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ABSTRACT

Hybrid biomimetic materials aim to replicate the organic-inorganic constructs of mineralized tissues. During
eggshell formation, the outer surface of the eggshell membrane (ESM) promotes calcium carbonate nucleation,
while the inner one prevents mineralization toward the egg white and yolk. In the current study, the outer
surface of the ESM acted as a heteronucleant in calcium phosphate precipitation by the vapor diffusion sitting
drop method, while the inner one remained unmineralized. The aim was to fabricate a 2D biomaterial with dual
functions, osteoinductive on one side and protective against cell invasion on the other side. The microstructural,
physicochemical, morphological, and mechanical properties of the mineralized ESM were characterized by XRD,
TGA, XPS, FTIR/Raman, HR-SEM, and mechanical testing techniques. The cytocompatibility and osteoinductive
ability were assessed by biological assays of cell viability, proliferation, and osteogenic differentiation on human
mesenchymal stromal cells (hMSCs). Results indicate that the outer surface of the ESM induces the heteroge-
neous precipitation of carbonate-apatite phase depicting biomimetic features. In addition, the apatite/ESM
shows a much higher cytocompatibility than the pristine ESM and promotes the osteogenic differentiation of
hMSCs more efficiently. Overall, the apatite/ESM composite exhibits compositional, crystalline, mechanical, and
biological properties that resemble those of mineralized tissues, rendering it an approachable and novel material
especially useful in guided tissue/bone regeneration.

1. Introduction

apatite nanocrystals during the mineralization process [3]. Under-
standing these processes is essential to tackling the challenge of fabri-

Materials designed for bone and dental tissue regeneration are
increasingly in demand due to the high prevalence of osteological and
dental defects and the wide variety of therapies, with >2 million bone
grafts performed every year [1,2]. Bone and teeth present a complex
hierarchical microstructure consisting of an organic extracellular matrix
mineralized with apatite nanocrystals. The role of the organic matrix is
crucial since it controls the nucleation, growth, and arrangement of the
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cating biomimetic materials.

Natural polymers such as cellulose, chitosan, and fibrin have been
used to replicate the organic matrix in bone scaffolds [4-6]. These ma-
terials present features similar to those of the native extracellular ma-
trix, being able to develop enhanced biocompatibility and bioactivity
compared to synthetic polymers [7]. They also constitute a platform for
controlling the organic-inorganic interactions during the formation of
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the mineralized tissues. Furthermore, their specific organic-inorganic
arrangement at the microstructural level and their hierarchical archi-
tecture are responsible for the physicochemical and mechanical char-
acteristics of bone and tooth [8]. Synthetic stoichiometric
hydroxyapatite has several limitations as biocompatible material since it
has low solubility and chemical reactivity within biological environ-
ments and lacks structural development at different scales [9]. In
contrast, biological apatite is characterized by its high solubility,
nanocrystalline properties, and hierarchical organization within the
tissue [8,10,11]. In bone tissue, the main components that constitute the
organic matrix are type I collagen, non-collagenous proteins, and small
organic molecules such as citrate [12], being the apatite-mineralized
self-assembled collagen the structural building unit of this tissue.
Knowing the strategies of bone mineralization provides us with a source
of inspiration to develop novel biomimetic hybrid apatite-based mate-
rials intended for tissue regeneration.

Eggshell mineralization comprises a mineral component, mainly
calcium carbonate of calcite phase, coupled to the outer surface of a
membrane [13]. The eggshell membrane (ESM) acts as a biopolymer
network in the shell mineralization during oviproduction, promoting the
precipitation of the mineral in <24 h [14]. The fibers of the ESM are
composed of collagens (I, V, and X) (around 10 % of the total protein
content) [15], glycosaminoglycans, egg white proteins, and eggshell
matrix proteins, with collagens forming the core of the fibers [16]. The
ESM is a triple-layer structure formed by the outer membrane, closer to
the shell, the inner layer-intertwined with fibers in the outer mem-
brane-, and the limiting membrane —covering the egg white [17]. The
core of fibers of the outer membrane is mainly composed of collagen I,
while those of the innermost membrane present collagens I and V [18],
with an estimated ratio between type I and type V collagens to be close
to 100:1 [19]. Type X collagen is also present in the core of fibers of both
layers. The outer layer of the ESM, with a 50-70 pm thickness, contains
dense nodules known as “mammillary knobs” (referred to as mammil-
lary nuclei or “mammillae”), rich in a highly sulfated proteoglycan
called “mamillan” which allows a strong binding to the shell on its inner
side [20]. In these mammillary knobs, the first calcium carbonate nuclei
are formed, thus initiating the shell mineralization during the process of
oviproduction [20]. In addition, it was reported that ESM acts as a
barrier to prevent inward mineralization toward the egg white and yolk
[21]. Thus, the outer layer of the membrane is a suitable heteronucleant
surface for its application in the controlled synthesis of nanocrystalline
calcium phosphate apatite.

ESM has been used to induce the heterogeneous precipitation of
either flower-like, spherical, or needle-shape apatite crystals by treating
the membrane via simple diffusion [22], sodium trimetaphosphate [23],
or simulated body fluid (SBF) [24], respectively. In the last method, the
ESM was extracted in an acidic medium (HCI 1 M), and the biomimetic
mineralization of ESM immersed in simulated body fluid (SBF) took
place on both sides of the membrane. Only this research reported in vitro
biological tests and demonstrated the enhanced osteogenic activity of
the mineralized membrane [24].

Guided bone/tissue regeneration is widely used in dentistry to aid in
regenerating bone/tissue at a defective location [25]. The role of
membranes made either of natural (collagen, chitosan, gelatin [26], or
synthetic resorbable polymers such as polylactic acid (PLA), poly-
glycolic acid (PGL), and their copolymers [27], is to act as an effective
physical barrier between the gingival soft tissue and the bone tissue,
preventing the bone graft area from external cell invasion, and serving
as a scaffold for new bone formation [27]. Exploiting the ESM to build a
hybrid organo-mineral material with a dual function, ie., bone graft
material on one side and protective barrier to cell invasion on the other
side can potentially be useful in this field. Moreover, the ESM presents
lower-rate biodegradability, conferring longer-term stability than
collagen membranes. The degradation pattern has been estimated to be
around 16 weeks, which is superior to the collagen degradation pattern
of around four weeks [25,28-30]. Thus, using the ESM could be useful in
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clinical practice to avoid further surgery to remove the membrane. In
this regard, the procedure for removing ESM from the eggshell pre-
venting damage to the mammillae, the mineralization method, and the
temperature and pH during the precipitation process have a strong in-
fluence on the calcium phosphate phase, size, and crystallinity of the
coating, and therefore, on the biocompatibility and the osteoinductive
capacity of the biomaterial. It was demonstrated that extracting ESM in
strongly acidic media and EDTA produces changes in the protein back-
bone structure [31], thus manual extraction was considered the best
option for the envisaged application.

