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Europium ions (Eu®*) are gaining attention in the field of regenerative medicine due to increasing
evidence of their osteogenic properties. However, inflammatory and oxidative environments present in
many bone diseases, such as osteoporosis or rheumatoid arthritis, are known to hinder this regenerative
process. Herein, we describe a straightforward synthetic procedure to prepare Eu®*—tannic acid nano-
complexes (EUTA NCs) with modulable physicochemical characteristics, as well as antioxidant, anti-
inflammatory, and osteogenic properties. EUTA NCs were rationally synthesized to present different
contents of Eu®* on their structure to evaluate the effect of the cation on the biological properties of
the formulations. In all the cases, EUTA NCs were stable in distilled water at physiological pH, had a
highly negative surface charge (( ~ —25.4 mV), and controllable size (80 < D, < 160 nm). In vitro
antioxidant tests revealed that Eu®* complexation did not significantly alter the total radical scavenging
activity (RSA) of TA but enhanced its ability to scavenge H,O, and ferrous ions, thus improving its overall
antioxidant potential. At the cellular level, EUTA NCs reduced the instantaneous toxicity of high
concentrations of free TA, resulting in better antioxidant (13.3% increase of RSA vs. TA) and anti-
inflammatory responses (17.6% reduction of nitric oxide production vs. TA) on cultures of H,O,- and
LPS-stimulated macrophages, respectively. Furthermore, the short-term treatment of osteoblasts with
EuTA NCs was found to increase their alkaline phosphatase activity and their matrix mineralization
capacity. Overall, this simple and tunable platform is a potential candidate to promote bone growth in
complex environments by simultaneously targeting multiple pathophysiological mechanisms of disease.
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not only osteogenic pathways but also additional pathophysiolo-
gical mechanisms underlying the diseases.
In this regard, both oxidative stress (OxS) and inflammation

1. Introduction

Bone remodeling is a complex and dynamic process that relies

on the interplay between various physiological mechanisms,
cell types, and extracellular matrix (ECM) components. In healthy
individuals, there is a finely regulated balance between bone
formation and bone resorption, but in osteopenic diseases, dysre-
gulations lead to a loss of bone mineral density and a higher risk
of fractures.' Given the aging of the population, it is estimated that
the already high prevalence of these bone diseases (i.e., 200 million
estimated cases of osteoporosis worldwide) will continue to
increase in the coming decades and new therapeutic strategies
are in demand.” However, therapies envisioned to promote effec-
tive bone regeneration under complex environments need to target
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have been described as factors contributing to bone remodeling
dysregulation.*® On the one hand, OxS occurs when the levels
of reactive species exceed the antioxidant defense system’s
capacity to neutralize them, damaging both the ECM and
intracellular components.”® In the context of osteopenia, sev-
eral mechanisms have been identified linking OxS and the loss
of bone mass, mainly affecting osteoblasts, osteocytes, and the
proteoglycans and glycoproteins composing the ECM.*"® On the
other hand, under chronic inflammation, such as that observed
in rheumatoid arthritis or periodontitis, the persistent release
of pro-inflammatory cytokines and chemokines leads to the
differentiation and overactivation of osteoclasts, promoting
bone resorption and the loss of bone mass.”*° Furthermore,
chronic inflammation and OxS are closely interconnected,
interacting, and amplifying each other, leading to a harmful
cycle of tissue damage and dysfunction.®'"*?

One promising alternative to simultaneously address these
challenges is the use of multi-bioactive nanostructured systems
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that could be easily delivered in situ to specific areas of interest.
In this work, tannic acid (TA), a natural-based polyphenol
found in plants, was selected to prepare nano-sized vehicles
due to its ability to interact with cations in a pH-dependent
manner," and its low price and multiple properties, including
antioxidant, anti-inflammatory, anti-cancer, and antibacterial
ones."*'® Moreover, some bone-regenerative effects have also
been reported for TA when coating nanotubes and implants,
mainly attributed to its ability to sequester bioactive metals
such as strontium, zinc, or magnesium.'” "

In this regard, the use of bioactive cations for bone tissue
engineering is of particular interest because of their high
stability, tunability, reduced cost, and non-immunogenicity.>
However, there are fewer trivalent cations with reported regen-
erative properties compared to divalent ones. This pheno-
menon may be attributed to the adverse effects on calcification
processes observed in vitro for certain trivalent cations such as
APP*, Ga*', La®*', and Gd®'. These effects are linked to their
tendency to react with the oxygen atoms of the phosphate ions
forming hydroxyapatite, due to their high positive charge and
small radius, which explains their effective anti-calcification
behavior.>' An intriguing approach to incorporating biocompa-
tible trivalent metals and phenolic linkers involves the prepara-
tion of metal-phenolic networks (MPNs), which can be
synthesized via the coordination of phenolic ligands, mainly
polyphenols, and trivalent cations such as Gd**, Rh**, Ru**, v**
or Fe*"**, among others.?” These MPNs offer the possibility of
encapsulating specific drugs and biologically active organic
molecules for drug delivery, and even for cell encapsulation.”®
Furthermore, lanthanide MPNs, such as those prepared with
TA and europium(m) (Eu®"), are gaining attention due to their
unique properties for multiple biological applications includ-
ing sensing and bioimaging.>**> Recently, Eu®** has gained
attention due to research claiming both osteogenic and angio-
genic properties, indispensable features for effective bone
regeneration. However, those articles studied the effect
of Eu®" on already bioactive materials, such as bioglass or
hydroxyapatite formulations,”®" as surface coatings,”*”* or a
combination of both**° and mainly assessing their osteo-
genic potential by studying their effects on the osteoblastic
differentiation of mesenchymal stem cells. Thus, the exact
mechanism of europium’s osteogenic effects has not been
elucidated yet.

For all these reasons, in this study, nano-sized complexes
based on TA and Eu*" have been devised for future intended
applications in osteogenic bones with challenging environ-
ments in situ (e.g., subchondral or intraosseous administra-
tions), whether as a mono- or as a combinational therapy using
advanced injectable formulations. The hypothesis behind this
approach is that the complexation of europium by tannic acid
would allow for the preservation of the potent antioxidant and
anti-inflammatory capabilities of the latter without compromis-
ing osteogenic processes due to its acidity, while simulta-
neously promoting them through the action of europium.
Moreover, we have rationally designed them to present differ-
ent contents of Eu** to further characterize the contribution of
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this cation to the final regenerative properties of the system.
Herein, we described the synthesis and characterization of
Eu**~tannic acid nanocomplexes (EuTA NCs), as well as their
biological effects in vitro. Evaluation of their anti-inflammatory
and antioxidant properties has been carried out in a macro-
phage cell line (RAW264.7) while the test of its osteogenic
potential has been performed in cultures of human osteoblasts.
Altogether, the obtained results present EuTA NCs as a potent
antioxidant platform where the addition of europium improves
TA cytocompatibility, anti-inflammatory, and osteogenic prop-
erties, envisioning their potential applicability for bone regen-
eration purposes under complex conditions where regeneration
is hindered.

2. Materials and methods

2.1. Reagents

EuCl;-6H,0 (96.0%) was purchased from TCI; 1 M HEPES
Buffer solution (pH 7.3) for molecular biology, alamarBlue®™
cell viability reagent, Quant-iT™ PicoGreen™ dsDNA Assay Kkit,
T-PER™ tissue protein extraction reagent and ethylenediami-
netetraacetic acid (EDTA) disodium salt dihydrate, 99+% were
purchased from ThermoFisher Scientific; 33% w/v hydrogen
peroxide (H,0,) and sodium hydroxide were purchased from
Panreac; hydrochloric acid 37% w/v was purchased from VWR
Chemicals; 4-nitrophenyl phosphate, disodium salt, and hex-
ahydrate 98+% was purchased from Acros Organics; 2,2-di-
phenyl-1-picrylhydrazyl (free radical, DPPH, 95%) was pur-
chased from Alfa-Aesar; and tannic acid (TA, M,, = 1701.2 g mol %),
iron(u) chloride tetrahydrate (FeCl,), 4-nitrophenol, Alizarin red S
(AzR), cetylpyridinium chloride (CPC), 2/,7’-dichlorofluorescin dia-
cetate (DCFH-DA), Griess reagent (modified), sodium nitrite
(NaNO,) B-glycerophosphate disodium salt hydrate, (+)-sodium t-
ascorbate and dexamethasone were purchased from Sigma-Aldrich.
All chemicals were used as received.

