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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini Nanocrystalline apatite (Ap), known for its exceptional biological properties, faces limitations in hard tissue
engineering due to its poor mechanical properties. To overcome this limitation, we investigated the preparation

Keywords: of nanocomposites through heterogeneous nucleation of calcium phosphate on exfoliated graphene (G) and

Graphene flakes graphene oxide (GO) flakes, selected for their outstanding mechanical properties. The flakes were treated
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Nanocomposites

(functionalized) with amino acids of varying isoelectric points—namely L-Arginine (Arg), L-Alanine (Aln) and L-
Aspartic acid (Asp)— as well as citrate (Cit) molecules. Furthermore, Tb>" was incorporated into the formula-
tions to introduce luminescence and further enrich the functionality of the composite. The synthesis was con-
ducted using the sitting drop vapor diffusion method. Functionalized GO/Ap nanocomposites significantly
improved roughness, adhesion forces and elastic modulus compared to Ap and G-based particles. GO-Asp-Ap-Tb
nanocomposites exhibited the highest roughness (163.8 + 116.2 nm), while G-Cit-Ap had the lowest (6.8 £+ 5.6
nm). In terms of adhesion force, GO-Cit-Ap-Tb reached the highest value (31.06 + 13.3 nN), while G-Arg-Ap had
the lowest (3.7 + 1.8 nN) compared to Ap (13.6 + 3.2 nN). For the elastic modulus, GO-Aln-Ap-Tb demonstrated
the greatest stiffness (3489 + 101.01 MPa) compared to Ap (30.2 + 6.5 MPa), while G-Aln-Ap-Tb showed the
lowest (17.2 + 8.4 MPa). Concerning their luminescence, regardless of G/Ap and GO/Ap, the relative lumi-
nescence intensities depended on the biomolecule used and decreased in the order Arg > Aln > Asp and Cit.
Furthermore, G/Ap and GO/Ap nanocomposites demonstrated good biocompatibility on murine mesenchymal
stem cells at low concentrations, showing cell viabilities exceeding 80 % at 0.1 pg/mL. This research offers a
novel approach to enhancing the mechanical properties of apatites while preserving their good biocompatibility
properties and introducing new functionalities (i.e. luminescence) in the composites, thereby expanding their
range of applications in hard tissue engineering.

1. Introduction crystal structure. Additionally, bone nAp are found coated by citrate
molecules (Cit) [2], which are thought to play a crucial role in the for-

Nanocrystalline apatites (nAp) are the primary mineral components mation, shaping, and hydrophobicity of the crystals during bone

of human bones and teeth [1]. These plate-shaped nonstoichiometric mineralization [3-5]. In fact, around 80 % of Cit present in the human
hydroxyapatite crystals are deficient in Ca>* and OH™ and contain body is found in bones [6,7]. Besides citrates, these crystals possess a
substituting ions such as CO%‘, Mg2+, Na', and others within their non-apatitic hydrated surface layer, which imparts excellent surface ion
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exchange and adsorption capabilities. This hydrated layer is believed to
be essential for homeostasis and other regulatory processes, including
bone remodeling [8-10].

Similar to biological nAp, synthetic nAp exhibits excellent bioac-
tivity and biocompatibility, as well as a lack of toxicity, inflammatory, or
immune responses, and high bioresorbability. These properties make
synthetic nAp highly valuable for applications in hard tissue engineer-
ing, biomedicine and drug delivery systems [11-13]. One of its primary
uses in hard tissue engineering is the coating of implants and bio-
materials, where the formation of a biomimetic nAp layer, enhances the
integration and interaction processes, ultimately improving the biolog-
ical performance of the biomaterial and promoting bone regeneration
[14-17].

Despite their exceptional biological properties, nAp exhibits poor
mechanical characteristics, resembling brittle foam, with low toughness
and flexural strength. These limitations have hindered their broader use
in the biomedical and pharmaceutical applications [18,19]. To address
this challenge, composite formation has gained significant attention as
an effective strategy. This approach enables the combination of the
biological properties of nAp with a reinforcement material to enhance its
mechanical performance [20,21]. Composites are created by integrating
two or more constituent materials, resulting in a hybrid material that
possesses enhanced properties from each component, which can be
utilized across various fields, i.e. photocatalysis, environmental reme-
diation, healthcare [22-28].

Graphene is a single layer of carbon atoms bonded together through
sp? hybridization [29], known for its exceptional mechanical properties
[30]. Additionally, graphene and its derivatives graphene oxide (GO)
and reduced graphene oxide (rGO), have demonstrated good biocom-
patibility, which is essential for their biomedical applications [31].
These qualities have positioned graphene and its derived materials as
standout reinforcement material in CaP-composites [28,32-34].

Various methods have been reported for preparing composites of
graphene and graphene oxide with CaPs, including in situ mineralization
and hydrothermal synthesis, biomimetic mineralization, chemical vapor
deposition, and electrochemical deposition [35-40]. In our study, we
will explore the sitting drop vapor diffusion micro-method (SDVD), as
reported in previous works [41-43], to induce the heterogeneous
nucleation and growth of bone-like nAp particles on exfoliated graphene
flakes (G, multilayer), prepared via sonication-assisted liquid-phase
exfoliation (LPE) [44], as well as on commercial GO sheets. The goal is
to obtain G/nAp and GO/nAp nanocomposites with improved me-
chanical performance compared to apatite alone. To enhance the
biocompatibility of the nanocomposites, L-arginine (Arg), L-alanine
(Aln), L-aspartic acid (Asp) and Cit (Fig. 1) will be incorporated in the
LPE process of graphite and during the equilibration of GO suspensions.

The role of these amino acids, with isoelectric points (i.e.p) ranging
from basic to acidic, — Arg (i.e.p = 10.76), Aln, (i.e.p = 6.00), Asp (i.e.p
= 2.77) as well as Cit (citric acid pK; = 3.13, pKy = 4.76 and pK3 = 6.40)
— has been previously studied in the control of bone-like apatite pre-
cipitation [45,46]. In this study, we will investigate whether these bio-
molecules influence the formation and properties of the G/Ap and
GO/Ap nanocomposites. They are expected to function as dispersing
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surfactants, assisting the graphite LPE process during sonication, bind-
ing to the surfaces of the exfoliated flakes to prevent re-aggregation, and
act as nucleation sites to induce CaP formation. Furthermore, Cit is
known for its efficient adsorption onto the nAp surfaces, with several
studies confirming its role in enhancing the biocompatibility of the
biomaterials, making it a suitable biosurfactant for this process [47,48].
Tb3" ions will be also supplemented to the formulation, to produce
Tb-doped G/Ap and GO/Ap, imparting luminescent properties and
expanding their potential applications (i.e. bioimaging) [49]. Tb3* ex-
hibits notable photoluminescence in the UV and near infrared regions,
long luminescence lifetimes, and strong resistance to photobleaching
[50]. Besides these features, Tb3* has been reported to induce bacteri-
cidal activity when incorporated into poly (vinyl alcohol)-alginate
hydrogels reinforced with rGO [51], or promoted adhesion and osteo-
genic differentiation of human mesenchymal stem cells when used to
dope apatite-mineralized collagen fibrils [52,53]. Other studies have
shown that low concentrations of Tb®* in Tb-doped nAp retains the
physicochemical and biological benefits of the nAp, whereas higher
Tb3" concentrations can be harmful to the organism [54,55]. A thor-
ough characterization will be conducted to determine how the bio-
molecules and the presence of Tb3" influence the physicochemical,
mechanical, luminescent, and biocompatibility properties of the nano-
composites. Unlike previous studies on G/Ap and related carbon-derived
composites, which primarily focused on improving mechanical proper-
ties and biocompatibility [28], or enhancing its antibacterial properties
[56], this research aims to fabricate new G/nAp and GO/nAp composites
with improved mechanical performance and tailored luminescence
properties, while maintaining good biocompatibility.