Different methods to achieve apatite crystallization include solid-
state methods and wet-chemical syntheses such as sol-gel, co-precipi-
tation, and hydrothermal synthesis [32]. These methodologies often
require high temperatures, pH control, and long experimental times. In
addition, many of them are unlikely to produce uniform nano-sized
apatite crystals and complex structures on a more significant length
[12]. The vapor diffusion sitting drop (VDSD) crystallization method
was previously used to synthesize low-crystalline, plate-like, carbonated
apatite crystals that resemble those of biological apatite [33-36]. The
method consists of diffusing NH3 and CO, vapors, emerging from a
NH4HCO3 solution, through isolated aqueous droplets containing
calcium-acetate complexes and hydrogen phosphate ions, thus
increasing their pH and inducing the precipitation of carbonated cal-
cium phosphate [35]. Among its advantages, the method allows for
performing crystallization in microliter volumes with high reproduc-
ibility, at mild conditions, and at physiological temperatures and pHs
[33-36]. The VDSD method has been previously employed for the het-
erogeneous nucleation of apatite on different mineral surfaces [33,37],
although its application to biological membranes has not yet been
explored.

Biocompatibility is one of the most critical properties for the appli-
cation of tissue-engineered materials when implanted in a specific local
tissue microenvironment [38,39]. To be considered biocompatible, the
materials must not present toxicity or cause adverse reactions in the
organism, and they must be non-carcinogenic. The mineralization of the
outer layer of the ESM with a bone-like apatite layer should favor
biocompatibility, osteoinduction, and osteoconduction of the mem-
brane. At the same time, the opposite non-mineralized surface should
present compatibility with cells related to epithelial and connective
tissue.

The current study aims to exploit the physicochemical features of the
outer surface of the ESM, populated by mammillae, to control the het-
erogeneous precipitation of calcium phosphate (CaP) and to build an
organo-mineral biohybrid composite, leaving its opposite inner side
unmineralized. For this objective, the VDSD method was used under
ambient and physiological temperatures (25 °C and 37 °C, respectively)
and at different experimental times. Special attention was paid to the
physicochemical, morphological, microstructural and mechanical
characterization of the mineralized membrane (mESM) by means of
complementary analytical techniques (i.e., SEM-EDX, TG, XPS, XRD,
FTIR/Raman and mechanical testing). In addition, the performance of
the mESM in response to biological assays was analyzed to explore its
biocompatibility, as well as its osteoinductive ability on human
mesenchymal stromal cells (hMSCs).

2. Materials and methods
2.1. Crystallization of calcium phosphate on the outer layer of ESM

ESMs were carefully obtained by manual peeling from the eggshell,
in order to preserve the mammillary knobs of the outer surface (i.e., the
side of the membrane in contact with the shell). The ESM fragments
were washed and sectioned into @ 8 mm round pieces using a biopsy
punch. The VDSD mineralization experiments were performed in a
“crystallization mushroom” (Triana Sci. & Tech. S.L., Spain), a glass
microreactor consisting of two cylindrical glass chambers connected
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through a @ 6 mm hole (Supplementary materials, Fig. S1). The round
ESM pieces were placed in the upper chamber over its inner surface
leaving the outer surface facing up to perform VDSD mineralization.
Then, 20 pL of 50 mM Ca (CH3COO); and 20 pL of 30 mM of
(NH4)2HPO4 aqueous solutions were deposited on them, covering the
full outer surface. The final Ca/P ratio in the mixed microdroplets was
set at 5:3. In parallel, 3 mL of 40 mM NH4HCO3 were deposited in the
lower chamber. Finally, the mushrooms were sealed with a top cap using
high-vacuum silicone grease (Dow Corning). The experiments were
performed at ~1 atm for 1, 7, and 15 days, both at room temperature
(~25 °C) and 37 °C to obtain the mESM samples. All reagents were
supplied by Sigma-Aldrich (>99.00 % pure, St. Louis, MO, USA), and
solutions were prepared with ultrapure water (0.22 pS, 25 °C, Milli-Q,
Millipore, Burlington, MA, USA).

2.2. Physicochemical, morphological, and microstructural
characterization

XRD data were obtained by using an X-ray diffractometer (Bruker D8
DISCOVER, Billerica, MA, USA) equipped with an area detector
(DECTRIS PILATUS 3100 K-A). For diffraction experiments, the working
conditions were Cu Koy radiation (A = 1.5418 f\) at 50 kV and 30 mA,
with a @ 0.5 mm pinhole collimator. XRD patterns were collected from
4° to 70° (20), with a scan of 19 steps and 40 s/step. The samples were ¢
rotated at 90° angular steps (i.e., 0°, 90°, 180° and 270°) to display the
orientation of the crystals formed on the mESM. Data processing was
performed by using X'Pert Highscore software (v.3.0 PANalytical,
Almelo, The Netherlands). The average crystallite size (i.e. the dimen-
sion of the coherent diffraction domains) of Ap crystals was determined
from the full width at half maximum (FWHM) of the (002) reflection by
using the Debye-Scherrer formula (Eq. (1). [40]):

d = KA/B cos 0 (@)

In this equation d is the crystallite size (in nm), X is the wavelength of
the X-ray source (CuKay, A = 1.54059 /?\), K is the Scherrer’s constant
assumed as 0.89, and p is the FWHM of the (002) reflection.

Thermogravimetric analyses (TGA-DSC3+, Mettler Toledo, Colum-
bus, OH, USA) were performed under N5 flow between 30 °C to 950 °C,
at constant heating rate of 20 °C/min, to determine the organic matter
(mass loss below 550 °C) and mineral contents.

For scanning electron microscopy (SEM) observations, the samples
were carbon coated and inspected with a SEM microscope (Gemini, Carl
Zeiss AG, Jena, Germany) equipped with an EDX microanalysis detector
(INCA systems, Oxford Diffraction, Abingdon, UK). The microscope
operated with an acceleration voltage of 3 kV, high vacuum (~10~*
mbar), a working distance of 5 mm, and aperture of 30 pm.

FTIR analyses were performed with a JASCO FP-6200 spectrometer
(JASCO, Tokyo, Japan) equipped with an attenuated total reflectance
(ATR) crystal diamond accessory. Spectra were recorded at a resolution
of 1 em™! with 124 accumulations using a spectral range of 400-4000
ecm™l. Complementary spectroscopic characterization by Raman spec-
troscopy was done with a JASCO NRS-5100 Micro-Raman spectrometer
(JASCO, Tokyo, Japan) using a spectral range of 400-3200 cm ™. The
excitation line was provided by a diode laser (Aexc. = 785 nm) coupled
with a Peltier cooled charge—couple device (CCD) with 1064 x 256-pixel
dimension detector. Spectral analyses were conducted with curve fitting
Peakfit v4.12, software (Systat Software, San Jose, CA, USA).

