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Abstract

Purpose: In the present study, we used holothurian ossicles (HOLO) extracted from sea cucumbers (holothurians) as novel biomate-
rials potentially useful in mandibular bone regeneration. Methods: HOLO particles were evaluated ex vivo and in vivo to determine
biocompatibility and effectiveness in an animal model of bone defect. Results: First, ex vivo analyses found that HOLO were highly
biocompatible when used with human cell cultures, as determined by LIVE/DEAD and DNA quantification assays, especially after 48
and 72 h of incubation. In contrast to control bone mineral particles (BP), cells cultured with HOLO tended to attach to these particles
rather than to the culture surface, suggesting that the surface of HOLO could favor cell adhesion. In vivo analyses in Wistar rats showed
that animals in which HOLO were grafted subcutaneously were devoid from any detectable side effects both at the systemic and local
levels, and HOLO triggered a pro-regenerative M2-type macrophage response. When HOLO were applied in a model of mandibular
bone defect, we found a positive effect of these particles as compared to negative controls, with a significant reduction of the size of the
bone defect (3.36 ± 0.84 mm in HOLO vs. 9.16 ± 4.18 mm in controls) as determined by computed tomography (CT). Histologically,
HOLO were associated to some ossification spots showing positive staining for toluidine blue, suggesting a process of osteoid formation,
and an increased expression of osteonectin and osteocalcin, which were comparable or higher than control bone. Conclusions: These
results suggest that HOLO could be safely used to induce mandible bone regeneration, and the use of these particles is associated to an
increased bone regeneration process. Future studies should determine the clinical usefulness of these novel particles used in regenerative
medicine.
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Introduction
Human oral and maxillofacial tissues can be affected

by numerous congenital and acquired diseases that include
tumors, trauma, infections, radionecrosis, and many other
conditions [1]. In severe cases, these pathologies may lead
to bone loss that is very difficult to treat and represents a
therapeutic challenge [2,3].

Oral and maxillofacial bone loss can be treated using
guided bone regeneration techniques [4]. However, exten-
sive bone loss often requires the use of bone grafts, with au-
tologous bone being considered as the reference technique
in bone regeneration [5]. When autologous bone grafts
are not an option, bone defects can be treated using dif-
ferent types of biomaterials, including synthetic particles
[6], hydrogels [7,8], three-dimensional (3D)-printed mate-
rials [9] and other types of materials. One of the most com-
monly used biomaterials in cases when a bone defect must
be surgically filled is bovine bone mineral particles (BP),
which can be considered as a gold-standard filling treat-
ment [10,11]. In most patients, the outcomes of the treat-
ment based on biomaterial grafting are partially positive,
with limited formation of regenerated bone [12]. However,
the ideal biomaterial has not been developed to the date, and
novel products able to facilitate an efficient regeneration of
the oral and maxillofacial bone are in need.

BP particles used in human therapy are mostly ob-
tained from porcine or bovine bones that are subjected to
freeze-drying or deproteinization procedures [10]. How-
ever, bone particles obtained from non-mammalian verte-
brates [13] or from invertebrate species are very rarely eval-
uated. In this milieu, a promising source of mineralized par-
ticles are the echinoderms and, especially, the holothurians.
Although holothurians or sea cucumbers are devoid of a real
skeleton, the skin of these animals contains a high number
of calcified endodermal ossicles that are synthetized by de-
veloping cells and remain joined to muscle and connective
cells [14]. Although the exact structure and chemical com-
position of these ossicles is not well known, it has been de-
scribed that these structures mainly consist of calcium car-
bonate (CaCO3) crystals enriched in several ions, such as
iron and magnesium [15]. Both the shape and size of these
ossicles are highly variable among and within species, and
both characters can be used to identify the different species
of holothurians [16]. In general, the size of these ossicles
ranges between 10 and 500 µm, and most specimens con-
tain a combination of perforated rods, plates, disks, towers,
and other types of ossicles. The unique shape, size and sur-
face roughness of these particles make them potential bio-
materials for use in bone regeneration [16,17].

In the present study, we evaluated the holothurian os-
sicles (HOLO) as novel biomaterials for bone regenera-
tion using an ex vivo and in vivo approach combining sev-
eral histological, histochemical and immunohistochemical
methods to determine the potential usefulness of this novel
biomaterial for use in tissue engineering. Ex vivo analy-

ses allowed us to determine the biocompatibility of HOLO,
whereas in vivo grafting inWistar rats was used to assess the
biological effects of this biomaterial and its potential regen-
erative usefulness in a model of mandible bone defect.