2.2. Synthesis of EuTA NCs

EuTA NCs were prepared via an easy, one-step method at r.t.
(~22 °C) by mixing EuCl;-6H,0 and TA solutions under intense
sonication. A 50 mM HEPES buffer pH 7.3 was selected to carry
out the synthesis as this buffer presents a negligible binding
constant for metals and the formation of tris-complexes is
favored at neutral pH."® Precursor solutions of EuCl;-6H,0
and TA were prepared in distilled water and 50 mM HEPES
buffer pH 7.3, respectively, and used immediately to avoid the
oxidation and hydrolysis of TA. EuTA NCs formed instanta-
neously when adding EuCl;-6H,0O dropwise to the TA solution
(1 mg mL~" final TA concentration in the mixture) under
intense sonication (500 W, 38% amplitude) using a VC-505
ultrasonic processor (Sonics). EuTA NCs were then isolated
from their suspensions via a centrifugation step at 14 500 rpm
for 15 min in a Centrifuge MiniSpin® plus (Eppendorf). Next,
pellets were further resuspended in distilled water or culture
media and sonicated for 30 s to obtain the final EuUTA NCs
suspensions. When necessary, suspensions were snap-frozen
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with liquid N, and freeze-dried using a LyoAlfa 6 freeze-drier
(Telstar).

EuTA NCs were devised to present increasing Eu:TA com-
plexation ratios (C.R.) by producing complexes with different
contents of Eu®*. As previously demonstrated, to obtain a 100%
C.R. between TA and a trivalent cation, a Cat®": TA molar ratio
of 10: 3 must be applied, as, at pH 7.3, TA and Eu** have 10 and
3 available coordination positions, respectively.®” Thus, NCs
with 100, 75, 50, and 25% C.R.s were prepared by adding 10: 3,
7.5:3,5:3 and 2.5:3 Eu®": TA molar ratios, respectively.

2.3. Characterization of EuTA NCs

2.3.1. Physicochemical characterization of EuTA NCs

Study of the chemical composition of EuTA NCs. The content of
TA and Eu®*" on EuTA NCs was calculated using an indirect
method. After the centrifugation step, supernatants were exam-
ined by UV-VIS (Ahax = 278 nm) using a UV-VIS NanoDrop One
C spectrophotometer (Thermo Scientific) and by emission
spectroscopy on an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, PerkinElmer 430DV) to calculate
the content of free TA and Eu®”, respectively. In this regard, the
contents of TA and Eu®" on EuTA NCs were calculated by
subtracting the content of the free species from the total added
during the synthesis. Calibration curves were constructed from
the absorbance of a solution series prepared with TA and a
europium standard solution, 1000 mg L™ " Eu in diluted nitric
acid from Eu,0; (Merck). These normalized contents were used
to calculate the experimental C.R.s (eqn (1)), the reaction yields
of different EuTA NCs (eqn (2)), and the concentrations to use
throughout the study.

Experimental D.C. (%) =

Norm - [Eu*']
pellet

pellet
Norm - [TA] ) x 100 (1)

Norm - [Eu** +Norm - [TA] .
N.Y. (%) = < [ ]pellet [ ]p 11 t> 100

Total[Eu3+] 4 Total[TA]
(@)

where Norm-[Eu®']pejiec and Norm-[TA],epec correspond to the
normalized content of Eu®* and TA in the pellets after the
isolation step, respectively; and N.Y., Total [Eu®] and Total [TA]
correspond to the normalized yield (defined as the ratio, in
percentage, of mass of NCs produced calculated by the sum of
the masses of TA and Eu®" in the pellets divided by the sum of
the masses of TA and Eu®" added to each synthesis), and the
masses of Eu®" and TA added to each synthesis, respectively.

Furthermore, the weight attributed to europium in EuTA
NCs was also validated using a direct method by analyzing the
pellets instead of the supernatant. For this, different known
masses of EuTA NCs were weighed and dissolved in 5 mL
of concentrated HCl 37%, to ensure the rupture of tris- and
bis-complexes, and then diluted to 20 mL with distilled water
for the ICP-OES spectroscopic analysis.

Study of the interaction between Eu’® and TA. Fourier-
transform infrared spectroscopy (FTIR) was conducted on a
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PerkinElmer spectrum two spectrophotometer with an attenu-
ated total reflectance (ATR) attachment to study the chemical
compositions of freeze-dried EuTA NCs and to compare them to
pristine TA and EuCl;. Analyses were performed using 32 scans
and a resolution of 4 cm™". Finally, spectra were smoothed,
corrected to ATR, and normalized for drawing conclusions.

Study of the thermal degradation of EuTA NCs. TGA of freeze-
dried NCs was performed using TGA Q500 apparatus
(TA instruments) under dynamic N, at a heating rate of
5 °C min~' from 30 to 700 °C.

Study of the crystallinity of EuTA NCs. XRD was performed to
analyze the crystalline composition of freeze-dried EuTA NCs.
Analyses were performed on a Bruker D8 Advance instrument
working with CuKa radiation (n/ = 1.542 A) at a 0.01 step size
and 0.5 s per step. D-spacing values were calculated from the
Bragg law equation (nl = 2d-sin(¢)).

Study of the UV-VIS spectroscopic properties of EuTA NCs. UV-
VIS spectroscopy was performed on 2 pg mL ™" TA solution and
EuTA NC suspensions to compare their maximum absorption
wavelengths. Measurements were carried out with the afore-
mentioned NanoDrop spectrophotometer and a quartz cuvette.
EuTA NCs’ spectra were normalized to their highest absorbance
value (i.e., Ay13nm)-

2.3.2. Morphological characterization of EuTA NCs. The
morphology of EuTA NCs was assessed by Cryo-TEM and FE-
SEM using a Jeol 1230 electron microscope operated at 100 kv
and equipped with a Gatan liquid nitrogen specimen holder for
cryo-TEM and a Hitachi SU8000 TED, cold-emission FE-SEM
microscope, respectively. Highly diluted suspensions of EuTA
NCs samples were applied to holey carbon grids (Quantifoil)
after glow-discharge and immediately blotted and vitrified
using a FEI Vitrobot cryo-plunger. Cryo-TEM images were taken
under low dose conditions with a CMOS Tvips TemCam-F416
camera. Regarding FE-SEM preparation, highly diluted suspen-
sions of EuTA NCs were deposited onto 12-mm glass disks and
dried at r.t., before their coating with gold:chromium alloy
(80:20). The particle size of EuTA NCs was estimated by
measuring the diameter of multiple (» > 50) nanoparticles
from FE-SEM micrographs using the measuring tool of Image]/
FIJI software (version v1.53c).

2.3.3. Hydrodynamic properties: size distribution, stability,
and zeta potential. The hydrodynamic properties of EuTA NCs,
including particle size distribution, polydispersity, and zeta
potential ({), were characterized at 25 °C by DLS and laser Doppler
electrophoresis using a Malvern Nanosizer NanoZS Instrument.
Measurements were performed on isolated EuTA NCs resus-
pended in distilled water or Dulbecco’s modified Eagle’s medium
(DMEM, pH 7.4) supplemented with 10 vol% of fetal bovine
serum (FBS), which was employed in cell culture studies. The
hydrodynamic properties of EuTA NCs were also monitored over
time by measuring samples prepared under sterile conditions and
stored in the dark at 4 °C. In addition, the stability of EUTA NCs at
different pH values was evaluated by preparing 10-mL dispersions
of EuTA NCs and adding 10 uL drops of 1 M HCI/NaOH to vary
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the pH in a controlled manner without affecting the final
concentration.