Additionally, X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a Kratos Axis Ultra-DLD spectrometer (Kratos
-Shimadzu). Monochromatic Al Ka radiation was used in the constant
energy mode of the analyzer with pass energies of 160 and 40 eV for the
normal and high-resolution spectra, respectively. The spectra allowed
for an elemental quantitative analysis and determination of elements
bonding states in the outermost 10 nm of the solid surfaces. Two points
were analyzed per sample. For more in-depth quantitative analysis, we
used the same instrument by combining XPS analysis and Ar" ion
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sputtering during 0, 1, 4, 8, 16, and 32 min, at pickling rates of 1 nm/
min.

2.3. Tensile strength tests of mESM samples

Additional ESMs were cut into 20 x 10 mm (L x W) sections using a
biopsy punch and then mineralized at 25 and 37 °C for 7 and 15 days
following the previous described methodology. The thickness of the
membranes was measured following the protocol proposed by Strnkova
etal. [41], with slight modifications. The measurements were performed
using a digital micrometer (Mitutoyo, Tokyo, Japan). The thickness of
each ESM sample was used to calculate the cross-sectional area on which
the tensile load was to be applied. 75 water-hydrated samples were
divided in five test groups of 15 samples each. A Shimadzu AG-IS 5kN
universal testing machine (Shimadzu, Tokyo, Japan) equipped with a
50 N load cell was used for tensile strength testing at a crosshead speed
of 10 mm/min to the point of failure following the protocol suggested by
ASTM D882 - 12 [42]. At the end of the procedure no signs of dehy-
dration were observed. All tests were performed under conditions of 23
°C and 55 % relative humidity. The results were recorded with the
Trapezium2® software (Microsoft Corp., Redmond, WA, USA). The
tensile strength (MPa) was calculated by dividing the maximum load by
the original cross-sectional area of the sample. The software recorded
the elastic and plastic deformation of each membrane at the time of
applying the tensile load, thus also allowing to obtain the following
values for elastic deformation: Ep: strain at the proportional limit (%),
and E: elastic modulus (MPa). Additionally, this test allows to determine
the following values for plastic deformation to the point of failure: u:
strain at breaking (%), and Klc: toughness (J/mmz).

2.3.1. Data analysis

Data were analyzed with SPSS software, version 21.0 (SPSS, Chicago,
IL, USA) using the Shapiro-Wilk test. The difference between groups on
paired measures was determined using a Student’s t-test. A p-value <
0.05 was considered as statistically significant.

2.4. Cell viability assay and osteogenic characterization

2.4.1. Isolation, culture, and characterization of hMSCs

hMSCs were isolated from adipose tissue of patients that had lipo-
suction procedure by enzymatic digestion using collagenase I (Sigma-
Aldrich) after obtaining informed consent and authorization from the
Ethics Committee of Clinical University Hospital of Malaga, Spain (ethic
permission number: 02/022010). Characterization of hMSCs was
developed as previously reported [66]. Cells were seeded in growth
media [High-glucose Dulbecco’s modified Eagle’s medium without
phenol red (DMEM; Sigma-Aldrich) supplemented with 10 % fetal
bovine serum (FBS; Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/
mL streptomycin (P/S; Invitrogen Inc.)] at 37 °C in a humidified at-
mosphere with 5 % CO,. The medium was changed every 2 days when
cells reached 80 % of confluence, they were subcultured. For all the
experiments, hMSCs were used between passages 4 and 8.

2.4.2. hMSCs culture on eggshell membranes

ESM (~10 mm diameter) were sterilized by a wash in 1 x phosphate-
buffered saline (PBS; Medicago) and then subjected to UV light (Philips,
Pila, Poland) on both sides. Then, ESM was washed again with PBS and
incubated in 48-well plates until dry before the cells were seeded. hMSCs
suspension containing 8000 cells in 50 pL of the medium was slowly
dropped onto the outer surface of each membrane and incubated for 1 h
at 37 °C. As a control group, hMSCs were seeded onto the surface of non-
mineralized eggshell membranes (hMSCs-ESM). Afterward, 500 pL of
fresh medium was added to each well plate. For positive controls of
osteogenic differentiation, cells were cultured with osteogenic differ-
entiation medium (ODM) DMEM (Sigma-Aldrich) containing 10 % FBS
(Sigma-Aldrich), and 1 % penicillin/streptomycin, L-ascorbate acid (50
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pg/mL), B-glycerophosphate (10 mmol/L) and dexamethasone (10
nmol/L). All samples were incubated under a 5 % CO; atmosphere at 37
°C. The culture medium was replaced every 2 days, and the ESM were
processed for subsequent analysis.

2.4.3. Cell viability

The Live/Dead kit assay (Thermo Fisher Scientific) was used to
evaluate cell viability after 7 days in culture, following manufacturer’s
instructions. Briefly, the membranes were incubated in PBS containing
Calcein AM (2 pM) and ethidium homodimer (4 pM) at 37 °C for 30 min
to stain live and dead cells, respectively. Images from the samples were
observed using a confocal microscope (Leica TCS-SP5) and analyzed
with Image J software (v. 1.52i, USA).

2.4.4. Scanning electron microscopy

The hMSC-ESMs and hMSC-mESMs were washed with PBS and fixed
with 2.5 % (w/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4;
Polysciences, Warrington, PA) for 24 h at 4 °C. The samples were then
rinsed several times with sodium cacodylate buffer. After fixation, the
samples were post-fixed with 1 % w/v osmium tetroxide for 1 h RT,
dehydrated in steps with ethanol (50 %, 70 %, 90 %, and 100 %, 15 min
each), and dried at the critical point in COy and sputter-coated with
gold. The images were examined with an FEI Quanta 400 scanning
electron microscope (Oregon, USA) and Zeiss Merlin scanning electron
microscope (Carl Zeiss, Germany). The images were processed with
ImageJ software.

2.4.5. Cell proliferation

2.4.5.1. Alamar Blue assay. The metabolic activity of cells seeded over
the ESM and mESM were assessed by colorimetric Alamar Blue assay
(AB; Thermo Fisher Scientific) at different time points, following man-
ufacturer’s instructions. The fluorescence intensity was measured using
a plate reader (Synergy HT, BIO-TEK) with excitation and emission
wavelengths of 530 and 590 nm, respectively. The absorbance data was
represented as fold increase to day 0. Experiments were performed in
triplicate (n = 3).

2.4.5.2. CCK8 cell proliferation detection. Cell Counting Kit 8 assay
(CCK8; Abcam) was used to measure the proliferation of cells seeded
over the ESM and mESM at different time points, following the manu-
facturer’s instructions. The absorbance values were measured using a
plate reader (Synergy HT, BIO-TEK) at 460 nm. This assay is based on
the conversion of a water-soluble tetrazolium salt, WST-8, into a for-
mazan dye by cellular dehydrogenases, which is directly proportional to
the number of living cells. The resulting colorimetric signal provides
insights into cell viability and proliferation dynamics over time. Ex-
periments were performed in triplicate (n = 3).