Materials and Methods
Cell Cultures

Cell cultures were generated from human oral mu-
cosa biopsies obtained from healthy donors subjected to mi-
nor oral treatments, as previously reported [8]. Biopsies
were washed in phosphate-buffered saline (PBS) (D8662,
Merck, Darmstadt, Germany) and subjected to enzymatic
digestion using a 2 mg/mL solution of type I collage-
nase from Clostridium histolyticum (17100017, Gibco,
Waltham, MA, USA) for 6 h at 37 °C. Isolated human
oral mucosa fibroblasts were obtained by centrifugation
and cultured on culture flasks using Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10 % fetal
bovine serum and 1 % antibiotics-antimycotics (A5955,
Merck). Subconfluent cells were subcultured using a
trypsin-ethylenediaminetetraacetic acid (EDTA) solution
(T3924, Merck).

Preparation of HOLO Biomaterials
Novel holothurian ossicles (HOLO) particles were ob-

tained by treating the skin of 2 specimens of Holothuria
sp. acquired at the local fish market using the hypochlo-
rite method, as previously described [16]. In brief, dead
animals were rinsed in water, cut into small fragments and
submerged in 5 % sodium hypochlorite for 4–6 h to disag-
gregate the organic tissues and release the inorganic HOLO
particles to the solution. This procedure was carried out in
a glass decanter to allow the particles to fall to the bottom,
where they were harvested, transferred to a clean tube, and
washed several times in tap water and, finally, in distilled
water to remove all rests of sodium hypochlorite. HOLO
particles were washed in 70 % ethanol for sterilization, and
dried. Approximately, 0.5–1.0 grams of particles were ob-
tained per specimen, mainly consisting of a mixture of per-
forated plates and towers, with an average size of 185± 75
µm × 50 ± 15 µm (Fig. 1). In order to compare HOLO
particles with a filling material commonly used in human
clinic when a bone defect must be filled and autografts are
not available, we used commercially available SUS-OSS
bone mineral particles (BP) generated by decellularizing
porcine bone xenografts (InBiomed, Cordoba, Argentina)
[18]. Both types of particles were analyzed using light mi-
croscopy with non-polarized and polarized light, and scan-
ning electron microscopy (SEM), as described below.

Evaluation of the Ex Vivo Biocompatibility of Novel
HOLO Biomaterials

Biocompatibility of the HOLO particles was assessed
ex vivo by culturing human fibroblasts in the presence of
these particles, both in direct and indirect contact, as previ-
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Fig. 1. Surgical procedure carried out on the mandible bone of the laboratory rats included in the present study. (A) Surgical
exposure of the angle of the mandible at the left side, after separating the muscles originally attached to the bone. (B) Generation of a
rounded full-size defect in the exposed mandible bone. (C) Filling of the bone defect with the HOLO or BP biomaterials analyzed in
the present work. At the right side, scanning electron microscopy images of the commercial bone mineral particles (BP) and holothurian
ossicles (HOLO) are shown. Scale bars: 200 µm for BP and 100 µm for HOLO.

Fig. 2. Analysis of cell viability of human oral mucosa fibroblasts cultured in the presence of holothurian ossicles (HOLO)
and control conditions. The top panel shows the histograms corresponding to the quantitative assessment of cell viability using the
LIVE/DEAD (LD) technique and free DNA quantification method (DNA) after 24, 48 and 72 h of follow-up. Medium: positive control
of cells incubated in culture medium showing 100 % cell viability; Dead cells: negative control of cells treated with triton X-100 showing
0 % cell viability; HOLO-IC: cells cultured in indirect contact with HOLO using porous inserts; HOLO-DC: cells cultured in direct
contact with HOLO. Values in the histograms correspond to average cell viability levels normalized to positive and negative controls,
and statistically significant differences with the Medium group are highlighted with asterisks (*). The lower panel shows illustrative
images of cells analyzed with LIVE/DEAD for each group of study and each incubation time. Live cells are stained in green, whereas
dead cells appear in red color. Scale bars: 100 µm.
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Fig. 3. Illustrative images of human fibroblasts cultured in the presence of holothurian ossicles (HOLO) and controls. (A) Phase
contrast microscope images. (B) Scanning electron microscopy (SEM) images. Medium: control cells incubated in culture mediumwith-
out particles; BP-IC: cells cultured in indirect contact with the bone mineral particles (BP); BP-DC: cells cultured in direct contact with
BP; HOLO-IC: cells cultured in indirect contact with HOLO; HOLO-DC: cells cultured in direct contact with HOLO. High-magnification
images in (A) correspond to the inserts in the images at 72 h. In (B), white arrows are used to highlight cultured cells, whereas black
arrows show BP or HOLO particles. Scale bars: 100 µm.

