical re-
sults of the bare ITO glass and ITO glass+Nafion in PBS and
PBS+apoferritin solutions are reported in Figure S4(Supporting
Information). In all curves obtained in solutions with pH 7, we
can notice a sharp increase in the current density for potentials
above 1 V versus Ag/AgCl due to the oxygen evolution reaction
(OER). Interestingly, the OER onset potential at pH 7 is lower for
CFO than for CFO-BFO (Figure 3d,f) because of the higher elec-
tronic conductivity facilitating enhanced charge transfer kinetics
in the structure of CFO nanoparticles. Note that these results
are in agreement with the ones observed by SKPFM, which indi-
cated a higher WF difference of CFO-BFO nanoparticles along-
side a higher Eg value with respect to the CFO nanoparticles.
This charge transfer difference is also observed when compar-
ing the anodic current densities of both compounds and is re-
sponsible for a slight current reduction when CFO is coated with
a BFO shell. In the presence of apoferritin, this anodic current
density rises by increasing the protein concentration from 0 up to
100 μg mL−1 in both CFO and CFO-BFO nanoparticle samples,
indicating the significant role of apoferritin in the degradation
process.

Metal ion uptake or release can occur by electron transfer
mechanism between the protein shell and the oxide surface.[64]

Iron or other metal ions can enter the protein shell through the
hydrophilic 3-fold channel and chelate with regions that are en-
riched by carboxylate-terminated residues.[41,65] Moreover, the ad-
sorption of apoferritin is controlled by electrostatic or hydropho-
bic interactions on both CFO and CFO-BFO nanoparticles, and is
influenced by the charge of the protein molecule and the surface
charge on the oxide layer.[41] The electrostatic interaction of pro-
teins with ceramic particles is strongly dependent on the charge
distribution and the polar residues of protein structure (isoelec-
tric point (IEP)), which can be controlled by changing the pH.[66]

Note that, the IEP of apoferritin protein is reached at a pH be-
tween 4.1–5.1.[67,68] Therefore, the apoferritin molecule at pH 3,
5, and 7 exhibits a positive, neutral, and negative zeta potential
(𝜁 ), respectively. Also, the apoferritin molecule can maintain its
hollow spherical shape with the same structure in the approxi-
mate pH range of 7.3 down to 3.[69] Taking into account that the
oxide surface of both CFO and CFO-BFO nanoparticles during
the overpotential in the anodic region has a positive charge, elec-
trostatic adsorption will occur between the protein and the oxide
surface at pH 7. However, at pH 5 and 3, hydrogen bonding and
hydrophobic interactions can play a predominant role.[70] As a re-
sult, apoferritin molecules cause an increase in the total anodic
current density by facilitating the oxidation reactions on the oxide
surface of both nanoparticles. Indeed, the adsorption and bind-
ing of apoferritin molecules on the oxide surface could accelerate
the metal ion release and create defect sites on the surface of CFO
and CFO@BFO.

When polarizing the samples to more anodic potentials, we
increase the positive surface charge and thus enhance the elec-
trostatic adsorption of apoferritin molecules, which in turn en-
hance the electron transfer between the ferritin and the oxide
surface.[64] Considering that the metal ion up-taking process and
the formation of a mineral core by apoferritin shell are based on
oxidation reactions, the observed oxidation peaks in the potentio-
dynamic polarization curves at lower potentials than the OER are

Adv. Mater. Interfaces 2023, 2300558 2300558 (5 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Open-circuit potential (OCP) curves of a) CFO and b) CFO-BFO nanoparticles, I–V curves (anodic potential) of c,d) CFO and e,f) CFO-BFO
nanoparticles. All measurements were performed after 1 h immersion in PBS solution with different pH values (3, 5, and 7) and apoferritin protein
concentrations (0, 10, and 100 μg mL−1) at 25 °C.

due to the presence of apoferritin. These peaks can be related to
multi-reactions/interactions such as protein adsorption and its
conformational rearrangements, and complex formation on the
oxide surface.[68] In view of the electrochemical results shown in
Figure 3, both CFO and CFO-BFO nanoparticle samples present

the highest anodic current density at pH 3 with 100 μg mL−1

apoferritin concentration in PBS solution. Thus, the increase in
apoferritin concentration and the decrease in pH enhance an-
odic oxidation reactions, accelerating the degradation of the oxide
nanoparticles.