2.4. Evaluation of the antioxidant properties

The total radical scavenging activity (RSA) of EuTA NCs was
evaluated using a DPPH assay adapted from previous
studies.*®*° The 1,1-diphenyl-2-picrylhydrazyl reagent was dis-
solved at 0.127 mM in ethanol 60%. Similarly, EUTA NCs were
prepared as previously specified and resuspended in ethanol
60% after the centrifugation step. Serial dilutions of EuTA NCs
were performed in the same solvent to evaluate their antiox-
idant properties at different concentrations. Next, 100 pL. DPPH
solution was added to 100 pL of EuTA NCs in the dark. The
absorbance at 515 nm was monitored every 5 minutes until
reaching the steady state using a multi-detection microplate
reader synergy HT (BioTek Instruments). The RSA was calcu-
lated using eqn (3):

Appp — A
RSA (%) = (—DPPZDPPHSWC) x 100 3)

where Apppy and Agampie correspond to the absorbance of the
DPPH itself (blank) and the samples to test, respectively.
To calculate the antioxidant potency, RSA values after 15 minutes
(in the steady state) were employed. To calculate the velocity of
the RSA, the assay was performed under different conditions
at their corresponding ECs, concentrations. In this regard,
results were standardized according to the method reported by
Sanchez-Moreno et al. using ECs, Trcso and antiradical efficiency
(AE):" ECs, values were defined as the concentration of anti-
oxidant needed to obtain 50% of the maximum RSA at the steady
state; Treso values were defined as the time needed to achieve
50% of the maximum RSA at the ECs5, concentration; and the AE
values were defined as the inverse of the product between ECs,
and Tgcso-

Hydrogen peroxide (H,0,) scavenging activity was analyzed
following the protocol proposed by Pucci et al. with slight
modifications.** Briefly, 2 uL of 33% w/v H,0, was added to
1998 uL of solutions of TA or EuTA NCs at different concentra-
tions in distilled water. Next, the absorbance of H,O, was
immediately measured at 230 nm using the aforementioned
NanoDrop spectrophotometer and a quartz cuvette. The corres-
ponding blanks were prepared without H,0,, while control
samples were prepared with distilled water. The percentage of
H,O0, scavenging was calculated using eqn (4):

H,O0,; scavenging (%) = (AH202 — AHZOZHample) x 100 (4)
Awn,0,
where Ay o, +sample COrresponds to the absorbance of the sample
containing H,0,, and Ay,o, the absorbance of the control
containing H,0,, both at 230 nm.

Fe®* chelating activity was determined using the method
reported by Dinis et al. with some modifications.*” TA and
EuTA NCs were prepared in distilled water and pHs were
adjusted to 7.3 using 1 M NaOH when needed. Then, 37.5 uL
of 2 mM FeCl, solution was added to 300 puL of the samples at
different concentrations and left to react for 15 min atr.t. in the
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dark. Next, 150 uL of 5 mM ferrozine was added and the final
volume was adjusted to 3 mL with ethanol. The formation of
ferrous chelates was spectrophotometrically calculated by mea-
suring the absorbance at 562 nm using the aforementioned
NanoDrop One® spectrophotometer and eqn (5):

. . Amyo — A4
Fe?* chelating ability (%) = (M) x 100 (5)
AH20
where Agample and Ay o correspond to the absorbance at 562 nm
of the antioxidant solutions and control, respectively.

2.5. Biological properties of EuTA nanocomplexes

2.5.1. Cell culture. In vitro biological tests were performed
using fetal RAW264.7 murine macrophages from the European
collection of authenticated cell cultures (ECACC) and human
osteoblasts (fHOB cells; 406-05f, Cell Applications, Inc.). Cell
lines were cultured in tissue culture T-75 flasks (Sarstedt) with
their corresponding media in a series 800 DH incubator
(Thermo Scientific, Waltham, MA, USA) under a 5 vol% CO,
atmosphere at 37 °C. DMEM-high glucose enriched with
4.5 g L™ glucose, sodium pyruvate, and sodium bicarbonate
(Sigma-Aldrich) supplemented with 10 vol% FBS, 2 vol%
t-glutamine, and 1 vol% of a solution of penicillin/streptomycin
(P/S) was used to culture RAW264.7 cells, while an all-in-one
ready-to-use growth medium (cell applications) was used for
fHOB cell experiments unless stated otherwise. Media was
renewed every three or four days.

For these studies, EuCl; and TA precursor solutions were
previously filtered using Millex-GP syringe filter units (0.22 pm),
and EuTA NCs were prepared under sterile conditions working
on a laminar flow cabinet. For over-time experiments, fresh EuTA
NCs were prepared and added at every change of the medium.

2.5.2. Evaluation of EuTA NC cytotoxicity on cultures of
RAW264.7 and fHOB cells. The cytotoxicity of TA and EuTA NCs
was evaluated on the aforementioned cell lines by measuring
the cellular metabolic activity after 24-hour treatment using the
alamarBlue®™ reagent. The cells were seeded in sterile 96-well
culture plates (Thermo Scientific) at a density of 10> cells per
mL in 100 pL of medium and cultured overnight to allow cell
attachment. Then, cells were exposed to different concentra-
tions of EuTA NCs and incubated for 24 h. After this, media
were removed, and the cells were gently rinsed with phosphate
buffer saline at pH 7.4 (PBS) to eliminate unpredictable drug
interferences with the reagent as previously studied for other
antioxidant compounds.”® Next, 100 puL of an alamarBlue®
solution (10% v/v) prepared in phenol red-free DMEM—Ilow
glucose (Sigma-Aldrich) was added to each well. Plates were
incubated for 3 h at 37 °C and fluorescence was measured at
590 nm after excitation at 560 nm in a synergy HT microplate
reader (BioTek Instruments). IC5, values were calculated, when
possible, fitting the data to a non-linear, sigmoidal 4PL regres-
sion model using GraphPad Prism 8.00 software.

2.5.3. Analysis of NO production on cultures of RAW264.7
macrophages. The anti-inflammatory properties of EuTA NCs
were evaluated by measuring the NO released from LPS-
stimulated macrophages. RAW264.7 cells were seeded in sterile

This journal is © The Royal Society of Chemistry 2024
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96-well culture plates at a concentration of 2 x 10° cells per mL
in 100 pL of medium and incubated overnight. After this, cells
were incubated for 24 h with different doses of EuTA NCs
prepared in media containing 1 pug mL™' LPS. Non-LPS-
stimulated cultures were run alongside to confirm the cyto-
compatibility of the doses. After this, supernatants were col-
lected, mixed in a ratio of 1:1 v/v with the Griess reagent kit for
nitrite determination, and incubated for 15 min at r.t. in the
dark. Then, absorbance at 540 nm was measured and the values
were interpolated in a calibration curve constructed with
known concentrations of NaNO,. In parallel, cell viability
was monitored as previously described using alamarBlue®™
measurements and employed for normalization purposes.

2.5.4. Scavenging of ROS on cultures of H,O,-treated
RAW264.7 macrophages. To study the prophylactic effect of
EuTA NCs against ROS under cell culture conditions, a well-
established DCFH-DA staining was performed to quantify and
visualize these protective effects.** For this, RAW264.7 macro-
phages were seeded in sterile 96-well culture plates at a density
of 2.5 x 10° cells per mL in 100 puL and incubated overnight.
After this, cells were incubated for 24 h with different doses of
TA/EuTA NCs prepared in DMEM. Next, cells were rinsed twice
with PBS and incubated with 100 pL of a PBS solution contain-
ing 20 mM DCFH-DA for 30 min to allow its interiorization.
Probe excess was washed away by gently rinsing twice with PBS,
and a 100 mM H,O0, solution in PBS was then added to each
well as the oxidative stimulus. Both negative and positive
controls were prepared by adding PBS or PBS + 100 mM H,0,
to non-treated cultures respectively. After 15 min of incubation,
fluorescence was immediately measured at 485/580 nm (ex/em)
with the abovementioned multi-plate reader to avoid a loss of
sensitivity, and the content of free radicals was normalized
attending to that of the positive controls. After that, images
were taken with a fluorescence microscope Nikon Eclipse
TE2000-S using a 4x low magnification objective to provide
representative fields of each condition.