2. Experimental section
2.1. Nanocomposites preparation

G flakes were prepared by LPE of graphite, assisted by sonication,
using Arg, Aln, Asp and Cit as dispersing surfactants. For this, 10 mL of
ultrapure HyO (Milli-Q) along with 100 mg of graphite powder (Sigma-
Aldrich, purity 99.99 %) and either 3.48 mg of Arg, 1.78 mg of Aln, 2.66
mg of Asp or 3.84 mg of Cit (Sigma-Aldrich, purity 99 %) were placed
into 20 mL sealed vials. The suspensions were sonicated in an ice bath
for 5 h followed by centrifugation at 3500 rpm for 5 min. The super-
natant was collected and sonicated for an additional hour and followed
by a second centrifugation for 5 min and at 3500 rpm. The supernatant
was carefully removed with a micropipette and stored at 4 °C before the
mineralization experiments. Similarly, GO suspensions (10 mL) were
prepared by diluting 1 mL of concentrated GO (Sigma-Aldrich, 99.99 %
purity) and either 3.48 mg of L-Arg, 1.78 mg of L-Aln, 2.66 mg of L-Asp
or 3.84 mg of Cit, followed by 30 min of sonication.

The pH was measured two times: first, after preparing the G and GO
suspensions and, second, after the mineralization stage. The minerali-
zation of G and GO flakes was conducted using the SDVD method in a
crystallization mushroom (Triana Sc. & Tech, S.L.) at 20 °C and 1 atm total
pressure. Each mushroom contained 12 droplets of 40 pL in the crys-
tallization chamber. The droplets were prepared by mixing 20 pL of
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Fig. 1. Biomolecules used as surfactants for the graphite LPE process and functionalization of G and GO flakes.
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either the G or GO suspensions with 50 mM Ca(CH3COO), and 20 pL of
30 mM (NHy4)2HPO4, while the gas generation chamber held 3 mL of a
40 mM NH4HCOj3. Control droplets without G or GO flakes were
included in each mushroom as references. The crystallization chamber
was sealed with the glass cover using high vacuum silicon grease and left
undisturbed for 21 days. At the end of the experiments, the droplets
were collected and transferred to an Eppendorf tube. After centrifuga-
tion at 10.000 rpm for 15 min, the supernatant was removed, and the
final pellet was washed twice with 1 mL of ultrapure MilliQ water.
Centrifugation was repeated to remove the supernatant and the final
pellet was left to dry at 35 °C for 1 day.

2.2. Physico-chemical and morphological characterization

Powder X-ray diffraction (XRD) patterns were obtained with a
Bruker D8 Advance Series II Vario diffractometer (Bruker AXS, Karsl-
ruhe, Germany) equipped with a Ge (111) primary monochromator and
a LynxEye fast silicon strip detector. Generator operating conditions
were 40 kV and 40 mA, using Cu K, radiation. Measurements were
conducted in transmission geometry between Mylar foils with the beam
focused on the detector.

Fourier transform infrared spectra (FTIR) were recorded in trans-
mittance mode over a wavelength range of 4000 cm ™! to 400 cm ™! using
a PerkinElmer Spectrum One FTIR spectrometer (PerkinElmer, Shelton,
USA). Pellets were prepared by mixing 1 wt% sample with anhydrous
KBr and pressing the mixture at 10 tons with a hydraulic press. Pure KBr
pellets were used to record the background.

Raman spectra were recorded using a LabRAMHR spectrometer
(Jobin-Yvon, Horiba, Tokyo, Japan). The excitation source was a diode
laser emitting at a wavelength of 532 nm and detection was carried out
using a Peltier-cooled charge-couple device (CCD) with a resolution of
1064 6256 pixels.

Crystal size distributions (CSD) and electrophoretic mobilities
(¢-potentials) were measured using a Zetasizer Nano ZS analyzer (Mal-
vern Instruments Ltd, Malvern, UK) in aqueous suspensions (~0.5 mg/
mlL, 25 °C) contained in disposable polystyrene cuvettes. For {-potential
measurements as a function of pH, a MPT-2 autotitrator (Malvern In-
struments Ltd, Malvern, UK) was used to adjust the pH of the suspen-
sions. Diluted HCl and NaOH solutions (0.25 and 0.1 M, respectively)
were employed as titration reagents without any extra electrolyte.

The morphological features of G/nAp and GO/nAp nanocomposites
were studied using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). SEM was performed using a JEOL
JSM 6490-LV scanning electron microscope (JEOL Inc.) equipped with
tungsten filament, operating at a voltage of 10 kV acceleration for sec-
ondary electron imaging (SEI) using an Everhart-Thornley detector and
for backscattered electron detection. Before analysis, samples were dried
in a JEOL EMDSC-U10A desiccator purge vacuum (JEOL Inc, MA, USA).
Particle morphology was examined at 100x, 70.000x and 50.000x, and
chemical analysis was conducted via energy dispersive X-ray spectros-
copy (EDX).

Field emission scanning electron microscopy (FESEM) observations
were carried out with a GEMINI LEO 1500 model Instrument (Zeiss,
Jena, Germany). Samples were deposited on conventional supports, and
then they were carbon-sputtered prior to observation. TEM observations
were performed with a TEM Libra 120 Plus instrument operating at 80
kV (Carl Zeiss, Jena, Germany), equipped with Electron Energy Loss
Spectroscopy (EELS) for microanalysis. Prior to TEM analysis, samples
were dispersed in absolute ethanol (>99.8 % v/v) and deposited on
copper microgrids coated with FORMVAR carbon film.

2.3. Mechanical properties
Surface roughness, adhesion force, and electric field gradient (AV)

measurements were conducted in tapping mode, while the elastic
nanomechanical properties of the particles were analyzed using force
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spectroscopy mode with the Scanning Probe-Asylum Research 3D MFP
BIO AFM equipment (Asylum Research, Santa Barbara, CA, USA). A
silicon probe with a spherical apex of 30 nm was used along 224 scan
lines and points, a scan rate of 0.80 Hz, and a scan size of 2.00 pm. A
compressive load of 10 nN was applied to induce elastic deformation of
the particles, and force-distance curves were acquired using the Hertz
model to quantitatively measure the surface elastic modulus. For each
sample, deformation was assessed in a 10x10 point area, resulting in 100
points per sample. Data visualization and analysis were conducted using
the modular program for Gwyddion scanning probe microscopy
(Slashdot Media, San Diego, CA, USA). Results are reported as the means
values, standard deviation, and Root Mean Square (RMS).

2.4. Luminescence properties

The luminescence characterizations of the powder materials,
including luminescence spectra, luminescence lifetime (t), and the
relative luminescence intensities (R.L.I) was carried out using a Cary
Eclipse Varian Fluorescence Spectrophotometer (Varian Australia,
Mulgrave, Australia), using a front surface accessory. The instrumental
parameters for characterizing the solid particles were: Aexe = 375 nm,
hem = 545 nm, slit-widthgexe/em = 10/10 nm, delay time (tq) = 120 ps,
gate time (ty) = 5 ms and detector voltage = 700 V. Luminescence
lifetimes (t) were measured using the following conditions: Aexc/em =
375/545 nm, slit-widthsexe/em = 20/20 nm, tg = 100 ps, t; = 0.1 ms and
detector voltage = 800 V.