2.4.6. Immunostaining assay

Cell monolayers and ESM were permeabilized using PBS plus 0.01 %
Triton X-100 (Sigma-Aldrich) for 5 min and blocked for 1 h at room
temperature with 3 % bovine serum albumin (BSA). Samples were then
treated with a primary antibody against Osteopontin (OPN; Santa Cruz
Biotechnology, 1:200) or Collagen Type I (COL I; Abcam, 1:200) over-
night at 4 °C. AlexaFluor 488-conjugated and 594-conjugated secondary
antibodies (Thermofisher, 1:500) were used to incubate the samples for
1 h and they were counterstained with Hoechst. Images were obtained
using a Leica TCS-SP5 microscope and analyzed with Image J software.

2.4.7. Measurement of free calcium and phosphate ion concentrations
Cell culture supernatant of the samples cultured using DMEM and
ODM was collected at different time points. No pretreatments were
required. Calcium ions concentration was measured using the Calcium
Colorimetric Assay Kit (Sigma-Aldrich) according to the manufacturer’s
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instructions using a plate reader at 575 nm. Phosphate ions concentra-
tion was measured using the QuantiChrom Phosphate Assay Kit
(BioAssay Systems) according to the manufacturer’s instructions using a
plate reader at 620 nm. Experiments were performed in quadruplicate
(n=4).

2.4.8. Statistical analysis

All graphed data represent the mean + standard deviation from at
least three experiments. To determine differences between conditions
the two-tailed Students t-test was used for quantitative biochemistry
analysis to determine differences between conditions. P-values < 0.001
(e /###) 20.01 (**/*#) and <0.05 (*/%) were considered statistically
significant in all cases.

3. Results

3.1. Microstructural, physicochemical, and morphological properties of
mineralized ESM

The methodological procedure for the crystallization of CaP on
pieces of ESM is shown in Fig. 1. The outer surface of the ESM, showing
an interwoven fiber structure (Fig. 1a), was covered with the micro-
droplet containing the reagents inside the crystallization mushroom
(Fig. 1b) to achieve the controlled mineralization of the fibers (Fig. 1c).
The resulting mESM is composed of a mineral layer of CaP coating the
membrane (Fig. 1d). The XRD pattern (15-day mESM 37 °C sample)
displays broad diffraction peaks that reflect the nano-crystalline char-
acter of the mineral. This phase was identified as carbonated-apatite
(Figs. le, S2). The most intense peak is located at 20 = 32-34° and
corresponds to the combined (121), (112), (030), and (202) diffraction
lines (ICDD: 00-019-0272, COD: 969003552). Two other less intense
reflections, located at approximately 25.9° and 39.8° correspond to the
(002) and (310) diffraction lines, respectively. In the mESM samples
prepared for 1 and 7 days, the intensity of the XRD reflections was
negligible. Considering the 15-day samples, the crystallite size deter-
mined from the apatite (002) line was 20.05 + 0.10 nm. The 2D-XRD
patterns (Fig. S3) showed continuous diffraction arcs within the
Debye-Scherrer ring associated with the (002) reflection (considering
360° ¢ angle rotation), which indicates a crystal random orientation.
The unmineralized ESM displays an XRD pattern characteristic of an
amorphous material, with a broad band at 26 ~15-30° (Fig. 1e).

The unmineralized ESM observed from its outermost surface consists
of a network of cross-linked fibers randomly aligned, which can
converge perpendicularly to each other creating junctions, or in a par-
allel direction, increasing their thickness (Fig. 2, A1). The width of the
fibers varies from 500 nm up to 2 pm, and present well-defined borders
and veined texture. The fibers contain mammillary knobs of various
sizes (from ~100 nm to 1 pm) on their surface (Fig. 2, A2) [20].

The Raman spectrum of the ESM (Fig. 2, A3) displays an intense
narrow band located at 485 cm ™!, related to an S—S vibrational mode,
associated with disulfide-rich proteins (~10 % cysteine) of the cysteine-
rich eggshell matrix proteins (CREMPs) [43,44]. Furthermore, other
protein-related intense bands are also identified at 1668 cm ! (amide D,
1240 cm ™! (amide III), and 1460 em™! (CHy, vibration related to lipids),
as well as other less intense bands. On the other hand, the FTIR spectrum
of the ESM (Fig. 2, A4) presents several intense peaks related to the
organic components, such as amide A at 3272 cm™!; amide I at 1633
cm’l; amide II at 1513 cm’l, and amide IIT at 1239 cm™' [45]. A
detailed description of the ESM Raman and FTIR organic band assign-
ments can be found in Figs. S4a and S5a, respectively. The EDX analyses
show a high sulfur concentration (34.5 %) and a low (5.1 %) calcium
concentration in the ESM.

The mESM prepared at 25 °C shows the formation of apatite crystals
associated with the membrane fiber structure. The mESM prepared at
one day (1-day mESM, 25 °C) shows some interfibrillar spaces occluded
by mineral precipitate formation (Fig. 2, B1). The deposit consists of
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Fig. 1. Methodological set-up for the mineralization of the outer surface of the ESM. (a) Mechanically extracted ESM showing its outermost surface, (b) ESM sections
placed on the “crystallization mushroom” device and covered with microdroplets containing calcium and hydrogen phosphate ions, (c) mineralized eggshell
membrane (mESM), (d) close-up view of the flake-like crystal morphology (e) XRD patterns corresponding to unmineralized ESM and a mESM biohybrid composite.

flake-like crystals covering the fibers at the zones of the mammillary
knobs (Fig. 2, B2). The Raman spectrum a very low-intensity band at
961 cm ! related to the v1PO3~ vibrational mode of the apatite phase
(Fig. 2, B3), combined with several bands associated with the organic
components of the membrane [16,46]. In the FTIR spectrum, this sample
presents two intense absorption band at 500-600 em! (2 PO:O{’) and
900-1200 cm ™! (v;-v3 PO3") (Fig. 2, B4) [47,48]. At longer times (7 and
15 days), the PO%’ bands increased their intensities while those bands
related to the organic components were progressively less detectable
(Fig. 2, C3-4: D3-4). In addition, the mESM samples also show a CO%‘
band at ~875 cm™L. The 7-day mESM (25 °C) shows the same flake
crystalline morphology as the 1-day mESM (25 °C), but the deposit is
thicker with relatively larger crystals (Fig. 2, C1-C2). The Raman
spectrum still presents the 961 cm ™! apatitic band (v;PO3 "), as well as
other organic bands (Fig. 2, C3). The FTIR-ATR spectrum shows the v4
PO3~ and v;-v5 PO3~ bands described above (Fig. 2, C4). Finally, at this
temperature the 15-days sample shows a remarkable mineral layer
(Fig. 2, D1) with crystals presenting a flake-like appearance (Fig. 2, D2).
As expected, the 961 cm ™! band in the Raman spectrum is more intense
than that of the 1 and 7-days samples (Fig. 2, D3). In addition, the PO~
vibrational modes continue to be observed in the ATR-FTIR spectrum
(Fig. 2, D4).