2.5.5. Effect of EuTA NCs on the proliferation rate of
fHOBs. The effect of TA and EuTA NCs on the proliferation
rate of fHOBs was evaluated by measuring the metabolic
activity after continuous treatment at different time points
(¢t =1, 3, 6, and 9 days). For this assay, cells were seeded in
sterile 96-well culture plates at a density of 10* cells per mL in
100 pL of medium, to ensure exponential growth, and cultured
overnight to allow cell attachment. Cells were then exposed to
different concentrations of the samples and incubated for
different periods of time. Both media and compounds were
renewed every three days. At each experimental time, the
metabolic activity of the cells was monitored as explained above
for the cytotoxicity assay. Normalization was performed setting
the metabolic activity of untreated cells at 1 day to 100%.

2.5.6. Determination of alkaline phosphatase activity on
fHOBs cultures. Monitoring the ALP activity of fHOB cells
was selected as a marker of early osteoblastic activity. Cells
were seeded in sterile 48-well culture plates at a density of
5 x 10* cells per mL in 200 uL of medium and incubated for
24 h to allow cell attachment. Next, fHOBs were incubated with
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10 pg mL~" of TA or EuTA NCs prepared in DMEM during
different times (¢ = 1, 3, and 7 days). Both media and com-
pounds were renewed at three days. At each experimental time,
cells were rinsed twice with PBS, and cellular proteins were
extracted using tissue protein extraction reagent (T-PER™)
buffer (Fisher Scientific) supplemented with Halt™ protease
inhibitor cocktail 100x (1:100 diluted) without EDTA. Protein
extraction and subsequent assays were performed on ice
to avoid protein degradation. ALP activity was determined
following a previously standardized method,*> and then it
was normalized according to the concentration of double-
stranded DNA (dsDNA) content calculated using the PicoGreen
assay dye and following the manufacturer’s instructions for
microtitration.

2.5.7. Effect of EuTA NCs on the mineralization degree of
osteoid. To assess the effect of TA and EuTA NCs on the matrix
mineralization degree, a quantitative AzR staining assay was
performed. For this, fHOBs were seeded in 48-well plates at a
density of 5 x 10* cells per mL in 200 pL of medium and
incubated overnight to allow cell attachment. Then, cells were
incubated with 10 pg mL™" of TA or EuTA NCs prepared in an
osteogenic medium during different times (¢ = 7, 14, and 21
days). The osteogenic medium consisted of advanced DMEM/
F12 (1x), containing non-essential amino acids and 110 mg L "
sodium pyruvate, and supplemented with 10 vol% FBS, 2 vol%
r-glutamine, 1 vol% P/S, 50 pg mL ™" sodium ascorbate, 2 mM
B-glycerophosphate disodium salt hydrate, and 0.1 pM dexa-
methasone, and it was used to induce matrix mineralization
in fHOB cultures according to the manufacturer’s data. Both
media and compounds were renewed every three or four days.

At each experimental time, wells were stained with AzR and
quantification using the CPC extraction method was performed
as previously described.*” Representative images were obtained
under each condition before AzR extraction using an optical
microscope Nikon Eclipse TE2000-S. Ca** concentration in the
matrix was calculated using a calibration curve constructed
with known concentrations of AzR in CPC buffer.

2.6. Data analysis and statistics

Results were expressed as means + standard deviations of at
least three experiments carried out with multiple replicates.
Statistical analyses were performed using GraphPad Prism 8.00
software. To evaluate differences among groups, the homoge-
neity of variances was first confirmed and then one-way ANOVA
tests, followed by a post hoc Scheffe test, were performed. In all
the cases, p < 0.05 was established to be considered as
statistically significant. The results were fitted when necessary
to the most appropriate regression models using GraphPad
Prism 8.00 software and the parameters are detailed in
the ESL.¥

3. Results and discussion

In this work, the synthesis of EuTA NCs with different contents
of Eu®* in their structures has been reported along with the
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characterization of their physicochemical and biological prop-
erties, which endorse future preclinical evaluations in in vivo
models in the context of osteopenic diseases under oxidative
and/or inflammatory environments.

3.1. Preparation of EuTA NCs with different contents of Eu**

There are extensive reports available in the literature on the
ability of TA to coordinate trivalent cations, with the ferric one
(Fe*") being the most studied, due to the 10 polyphenolic
moieties present in its structure (5 catechols and 5 pyrogallols).
In this sense, it has been well-documented that mono-, bis-,
and tris-complexes can be formed depending on the pH of the
solution.™

Considering these data, the preparation of EuTA NCs was
carefully devised to retrieve formulations with different con-
tents of europium by adjusting the number of equivalents of
EuCl; added during the synthesis (Fig. 1A), which was con-
firmed using spectroscopical techniques as shown in Fig. 1B.

Regarding the final products, the normalized yields for the
different EuTA NCs increased while augmenting the C.R., as
expected (Fig. 1C). This observation can be explained due to the
lack of enough Eu®" cations to coordinate all the TA molecules
present in the mixture when added in limiting amounts and,
therefore, part of the TA added is lost during the preparation.
However, differences were also observed when comparing
theoretical and experimental C.R. values calculated using ICP-
OES. The calculated values were higher than the theoretical
ones in all the cases, except for the 100% condition (Fig. 1D).
This can be attributed to the high rate of the metal binding
reaction with TA. In this sense, in an ideal, homogeneous state,
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every TA molecule would complex the same amount of Eu**
ions. However, despite the intense sonication during the addi-
tion of Eu*", its complexation was not homogeneous, leading to
some TA molecules complexing higher amounts than the
calculated average, and others, remaining free in solution,
which further agrees with the lower normalized yields calcu-
lated experimentally. Thus, the process led to complexes with
higher stoichiometry than expected in all the possible cases.

To date, few articles have reported Eu** complexation by TA,
and, to the best of our knowledge, only a couple of them
studied regenerative properties.*>*® Wu et al. prepared poly(i-
lactic acid) nanofibers coated with different layers of TA/Eu
deposits and evaluated the influence of the coating on the
physicochemical properties of the material, antioxidant, and
wound healing properties.®® In a later work, Wu et al. prepared
pH-responsible EuTA microparticles with antioxidant and pro-
angiogenic properties for myocardial infarction treatment.*®
Thus, this is the first time that EuTA NCs are reported and
studied in depth in the context of oxidative and inflammatory
environments that hinder bone regeneration. Moreover, the
mechanism of synthesis here proposed is much simpler than
33:46:47 and allows for easy control of the
content of Eu®' present in the formulations by varying the
volumes added, which might be of interest to preparing more
complex advanced materials in the future.

those in other works

3.2. Physicochemical characterization of EuTA NCs

The interactions that TA establishes with trivalent cations have
been historically studied in-depth and are well-documented,
occurring mainly through the hydroxylic groups of its catechol

A .
) A equiv.
. . EuCl
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Fig. 1 Synthesis of EUTA NCs and its compositional characterization. (A) Scheme describing the preparation of EUTA NCs and the resulting products;
(B) compositional analysis of EUTA NCs as indirectly determined using ICP-OES (Eu** content) and UV-VIS (TA content) spectroscopies, normalized
according to the maximum content of Eu®* and TA added in the synthesis of EUTA 100%; (C) normalized yield of the different EUTA NCs normalized to the
maximum theoretical yield; and (D) comparison between experimental and theoretical C.R.s and Eu contribution to weight in each EUTA NC formulation.
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structures.">***° To confirm these interactions, an ATR-FTIR between 400 and 2000 cm™ ' is shown in Fig. 2A, while the

spectroscopic analysis was performed. A zoomed-in region whole spectra and the corresponding frequency assignments

— TA — EuCl; —— EuTA25% =—— EuTA50% —— EuTA75% =—— EuTA 100%
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Fig. 2 Characterization of the interaction between TA and Eu**. (A) Zoomed-in region (2000 and 400 cm™?) of the ATR-FTIR spectra of TA and EuTA
NCs; (B) scheme for the tris-complex between Eu®* and the catechol groups (colored) of TA. Black and orange annotated wavenumbers refer to the
spectrum of TA and EUTA NCs, respectively; (C) TGA analysis of TA, EuCls, and EUTA NCs; (D) XRD analysis of TA and EUTA NCs; and (E) UV-VIS spectra of
TA and EUTA NCs.
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can be found in Fig. S1 and Table S1 (ESIt), respectively.
Moreover, the TA structure can be found in Fig. S2 (ESIT).
Regarding TA, bands mainly corresponding to the vibrations of
aromatic rings, secondary alcohols, and ester groups were
identified as expected (Table S1, ESIt), agreeing with previous
reports.*®