The fluorescence of the functionalized particles was characterized
with an Olympus IX81 scanning confocal microscope (BioTek In-
struments, Charlotte, VT, USA). This microscope enables high-quality
fluorescence measurements as a function of the distance from the
focal plane. Scan were performed at two wavelengths: blue channel
(405 nm excitation/412 nm-476 nm emission), and the red channel
(559 nm excitation/575 nm-615 nm emission), with 2 pm increments to
capture images of fluorescence across different wavelength detection
channels. Mean fluorescence intensity (MFI) was calculated based on the
maximum intensity projections of the confocal stacks.

2.5. Biological properties

The biocompatibility of the different nanocomposites was evaluated
using m17.ASC cells, firstly described by Zamperone et al. as an
immortalized mouse mesenchymal stem cell clone derived from subcu-
taneous adipose tissue. Cells were cultured in Claycomb medium with 2
mM L-glutamine, an antibiotic solution (streptomycin 100 pg/mL and
penicillin 100 U/mL, Sigma-Aldrich), and 10 % foetal calf serum.
Standard conditions for cells maintenance were 37 °C and 5 % CO4 with
splitting at 80-90 % confluency at a ratio of 1:10, and the medium was
replaced every two days. Following a 24-h incubation period, 100 pL of
each nanocomposite (at concentrations ranging from 0.1 to 100 pg
mL 1) were incubated with the cells.

Cell viability was assessed after three days of incubation using the
MTT colorimetric assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide, Sigma-Aldrich, St. Louis, MO, USA). Each well was
treated with 20 pL of MTT solution (5 mg/ml in a PBS solution) and
incubated for 2 h at 37 °C. Afterwards, once the formazan crystals have
dried, a 0.2 M HClI acidified isopropanol solution was added to dissolve
them. The optical density was measured at 570 nm using a multi-well
reader (2030 Multilabel Reader Victor TM X4, PerkinElmer, Waltham,
MA, USA). For each sample, four independent experiments were con-
ducted in triplicate. Untreated cells were used as 100 % viability control
while soluble doxorubicin (DOXO) was used as cytotoxicity internal
control. Statistical analysis was performed using GraphPad Prism
version 10.1.2 for Windows to conduct a one-way ANOVA with Dun-
nett’s post-test (GraphPad Software, San Diego, CA, USA).
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3. Results
3.1. Physicochemical and morphological characterization

The process for synthesizing the nanocomposites is illustrated in
Fig. 2. Initially, graphite was dispersed in water in the presence of Arg,
Aln, Asp, and Cit using the LPE process, resulting in aqueous suspensions
of G flakes (Fig. 2A). The pH of graphite suspensions before LPE was
5.23. Similarly, the GO suspensions (pH = 1.73) prepared with com-
mercial GO flakes were sonicated in the presence of these biomolecules.
The biomolecules affected the pH differently, i.e. G-Arg, 7.34; G-Aln,
6.24; G-Asp, 3.85; G-Cit, 3.30; GO-Arg, 3.94; GO-Aln, 3.15; GO-Asp
3.00, and GO-Cit, 3.10. Next, twelve 40- pL droplets containing the G
and GO suspensions along with the Ca and P reagents in stoichiometric
composition were introduced into the crystallization mushrooms to pre-
cipitate CaP by the SDVD method (Fig. 2B). In all experiments, the pH of
the droplets increased due to NH3 diffusion, stabilizing around 8, the
optimum pH for apatite formation [57]. The TEM images (Fig. 2C)
reveal that nanosized apatite particles coated the flakes, with no apatite
forming outside the flakes, indicating the nucleation was heterogeneous
and induced by the biomolecules-functionalized flakes.

Fig. 2D displays representative XRD, Raman, and FTIR character-
izations of the nanocomposites for the Cit case. XRD is commonly used
for structural characterization of carbon-based materials [58]. The XRD
patterns (Fig. 2Da) display the characteristic reflections of the Ap phase.
These reflections are found at 20 values of 25.8°, 31.77°, 32.19°, 32.9°,
33.9°, 35.48°, and 39.81°, corresponding to the (002), (211), (112),
(300), (202), (301), and (310) planes respectively (as indicated by
apatite ASTM card file no. 9-432). Additionally, minor reflections, also
associated with the Ap phase, can be seen in the 20 range from 40° to
45°. No additional CaP phases such as octacalcium phosphate (OCP,
ASTM card file no. 26-1056) or brushite (DCPD, ASTM card file no.
9-77) were found. This is evidenced by the absence of reflections at 20
4.8° and 11.6°, which correspond to the (100) plane of OCP and the

A Funtionalized
multi-layer graphene

-
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(020) plane of DCPD, respectively. The XRD patterns of the nano-
composites prepared with amino acids and Tb3* are shown in Figs. Sla,
d, and g (see Supplementary Material). In the GO-Aln-Ap-Tb sample, an
additional small reflection at 20 = 29.5° was identified as cubic terbium
oxide (PDF card no. 00-019-1326). Furthermore, in all Tb-doped G-Ap
samples, a small peak at 20 = 26.51° was observed, associated with the
main reflection of graphite (PDF card no. 01-089-7213). This suggests
that some graphite particles have remained in the suspension without
exfoliating into G flakes. The broad Ap reflections in the diffractograms
indicate the nano-scale dimensions of its crystalline domains, with
average lengths of 30 &+ 2 nm.

Raman spectroscopy is a commonly used technique to characterize
graphene and CaP materials [59]. The Raman spectra (Fig. 2 Db, and
S1b, e, h) display the characteristic signals of the Ap at 960 cm?
(v1P0y), 428 em ™! (1,P0O,), 1043 cm™! (v3PO,) and 586 cm ™! (04P04).
Additionally, the presence of COs (v1CO3) signals at 1069 cm ! in-
dicates the carbonation of the mineral, a key feature of biological apa-
tites [60,61]. In G samples two bands are observed at 1465 and 1526
cm_l, corresponding to the D and G bands of the G flakes [62]. Similarly,
GO samples present two prominent signals at 1358 and 1601 cm’,
representing the D and G bands of GO.

The complementary FTIR spectra confirm the presence of Ap in the
nanocomposites (Fig. 2Dc and Slc, f, i), as indicated by an intense band
at 1000—1100 cm ™%, attributed to the asymmetric stretching mode of
PO3 ™ groups (03PO4). A smaller band at ~958—960 cm ™! corresponds to
the symmetric stretching (v1PO4) mode. Additionally, less intense bands
at 603 and 562 cm ™! are associated with the bending mode of PO}~
groups (v4P04), while the band at 467—470 em ! corresponds to the
2P0y vibration mode. Additionally, the presence of carbonate vibration
modes at ~1414 cm ™! and 1473 cm ™! (03CO3) along with a small peak
around 875 cm ™! (v2CO3) confirm the incorporation of CO3 into the Ap
structure. Table S1 shows the carbonation percentages of the nAp in the
different composites, estimated following the quantification method
proposed by Grunenwald et al. [63]. These values are consistently lower

B Vapor diffusion sitting drop crystallization C
(VDSD)

Re-aggregation

E T Exfoliation
v ,

Sonication

+

Biosurfactants

Graphite

D a) b)

) [ GCitAp
_— v,PO, El G<Cit-Ap-Tb
NE | Bl GO-CitA

= & VPO, PO, :

18 | N PO, Bl GO-CitAp-Tb
m N;\/‘f\\,/\ﬁf = - -
0% ST Ap

Intensity (a.u)
Intensity (a.u.)
%T (a.u.)