Adv. Mater. Interfaces 2023, 2300558 2300558 (6 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Mott-Schottky analysis of a–c) CFO and d–f) CFO-BFO nanoparticles at different pHs and apoferritin concentrations. Donor charge carriers
of g) CFO and h) CFO-BFO nanoparticles, and i) flat band potential values of CFO and CFO-BFO nanoparticles are also summarized.

2.3. Evaluation of Electronic Properties during Interaction with
Apoferritin Protein

Apoferritin proteins can interact or bind to metal atoms on the
oxide surface of both CFO and CFO-BFO nanoparticles, and this
interaction is strongly dependent on the properties of the oxide
surface.[71] Thus, the detachment and/or desorption process be-
tween varieties of proteins and metal atoms on the oxide sur-
face can occur if the protein-metal bonds at the oxide surface
are stronger than metal-oxide (in this case, in bulk) or hydroxide
bonds. On this account, we conducted the Mott-Schottky analysis
to reveal the type of semiconductor character as well as the role
of pH and apoferritin protein molecules on the C−2 (space charge
region capacitance) magnitude on CFO and CFO-BFO oxide
surfaces.

As indicated in Figure 4, CFO and CFO-BFO nanoparticle
samples in PBS solution with different pH values and apoferritin
concentrations showed a positive slope or an increasing trend on
C−2 value generally for potentials above −0.2 V versus Ag/AgCl.
The positive slope with a linear behavior represents an n-type

semiconductor character (Nd, donor density) due to the presence
of electrons and oxygen vacancies on the oxide surface of both
nanoparticles.[43] In both cases, a decrease in C−2 values or a neg-
ative slope is observed for solutions with pH 7 and 5 for potentials
above 0.9 V versus Ag/AgCl. This behavior can be attributed to
the p-type semiconductor character (acceptor density) enriched
with hole defects or metal ion vacancies on the oxide surface of
the nanoparticles. This effect becomes more pronounced at pH 7
than at pH 5. It has been reported that CFO can act as a semicon-
ductor (electron transfer for conductivity) with n-type or p-type
semiconductor characters, which can be attributed to Fe2+ (elec-
trons) and Co3+ (electron holes), respectively.[48] The main pre-
dominant conduction mechanism in CoFe2O4 is related to the
presence of Fe2+ and Co3+ in octahedral sites:[72]

Fe3+ + Co2+ ↔ Fe2+ + Co3+ (3)

In the BiFeO3 shell, the presence of Bi3+ in eightfold co-
ordination with ferroelectricity properties and Fe3+ in sixfold
coordination with magnetism properties provides a favorable

Adv. Mater. Interfaces 2023, 2300558 2300558 (7 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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environment for the transfer of charge carriers.[73] The donor
density distribution in both nanoparticles clearly explains the role
of oxygen vacancies concentration on semiconductor behavior
and the charge transfer process during electrochemical reactions
on their oxide surface. By reducing the pH value from 7 to 5 and
then to 3, both C−2 magnitude and the linear regions with posi-
tive slopes on CFO and CFO-BFO samples shift to a lower value,
slightly more marked on CFO nanoparticle samples. By decreas-
ing the pH to 3, we notice a decrease in the slope of the positive
linear region for both the CFO and CFO-BFO particles, which is
correlated to an enhancement of the n-type semiconductor char-
acter (Figure 4g,h). As depicted in Figure 4i, there is an increase
in the higher flat band potential (Efb) for both CFO and CFO-BFO
particles when reducing the pH in all apoferritin concentrations.
This can be attributed to the protonation/deprotonation process
occurring on their oxide surfaces.[74,75]