A comparison of the spectra of EuTA NCs and raw TA
allowed us to conclude that Eu®" complexation exclusively took
place via hydroxylic groups of the catechol structures, forming
tris-complexes (Fig. 2B) as previously described for other triva-
lent ions.">*®*° Briefly, the intensities of three bands (i.e., 1086,
~583, and ~539 cm ') increased in a directly proportional
manner to the content of europium in the NCs. These bands
were also present in the FTIR spectrum of the raw EuCl;-6H,0
and corresponded to the stretching and bending vg,_o, indicat-
ing the participation of oxygen atoms (Fig. S1, ESIT). However,
no differences were observed for the stretching vibrations
(vc—o) at 1700 cm™ ' meaning that the carboxyl groups that
form the ester bonds between catechol groups did not partici-
pate in europium chelation.>®

In addition, the stretching vibration v o attributed to the
band at 1319 cm ™' in the spectrum of TA was the one that
shifted the most to higher wavenumbers (~1345 cm™ ') after
europium complexation, demonstrating the involvement of
hydroxyl groups in the chelation. Moreover, the stretching
vibrations vc— of the phenol groups also exhibited significant
variations. The band located at 1606 cm ™" decreased in inten-
sity after europium complexation, while the band at 1528 cm ™"
increased in intensity and shifted to lower wavenumbers. These
two bands have been attributed to the C—C double bonds of
the phenolic structures in ortho/para and meta positions,
respectively.>! Similarly, bands attributed to the bending vibra-
tions (vc-y) in those aromatic structures, such as those at
1183, 869, and 830 cm ™, were also modified, shifting to higher
frequencies and altering their intensities, (i.e., decreasing and
increasing, respectively). Altogether, europium complexation
affected the free mobility of catechol groups through the
involvement of their hydroxyl groups. The complexation
mechanism between Eu(m) and different tannins has been
extensively studied by various authors using a wide range of
techniques including potentiometry, calorimetry, XRD, and
spectroscopic analysis such as XPS, NMR, and FTIR among
others.*®*** These studies have established that during the
metal chelation process, the ortho-dihydroxyl groups of the
catechol ring play a crucial role in facilitating catechol-based
coordination with metals. In addition, Arciszewska et al. pro-
vided an in-depth analysis of the formation mechanisms and
molecular structures of Eu-tannin complexes using NMR and
FTIR.>* Their research shows that in Eu(m)/catechol complexes,
the hydroxyl groups of the catechol moiety are involved
in metal-ion coordination, reducing the hydrogen/electron
donating properties of the complex compared to the ligand.
Similar conclusions have been drawn for Fe(ur)/tannic acid
complexes as determined by FTIR. This emphasizes the value
of FTIR as a crucial technique for determining the structure of
such compounds. FTIR analysis performed on the EuTA NCs

7160 | J Mater. Chem. B, 2024,12, 7153-7170

View Article Online

Journal of Materials Chemistry B

corroborates these findings, supporting the notion that metal
cation interaction stabilizes the aromatic system forming the
tris-complex between Eu®" and the catechol groups proposed
in Fig. 2B.

The thermal properties of EuTA NCs were studied by ther-
mogravimetric analysis (TGA, Fig. 2C). The traces of TA and
EuTA NCs showed a similar tendency, with two well-defined
steps of weight loss. The first decay was found at around 100 °C,
which can be attributed to a dehydration step of associated
water molecules. The second step of weight loss took place
around 220-260 °C and can be assigned to the degradation of
TA, as previously reported.*" In addition, it was found that the
remanent weight at 700 °C was dependent on the content of
Eu®" in the NCs, confirming once again the different contents
of Eu*" in the samples.

The crystallinity of EuTA NCs was studied by X-ray diffrac-
tion (XRD) analysis (Fig. 2D and Fig. S3, ESI{). As shown in
Fig. 2D, the diffractogram of raw TA showed two wide peaks
around 26 = 15 and 25°, thus, presenting a pronounced
amorphous structure due to the great number of hydroxyl
groups, which is in accordance with previous reports.*®
In contrast, these characteristic peaks were markedly reduced
in the diffractogram of EuTA NCs, as the exposed hydroxyl
groups diminished due to the complexation of Eu**, in accor-
dance with the ATR-FTIR analysis and other works.*®

Finally, the formation of coordination complexes between
TA and Eu’’ ions was further confirmed via UV-VIS spectro-
scopy by the appearance of two bands with maximum absorp-
tion at 213 and 315 nm, which were not present in the spectrum
of TA (Fig. 2E). UV-VIS characterization of a solution of EuCl;
did not retrieve any signal in the range analyzed (data not
shown).

3.3. Characterization of the hydrodynamic properties
of EuTA NCs

The morphology of EuTA NCs was characterized by different
microscopical means. First, EUTA NCs dispersed in culture
medium (DMEM) were evaluated by cryo-TEM to assess their
morphologies under the conditions selected for the in vitro
biological testing. As shown in Fig. 3A for EuTA 25% NCs,
particles tend to aggregate during sample preparation, hinder-
ing the identification of individual particles and the quantifica-
tion of their mean diameters. Similar results were observed for
the rest of the formulations (Fig. S4, ESIt). As an alternative, the
morphology of EuTA NCs dried at r.t. was explored by field
emission scanning electron microscopy (FE-SEM). In all the
cases, pseudospherical nanoparticles were observed, although,
similarly to cryo-TEM findings, aggregates formed by the coa-
lescence of these nanoparticles were found in most fields
independently of the C.R. values (Fig. S5, ESIf). In contrast,
mean diameters of 42.5 + 9.9 nm averaging all the conditions
could be measured. Histograms depicting the different sizes of
the nanoparticles are shown in Fig. S6 (ESIt). Thus, as sum-
marized in Fig. 3C and Fig. S5, S6 (ESIt), there were no
significant differences in terms of mean nanoparticle size
among the studied conditions.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00697f

Open Access Article. Published on 02 July 2024. Downloaded on 12/9/2025 8:34:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

View Article Online

Paper

A)
80
C) D) 200 -® - EuTA25%
= -® - EuTA50%
| -®- EuTA75%
= 60 oo . - . -®- EuTA100%
o \
Q 3 = '.‘\\‘Q
- \
» 40 £ v
2 QI ‘\ \\\\
.}E’ * Ll e A e ettt
£ 0- ~}---: T, -:-:-:-:-:-:-:-:-:-:-:-:-%
o
0 T I I T 50 1 T T T T T T T T T T T T
100 0 10 20 30 40 50 60

25 50 75
Eu:TA Complexation Ratio (%)

Sonication time (min)

Fig. 3 Physicochemical characterization of EUTA NCs. (A) Cryo-TEM image of EUTA 25% NCs (as a representative image of the different EUTA NCs) in
DMEM; (B) FE-SEM micrograph of EUTA 25% NCs (as a representative image of the different EUTA NCs) dried from an aqueous suspension at r.t.; (C) mean
particle size of different EUTA NCs calculated from FE-SEM micrographs; and (D) Dy, values for EUTA NCs resuspended in distilled water and sonicated

during different time periods.

Next, the hydrodynamic properties of the systems were
characterized by DLS (Fig. 3D and 4). In all the cases, the
average hydrodynamic diameters (Dy,) were at least more than
twice the mean size reported for individual nanoparticles by
FE-SEM. Moreover, increasing the sonication time at the resus-
pension step diminished the mean Dy, values for all the condi-
tions up to 100 nm after 1 hour (Fig. 3D). This finding along
with the FE-SEM characterization suggests that nanoparticles
tend to form stable nano-sized complexes with different
numbers of nanoparticles depending on the duration of the
sonication.