The ESMs mineralized at 37 °C also show the formation of CaP
crystals at 1, 7, and 15 days. The 1-day mESM (37 °C) presents an
apparent roughening of the fibers (Fig. 2, E1) and the mineral deposit
forms with irregular shapes and the presence of crystalline aggregates of
different morphologies (Fig. 2, E2). Moreover, the Raman and FTIR
spectra of these samples also display the PO3~ bands (Fig. 2, E3-E4). The
7-day mESM (37 °C) shows a mineral deposit spread in different zones
and partially filling the interfibrillar spaces (Fig. 2, F1). The morphology
of these deposits consists of flat-shaped crystals forming flower-like
agglomerates (Fig. 2, F2). The PO~ bands are also present in both the
Raman and FTIR spectra (Fig. 2, F3-F4). The 15-day mESM (37 °C)
shows the thicker mineral deposit coating the fibers and almost
completely occluding the spaces between the interwoven net (Fig. 2,

G1). A close-up view shows semi-circular, flaky, rough deposits merging
between them and thickening the membrane fibers (Fig. 2, G2). For this
sample the Raman v1PO4 band exhibits the higher relative intensity
(Fig. 2, G3). In addition, the FTIR spectrum presents two intense bands
at 500-600 cm ™! (in the v4 PO4 domain) and 900-1200 cm ™! (v1-v3P04)
(Fig. 2, G4), along with the bands of organics with lower relative in-
tensity. The deconvolution of the 500-600 cm ™ region reveals several
sub-bands (Fig. S6, a), the most intense and wide being located at 559
em! (Ap, v4P04), along with other low intensity bands located at 548,
572, and 600 em! [46,47]. Three different sub-bands related to
hydrogen phosphate vibration (v4 HPOZ™) were also present within the
v4PO4 absorption region [46,49]. The v1-v3 PO4 region (Fig. S5, b) was
deconvoluted in different sub-bands, identified in the apatite, particu-
larly the sub-band at 1020 cm™! which is usually related to non-
stoichiometric poorly crystalline apatites [46,49,50]. Moreover, the
1052 cm™! band is related to B-type CO3~ substitution in the apatite
lattice [49]. The band at 984 cm™! is related to PO7 in a non-apatitic,
non-stoichiometric environment [49], and 1004 cm! to HPO?( vibra-
tion modes [46]. An additional deconvolution was performed on the
800-900 cm™! region (Fig. S6, c), revealing three different bands
located at 877, 870, and 857 cm™ ! associated with the u2C0§_ splitting
in the AB-type carbonate substitution of apatite [46,51]. The degree of
carbonation was estimated according to Grunenwald et al. [51],
comparing the relative intensity of the FTIR v,CO3 carbonate bands
relative to the v;-v3PO4 phosphate bands. The overall carbonation de-
gree was close to 1 wt%. Finally, EDX analyses in the mESM show Ca and
P molar percentages of ~35 % and 21 %, respectively, reaching a Ca/P
molar ratio of ~1.65.

Thermogravimetric analyses (Fig. S7) of the ESM show a multi-step
thermal decomposition pattern similar to that already reported [52].
In it we can appreciate a first initial weight loss at around 46 °C which is
completed at around 130°C, due to the denaturation of collagen and loss
of bound water [16]. A second loss between 230 °C and 500 °C is mainly
attributed to the thermal degradation of collagen and glycan chains
[53]. The third weight loss, at temperatures between 500 and 550 °C is
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Fig. 2. Characterization of unmineralized ESM and apatite mineralized ESM (mESM) for 1, 7, and 15 days at 25 °C and 37 °C. (A1-A2) SEM micrographs of
unmineralized ESM, where the white arrows point to mammillary knobs, and the thinner white arrows in A2 indicate the venous-like structures on the ESM fibers
(A3). Raman spectrum of unmineralized ESM, showing the main organic bands: S—S, lipids, and amide bands. (A4) FTIR-ATR spectrum of unmineralized ESM
showing the main organic bands: polysaccharides (Polyss.), sulfates (Sulph.), amide, and lipid bands. (B-C-D) Characterization of mESMs prepared at 1, 7, and 15
days at 25 °C (1, 2-SEM images, 3 - Raman spectrum, 4 - ATR-FTIR spectrum). (E-F-G Characterization of mESMs prepared at 1, 7, and 15 days at 37 °C (1, 2-SEM

images, 3 - Raman spectra, 4 - ATR-FTIR spectra).

ascribed to the decomposition of the ESM backbone producing the full
vaporization without any residue. Compared to the thermogram of the
15 day-mESM 37 °C sample, the loss until 780 °C-840 °C is attributed to
the mineral content. Table S1 shows the mineralization percentages
were ~4 and 9 wt% for samples at 7 and 15 days 25 °C, and 6, 8.5, and
13.7 wt%, for samples at 1, 7, and 15 days 37 °C, respectively.

XPS characterization allows determining the elemental chemical
composition and bonding state of the atoms. The XPS spectrum of the

unmineralized ESM (Fig. 3a, bottom; Table S2) displays peaks of O 1s
(530 eV), N 1s (399 eV), C 1s (around 284 eV), S 2s (226 eV) and S 2p
(162 eV). The O 1s and N 1s belong to functional groups (carboxylic,
carbonyl, hydroxyl, amine, amide) of the proteic ESM structure [54],
whereas the S 2p and S 2s signals are related to the S—S bond of de
disulfide-rich structural proteins that make up the membrane (CREMPS)
[43]. The C 1s deconvoluted in three components at 284.6, 285.9, and
287.9 eV related to the C—C, C—N, and C—O bonds of the organic
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Fig. 3. (a) XPS spectra of unmineralized ESM and mESM at 1, 7 and 15 days (i)
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groups of the collagen and proteins of the membrane (Fig. 3b, i). These
bands slightly shifted for the 25 and 37 °C 15-days mESM samples
(Fig. 3b, ii and iii). In addition to those peaks, the XPS spectra of 25 °C
(Fig. 3a, i), and 37 °C mESM (Fig. 3a, ii) show those of Ca 2s (438 eV)
and Ca 2p (~350 eV), and P 2s (189 eV) and P 2p (132 eV). The Ca 2p is
made of two sub-bands, the first one at 347 eV corresponding to Ca 2p 3/
2 and the second one at 350 eV corresponding to Ca 2p 1/2 at 350 eV
(Fig. 3c). Both are consistent with apatite presence [55]. The C 1s and N
1s of the mESM samples present lower relative intensity than that of Ca
and P signals. Here, as the C 1s peak also deconvoluted in three com-
ponents, we speculate that an additional C source is due to the CH3COO™
(the reagent) which likely adsorbed on the crystals of the apatite layer
[35]. The elemental composition (% at) of ESM and mESM (Table S2)
shows Ca/P ratios oscillating between 1.37 and 1.55. Fig. 3d and Table
S3 show in addition the depth profile of the elemental composition of the
15 day-mESM 37 °C sample.