ously described [19].
For the indirect contact study of ex vivo biocompatibil-

ity of HOLO particles [19], cells were cultured on the bot-
tom of 24-well culture plates (50,000 cells per well of 1.9
cm2 of area surface) and allowed to attach for 24 h in a cell
culture incubator. Then, porous culture inserts (140627,
Nunc-Thermo Fisher Scientific, Waltham, MA, USA) were
placed on each well, and 10 mg of HOLO particles were de-
posited on the surface of the porousmembrane in each insert
to allow them to contact the culture medium in which cells
were cultured. For the direct contact study, cells were cul-
tured at the same concentration in the same culture plates,
but particles were added directly on the culture wells, with-
out using porous culture inserts. The concentration of par-
ticles in the direct contact assays was the same that we used
for the indirect contact study. In both cases, the effects of
the HOLO particles were analyzed after 24, 48 and 72 h
of incubation. Two control groups were also established:
cells cultured in culture medium (Medium group) without
particles were considered as a positive control of cell viabil-
ity, whereas cells treated with 2 % triton X-100 (9036-19-
5, Merck, Darmstadt, Germany) showing 0 % cell viability
were considered as negative control of cell viability (Dead
cells group). 10 experimental replicates were used per study
group (n = 10).

Cell viability of cells incubated with HOLO was first
assessed at each incubation time using LIVE/DEAD (LD)

cell viability/cytotoxicity kits (L3224, Life Technologies,
Carlsbad, CA, USA), following the manufacturer’s recom-
mendations [19]. In brief, cells were washed in PBS and
cultured for 15 min in a solution containing acetomethoxy-
calcein and ethidium bromide in PBS. This solution was
then removed, and cells were washed in PBS and exam-
ined using a ZOE Fluorescent Cell Imager (1450031, Bio-
Rad, Hercules, CA, USA). Green viable cells and red dead
cells were counted in each experimental condition, and the
percentage of viable cells regarding the total number of
cells was calculated. Then, cell viability was analyzed by
quantifying free DNA released to the culture medium by
dead cells, as previously described [19]. In brief, the su-
pernatant culture medium was harvested from each culture
well, and the absorbance at 260/280 nm was determined
using a NanoDrop 2000 spectrophotometer (ND-2000C,
Thermo Fisher Scientific, Waltham, MA, USA) to obtain
the final concentration of DNA in each sample. For LD and
DNA quantification, results obtained in each study group
were normalized against the controls using the results ob-
tained in the Medium group as 100 % cell viability and the
results of the Dead cells group as 0 %, as previously re-
ported [20,21].
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Fig. 4. Evaluation of biocompatibility in vivo of the HOLO biomaterial grafted subcutaneously in laboratory rats. (A) Histo-
logical analysis of the graft site using hematoxylin-eosin (HE) staining, histochemistry for picrosirius red (PSR) and alcian blue (AB)
and CD86 and CD206 immunohistochemistry. Scale bars: 100 µm. (B) Analysis of biochemical parameters in plasma of animals
grafted with HOLO particles. Animals grafted with BP and control animals without any particles (Mock) are also shown. ALP, alkaline
phosphatase (in U/L); ALT, alanine transaminase (in U/L); AMI, amylase (in U/L); BD, direct bilirubin (in mg/dL); BT, total bilirubin
(umol/L); Ca, calcium (mmol/L); Cl, chlorine (mmol/L); CHO, cholesterol (mg/dL); CRE, creatinine (mg/dL); Fe, iron (ug/dL); GLU,
glucose (mg/dL); HDL, high-density lipoprotein (mg/dL); K, potassium (mmol/L); LDH, lactate dehydrogenase (U/L); LDL, low-density
lipoprotein (mg/dL); LIP, lipase (U/L); Na, sodium (mmol/L); TRI, triglycerides (mg/dL); URE, urea (mg/dL). Histogram bars represent
average values in logarithmic scale, and error bars correspond to standard deviations.