In addition, EuTA NCs displayed different hydrodynamic
properties depending on the solvent of resuspension. In these
studies, distilled water was chosen as a traditional aqueous
solvent, while culture medium (DMEM) was selected for its
established use in biological cultures. On the one hand, the
proposed synthetic procedure retrieved monodispersed (Dy, =
150 + 8 nm) and low-polydispersed (PDI = 0.14 + 0.02) NCs
when resuspended for 30 seconds in distilled water indepen-
dently of the C.R. (Fig. 4A). In contrast, a strong dependence
of D, and PDI was found with the EuTA composition
when resuspended in DMEM, increasing to average values of

This journal is © The Royal Society of Chemistry 2024

222 + 34 nm and 0.15 + 0.04, respectively (Fig. 4A). On the
other hand, the average zeta potential of EuUTA NCs resus-
pended in distilled water ({ = —25.4 + 1.7 mV) rose to —9.5 +
0.9 mV when resuspended in DMEM (Fig. 4B). These findings
can be explained by the ability of serum proteins from DMEM
to interact with the TA molecules present at the surface of the
EuTA NCs, which are expected to be the determining factor for
the negative { values obtained. Thus, this interaction would be
responsible for the increase of the Dy, and the diminishment of
the surface net charge.

Regarding the stability of EuTA NCs over time, great
differences were observed when comparing EuTA NCs stored
in distilled water and DMEM. EuTA NCs stored in distilled
water maintained their original hydrodynamic properties to a
greater extent than in culture medium (Fig. 4D). In all the
cases, increasing the C.R. of the formulations led to higher
mean sizes, PDI, and instability over time, specially EuTA
100% NCs. A long-term stability study conducted under these
conditions showed similar tendencies although physical
degradation of NCs was not found in any case, indicating
the suitability of distilled water for long-term storage for up to
2 months (Fig. S7, ESIt). In the case of DMEM-resuspended
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EUuTA NCs over time including mean Dy, and { values both in distilled water and DMEM, stored at 4 °C in the dark.

EuTA NCs, the long-term storage mainly affected the conditions
with higher C.R. values, where colloidal aggregation was found.
Regarding surface net charge, zeta potential values maintained
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their tendencies over the analyzed month (Fig. 4D). Smaller
variations were observed for DMEM-resuspended EuTA NCs
compared to the ones resuspended in distilled water, agreeing
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with the proposed hypothesis of serum proteins interacting with
EuTA NCs.

Furthermore, it was shown that EuTA NCs were stable at
neutral and basic pH values (Fig. 4C). However, their conforma-
tional structure was distorted below pH 6, leading to the
presence of colloidal aggregates. This can be attributed to the
type of interactions established between TA and Eu®" ions, as
previously studied.’® In this regard, when reaching values
below pH 6, bis-complexes are favored over tris-complexes,
and a new reorganization of interactions is arranged, leading
to the aggregation of the particles and their precipitation,
which is visible to the naked eye. These stability values are
acceptable for the intended applications in osteopenic bone as
there are some reports of pH measurements performed directly
on in vivo rat models of osteoporotic bone that confirm a pH of
7.5 for this animal model and disease.”” In addition, sarcomas
and other inflammatory joint diseases, where subchondral
bone might be affected, present an increased acidity due to
the lack of oxygen in the surroundings. In the case of solid
tumors, the pH values range from 6.5-6.8, which would not
distort EuTA NC integrity.>® Although in rheumatoid arthritis-
affected joints, synovial cavities can reach values near 6, their
possible aggregation would not imply a loss of function of the
complexes.”” Indeed, the previously commented work, carried
out by Wu et al. on EuTA microparticles, showed the bioactivity
of their system despite their large size.*® However, its controlled
delivery by means of advanced injectable formulations is cur-
rently under study to avoid any stability concerns and to
optimize the bioavailability of the therapy for future intended
applications.

3.4. Antioxidant properties of EuTA NCs

The antioxidant activities of TA have been previously reported,
being partially attributed to the high redox potential of pheno-
lic groups present in the molecule.**® In this regard, it is
important to evaluate the antioxidant properties of EuTA NCs
(Fig. 5) due to the partial availability of these groups after the
formation of the complexes. To this end, the total radical
scavenging activities and, particularly, scavenging activities
against H,0, radicals, and ferrous-chelation activities were
evaluated. Studying the scavenging of H,O, radicals has biolo-
gical importance as it is formed under oxidative conditions and
leads to cellular damage. Similarly, the Fe>* removal ability is a
simple approach to indirectly test the inhibition of lipid
peroxidation, as Fe*" ions catalyze Fenton reactions, which
produce <OH radicals, resulting in lipid damage.*> Moreover,
it is important to clarify that the concentrations of EuTA NCs
commented on from now on (i.e., antioxidant and cell culture
experiments) refer to the concentration of TA present in the
samples, as calculated by UV-VIS. Thus, at each dose, the
amount of TA is constant among conditions while the content
of complexed Eu®" is the variable factor.

To compare the total radical scavenging activities of TA and
EuTA NCs, a DDPH study was performed. Slight differences
were observed in terms of potency (ECs, Fig. 5A and C) and
velocity (Tgcso, Fig. 5B and C). In all the cases, the kinetics
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reached plateaus after 10-15 min, ranging the Tgcso values
between 0.76-1.26 min. Regarding potency, calculated under
steady-state conditions, ECs, values for TA (4.40 + 0.09 pg mL ")
and EuTA NCs (4.44 + 0.62 pug mL ') were not statistically
different from each other. With these values, antiradical efficien-
cies (AE) were calculated showing a negative trend with the C.R.,
although in all the cases were found to present “high” or “very
high” AE values according to the classification made by Sanchez-
Moreno et al.*® A similar behavior has also been reported in
nanoparticles of TA complexing Fe**, which indicates that these
changes cannot be attributed to Eu’" itself, but to the coordina-
tion with trivalent cations in general.*' In this sense, our data
agree with the hypothesis posed by Pucci et al. on the more
effective exposure of the reaction sites in free TA compared to
coordinated TA, as only Tgcso, but not ECs, increased while
augmenting the C.R.

In contrast, EuTA NCs showed higher efficacy in the chela-
tion of hydrogen peroxide radicals compared to raw TA.
As observed in Fig. 5D, EuTA NC dispersions (ECso = 46.7 +
0.8 ug mL~ ') showed an overall better response than TA (ECs, =
65.3 ug mL™"), as this effect is independent of the content
of Eu®". Previous reports have associated this effect with a
strengthening of the electron-withdrawing capacity of the anti-
oxidant when forming nanosized metal complexes. For
instance, NCs of iron-TA and iron-sapogenin showed higher
scavenging activities than pure TA and sapogenin, respec-
tively.”>® Therefore, this effect would also be dependent on
the coordination of these natural-based antioxidants with
trivalent cations rather than the individual moieties by them-
selves. In addition, the oxidation that undergoes TA at physio-
logical pH also influences its scavenging capacity. In this sense,
europium complexation seemed to protect TA from its oxida-
tion and hydrolysis at this pH.

In contrast, the ability of EuTA NCs to remove Fe*" did
proportionally increase with the content of Eu®* (Fig. 5E).
TA removed Fe®" via its chelation as previously reported.®!
However, this process is hindered at physiological pH due to
the progressive oxidation of TA. Similar to the H,0, scavenging
capacity, europium complexation improved this Fe**-binding
capacity, probably by slowing down the oxidation of TA.
Nevertheless, in this case, the C.R. of EuTA NCs affected the
final response of the system. These differences between assays
can be explained by the incubation times of both protocols.
In this sense, as the measurements for the determination of the
H,0, scavenging were instantaneous, no differences could be
observed. In contrast, the ferrozine assay presents a 15-minute
incubation time to ensure measurements of the steady state.