A high apoferritin concentration (100 μg mL−1) leads to a de-
crease in the slope of the positive linear region and the p-type
semiconductor character onset potential (≈0.8 V vs Ag/AgCl),
promoting the formation of defect sites.[43] Additionally, there
is a decrease in the Efb value with a higher apoferritin concen-
tration. Increasing the apoferritin concentration from 0 up to
100 μg mL−1 enhances the electrochemical interactions, result-
ing in higher charge transfer, metal-protein detachment, and/or
metal ion release.[76] By augmenting the amount of apoferritin,
more proteins can interact with the oxide surface and bind with
metal atoms on the defect’s sites. A previous study showed two
main mechanisms that can influence degradation and metal ion
release for TiO2, ZnO, CeO, iron oxides, and aluminum oxides
by proteins and other organic substances. These mechanisms
include complex formation with metal atoms at the oxide sur-
face or released metal ions and ligand-enhanced dissolution by
extracting the metal atoms from the oxide surface.[76] Conse-
quently, apoferritin molecules can facilitate the charge transfer
and mass transport at the oxide/protein interface by binding to
active sites on the surface oxide and subsequently up-taking or
releasing metals such as Fe, Bi, and Co, especially from surface
defects (cation vacancies and/or oxygen defects). In this regard,
the electrochemical reactions occurring on the oxide surface are
strongly dependent on the electron transfer and, in particular,
on the donor density. CFO-BFO samples exhibit a slightly higher
Efb than CFO samples in all pH and apoferritin concentrations,
indicating lower activity and charge carrier densities. Hence, by
reducing the donor density (in this case, by using a BFO coat-
ing), the electron transfer is decreased and then, the electrochem-
ical reactions can be inhibited, resulting in lower detrimental
events.[77]

2.4. Long-Term Biodegradation Monitoring

To gain further insights into the significant impact of both apofer-
ritin molecules and pH on the electrochemical response, as well
as the release of Co, Fe, and Bi ions from CFO and CFO-BFO
nanoparticles during long-term immersion (maximum 30 days),
ICP-AES analysis and impedance/potential evolutions were per-
formed. The reported ICP results indicate that the presence of
apoferritin protein at pH 7 and 3 gives rise to a higher release of
Co, Fe, and Bi ions from the studied nanoparticles (Figure 5a–c).

Notably, the ion release is more intense at pH 3 where a higher
rate is detected. In contrast, in the absence of apoferritin, the thin
layer of BFO on CFO nanoparticles significantly reduces the re-
lease of Fe (2 times decrease at pH 3), and Co (5 times decrease
at pH 3) due to its lower electrochemical activity and degradation
hindering behavior. However, the addition of apoferritin to the
PBS solution triggers the degradation of the BFO nano-coated
layer, resulting in an important increase in the concentration of
Bi and Fe ions. These ions reach their highest concentration at
pH 3, indicating the acceleration of the degradation process at
low pH values.

According to the potential versus immersion time curves
(Figure 5d), both nanoparticles exhibit a decreasing trend in
potential during their interaction with apoferritin molecules
for 720 h. Remarkably, CFO-BFO nanoparticles show a slightly
higher potential with respect to CFO nanoparticles. Likewise,
both oxides display a sharp drop in potential after 8 to 24/48 h
and then reach relatively stable values. Regarding the impedance
evolution, the modulus value at 0.01 Hz was recorded at differ-
ent immersion times to extract information about the resistance
associated with the charge transfer process on the oxide surface
in an apoferritin environment (Figure 5e).[78] In the case of CFO
nanoparticles at pH 7, an important increase in resistance after
2 h is observed (565 kΩ cm2), followed by a slight decrease in the
impedance modulus. Then, this value gradually increases up to
48 h (569 kΩ cm2). For CFO-BFO nanoparticles at pH 7, a sharp
rise in impedance modulus value is also detected at the beginning
of the immersion (1 h, 456 kΩ cm2) and continues to increase up
to 24 h (668 kΩ cm2). Both curves evidence a decreasing tendency
in impedance value after 48 h. Similar deterioration patterns are
observed at pH 3 with apoferritin but with a more detrimental
impact.