The in-depth analysis revealed an abrupt increase in % C while a
decrease of % O occurred, in both cases until values are close to those of
the ESM substrate. The variation of Ca and P was smoother, with Ca/P
ratios 1.56 and 1.67 near the surface of the apatite layer, and up to 2.47
at the highest depth analyzed. This finding indicated the unbalanced Ca
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and P deposition at the early stages of the CaP layer growth.

3.2. Mechanical properties of mESM

The ESM samples showed thickness values between 0.052 + 0.003
(group unmineralized ESM) and 0.064 + 0.006 mm (mESM 37 °C.15-
day group). The temperature and mineralization time affected positively
the thickness of mESM, especially the mineralization time (Fig. 4a) due
to the higher growth of the apatite layer. Regarding the effects of both
parameters on the mESM tensile strength, the data showed a greater
influence of the mineralization time of the samples compared to the
temperature (Fig. 4b).

Experimental data describing the fracture behavior of unmineralized
ESM and mESMs are shown in Table 1. The results show that all fracture
parameters increase with mineralization time and temperature. The
mineralization of the ESM at 37 °C for 15 days produced a significant
increase in the elastic modulus and in the total energy absorbed until
fracture, represented as the area under the stress-strain curve (Fig. S8).
The increase in tensile strength of the mineralized ESM was related to an
increase in both values of strain at the proportional limit and of strain at
breaking, which led to a greater amount of absorbed energy until failure.

3.3. Cytotoxicity and viability assays on hMSCs

3.3.1. Cell viability determination by confocal microscopy

Cell viability of hMSCs cultured on ESM was tested using the Live/
Dead assay and mESM prepared at 37 °C. The results showed that hMSCs
adhered to the surfaces of ESM and mESM samples after one day of in-
cubation were viable, presenting a few dead cells. However, the amount
of attached live cells was obviously much higher in 7-day and 15-day
mESM samples after one day compared with ESM and even after seven
days of culture, indicating that mESMs showed good cell survival and
can efficiently support hMSCs growth (Fig. 5).

3.3.2. Morphological characterization and cell adherence analysis by SEM

The ESM and mESM seeded with hMSCs were visualized by SEM.
Fig. 6 shows the presence of hMSCs attached on the surface of ESM, 7-
day mESM and 15-day mESM after 1 and 7 days under standard cell
culture conditions. Moreover, in the case of cells grown onto the surface
of ESM, they presented a spindle shape in the ESM while became angular
with increased cell extensions and a flattened morphology in the mESM
surface. These results corroborate the biocompatibility of the mESMs
and the good biological properties of the cells in terms of adhesion and
spreading.

3.3.3. Evaluation of cell proliferation

The biocompatibility of the samples and cell proliferation were
determined using two different colorimetric techniques. On the one
hand, the Alamar Blue assay allowed us to monitor the metabolic ac-
tivity of hMSCs at 1, 5, 10, and 21 days after seeded on ESM, 7 days-
mESM, and 15 days-mESM (Fig. 7a). The results revealed a significant
increase in cell activity over time in all study groups. Nonetheless,
mESM groups showed a greater increase in cell activity than ESM. After
21 days of study under standard cell culture conditions, the observed
difference in cell activity between ESM and mESMs groups was statis-
tically significant (Fig. 7a).

On the other hand, cell proliferation was analyzed using the CCK8
assay. For this purpose, samples were cultured and maintained at
different time points. The results showed a significant increase in cell
viability in all study groups compared to the first day (Fig. 7b). Cell
activity in mESM increased compared to the non-mineralized group
after 10 days and significantly after 21 days of cell culture.

In essence, these results indicated that the new biomaterial provided
a favorable environment for cells and enabled cell proliferation in their
different mineralization processes.
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Table 1
Mechanical properties of unmineralized ESM and mESMs.
Mechanical properties Unmineralized ESM mESM.25 °C. 7 days mESM.37 °C. 7 days mESM.25 °C. 15 days mESM.37 °C. 15 days
Tens. Str. (MPa) 1.67 £ 0.5 1.83 + 0.6° 1.99 + 0.5° 2.98 + 0.4° 3.11 +0.6°
&p (%) 23.85 + 6.9 33.34 £ 9.9° 47.01 + 8.7° 48.09 + 4.7° 60.26 + 6.6"
E (MPa) 3.89+1.3 4.05 + 1.4 5.3 +1.7° 6.25 + 1.7° 7.06 + 2.3°
Eu (%) 24.96 + 6.9 36.02 + 11.5% 49.99 +10.5° 46.22 + 5.8" 57.29 + 8.6"
Klc (J/m?) 2095.26 + 1064.4 3731.77 + 2848.7° 4507.19 + 1783.2° 6934.88 + 1613.1° 8141.26 + 1438.4°

Lowercase letter (a) denotes no statistical difference from unmineralized ESM and lowercase letter (b) denotes statistical difference from unmineralized ESM. &p: strain
at the proportional limit, E: elastic modulus, €u: strain at breaking, and Klc: toughness.

D1 D7

7day-mESM ESM

15day-mESM

Fig. 5. In vitro biocompatibility evaluation of ESM and mESM cultured with hMSCs. Representative confocal images of hMSCs grown in ESM and 7-day and 15-day
mESM samples at days 1 and 7 of culture. Live/dead assay was employed, using calcein (green) and ethidium homodimer (red); live cells were stained green, while
dead cells were stained red. Cell nuclei were stained blue using DAPI. Scale bars: 100 pm.



A. Torres-Mansilla et al.

D1

D7

Biomaterials Advances 154 (2023) 213605

15day-mESM

Fig. 6. Scanning electron microscopy (SEM) images of hMSCs on ESM, 7-day and 15 day-mESM samples. Morphology and cell adhesion of hMSCs on mESM after 1
and 7 days of cell culture. White arrows indicate that hMSCs adhered to the material under study. Scale bar: 10 pm. Magnification of 2 Kx.
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growth measured using Alamar Blue assay; b) CCK8 cell proliferation detection. Data represent the mean + standard deviation of the significant difference between
groups compare to the control group (n = 3). (*) p < 0.05. (RFU: Relative Fluorescence Units).