Taking these results altogether, the higher removal of H,0,
radicals and Fe®" ions would avoid their involvement in Fenton
reactions, and indirectly, inhibit lipid peroxidation, protein
oxidation, and cell death to a higher extent.®> Moreover,
ferroptosis, a particular type of cell death due to iron overload,
has also been reported to be involved in age-related orthopedic
diseases such as osteoporosis and osteoarthritis, widening the
applicability of these new systems to other bone pathologies.®®
These properties are crucial for reducing OxS, promoting
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Fig. 5 Antioxidant properties of EUTA NCs. (A) Total free radical scavenging activity (%) of TA and EUTA NCs samples at different concentrations as
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(sigmoidal of variable slope) regression model. The parameters for each regression model are summarized in Tables S2—-S5 (ESI¥).

angiogenesis, and enhancing osteogenesis, all essential pro-
cesses for bone healing. Research on antioxidant biomaterials
for bone regeneration showcases various innovative approaches
that compare favorably against traditional methods. Polyphe-
nolic flavonoid silymarin has demonstrated significant anti-
oxidant and anti-inflammatory properties, effectively treating
bone fractures and osteoporosis by enhancing ECM secretion
and promoting osteogenic markers such as type-I collagen,

7164 | J Mater. Chem. B, 2024, 12, 7153-7170

osteocalcin, and Runx2.** Similarly, biodegradable conductive
polyphosphazenes have shown strong antioxidant capacity,
outperforming conventional polyesters like PLGA by increasing
cell viability under high OxS conditions and providing a pro-
mising alternative for developing multifunctional scaffolds for
severe bone defects.®® Gelatin hydrogels, integrated with poly-
dopamine nanoparticles and heparin, have demonstrated
enhanced bone regeneration capabilities through sustained

This journal is © The Royal Society of Chemistry 2024
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BMP-2 release, promoting cell differentiation and minerali-
zation.®® Finally, other polyphenol-containing materials such
as those prepared with TA, including TA-alendronate and
Sr-based nano-constructs, have shown promise in promoting
osteogenic activity and ROS scavenging. These materials acti-
vate signaling pathways such as PI;K/Akt, fostering bone regen-
eration and potentially treating osteoporotic defects.®”

These comparative studies highlight the importance of
antioxidant properties in enhancing bone regeneration, with
each material offering unique benefits tailored to specific
clinical needs. When compared to other antioxidant bio-
materials, such as flavonoids, polyphosphazene polymers, gela-
tin hydrogels, bioactive cation ceramics, and tannic acid
complexes, EuUTA NCs show unique advantages due to intrinsic
dual action where the addition of europium improves TA
cytocompatibility, anti-inflammatory, and osteogenic proper-
ties, envisioning their potential applicability for bone regenera-
tion purposes under complex conditions where regeneration is
hindered.

3.5. Biological characterization of EuTA NCs

EuTA NCs have been devised to target both oxidative and
inflammatory environments that hinder bone regeneration.
Therefore, their in vitro biological characterization must include
studies evaluating their cytocompatibility, anti-inflammatory,
antioxidant, and osteogenic properties in relevant cellular models.

3.5.1. Anti-inflammatory and antioxidant performance of
EuTA NCs in cultures of macrophages. Evaluation of the anti-
inflammatory and antioxidant capacities of EuTA NCs was carried
out in RAW264.7 macrophages, as this is a widely employed cell
line with high secretory potential of pro-inflammatory mediators
and ROS in response to specific stimuli.®®

First, cell viability studies were performed to characterize
the possible cytotoxicity of the raw materials and the EuTA NCs
after 24 h of incubation in this cell line. As observed in Fig. 6A,
both TA and EuCl; were cytotoxic at high concentrations (ICs, =
324.0 ug mL~" and 388.1 ug mL ™", respectively). In contrast,
EuTA NCs retrieved viability values over 70% in all the cases
(ICso > 1 mg mL™"), confirming their cytocompatibility.
We hypothesize that the marked reduction in the cytotoxicity
of raw TA after its complexation with Eu*" could be due to the
neutralization of their acidic properties, rather than to the
presence of europium itself. In this sense, TA was deprotonated
during the synthesis when dissolved in HEPES buffer pH 7.3,
which allowed the complexation of europium, and after the
isolation and resuspension of EuTA NCs, these protons were
removed, obtaining neutral pH values in their solutions even in
the absence of a pH-buffer.

According to these results, only the effects of cytocompatible
doses of each compound were further evaluated in the follow-
ing tests. In addition, to characterize the contribution of the
content of europium, EuTA NCs were compared in all the cases
to both an untreated control and TA-treated culture at the same
TA concentration.

In many inflammatory diseases, nitric oxide (NO) released
by pro-inflammatory macrophages plays a crucial role in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Antioxidant and anti-inflammatory properties of EuTA NCs eval-
uated on cultures of RAW264.7 macrophages. (A) Direct cytotoxicity assay
following a 24-hour incubation with TA, EuCls, or the different EUTA NCs
and measured using the alamarBlue®™ method; (B) evaluation of the anti-
infammatory properties of a 24-hour incubation with TA and EuTA NCs
assessed by the reduction on the production of NO by LPS-stimulated
macrophages and normalized to the metabolic activity of cultures under
the same conditions but without LPS-stimulation; (C) evaluation of the
ROS scavenging activity of a 24-hour pre-treatment with TA and EUTA NCs
before a 15-minute exposure to 100 mM H,O, by measuring the fluores-
cence of DCFH-DA dye. ANOVA: * and # symbols are used to compare
conditions at the same experimental times with control and TA-
treated cultures, respectively. Statistical significance: *, # p < 0.05; **,
## p < 0.01; *** ### p < 0.001.
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development and progression of inflammation and, conse-
quently, tissue destruction.®®’® We examined whether the
treatment of LPS-stimulated macrophages with EuTA NCs
could reduce the NO secreted, as with TA, which has been
previously reported.”"”*> As shown in Fig. 6B, a 24-hour incuba-
tion with TA and EuTA NCs diminished this parameter
in a concentration-dependent manner. At the lowest dose
(10 pg mL™"), TA did not reduce the NO secreted (102.8 =+
7.9%), while EuTA NCs did, and the better performance was
from the formulations with higher C.R. values: 75% (85.2 +
10.5%) and 100% (89.0 + 4.3%). Analyzing the bigger picture,
no statistically significant differences were found among EuTA
NCs, although a trend indicating peak performance at 75% C.R.
was inferred. Furthermore, NO was reduced too in cultures of
resting macrophages, where no LPS was added to stimulate
a pro-inflammatory environment (Fig. S8, ESI{). Thus, an
improvement in the anti-inflammatory properties of TA has
been shown due to Eu®" complexation.

Targeting chronic inflammation is crucial as it can also
induce the production of ROS, which can promote the activa-
tion of signaling pathways that enhance the production of pro-
inflammatory mediators and exacerbate tissue damage.®''
Hence, considering the potent antioxidant activities displayed
by TA and EuTA NCs against various oxidant agents, we aimed
to investigate if subjecting cells to a 24-hour exposure before an
oxidant stimulus could offer further preventive effects, poten-
tially reducing future ROS production. In this context, following
the initial incubation with the antioxidants, cells were further
treated for 15 min with 100 mM H,0,, and ROS production was
monitored by fluorescence means (Fig. 6C and Fig. S9, ESIT).
Similar to the reduction in NO levels, the prophylactic effect of
TA and EuTA NCs was concentration-dependent.

Nevertheless, in this case, differences among EuTA NCs did
not follow a clear trend. EuTA 75% was the only formulation
that did not present significant differences with TA at the same
doses. Conversely, at lower concentrations, EuTA 25% dis-
played a better response, showcasing a 13.3% improvement.

3.5.2. Osteogenic performance of EuTA NCs in cultures of
human osteoblasts. Metallic ions have demonstrated promis-
ing therapeutic potential in the fields of regenerative medicine
and tissue engineering.”® In particular, divalent metal cations,
such as Sr**, Mg>", Zn**, and Cu**, have been widely utilized to
enhance orthopaedic biomaterials following the discovery of
their osteogenic effects.”*”” In contrast, there is currently no
trivalent cation therapy in practice. According to the literature,
some effects related to bone regeneration have been reported
both for TA and Eu®*. On the one hand, TA has been applied as
a coating of implants to improve their outcome through several
mechanisms such as inhibiting osteoclast differentiation and
function, preventing bacterial infections, slowing implants’
corrosion, and forming complexes with bioactive trace ele-
ments (e.g. Ca**, Sr**, Mg?", and Zn**) that increase osteoblast
activity and the overall mineralization degree of the matrix."
However, there are not as many reports in the literature on its
effects following a soluble administration either in vitro or
in vivo in situ. On the other hand, Eu®*" has been used as a
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doping element in several bioglass and hydroxyapatites to study
their osteogenic potential in mesenchymal stem cells as pre-
viously commented.?*! Thus, there is a gap in existing knowl-
edge regarding the osteogenic potential of TA and Eu®* in the
absence of additional osteogenic elements, especially in osteo-
blast cultures. Accordingly, fHOB cells were selected to evaluate
the osteogenic properties of TA and EuTA NCs.