The variation of the previous values are related to the differ-
ent steps of the degradation mechanism. At the beginning of im-
mersion, a charging effect occurs on the oxide surface due to the
presence of varieties of ions and molecules (Cl−, Na+, H+, OH−,
O2, H2O), and complex or species (PO−

4 ,PO−3
4 , apoferritin protein,

and metal-protein complex). This charging effect leads to an in-
crease in the charge transfer resistance but reduces the potential
value, making degradation thermodynamically more favorable.
After a certain time of immersion (≈48 h), the high adsorption of
apoferritin molecules on the oxide surfaces leads to a reduction in
the OCP and impedance signals as a consequence of the effect of
apoferritin on the metal ion release and uptake (Figure 5d,e). The
adsorption is controlled by electrostatic or hydrophobic interac-
tions on both CFO and CFO-BFO nanoparticles, and these inter-
actions directly depend on the charge of the protein molecule and
the surface charge on the oxide layer. These protein molecules ad-
sorbed on nanoparticles generally evolve dynamically with time
as a function of the surrounding physicochemical and biolog-
ical interactions with the surrounding environment.[79] Conse-
quently, these physicochemical changes at the protein/oxide in-
terface during a long-term period (here until 30 days) can pro-
vide appropriate conditions for the detachment process between
apoferritin molecules and Bi, Fe, and Co metals from the ox-
ide surface, especially on defects sites.[80] Note that, in this sys-
tem, metal-protein bonds are expected to be stronger than metal-
oxygen bonds, which, in turn, causes more protein-metal com-
plexes to detach, enhancing the release and up-take of metal ions

Adv. Mater. Interfaces 2023, 2300558 2300558 (8 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Total amounts of a) Co, b) Fe, and c) Bi-released from CFO and CFO-BFO nanoparticles after 30 days of immersion in the different environ-
mental conditions containing 100 μg mL−1 apoferritin at 37 °C. d) OCP and e) impedance modulus value |Z| at 10 mHz during long-term immersion
tests of CFO and CFO-BFO nanoparticles in 100 μg mL−1 apoferritin media at 37 °C.

mediated by electron transfer mechanism (Figure 6).[71] In this
regard, given that the presence of a nanometric BFO layer on
CFO nanoparticles during exposure to the human body media
reduces the electron transfer, it improves the resistance to metal
ion-release, hampering the biodegradation process facilitated by
apoferritin proteins.

3. Conclusion

In summary, we have studied the electronic properties (at
solid/air and solid/electrolyte interfaces by SKPFM and Mott-
Schottky analysis, respectively), electrochemical response, and
metal ion release of CoFe2O4 (CFO) and CoFe2O4-BiFeO3

Figure 6. Schematic presentation of CFO material characteristics’ role on apoferritin protein adsorption and then its detrimental interactions, particularly
its role on metal ion releasing and up-taking processes, Metal ion release and up-take can occur by electron transfer mechanism between the protein
shell and the oxide surface.[64] Three consecutive steps proposed in the literature regarding metal ion up-taking process by apoferritin, 1) Metal ions
start to binding with the catalytic site of apoferritin in order to initiation of the oxidation process, 2) The bound metal ions are then oxidized (for example
Fe (II) to Fe (III)), 3) A binding process can occur with oxidized ions (for example Fe (III)) to nucleation site in the inner protein shell by migration of
oxidized ions from oxidation sites.[81]