3.3.4. Osteogenic characterization hMSCs cultured on ESM and mESMs
Immunofluorescence techniques assessed osteogenic differentiation.
Tests were performed using hMSCs under standard cell culture condi-
tions (DMEM) and osteogenically differentiated hMSCs cultured in an
osteogenic differentiation medium (hMSCs-OM). Immunofluorescence
staining revealed the presence of osteopontin (OPN) and collagen I (COL
I) in mESM after 21 days of culture of both hMSCs and hMSCs-OM. The
expression of OPN showed a significant increase (p < 0.005) in all
groups in comparison with the control hMSCs cultured in monolayer
(Fig. 8). There was also a significant increase in the presence of OPN
between 7-day mESM hMSCs (p < 0.01), 7-day mESM hMSCs-OM (p <
0.05), 15-day mESM hMSCs (p < 0.05), and 15-day mESM hMSCs-OM
(p < 0.005) with respect to the hMSCs seeded onto the ESM and
cultured with a standard medium. The expression of COL I was higher in
15-day mESM hMSCs (p < 0.01) and 15-day mESM hMSCs-OM (p <
0.005) groups than in control hMSCs cultured in monolayer. In addition,
a significant increase in expression of COL I in 15-day mESM hMSC (p <
0.05) and 15-day hMSCs-OM (p < 0.005) groups compared with hMSCs
seeded onto the ESM without osteogenic differentiation medium was
observed (Fig. 8). These results indicate that mESM samples are able to
induce the differentiation of hMSCs more efficiently than ESM, even
without using an osteogenic differentiation medium. Moreover, it was
determined if the release of Ca®* or P; ions is correlated with the dif-
ferentiation process (Fig. S9). Free Ca®" levels were quantified, and

results showed non-significant differences in the samples cultured using
DMEM or ODM over time. Nonetheless, there was a trend of decreasing
between day 1 and day 10 with a subsequent increase at day 21. How-
ever, there was a significant decrease in 7 day-mESM ODM samples in
comparison to 7 day-mESM DMEM samples at day 10. On the other
hand, no significant differences were observed in the P; levels between
all samples over time but there was an incremental trend in concen-
tration. In addition, there was no relevant variation in the free P; levels
between the same samples cultured with DMEM and ODM except for an
increase at day 10 in 15 day-mESM ODM samples in comparison to 15
day-mESM DMEM samples.

4. Discussion

Hybrid biomimetic materials devise applications in several clinical
procedures, such as bone regeneration. The development of these bio-
materials seeks to replicate the organic-inorganic interactions of highly
structured and multifunctional mineralized tissues (i.e., bones and teeth)
[56]. Biopolymeric membranes govern some of these interactions and
participate in CaP mineralization [3]. In the current study, the pristine
ESM was selected as a biopolymeric membrane to explore CaP precipi-
tation by using the VDSD crystallization method. The intrinsic properties
of the outer ESM surface, populated of mammillary knobs, are the ones
that guide CaCO3 nucleation during eggshell formation [20,57,58] and
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Fig. 8. Osteogenic differentiation potential of ESM and mESM. (A) Immunofluorescence analysis for the detection of OPN and COL I in hMSCs seeded in monolayer
(used as control), ESM, or mESM and cultured during 21 days under standard cell culture conditions (DMEM) or in osteogenic differentiation medium (hMSCs-OM).
Scale bar: 100 pm. (B) OPN labelling intensity of hMSCs and hMSCs-OM cultured in monolayer, ESM, and mESM. (C) COL I labelling intensity of hMSCs and hMSCs-
OM cultured in monolayer, ESM, and mESM. Data represent the mean + S.D. of the significant difference between groups concerning hMSCs cultured on day 0 (n =
4). Significant values are marked with * (comparison with hMSCs cultured in monolayer under standard cell culture conditions) and with # (comparison with hMSCs

seeded onto the surface of ESM cultured under standard cell culture conditions);

the ones that have been exploited in this study. Previous studies on CaP
mineralization of the ESM were conducted to mineralize both sides of
the membrane, i.e. Zhang et al. [22], Xu et al. [23], Chen et al. [24]. In
these studies, prior the mineralization the ESMs were submitted to acid
digestion, which significantly altered the structure of the membrane
proteins.

In our study, the crystallographic, morphological, compositional,
and vibrational properties of the mESM samples reveal how the outer
membrane surface controls CaP precipitation giving rise to the forma-
tion of a nanocrystalline apatite coating depicting biomimetic features.
The in-depth elemental composition of the CaP coating (mESM 37 °C.15-
day sample, Table S3) shows the unbalanced Ca and P content (Ca/P up
to 2.47) and the progressive formation of carbonated-apatite with a
more stoichiometric composition (Ca/P between 1.56 and 1.67) toward
the coating surface. At the same time, a high percentage of organic C in
depth and its progressive decrease toward the coating surface can be in
part attributed to the presence of free acetate ions adsorbed on the
crystals as previously suggested [35], and also to Ca-acetate complexes
(the reagent) occluded within the layers. The last event might explain
the high Ca/P ratio at the initial stages of the mineral deposition. The
presence of N in the coating must be related to N-rich molecules, ie.
glycosaminoglycans that likely dissolved from the fibers at the slightly
acidic initial pH of the experiments and then adsorbed on the CaP during
coating growth.

Additional results of thermogravimetry and thickness of the mESM
samples showed the increase of mineral content and thickness with the
temperature and mineralization time up to 13.7 & 3.2 wt% and 0.064 +
0.006 mm at 37 °C 15 days. These findings reveal the ability of the VDSD
technique to tailor mineral content and coating thickness on the outer
ESM while protecting the inner layer from mineralization.

An outstanding part of the study has been the characterization of the
mechanical properties of mESM, since they determine its performance

10

/%) p < 0.05; (**/**) p < 0.01; (***/***) p < 0.005.

for potential uses [14]. Previous studies have reported that mechanical
properties in biological tissues exhibit a great variability since they
depend on their humidity as well as on the heterogeneity and anisotropy
of their structure [14,59]. In this respect, to avoid wide variations in the
mechanical response, the environmental conditions, the placement of
the samples, and the speed of the test were all kept constant. Under these
circumstances, our results showed coefficients of variations between 0.2
and 0.3 at a low load application rate, similar to previously reported
values [60,61]. The results showed that values of the tensile strength,
strain at the proportional limit (Ep) and elastic modulus (E) associated to
the elastic deformation, as well as the strain at breaking (€u), and
toughness (KIc) which are associated to the plastic deformation, all of
them increased with the temperature and mineralization times. As the
time and temperature increased (mESM 25 °C.15 day and mESM 37
°C.15 day) the stress-strain curves tended to look concave upwards (Fig.
S8), which points to a correspondence between the aforementioned in-
creases and the larger values needed for the load to produce strain. This
finding suggests the strain at breaking depends on the mineral content
and thickness of the mESM.