20 40 60 1800 1200 600 2000 1500 1000 500
26 (°) Raman Shift (cm™) Wavenumber (cm")

Fig. 2. Methodological set-up for the mineralization of G and GO flakes. A) Schematic diagram of sonication-assisted liquid phase exfoliation (LPE) of graphite. B)
Schematic diagram of the VDSD crystallization method. C) TEM image of G-Cit-Ap nanocomposites. Da) XRD patterns, Db) Raman spectra, and Dc) FTIR spectra of

Cit-derived nanocomposites.
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than in pure nAp, but higher in the composites containing Tb>*
compared to those Tb3*-free. The graphite spectra do not display any
remarkable feature. However, the GO sample exhibits a broad peak at
around 3650 cm ™! (not shown) attributed to the O—H stretching, which
is also slightly observed in its composites. Other minor bands of GO are
present in the 1730—1500 cm ™! and 1060—850 cm ™! regions.

Additionally, several bands within the wavenumber range from
1300 cm™! to 1700 cm™! (Figs. Slc, f, i) correspond to symmetric/
asymmetric stretches of -COO™ and -NHj, ... H" groups, at 1400-1430/
1560-1600 cm~! and 1550-1485/1590-1660 cm ', respectively,
which are associated with chemisorbed amino acids [64-66]. These
bands exhibit higher relative intensity compared to that of -PO3” bands
in the Tb-doped GO/Ap composites and lower intensity in those without
Tb3". In G/Ap nanocomposites, the relative intensity of these bands is
very low, likely due to the intercalation of the biomolecules within the
exfoliated G flakes during the LPE process. Taken together, these results
confirm the successful mineralization of G and GO flakes with nAp
possessing biomimetic features, using the VDSD method.

The measurement of CSD and {-potentials of G and GO suspensions
can provide valuable insights into the ability of the biosurfactants to
stabilize flakes before mineralization, as well as the stability of aqueous
suspensions of the resulting nanocomposites. High absolute values of
C-potential indicate a strong repulsion and great colloidal stability, while
values near zero are associated with aggregation or flocculation pro-
cesses. The {-potential data, collected across a pH range from 4.0 to 11.0,
are shown in Fig. 3A. Both Exfoliated G and commercial GO exhibit
negative {-potentials with high absolute values, indicating that aqueous
suspensions of the flakes (for G, after LPE) exhibit great stability at these
pHs, effectively preventing re-aggregation. After the mineralization
process, the nanocomposite suspensions exhibit a {-potential closer to
0 across the entire pH range, particularly at physiological pHs (~7.4).

Ceramics International 50 (2024) 51192-51206

This indicates a tendency for particle aggregation and flocculation
within the colloid. However, this behaviour is not problematic for the
use of these nanocomposites as bone alloplasts. The effect of the addi-
tives was significant only in certain cases: Aln and Cit in G composites,
Aln and Arg in GO composites, and Arg in Tb-doping GO composites
when the pH was equal to or greater than 7.4. In the former cases, the
¢-potentials notably decreased with increasing pH, whereas in the latter,
they increased and even became positive in the same pH range, due to
the higher Tb®" content, causing the reversion of charge.

Regarding the influence of particle size on colloid stability, when
particles are small enough, a high absolute {-potential value is enough to
confer stability; however, larger particle sizes negatively affect the sta-
bility of the suspensions [67,68]. Fig. 3B displays the cumulative
volume-based distribution of the different nanocomposites as charac-
terized by DLS. The percentiles D1y, D5y and Doy (dashed horizontal
lines) are clearly visible. These percentiles are widely used in the
pharmaceutical industry to represent the sizes of a drug crystal popu-
lation [69,70]. Each percentile represents the percentage of particles
below a given size: D represents the size of smaller individual particles,
D5 corresponds to the median of the distribution, and D90 provides
information on nearly the entire population, mainly reflecting particle
aggregation. In general, nanocomposites exhibit larger particle size and
greater tendency to aggregate compared to non-mineralized G and GO
flakes, consistent with the {-potentials results. The GO nanocomposites
exhibit higher values of Djp, Dsp, and Dgg compared to those of G
nanocomposites, indicating larger particle sizes and a greater tendency
to aggregate. This behavior is attributed to increased mineralization
induced by -OH and O-containing functional groups at the surface along
to the adsorbed amino acids or Cit. Interestingly, this finding does not
correlate with the isoelectric points of the amino acids that functionalize
the surface of the flakes.
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Fig. 3. A) Evolution of {-potential of aqueous suspensions of the nanocomposites at pHs between 4.0 and 11.0. B) Cumulative volume-based distribution of the

nanocomposites.
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The morphological features of G/nAp and GO/nAp composites, after
3 weeks of mineralization, were characterized by SEM and TEM (Fig. 4,
Fig. S2). SEM images (Fig. 4A, left columns) reveal the multilayer
structure of the G sheets in G/nAp composites. GO flakes are also
observed, though less distinct due to the thicker and more extensive Ap
coating compared to G. This observation holds true for all GO nano-
composites and is attributed to the hydrophilic nature of the GO surface,
which is populated of —OH and -COO" functional groups at their sur-
faces, acting as additional binding sites for CaP nucleation.

TEM images (Fig. 4A, right columns) show the coating of the flakes
with nAp with no particles observed outside the flakes, confirming the
role of the flakes as heteronucleant surfaces. A focus to the crystals
confirms their anisotropic nature, displaying thin hexagonal shapes with
lengths of 50-60 nm and width of 6-10 nm. Aggregation of nAp was
noted across all the samples and conditions, a phenomenon commonly
seen in biological apatites [71]. Isolated G and GO flakes exhibited a
range of sizes, from 30 to 350 nm, and showed irregular shapes. No
significant differences were observed in the morphologies of nAp

Ceramics International 50 (2024) 51192-51206

crystals coating the flakes between samples prepared with the different
amino acids and Cit; then the amino acids do not seem to significantly
affect the morphology of the nAp, but indeed played a role for Tb>*
incorporation in the composites.

Elemental analysis of the nanocomposites by EDX (Table S2)
revealed the presence of C, O, Ca and P (atom %) corresponding to G, GO
and the apatite crystals coating both surfaces. In samples doped with
Tb3* the Tb content ranged from 1.1 to 1.8 atom % in G/Ap and from 1.3
to 3.3 atm % in GO/Ap composites, with the highest Tb content in GO-
Arg-Tb-Ap composites. The Tb content showed a positive correlation
with the isoelectric point of the amino acids. EDX mappings in Fig. 4B
illustrates that Tb atoms are spread over the surface of the composite,
with higher concentration observed in the apatite deposits, confirming
successful doping of the nAp. On average, GO nanocomposites, contain
between 8.8 and 10 atom% N, and between 6.7 and 9.0 atom% N in Tb-
doped samples, attributed to the amino acids attached to the surfaces
following sonication. In contrast, N was not detected by EDX in the G
composites.

Fig. 4. A) Morphological and compositional features of the composites. Left column represents SEM images while right column represents TEM images B) HAADF-
STEM micrograph and EDX mappings of the Ca, and Tb elemental analysis of G-Cit-Ap-Tb as representative.
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3.2. Mechanical and surface properties of G/Ap and GO/Ap
nanocomposites

Roughness, adhesion, and electrical properties of the functionalized
particles were evaluated using AFM, which provides a 3D nanoscale
profile. The force between the probe and the surface was measured to
determine the AV, adhesion force, and surface roughness.