Adv. Mater. Interfaces 2023, 2300558 2300558 (9 of 12) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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(CFO-BFO) magnetic nanoparticles in PBS solution containing
various concentrations of apoferritin protein and at different
pH. SKPFM results revealed a higher surface potential/surface
charge difference on CFO-BFO surfaces than CFO, which can
be attributed to the electronic properties of the BFO shell and
CFO/BFO interface. Through Mott-Schottky analysis, we ob-
served a slightly higher flat band potential and lower donor den-
sity distribution on CFO-BFO samples than on CFO in all pH
values and apoferritin concentrations, indicating a lower activ-
ity with lower charge carrier densities in CFO-BFO nanoparti-
cles. Therefore, a nanometric BFO coating on CFO nanoparticles
improves their resistance to metal ion-release during exposure
to the human body media. On the other hand, potentiodynamic
polarization measurements in different solutions demonstrated
higher anodic current densities for both CFO and CFO-BFO sam-
ples when decreasing the pH and with 100 μg mL−1 apoferritin in
PBS solution. The presence of apoferritin increases metal ion re-
lease, in particular, Fe (2 times increase at pH 3), and Co (5 times
increase at pH 3), contributing to the occurrence of electrochem-
ical reactions and the formation of metal-protein complexes. The
long-term monitoring revealed that high apoferritin concentra-
tions and acidic conditions accelerate the biodegradation process
of both oxide nanoparticles. This acceleration is demonstrated by
the decrease of electrochemical potentials and impedance mod-
ulus values, and enhancement of Co, Fe, and Bi ion release.
Therefore, these investigations provide new approaches for a sys-
tematic understanding of the chemical stability and biodegrada-
tion processes of ceramic nanoparticles in human physiological
media.

4. Experimental Section
Fabrication of CoFe2O4 and Core-Shell CoFe2O4-BiFeO3 Nanoparti-

cles: CFO nanoparticles were synthesized using co-precipitation and hy-
drothermal methods.[24] A deionized (DI) water solution of 0.14 m hex-
adecyltrimethylammonium bromide (CTAB), 0.092 m FeCl3·6H2O, and
0.046 m CoCl2 was prepared and mixed with a 6 m NaOH solution for
co-precipitation. Afterward, the solution was sealed in an autoclave and
annealed at 180 °C for 24 h. The obtained black powder was washed with
DI water and ethanol. Then, the cleansed powder was then dried overnight
at 80 °C. BFO shell was synthesized using a sol-gel method. BFO pre-
cursor was obtained by preparing 0.011 m Bi(NO3)·5H2O and 0.01 m
Fe(NO3)·9H2O in ethylene glycol. Then, 0.1 g of CFO nanoparticles were
added and dried overnight, followed by annealing at 600 °C.

Sample Preparation for Electrochemical Measurement: Twenty mil-
ligrams of CFO or CFO-BFO were gently mixed with the 150 μL of ethanol
and 20 μL of Nafion (Nafion® 117, Sigma–Aldrich).[80,82] Then, the sus-
pension was uniformly coated on 2 × 2cm2 indium thin oxide (ITO,18-
20 ohms per sq, techinstro) coated glass using a spin coater (Ossila, UK)
with a spin speed of 800 rpm and spin time 20 s. Finally, the samples were
dried at 60 °C for 1 h. In this condition, the most of top layers or surfaces
of nanoparticles have the lowest Nafion influence, while the bottom layers
of coated nanoparticles are embedded in the Nafion mixture, as shown in
Figure S1 (Supporting Information). The mean value of the thickness and
root mean square (RMS) roughness of the nanoparticles-coated layer in
all samples were ≈400 and 165 nm, respectively, based on AFM analysis
(Figure S2, Supporting Information).