Phenotypic Characterization of Human Cells Cultured
with HOLO Biomaterials

In order to evaluate the effects of HOLO on cell mor-
phology, and to assess the interaction between the cultured
cells and the biomaterials, cells were directly cultured with
HOLO particles. Human fibroblasts were subcultured on
24-well culture plates as described above for the ex vivo bio-
compatibility studies, and HOLO particles were added di-
rectly on each culture well (for direct contact studies) or on
the surface of porous culture inserts (for the indirect contact
studies). As controls, cells cultured in culturemediumwith-
out particles were used as a positive control of normal cell
morphology (Medium group), and cells treatedwith BP par-

ticles in direct or indirect contact were used. The same con-
ditions were used for all study groups. Cells were examined
after 24, 48 and 72 h of incubation using an Eclipse Ti‐U
inverse phase contrast microscope, and microphotographs
were obtained from each experimental condition to evaluate
cell morphology. After 72 h, cells were fixed in situ using 3
% glutaraldehyde, washed three times in cacodylate buffer,
dehydrated with increasing concentrations of acetone (30
%, 50%, 70%, 95% and 100%) and dried using the critical
point methods. Samples were then covered with gold using
a sputter coater and examined using a FEI scanning electron
microscopy (SEM, Quanta 200, FEI, Hillsboro, OR, USA).
For both, the phase contrast microscope and SEM images,

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v049a01


6 www.ecmjournal.org

European Cells and Materials Vol.49 2025 (pages 1–16) DOI: 10.22203/eCM.v049a01

Fig. 5. Cone beam computed tomography (CT) evaluation of animals subjected to mandibular bone defects and treated with
holothurian ossicles (HOLO). N-CTR: negative control animals in which the bone defect was not filled by any grafted material; BP:
animals in which the bone defect was filled with commercially available bone mineral particles (BP) used clinically; HOLO: animals in
which the bone defect was filled with HOLO particles. For each animal, illustrative images corresponding to the three-dimensional (3D)
reconstruction of the craniofacial bones and tomographic sections at the grafting site are shown. Right side: 3D reconstruction observed
from the non-operated side of the mandible used as normal controls; Left side: 3D reconstruction observed from the operated side of the
mandible showing the mandible defect after 2 months of follow-up; Axial: tomographic section in the axial plane showing the defect
at the right side of the mandible bone; Parasagital: tomographic section of the operated side of the mandible in the parasagittal plane
showing the bone defect. Arrowheads point to the mandible defect in each animal.

the histological appearance of each cell and their relation-
ship with the particles were evaluated.

Evaluation of the In Vivo Biocompatibility of HOLO
Biomaterials

In vivo biocompatibility of the different HOLO bio-
materials was carried out in adult 12-week-old male Wis-
tar rats weighing approximately 300 g, as suggested for the
evaluation of these products [22]. Animals were purchased
fromEnvigo (Indianapolis, IN, USA), andmaintained in the
animal experimentation unit of Instituto de Investigación
Biosanitaria ibs.GRANADA under veterinary supervision,
following national guidelines for animal experimentation.
Animals were maintained in individual cages in a pathogen-
free facility with free access to water and food (commercial
irradiated rat chow).

In brief, 5 animals were deeply anesthetized using ke-

tamine and acepromazine, and a subcutaneous pouch was
surgically generated at the dorsal area of each animal. Then,
50 mg of HOLO particles were placed on the subcutaneous
pouch, using a silicon ring to prevent the particles from
moving from the implant site. The skin injury was then su-
tured using resorbable materials. After 60 days of follow-
up, animals were euthanized by injecting a euthanasia so-
lution (Eutanax 200, Fatro Ibérica, Barcelona, Spain) un-
der general anesthesia. The implant site was then carefully
dissected and evaluated to detect any sign of rejection, in-
fection, necrosis, or other type of possible side effect of the
grafted particles, and these tissues were fixed and processed
for histological analysis as described below.

In addition, blood samples were obtained from each
animal, and the following biochemical parameters were
quantified in plasma using a clinical chemistry analyzer
(Cobas c311, Roche, Basel, Switzerland): alkaline phos-
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Fig. 6. Histological analysis of the mandible bone of the animals included in the study stained with hematoxylin-eosin (HE). P-
CTR: positive control of native, non-operated animals; N-CTR: negative control animals in which the bone defect was not filled by any
grafted material; BP: animals in which the bone defect was filled with commercially available bone mineral particles (BP) used clinically;
HOLO: animals in which the bone defect was filled with HOLO particles. The top panel (A) corresponds to the low-magnification images
showing both sides of the mandible. Lower panels (B–D) show higher magnification images of the left side of the mandible at different
magnifications to show the defect site. Scale bars: 2000 µm in (A), 500 µm in (B) and 100 µm in (C,D) panels.