Our results on the tensile strength of unmineralized ESM are
consistent with those from previous reports at the same loading rate
[52,62]. Additionally, the tensile strength compares with those of
different membranes barriers used in guided/bone tissue regeneration, i.
e. dry porcine tendon (1.8 MPa) and dry equine bone lamina (1.7 MPa),
being also higher to that of dry allogenic collagen (1.3 MPa) [63]. On the
other hand, our study showed correspondence between the increase in
the tensile strength of mESM and the mineralization percentage of
mESM samples. This mechanical behavior would increase the likeliness
of mESM being used in applications where membranes with higher
tensile strength and elastic modulus are required to maintain their shape
without losing the ability to adapt to the defect in bone tissue regener-
ation procedures [63,64]. Unlike those reported by Torres et al. [14], the
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stress-strain curves demonstrated a linear regime, where the strain
variation is directly proportional to the variation of stress, without
registering a toe region that represents an un-crimping of the membrane.

Nowadays, materials for guided tissue/bone regeneration are mainly
synthetic and biological polymer membranes. The functionalization of
these membranes with key attributes that satisfies the requirements of
mechanical strength and stability, degradation rate, osteogenesis, anti-
bacterial capacity, and clinical manageability, are in the early stages of
development [25]. Additives used include proteins, such as bone
morphogenetic proteins (BMP) [65], fibrinogen/bredigite [66], cyto-
kines, or nanoparticles, ie., polysaccharide/bioactive glass nano-
particles [67], or AgNPs [68], which are employed to promote bone
regeneration and antibacterial ability of the membranes. Overall, the
use of mESM could potentially satisfy some of these requirements.

Biocompatibility is one of the most critical properties a material
should possess to be further considered for tissue-engineered applica-
tions. Cell functions and behavior can be affected by the topography of
the surface to which they adhere [69], so cell viability and adhesion
study of the mESM are crucial to determining its effectiveness as a
biomaterial. Previous studies have analyzed the biocompatibility of ESM
as a biomaterial for wound healing and tissue-engineering applications
(further described in [57]). Our results showed that the mineralization
affected the functionality of the biomaterial over time, with the micro-
structure of the mESMs being more advantageous as tissue-engineered
materials. Furthermore, the mESMs not only promoted cell prolifera-
tion but also favored osteogenic differentiation into hMSCs due to their
composition. It is known that the presence of apatite in hMSCs cell
culture causes an up-regulation of different osteogenic markers [70].
Our results showed positive expression of the osteogenic markers OPN
and COL I in the membranes coated with the apatitic layer. The level of
OPN was significantly higher in all groups compared to the hMSC con-
trol and significantly higher in mESMs compared to ESMs. On the other
hand, the level of COL I was significantly higher in the 15-day mESM
groups compared to the control groups in both monolayer and ESM.
These results indicate that even in the groups where a standard culture
medium was not used, the morphology and mineral content of the
membranes appeared to affect in favor of osteogenic differentiation.
Therefore, these results demonstrate that the mESM are very useful for
guided tissue/bone regenerative medicine treatments since they in-
crease the cytocompatibility and osteoinductive environment on the
apatite-mineralized side of the ESM. At the same time, the unmineral-
ized side can act as a barrier to prevent external cell invasion into the
bone graft area.

The release of free Ca%* and phosphate ions in ESMs and mESMs was
quantified with the intention of determining if the release of Ca®* or P;
ions was correlated with the differentiation process. No significant dif-
ferences were observed between most groups. However, the immuno-
fluorescence assay showed positive labelling of the main bone tissue
proteins in ESM and to a greater extent in mESM. Previously, it has been
described by Tanikake et al. [71], that the variation of calcium in the
medium might not be a reliable marker even with advancing osteo-
blastic differentiation of MSCs. Previous studies have described that the
release of free Ca®" and P; ions occurs in CaP formations [72]. Then, the
binding of these Ca?* ions with the P; produced in the biomineralization
process promotes osteogenic differentiation into stem cells without the
need for any further supplementation [73]. In addition, the character-
ization of these membranes by immunofluorescence assay agrees with
Raman spectra and mineralization results since the composition of ESMs
includes phosphate groups that help themselves the osteogenic differ-
entiation of hMSCs. In summary, mESMs present an advantage over
ESMs in the increased level of hMSCs osteogenic differentiation induc-
tion, thanks to the biomineralization process. Based on our results, we
hypothesize that the CaP formed has a more crystalline structure, which
makes it more insoluble than amorphous calcium phosphate, and no
major variations are observed in the study of the free Ca>" and P; ions
quantified in the samples [73].
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The hybrid material (mESM) developed in the current research
presents several similarities with the organic matrix and the mineral
component of biological tissues. These similarities allow the mineralized
ESM to show a specific degree of physicochemical compatibility with
calcium phosphate mineralized tissues. These resemblances relate to the
organic-inorganic basis of mineralized tissues, the “mild” crystallization
conditions (i.e., temperature and pressure close to physiological ones),
and the precipitation characteristics of the inorganic phase. The material
obtained herein was most likely formed due to mineralization
membrane-guided mechanisms that commonly occur in biological sys-
tems [10]. The organic components presented in the mineralized bio-
logical structures are rich in polyanionic proteins and proteoglycans
[57,74]. These biomolecules engage in electrostatic interactions be-
tween the anionic domains (i.e., carboxylate, sulfate) that bind to cal-
cium cations of the forming mineral. Indeed, some of these molecules,
such as amelogenin (enamel), [75] osteocalcin (bone) [74], and
mamillan (ESM) [20], show calcium-binding capacity and have been
associated with mineral precipitation in biological tissues. Overall, these
interactions constitute an essential trigger for the mineralization process
and might have been involved in controlling calcium phosphate pre-
cipitation on the ESM. Our results suggest that the outer surface of ESM
nucleates a calcium phosphate mineral that mimicked the inorganic
phase of mineralized tissues, composed mainly of a carbonated-apatite
phase, with non-stoichiometric features and HPOZ~ environments. The
mineral phase presents chemical and structural -characteristics
mimicking those of biological apatite. Furthermore, the methodology
presented in this study also constitutes a potential pathway for the
sustainable development of biomaterials through the reuse of ESM, a
resource considered a waste in the food industry [16].

5. Conclusions

The outer surface of the ESM was mineralized by the SDVD method
with a low crystalline, nanosized, carbonated-apatite coating exhibiting
biomimetic features while the inner side remained unmineralized. The
mineral content and thickness of mESM increased with the experimental
temperatures (i.e., 25 °C and 37 °C) and mineralization times from 1 to
15 days. The mechanical properties are closely related to the mineral
content of mESM. In addition, mESM also showed in vitro osteogenic
differentiation and osteoinductive properties. These findings encourage
in vivo implantation studies to corroborate its potential use in clinical
procedures such as guided bone/tissue regeneration in the field of
dentistry.
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