The functionalized GO/Ap nanocomposites exhibit greater surface
roughness compared to G/nAp particles, regardless of the amino acid
used for functionalization of the flakes. The presence of Tb>* further
increased the surface roughness in both G/Ap and GO/Ap nano-
composites. The adhesion force of Ap was higher than that of the G/Ap
and GO/Ap nanocomposites stabilized with Arg and Aln, whether Tb>*
was present or not. G/Ap particles stabilized with Asp displayed an
adhesion force similar to Ap, while the highest adhesion values were
obtained for GO-Ap particles stabilized with Asp and Cit, as well as in
samples containing both amino acids and Tb®". On the other hand, the
AV decreases in both G-Ap and GO-Ap samples compared to Ap.
Treatment with Aln, Asp and Cit led to an increase of AV, which
decreased in the presence of Tb>*. GO/Ap composites, regardless of the
stabilizing amino acid, exhibited lower AV, but this value increased
when Tb3* was present (Tables 1 and 2).

Elastic deformation of the functionalized particles was also evaluated
in the hybrid nanocomposites. The combination of G and GO with nAp to
form the G/nAp and GO/nAp nanocomposites effectively increased the
elastic modulus values of the composites compared to the Ap control.
The Root Mean Square (RMS) values were calculated from 100
measured points per sample. The elastic modulus is reported in RMS
since the data showed significant variations with extreme values for
some of the composite particles, depending on the indented area on the
particle’s surface (Ap or G/GO) (Fig. 5). Typical values in the dataset for
each sample are presented as the mean and standard deviation in
Table 3. Based on RMS values, the composites with higher elastic
modulus compared to Ap were GO-Arg-Ap-Tb, GO-Asp-Ap-Tb, GO-Cit-
Ap, and G-Asp-Ap. When considering the average values, GO-Aln-Ap-
Tb nanocomposites exhibited the highest elastic modulus.

3.3. G/Ap and GO/Ap luminescent properties

The luminescence properties in solid phase of Tb-doped G and GO
nanocomposites in the solid phase are shown in Fig. 6. The sensitized
luminescence excitation wavelengths are 350, 360 and 380 nm, with
emission wavelengths at 490, 545, 585, 620 and 650 nm, similar to other
lanthanides-doped nanomaterials [72,73]. It is well known that
Tb-doped Ap can be excited at the CTB band (centred at 230 nm
approximately). However, a longer excitation wavelength is preferred,
as it produces the same emission spectra while enhancing biological
applicability [74]. In fact, 375 nm (corresponding to the Tb>* "Fg—>Gg,
5Dy transition) was selected as excitation wavelength. Regarding the

Table 1
Characterization of roughness, adhesion force and electrical parameters of G
nanocomposites by atomic force microscopy.

Nanocomposite Roughness Adhesion force Variation of electric
Type (nm) (nN) potential (mW)
Ap 35.8 +28.9 13.6 + 3.2 13936
G-Arg-Ap 28.8 +23.7 3.7 +1.8 74
G-Arg-Ap-Tb 33.1 +10.7 6.3+ 4.2 69

G-Aln-Ap 13.1 £ 9.9 58+29 890
G-Aln-Ap-Tb 38.9 +28.7 7.6 +3.7 39.8

G-Asp-Ap 8.1+6.1 14.8 + 5.4 1358
G-Asp-Ap-Tb 23.3 £ 18.4 8.02 £ 6.5 32

G-Cit-Ap 6.8 + 5.6 7.7 +3.2 1600
G-Cit-Ap-Tb 15.8 +10.5 8.6 +3.2 19.8

* Roughness RMS: Root Mean Square (the absolute root mean square values of
the surface roughness profile).
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Table 2
Characterization of roughness, adhesion force and electrical parameters of GO
nanocomposites by atomic force microscopy.

Nanocomposite Roughness Adhesion force Variation of electric
Type (nm) (nN) potential (mW)
Ap 35.8 +28.9 13.6 + 3.2 13936
GO-Arg-Ap 120.4 + 95.8 4.4+31 147.6
GO-Arg-Ap-Tb 127.4 £ 97.3 6.2 + 4.2 367
GO-Aln-Ap 41.1+27.5 6.2 +16.3 16.52
GO-Aln-Ap-Tb 118.9 + 99.1 10.2 + 4.7 105.6
GO-Asp-Ap 133.5 + 16.1 £ 6.2 110

109.6
GO-Asp-Ap-Tb 163.8 + 21.5+11.2 426

116.2
GO-Cit-Ap 105.2 + 23.6 20.6 +£10.1 21.2
GO-Cit-Ap-Tb 116.4 + 90.8 31.06 + 13.3 310

* Roughness RMS: Root Mean Square (the absolute root mean square values of
the surface roughness profile).

emission wavelength, the one that produces the highest relative lumi-
nescence intensity (R.L.I.) corresponds to the hypersensitive transition
without an inversion center (5D4—>7F5), consistent with other Tb-doped
nanomaterials [75] (Fig. 6Aq, Ap).

In comparing the R.L.I. in Tb-doped G/Ap (Fig. 6 B;) and Tb-doped
GO/Ap composite particles (Fig. 6 By), it is clear that Tb-free materials
show no luminescent emission, or only residual emission. This confirms
that the luminescence is solely due to the presence of Tb®*. The highest
R.L.I. in both types of nanocomposites is achieved when Arg is used
followed by Aln, Asp, and Cit, which correlates with the Tb3" content
(Table S2) and the i.e.p. of the amino acids. Moreover, there are no
significant differences in R.L.I. between G and GO samples, further
demonstrating that the luminescence properties are attributed to the
Tb3* and not to other chemical agents.

Figs. S3 and S4 show the luminescence lifetime (t) of G and GO-
derived materials, respectively. The decay profile for each sample was
analyzed as a single exponential component (RLI = A-e'4 + C). A
comparison of the luminescence lifetime (see Fig. 6C) shows that neither
G- nor GO- derived nanocomposites nor the incorporation of Arg, Aln,
Asp and Cit significantly impact the luminescence lifetime. This in-
dicates that the luminescence lifetime is primarily determined by the
Tb®* present in their structures.

Regarding the luminescence properties observed with the naked eyes
(see Fig. S5) and by fluorescence confocal microscopy (see Figs. S6, S7
and S8), Ap exhibit faint fluorescence emission under UV light, typically
emitting a blue or violet fluorescence. This emission was captured at
412 nm and in the red channel at 559 (Fig. S6a). According to the in-
tensity profile, there is a high correlation between the emission corre-
sponding to apatite as the only compound of these nanoparticles
(Fig. S6b).

Fig. S7 confirms that G does not exhibit intrinsic fluorescence;
however, G/nAp particles doped with Tb®" showed significant fluores-
cence emission (Fig. S7a). The source of the fluorescence emitted in the
blue spectrum was complementary and different to that emitted in the
red spectrum. According to the intensity profile from the images, there is
a low correlation between the emission corresponding to Ap from the
blue channel and that of the red channel with a Pearson’ correlation
coefficient (R value) = 0.1217. This indicates that the specific fluores-
cence properties of Ap varied depending on the chemical composition of
the particles (Fig. S7b).

Regarding the GO/nAp nanocomposites, these exhibited greater
surface interaction with the Ap particles, as confirmed by the intensity
profile obtained along the line shown in the images. A strong correlation
was observed between the two evaluated channels. The fluorescence
images captured in the blue spectrum largely overlapped with those in
the red spectrum, corresponding to the fluorescence of the Ap coating of
GO-Arg particles in the absence of Tb (Fig. S 8 a, b).

In summary, it can be concluded that biomolecules-functionalized

51198



F.J. Acebedo-Martinez et al.