First, cell viability studies were performed analogously to
those carried out using RAW264.7 cells. As shown in Fig. 7A,
free TA was found to be the most cytotoxic of the studied
treatments, presenting an ICs, of 107.7 pg mL™". This finding
does not agree with previous works performed in fetal human
osteoblasts where an increase in their metabolic activity was
reported at increasing concentrations of TA.”®”” However, these
effects might have been overestimated due to the redox
potential of TA and the fact that these assays were performed
in the presence of the treatments. Therefore, the reduction of
the substrate employed for the quantification was due to both
the cellular metabolism and TA. In this work, all treatments
were removed, and cells were washed with PBS prior to alamar-
Blue addition to avoid this kind of misinterpretation. Conse-
quently, similar toxicity to that found in RAW264.7 cells was
obtained, which could be attributed to the acidity at high doses.
In contrast, EuCl; and EuTA NCs only showed some toxicity at
the highest dose assayed, with their ICs, values in all cases
being over 1 mg mL ™",

Next, we evaluated the effects of cytocompatible concentra-
tions of TA and EuTA NCs on the proliferation rate of fHOBs by
monitoring their metabolism. Results obtained for treatments
with 10 ug mL™~' TA or EuTA NCs are shown in Fig. 7B, while
results at lower and higher doses are summarized in Fig. S10
and S11 (ESIt). On the one hand, doses over 10 ug mL™" were
shown to impair cell proliferation, although Eu** complexation
diminished to some extent TA toxicity (Fig. S10, ESIT). Moreover,
cell vacuolization was observed at higher concentrations on EuTA
NCs 50, 75, and 100% after three days of treatment, which we
speculate might be due to an excessive supply of Eu®", as similar
reports have been previously reported in cardiomyocytes (Fig. S11,
ESIT).*® On the other hand, while there were no significant
differences after short treatments (3 days), longer ones slowed
fHOB proliferation depending on the dose. At 0.1 and 1 pg mL "
there were no differences between EuTA NCs and control condi-
tions, but there were if compared to TA (Fig. S10, ESI{). Interest-
ingly, the administration of TA did not increase the metabolic
activity of fHOB cells at any assayed dose compared to untreated
cultures. In this sense, both TA and its hydrolyzable products
(i.e., gallic acid and pyrogallic acid) have been reported to regulate
different signaling cascades such as MAPK, PI3K/AKT, or
Wwnt pathways, although their precise mechanisms of action are
still under research.”®’® However, as commented earlier, other
hypotheses consider their metal binding capacities to be pivotal,
which would increase the availability of bioactive ions involved in
the formation of hydroxyapatite and osteoblast stimulation
in vivo." Thus, further studies investigating the molecular
mechanisms involved in polyphenols’ bioactivity are needed to
fully comprehend their biomedical potential.

This journal is © The Royal Society of Chemistry 2024
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determined by monitoring the metabolic activity via alamarBlue® measurements at different incubation times with 10 pg mL™* of TA or EUTA NCs;
(C) determination of the ALP activity of cultures treated with 10 ng mL™* of TA or EUTA NCs at different periods of incubation; (D) quantification of AzR
staining extracted from cultures treated with 10 pg mL™ of TA or EUTA NCs at different times. ANOVAs: * and # symbols are used to compare conditions
at the same experimental times with control and TA-treated cultures, respectively. Statistical significance: *, # p < 0.05; **, ## p < 0.01; ***

### p < 0.001.

Regarding these proliferation studies, the dose of 10 pg mL ™"
was selected to study their osteogenic properties, as at that
concentration the bioactivity of TA has been proven both through-
out this article and in the available literature and it is two orders
of magnitude under the ICs, values of EuTA NCs.*® The osteo-
genic potential of TA and EuTA NCs was assessed at early and late
stages by evaluating fHOBs activity, via measurements of the
alkaline phosphatase (ALP) activity (Fig. 7C), and by analyzing
the matrix mineralization degree, vig alizarin red (AzR) staining
(Fig. 7D and Fig. S12, ESIY), respectively.

On the one hand, TA administration did not alter the ALP
activity of fHOB cells compared to control cultures at any
assayed time (Fig. 7C). However, it significantly diminished
the concentration of Ca*>" deposited in the ECM, which agrees
with its metal-sequestering properties (Fig. 7D). Therefore, the
use of TA in solution, rather than in coatings, could be expected
to have detrimental effects on bone regeneration applications.

In contrast, EUTA NCs showed a completely different beha-
vior. Regarding ALP activity, small, but statistically significant,

This journal is © The Royal Society of Chemistry 2024

differences were observed after one and three days of treatment
for the EuTA NCs with higher C.R. values (>25%) (Fig. 7C).
However, after 7 days of treatment, ALP values were twice as
high as the control and TA-treated cultures for all the formula-
tions. These findings support the evidence of Eu®** having
osteogenic properties, as this one of the few reports performed
on a healthy, human osteoblast cell line.

Moreover, regarding the effect of EUTA NCs on ECM miner-
alization, it was found that EuTAs 50 and 75% increased the
amount of Ca®" deposited by 9 and 17.5%, respectively, com-
pared to control cultures after 7 days of treatment, thus accel-
erating the process of ECM maturation (Fig. 7D). In addition,
although EuTA 25 and 100% did not significantly alter this
parameter at 7 days compared to control cultures, all
the formulations showed a better performance than free TA.
However, the continuous supply of either TA or EuTA NCs for
14 and 21 days had a negative impact on matrix mineralization.
Compared to the control cultures, the addition of the treat-
ments hindered the quantity and the pattern of calcium
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deposition, resulting in more localized mineral nodules as
opposed to a generalized deposition (Fig. S12, ESIT). Therefore,
these results would indicate the use of EuTA NCs for short
periods of time to alleviate OxS and inflammation while accel-
erating the early phases of bone growth. Moreover, evaluating
the effect of combinational therapies with more potent osteo-
genic stimuli such as BMP-2 or BMP-7 could be of interest for
maximizing their therapeutic potential.

Taken altogether, this initial study has demonstrated that
short-term treatments with 10 ug mL™" EuTA NCs are able to
induce osteogenic, antioxidant, and anti-inflammatory effects,
outperforming TA in all cases. According to their bioactivity
and physicochemical characteristics, EuTA 75% and EuTA 50%
were the ones that presented the best overall performances. The
mechanisms of action of polyphenols are still under study and,
given the lack of visual evidence of their internalization,
different hypotheses could be raised including (i) their action
occurs at the extracellular level leading to signaling cascades
via different routes, or (ii) EuTA NCs are dissociated or partially
hydrolyzed when entering the cells. Therefore, given their
potential and these biological queries to be checked, more
complex models using injectable therapies to control their
spatiotemporal administration and evaluate the biochemical
pathways involved in their effects are currently under study.
Moreover, strategies incorporating other bioactive cations that
enhance these properties to a greater extent or add novel ones
might be a promising research line to exploit in future studies.
In this sense, their high stability, low doses needed, and short-
term application times are excellent features to provide more
complex systems with these bioactive properties.

4. Conclusions

In this study, tunable EuTA NCs with varying Eu®* contents
have been developed and characterized for their physicochemical
and biological properties in the context of bone regeneration
under oxidative and inflammatory conditions. Complexation with
Eu®* did not compromise the bioactive properties of TA but
enhanced certain antioxidant properties while reducing cellular
toxicity. Additionally, EuTA NCs demonstrated superior perfor-
mance to TA in promoting both early and late markers of
osteoblast activity with short-term treatments. Although further
research is needed to fully evaluate the regenerative potential of
these systems under physiological conditions in in vivo models,
these in vitro studies present EuTA NCs as suitable candidates to
be applied in situ to resolve OxS and inflammation while promot-
ing early bone regenerative processes.
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