Nanoparticles Characterizations: The crystallinity of the nanoparticles
was measured with an X-ray diffractometer (Bruker AXS D8 Advance).
Transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDXS) mapping were measured with FEI Talos F200X.
To evaluate the surface potential and work function (WF) distribution,

Scanning Kelvin Probe Force Microscopy (SKPFM, Digital Instruments
Nanoscope IIIa) was employed. For atomic force microscopy (AFM) and
SKPFM analysis, both CFO and CFO-BFO nanoparticles were mixed with
ethanol solution and then uniformly distributed on a glassy carbon plate
(VC000502, Goodfellow). The surface potential maps were carried out us-
ing the dual-scan mode where topography data was obtained using tap-
ping mode in the first scan while surface potential was obtained in the
second scan. Topography and surface potential maps were performed in
the air atmosphere at 25 °C with an approximate relative humidity of 28%,
a pixel resolution of 512 × 512, a zero-bias voltage, and a scan frequency
rate of 0.2 Hz.

Electrolyte and Electrochemical Measurements: The electrochemical
and biodegradation behavior of CFO and CFO-BFO nanoparticles were
investigated with PBS electrolyte (which composition is: 8 g L−1 NaCl,
0.2 g L−1 KCl, 1.15 g L−1 Na2HPO4, 0.2 g L−1 KH2PO4 with a total chlo-
ride content 4.94 g L−1) as a simulated body solution in accordance
with the ASTM Standard (F2129).[83] Two different concentrations (10 and
100 μg mL−1) of apoferritin (apoferritin from equine spleen, with concen-
tration 100 mg mL−1, 0.2 μm filtered, Sigma–Aldrich) were added to the
PBS environment, to provide an inflammatory condition to observe its im-
pact on metal ion release and up-taking processes. Because the pH of elec-
trolytes significantly influences metal ion release and surface charge dis-
tributions, three different pH conditions were considered (pH 3, 5, and 7).
The pH of the whole solution was carefully controlled by a pH meter (GLP
21, CRISON).[69] All electrochemical measurements were performed at
25 °C and aerated conditions with a potentiostat instrument (AUTOLAB
PGSTAT 30) with Ag/AgCl/KCl3M reference electrode (+222 mV vs SHE)
and a platinum wire as a counter electrode. The surface area of all ex-
posed samples was carefully controlled to 0.5 cm2. All electrochemical
measurements were performed after 1 h immersion for the stabilization
of the open circuit potential (OCP). Potentiodynamic polarization mea-
surements were carried out at a scan rate of 1 mV s−1 at anodic potentials
to study the oxidation or anodic reaction kinetics on the oxide nanoparticle
surfaces for both CFO and CFO-BFO. For the long-term electrochemical
analysis, CFO and CFO-BFO nanoparticles were immersed in a PBS so-
lution with an apoferritin concentration of 100 μg mL−1 for 30 days and
monitored by electrochemical impedance spectroscopy (EIS) with a fre-
quency range of 10 mHz to 100 kHz, applying a sinusoidal excitation sig-
nal of ±10 mV at OCP condition (Bode data are reported in Figure S3,
Supporting Information). Mott-Schottky analysis was performed at 1 kHz
frequency in the potential range of −1 to 1.2 V versus Ag/AgCl with an
amplitude value of ±10 mV (more information can be found in Support-
ing information).

Long-Term Approaches for Nanoparticles Biodegradation Tests: For
long-time degradation behavior observations, both CFO and CFO-BFO
nanoparticles were dispersed in PBS and PBS + 100 μg mL−1 apoferritin
environments in the two different pH values (3 and 7) at 37 °C for 30 days
(in a dark chamber). After carefully removing the nanoparticles, all solu-
tions were properly prepared using the acid digestion process before start-
ing the inductively coupled plasma-atomic emission spectrometry (ICP-
AES, Agilent 5800) analysis to detect the released Co, Fe, and Bi ions. The
digestion process was performed on a hot plate in a beaker by adding 2 mL
of HNO3 (65% Merck) and 2 mL of H2O2 (PanReac Applichem, 30% w/v
(100 vol)).[84]

Statistical Analysis: Each data point in the metal ion release
and impedance/potential monitoring experiments was measured at
least three times. The data were presented as mean ± SD.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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