3500

Ceramics International 50 (2024) 51192-51206

3000

2500

2000

1500

1000

Elastic modulus RMS (MPa)

500

2R R O RO R QR
\a &;?' o &?’ o \(\,?' o \(\k
0,‘?’ & o,?‘ 3 e 4 e

(‘)'V‘ o

< <
AN AR

* % %

* %k ok

A AN LA S L
& F &l
& & L L

(A
hs
& &

¢4

Fig. 5. Root Mean Square values of the elastic modulus of the G/Ap and GO/Ap nanocomposites. Data obtained by applying a 10 nN compressive load to generate
force-distance curves using the Hertz model to obtain a quantitative measurement of the elastic modulus of the surface. In each sample, deformation was evaluated at
100 points per sample. G/nAp and GO/nAp, stabilized with amino acids: Arg, Aln, Asp and Cit and doped with Tb®*. Statistically significant differences are presented
between Ap and G/nAp and GO/nAp nanocomposites as follows: (*) p < 0.05; (**) p < 0.01; (***) p < 0.005.

Table 3
Characterization of elastic modulus at the nanoscale by atomic force
microscopy.

Particle Elastic modulus X +SD?  Particle Elastic modulus X +SD”
Type (MPa) Type (MPa)
Ap 302+ 65 Ap 302+ 6.5
G-Arg-Ap 138.9 £+ 65.04 GO-Arg-Ap 273.8 + 35.4
G-Arg-Ap- 4155+ 358 GO-Arg-Ap-  494.9 + 96.5
Tb Tb
G-Aln-Ap 479.9 + 46.2 GO-Aln-Ap 465.3 +73.3
G-Aln-Ap- 17.2 + 8.4 GO-Aln-Ap- 3489 + 101.01
Tb Tb
G-Asp-Ap  433.4+ 160 GO-Asp-Ap  48.1+574
G-Asp-Ap- 204.4 £ 94.7 GO-Asp-Ap- 903.7 + 160
Tb Tb
G-Cit-Ap 588.4 + 33.2 GO-Cit-Ap 298.1 +17.46
G-Cit-Ap- 135.3 + 24.5 GO-Cit-Ap- 51.2 +6.8
Tb Tb

2 X +SD: Average and Standard Deviation.

G/Ap and GO/Ap nanocomposites can be successfully doped with Tb>*,
to introduce luminescent properties, expanding their range of applica-
tions. These nanocomposites exhibit luminescence visible to the naked
eye and are easily detectable and assessable using fluorescence micro-
scopy, enhancing their practical utility.

3.4. Biological properties

The biocompatibility of Tb-doped G/Ap and GO/Ap nanocomposites
was evaluated using a MTT assay on the m17.ASC murine mesenchymal
stem cells after 3-days incubation at different concentrations ranging
from 0.1 to 100 pg/mL as shown in Fig. 7.

As expected, no significant toxicity was observed in the mesen-
chymal stem cells when treated with Ap at any concentration (Fig. 7 A,
B, C, D), with the cell viability higher than 80 % in all conditions tested.

G and GO flakes exhibited a similar pattern to Ap, but only at the lowest
concentration of 0.1 pg/mL. When G/Ap nanocomposites were obtained
after treatment of the flakes with the different biomolecules, G-Asp-Ap
and G-Cit-Ap showed the best biocompatibility compared to the G flakes
even at the highest concentration tested (Fig. 7A). However, when G-Ap
were doped with Tb®* (Fig. 7B), the biocompatibility was significantly
decreased to around 60 %. Conversely, G-Cit-Ap-Tb was the only sample
able to maintain biocompatibility above 80 % at the lowest dose of 0.1
pg/mL.

GO/Ap nanocomposites affected cell biocompatibility: regardless the
presence or absence of Tb>* (Fig. 7C and D, respectively), cell viability
decreased starting at 1 pg/mL and continued to decline in a dose
dependent manner up to the highest concentration tested. Indeed, 0.1
pg/mL proved to be the most favorable concentration tested, as GO-Aln-
Ap, GO-Arg-Ap, GO-Asp-Ap and GO-Cit-Ap maintained the same
biocompatibility characteristics as nAp, improving the viability
compared to naive GO flakes. This effect can be due to the fact that GO
induce the formation of reactive oxygen species (ROS), causing cellular
oxidative stress [76].

As expected, soluble DOXO, used as internal control, exerts its ac-
tivity of intercalating agent blocking cell proliferation.

4. Discussion

Apatite has been extensively used as a bioactive material in clinical
practice to repair small bone and periodontal defects, among other ap-
plications. Nevertheless, the limited tensile strength, fracture toughness,
and wear resistance of Ap have constrained its use in other areas [77].
These limitations prompted us to develop Ap-nanocomposites reinforced
with G and GO nanoflakes. Arg, Aln, Asp and Cit were introduced during
the exfoliation of G by LPE as well as to functionalize GO flakes, adding
functional groups and binding sites for CaP nucleation. To induce the
precipitation of bone-like apatite, G and GO flakes underwent mineral-
ization by the VDSD method [35,37].

Studies of {-potential and particle size distribution revealed a sig-
nificant degree of aggregation, with the {-potential approaching zero
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= 20/20 nm, and detector voltage = 800 V.

after mineralization in all composites. This resulted in substantial in-
creases in composite dimensions. FESEM and TEM analyses confirm that
G and GO flakes were mineralized with needle-like apatite nanocrystals
(see Fig. 4 and S2). The samples exhibited a polydisperse population of G
and GO flakes with irregular shapes and sizes ranging from 50 to 200 in
width and length. G flakes were discernible at very low voltages (1-3
kV) in FESEM, but became transparent at higher voltages due to their
thinness. TEM images further revealed the flakes are multi-layered. As
expected, the heterogeneous nucleation of apatite on the G and GO
flakes occurred, with no apatite observed outside the flakes. Amino acids
likely contributed as nucleation sites, suggesting they were adsorbed
onto the flakes. In this context, visible spectroscopic signals of the amino
acids were detected in the FTIR spectra of the nanocomposites within
the wavenumber range from 1300 cm ™! to 1700 cm ™%, indicating the
presence of -COO™ and -NH4 functional groups. These signals showed
higher relative intensity compared to -PO4 bands in the Tb-doped GO/
Ap composites, while in the other composites exhibited much lower
relative intensity.

In GO flakes, the hydrophilicity of the surface is attributed to the

presence of oxygen-containing functional groups such as epoxides (C-O-
C), hydroxyl (-OH), carboxylic acids (-COOH), and other carbonyls
(C=0) groups [78]. Based on the i.e.p. of the amino acids, and the pK; of
Cit, their interaction with the oxygenated surface groups of the GO at the
pH of the GO suspension (1.73), likely occurs through their -NH,
groups, for instance via amides formation (-C=ON-R;Rj, -C=ONH-R),
or,in the case of Cit, through ~-COOH via H-bonding. Under these con-
ditions, biomolecules exposed -COOH/-COO" groups toward the solu-
tion, enabling them to anchor Ca®* (and Tb3") ions necessary for
mineral phase nucleation as the pH increases.

In G/nAp nanocomposites, in contrast, the FTIR signals of the amino
acids are much weaker in intensity compared to the PO4 bands. How-
ever, the pHs variations after LPE, from 5.23 to 7.34 with Arg, to 6.24
with Aln, to 3.85 with Asp, and to 3.30 with Cit, offer insights into the
interaction of these biomolecules with the more hydrophobic surface of
G. For Arg, the -NHo-H" group likely interacts with the G surface, while
for Asp and Cit, it is the -COOH groups that may be involved. In the case
of Aln, due to its zwitterionic nature ([CH3CH(NH3)COO™1; i.e.p. =6.0)
the amino acid likely had a near-neutral net charge (z+ + z—=~ 0) in the
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Fig. 7. Cytocompatibility of the different nanocomplexes Ap-based. m17.ASC cells were incubated with the several types of NPs functionalized with graphene (A) as
well as Tb-doped graphene particles (B). Graphene-oxide functionalized particles were incubated within the cells (C) like Tb-doped graphene-oxide particles (D).
Cells were treated for 72 h, and their viability was assessed by MTT assays. Data represent means + SD of three independent experiments performed in triplicates and
statistical analyses were carried on using One-way ANOVA, with Dunnett comparison test. For statistical analysis all data were compared to untreated samples
(CTRL-), soluble DOXO was used as internal control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

pH range of the exfoliation, between 5.23 and 6.24. As a nonpolar amino
acid, its interaction with G could have occurred via van der Waals forces,
a type of interaction also observed in the adsorption of L/D-Aln on
carbon nanotubes [79].

In a set of experiments, T ions were incorporated to enhance the
analytical characteristics of the composites by imparting luminescence.
EDX analysis clearly confirmed the presence of Tb®* ions, which were
observed accumulating in deposits on the flakes. Additionally, Tb signals
were also uniformly distributed across the apatite surface, suggesting
successful doping through Tb®" to Ca?* substitutions. The amount of Tb

b3+
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detected via EDX showed a positive correlation with the i.e.p. of the
amino acids. Notably, composites functionalized with Arginine, which
has the highest i.e.p., showed the highest Tb content in the elemental
analysis. This finding is consistent with luminescence spectroscopy re-
sults, where Tb-doped composites displayed excellent luminescent
properties. The R.L.I. decreased in correlation with i.e.p., in the order of
Arg > Aln > Asp and pK; of Cit, which aligns with a decrease in Tb-
content. This suggest that the number of deprotonated -COO™ groups
available to anchor Tb®" ions decreases in the same order. Furthermore,
the incorporation of Tb®" enables luminescence detection either by the
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naked eye or by using fluorescence microscopes in the red channel.
Combined with lifetime measurements (sensitized fluorescence), this
imparts the materials with a broad range of potential applications in
imaging and diagnostics.

The mechanical properties of the composites were analyzed, and
results showed that G/nAp composites stabilized with Asp exhibited
adhesion forces similar to those of Ap. The highest adhesion values were
obtained for GO/nAp stabilized with Asp and Cit, and in those stabilized
with each amino acid and Tb. SEM and AFM tests demonstrated that the
nAp particles uniformly decorated the GO sheets, which in turn
increased the surface roughness. Additionally, GO/Ap particles exhibi-
ted a strong tendency to form clusters due to their high adhesion force.
These findings align with previous studies using GO as a nanoscale
reinforcing filler in Ap coatings on pure titanium (Ti) substrate, which
have shown high potential in orthopaedics and osseointegration for
dental implants. Li et al. [80] also reported that the addition of GO was
able to double the adhesion force of Ap coatings compared to pure Ap
coatings, which is consistent with our findings for the GO nano-
composites stabilized with Asp, Cit, and Tb. This can be explained by the
fact that GO contains oxygen containing functional groups, exhibits
higher surface roughness, and stronger adhesion forces than graphene,
allowing for better dispersion and interaction with nanoparticles like
apatite. Furthermore, evidence has shown that incorporating GO to Ap
coatings reduces surface crack propagation, enhances the bond strength
of the coating to titanium (Ti), and increases corrosion resistance, all of
which promote biocompatibility [81]. Moreover, the addition of GO
creates a bioactive surface with antimicrobial properties [82], further
enhancing its potential in biomedical applications.

The elastic modulus data exhibited significant variations with
extreme values of the G or GO/nAp composites, depending on the
indented area on the composite surface. The use of a blunt probe AFM
instrument maps variations in nanoscale mechanical properties with
good spatial resolution with the use of a small size (30 pm) indentation
probe. This improved spatial resolution allows modulus measurements
to be recorded from single particles and therefore opens the potential for
spatial mapping of elastic modulus to identify local heterogeneities be-
tween crystalline domains and amorphous domains [83]. The elastic
modulus values are presented in both RMS (Fig. 5) and averages
(Table 3) with standard deviations because RMS is less sensitive to
outliers and offers a more robust representation for heterogeneous ma-
terials like these composites. RMS captures data fluctuations more
comprehensively, while averages and standard deviations help visualize
symmetry and dispersion. RMS also highlights significant variation
across the sample, particularly in two-phase compositions, which may
cause broad error bars depending on the indentation area.

Although the probe-sample interaction is complex, the Hertzian
model generates force-indentation curves that indicate that Hertzian
conditions of elastic deformation are achieved without exceeding the
elastic limit of the sample. However, the model does not account for the
interpenetration between surfaces during the process of indentation or
deformation of the AFM tip [84]. The functionalized GO/Ap nano-
composites exhibited greater surface roughness compared to G/Ap
particles, regardless of the amino acid used for functionalization of the
flakes. The presence of Tb3* further increased surface roughness in both
G/Ap and GO/Ap particles. The adhesion force of Ap was higher than
that of G/Ap and GO/Ap nanocomposites stabilized with Arg and Aln,
with or without Tb3". G/Ap particles stabilized with Asp displayed
adhesion forces similar to Ap, while the highest adhesion values were
observed in GO/Ap particles stabilized with Asp and Cit, as well as with
both amino acids and Tb®". This approach has been shown to be effec-
tive for a range of soft to medium stiffness materials, as demonstrated in
this study [85].

Regarding the findings of the mechanical properties of the nano-
composites, the incorporation of G and GO increased the elastic modulus
of the Ap in all samples, ranging from 14 MPa for the GO-Cit-Ap-Tb
particles to over 2 GPa for the GO-Arg-Ap-Tb nanocomposite. This
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result confirms that nanocomposites reinforced with G and its oxygen-
ated derivatives facilitate stress transfer within the composites. As a
result, they can be effectively used as nanoscale reinforcing fillers of
biocomposites for applications in both surface engineering and micro/
nanofabrication [81].

One likely explanation for the improved mechanical performance of
the nAp compounds is the fine grain strengthening mechanism. The
functionalization of G and GO serves as a nucleation site for nAp crys-
tallization, effectively restricting the growth of Ap nanoparticles. This
grain refinement enhances microcrack toughening, crack branching,
crack bridging, and crack deflection, thereby improving the overall
durability and mechanical resilience of the composite by preventing
crack propagation. GO also plays a crucial role in improving interfacial
bonding with Ap, which enables more efficient stress distribution
throughout the composite. This increase in load transfer efficiency,
particularly from the GO, significantly contributes to the enhanced
stiffness and strength of the composites [86].

Moreover, the large surface area and the presence of functional
groups on GO (e.g., hydroxyl, carbonyl, and epoxide) enhance interfa-
cial bonding with Ap, promoting better dispersion and interaction be-
tween nanoparticles. As the coverage of functional groups increases, the
elastic modulus decreases due to disruptions in the sp? carbon network,
which weakens the material’s mechanical strength [87]. This explains
why nanocomposites with lower functional group coverage, such as
those containing citric acid (GO-Cit-Ap-Tb), exhibited lower elastic
modulus values.

Previous studies have proposed various molecules for functionali-
zation, yielding a high range of outcomes. In the search for an optimal
bone replacement biomaterial, CaP has been functionalized with gelatin
[88], Ap-reinforced gelatin foams have been cross-linked with carbo-
diimide and saturated with tetracycline [89], alginates have been used
to functionalize CaP, to produce Ap/alginate hydrogel formulations
[90]. Additionally, Ap powders have been functionalized with chitosan
[91] and chitin [92] to promote uniform particle dispersion. While
several of these compounds improved cell adhesion, proliferation, or
particle dissemination, the mechanical properties of the resulting com-
pounds were often poor. This weakness has been attributed to the
insertion of the Ap particles between the polymer chains, which reduces
overall strength by weakening nanocomposite bonds [89]. Therefore,
our findings demonstrated that G/GO-based nAp composite formation
enhance resistance to elastic deformation, potentially contributing to
the final strength of any material reinforced with the aforementioned
composites. This reinforcement effect has been previously documented
by Prakash et al. [93] through the fabrication of a nanocomposite chi-
tosan film containing GO/Ap/gold for bone tissue engineering,
achieving enhanced tensile and compressive strength in the nano-
composite films. The improvement was attributed to the nanoparticles
acting as reinforcing material.

The study conducted by Suk et al. [78] provides valuable insights
into the mechanical deformation of GO membranes, highlighting an
effective Young’s modulus of approximately 207.6 + 23.4 GPa for GO
monolayers, roughly half that of graphene monolayers. In contrast, our
study focused on measuring the elastic modulus of individual particles,
revealing values of up to 3 GPa per particle in the G/nAp and GO/nAp
nanocomposites. These nanocomposites stabilized with amino acids and
doped with Tb3*, exhibited a significant increase in elastic modulus
values compared to nAp. However, to further enhance these values,
particularly for applications in material coatings to improve osteo-
conduction, it may be beneficial to produce single or even overlapped
multilayered structures, which could further enhance their mechanical
properties. The incorporation of GO effectively enhances the adhesive
properties of the HA coatings. The bonding strength between the GO/HA
coating and Ti substrate doubled compared to the pure HA coating.
Specifically, the adhesion force of the 5 wt% GO/HA coating increased
from 1.55 + 0.39 MPa to 3.3 & 0.25 MPa [26], illustrating the potential
for GO to significantly improve coating performance.
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Specifically, in dentistry, it has been reported that the addition of G
can improve the mechanical, tribological and antibacterial properties of
calcium silicate [94] and glass ionomer cement [95], aiding in the
protection of the pulp-dentinal complex. These compounds not only
increase Vickers microhardness and compressive strength but also
decrease the coefficient of friction. Our findings suggest that
G/GO-based Ap biocomposites could open new avenues for use in bone
repair, bone augmentation, bioactive dental cements, and reinforcement
of polymeric materials in dentistry. Additionally, these composites may
serve as coatings for biomedical implants, expanding their potential
applications in biomedical fields.

Regarding the biological properties of the nanocomposites, the
optimal concentration in terms of cellular biocompatibility, after 72 h of
treatment, was found to be 0.1 pg/mL, regardless of whether G or GO
nanocomposites were used. These findings align with the well-
established biocompatibility of nanocomposites derived from apatite
(Ap) and graphene-based compounds. Moreover, to better understand G
or GO interaction with biological systems and successfully implement
their application in biomedicine, it is essential to investigate their
mechanisms of uptake into mammalian cells [76].

Furthermore, the exploration of these G-based Ap composites for
application in regenerative medicine, particularly concerning bone tis-
sue, has been the focus of numerous scientific studies. Various cells types
including osteoblast-related cells, fibroblast-related cells and mesen-
chymal stem cells have been used to screen the biocompatibility of these
nanocomposites, consistently demonstrating their biological potential
and generating a common consensus on their value [28,96]. However,
amidst the acclaim, elevated levels of GO within the composites might
exert negative impact on cell viability. As a matter of fact, it has been
reported that excessive GO concentrations within the composites might
cause negative outcomes on cell survival [81]. Additionally, it has been
reported that G and GO also enhanced the proliferation and osteogenic
differentiation of stem cells comparable to common growth factors,
providing a new idea for studies on the effect of G-based Ap composites
for solving the clinical problem of bone defects [97].

Furthermore, the introduction of terbium (Tb) ions into the nano-
complexes adds yet another important variable to be considered into the
biocompatibility evaluation. Despite the widespread utilization of Tb
within the biomedical area due to its favorable physicochemical prop-
erties and its natural affinity for deposition within bone tissue, the
concentrations used in the preparation of the nanocomposites outlined
herein warrant examination [98]. The reduced biocompatibility
observed in Tb-doped G/Ap nanocomposites, particularly around 60 %,
may be attributed to the cytotoxic effects of terbium ions, which can
disrupt cellular functions at higher concentrations. While terbium offers
useful luminescent properties for bioimaging, its interaction with cells
can lead to cytotoxicity at high Tb®* concentrations. However, when
functionalized with citric acid (G-Cit-Ap-Tb), the biocompatibility
remained high, likely due to citric acid’s stabilizing effect, which may
reduce the harmful impact of Tb® ions by minimizing their direct
interaction with cellular components [99]. A reduction in Tb concen-
tration may be advisable to alleviate undue cellular stress, particularly
on sensitive cell types, such as m17.ASC.

Similarly, the dose-dependent reduction in biocompatibility of GO-
Ap nanocomposites, especially at concentrations above 1 pg/mlL,
aligns with the known effects of GO in generating reactive oxygen spe-
cies (ROS), leading to oxidative stress. GO’s ability to produce ROS can
result in oxidative damage to cellular components such as lipids, pro-
teins and DNA, ultimately causing cell membrane disruption and
apoptosis. The sharp edges and large surface area of GO exacerbate this
issue by facilitating interactions with the cell membrane [100]. How-
ever, functionalizing GO with biomolecules like arginine, aspartic acid,
and citric acid has been shown to mitigate these effects. This modifi-
cation reduces oxidative stress by stabilizing the GO flakes and
decreasing their direct interactions with cells, thus improving biocom-
patibility at lower concentrations. Furthermore, functionalization
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enhances the ability of nanocomposites to disperse and interact more
effectively with the biological environment, minimizing cytotoxicity
and promoting better stress distribution across the composite [101].

5. Conclusions

In conclusion, this study demonstrates the successful synthesis of
hybrid nanocomposites through the heterogeneous nucleation of cal-
cium phosphate (apatite) on functionalized G and GO flakes using the
SDVD. This approach enabled the precise deposition of nAp on the
flakes, resulting in composites with enhanced mechanical and functional
properties. The addition of amino acids and Tb®" ions significantly
improved surface roughness, adhesion, and elastic modulus, making
these materials highly suitable for a variety of applications in hard tissue
engineering and dental regeneration. In addition, the nanocomposites
doped with Tb®* exhibit luminescent properties making them visible to
the naked eye and easily detectable/evaluable via fluorescence micro-
scopy. The R.L.IL correlates with the Tb content, which in turn increases
in the order of Arg > Aln > Asp > Cit. No significant differences were
observed in the R.L.I. between G and GO samples. Regarding the lumi-
nescence lifetime, it is solely dependent on the Tb" present in their
structures, and neither the G- nor GO- derived nanocomposites nor the
incorporation of Arg, Aln, Asp and Cit significantly affected the lumi-
nescence lifetime.

Lastly, the Ap/G and Ap/GO nanocomposites demonstrated
biocompatibility, with cell viability exceeding 80 % at lower concen-
trations (0.1 pg/mL) in mesenchymal stem cells. However, higher con-
centrations of Tb>* led to a decrease in viability compared to undoped
composites. These findings highlight the need for careful regulation of
both nanocomposite dosage and Tb>" concentration to ensure optimal
cell compatibility while retaining the desired properties for biomedical
applications. Future research should focus on optimizing the formula-
tion to ensure consistency, enhance biocompatibility, and minimize
cytotoxic effects. Additionally, further in vivo studies are necessary to
validate the long-term performance and safety of these nanocomposites,
particularly in bone and dental tissue regeneration.

Overall, the findings underscore the potential of G/GO-based apatite
nanocomposites as multifunctional materials, offering improved me-
chanical properties and added functionalities, making them promising
candidates for biomedical applications, particularly in tissue regenera-
tion and implant coatings.
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