phatase (in U/L), alanine transaminase (in U/L), amy-
lase (in U/L), direct bilirubin (in mg/dL), total bilirubin
(umol/L), calcium (mmol/L), chlorine (mmol/L), choles-
terol (mg/dL), creatinine (mg/dL), iron (ug/dL), glu-
cose (mg/dL), high-density lipoprotein (mg/dL), potas-
sium (mmol/L), lactate dehydrogenase (U/L), low-density
lipoprotein (mg/dL), lipase (U/L), sodium (mmol/L),
triglycerides (mg/dL), and urea (mg/dL). For the biochem-
ical analyses, animals in which BP were grafted using the
same procedure, along with control animals (Mock group)
in which the surgical procedure was carried out without
grafting any particles, were also evaluated (5 animals per
group). As this was a preliminary exploratory study, a sam-
ple size associated to a specific statistical power could not
be calculated.

Evaluation of the In Vivo Functionality of HOLO
Biomaterials

In vivo functional analyses of HOLO particles were
performed by grafting these particles in an animal model of
Wistar laboratory rats in which a critical mandibular bone
defect was created, as previously published [23]. Animals
were deeply anesthetized by intraperitoneal injection of ke-
tamine and xylazine, and the angle of the left side of the
mandible was surgically exposed using blunt dissection to
separate the masticatory muscles. A critical-size bone de-

fect of 5 mm of diameter was generated at the mandible
angle using a trephine (Fig. 1). The mandibular defect was
then filled with HOLO particles (HOLO group), the mus-
cles and soft tissues were repaired, and the skin injury was
sutured using resorbable suture material. As controls, the
bone defect was filled with BP material (BP group) or was
left unfilled in the negative control group (N-CTR group).
Native rats not subjected to any surgical procedure were
considered as positive controls (P-CTR group). 5 animals
randomly selected were included in each group (n = 5).

After 2 months of follow-up, animals were euthanized
by intraperitoneal injection of euthanasia solution under
general anesthesia, and the oral and maxillofacial skele-
ton was analyzed by cone beam computed tomography
(CT). For this, the head of each animal was scanned with
a Dental Imaging System (PointNix Point 3D Combi 500C,
Abex Medical System, Shah Alam, Selangor Darul Ehsan,
Malaysia) using a high-resolution scanning mode. Then,
images were processed to obtain 3D reconstructions of the
head andmandible bones, and photographs were taken from
the right side (non-operated) and from the left side (oper-
ated side) in each group of animals. In addition, axial and
parasagittal sections of the mandibular bone were obtained
at the site of the defect. These images were used to quantify
the size of the bone defect using 3 technical measures from
each individual.
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Fig. 7. Histochemical and immunohistochemical evaluation of the mandible bone of the animals included in the study. P-CTR:
positive control of native, non-operated animals; N-CTR: negative control animals in which the bone defect was not filled by any grafted
material; BP: animals in which the bone defect was filled with commercially available bone mineral particles (BP) used clinically;
HOLO: animals in which the bone defect was filled with HOLO particles. TB, toluidine blue; PSR, picrosirius red; AB, alcian blue;
OPN, osteopontin; ONC, osteonectin; OCC, osteocalcin. Histograms to the right correspond to the quantitative analysis of each staining
method. P: differences with P-CTR are statistically significant, N: differences with N-CTR are statistically significant, B: differences
with the BP group are statistically significant, H: differences with the HOLO group are statistically significant. Scale bars: 100 µm.

Histological, Histochemical and Immunohistochemical
Analyses

For histological analysis, the implant site of animals
used for the in vivo biocompatibility studies (subcutaneous
tissue) and the in vivo functionality (head of the animals)
were fixed in 10 % buffered formalin (252931, PanReac
Química, Barcelona, Spain) for 24–48 h. In the case of the
animal heads, decalcification was carried out using Anna
Morse (50 % formic acid and 20 % sodium citrate in wa-
ter) (PanReac Química, Barcelona, Spain) for 6–7 days or
until the hard tissues became soft [24]. The mandible bone
and the soft tissues attached to the mandible were carefully
dissected and separated from the rest of the cranial struc-
tures, and serial gross sections with an approximate thick-
ness of 5 mm were obtained in the coronal plane with a sur-
gical blade, from the most frontal to the most dorsal part
of the mandible, including both mandibular rami (control
right side and operated left side) in each section. Gross
sections were then washed, dehydrated in ethanol series,
cleared in xylene, and embedded in paraffin. Thin tissue
sections with a thickness of 4 µm were obtained with a mi-

crotome, dewaxed in xylene and rehydrated for histological
evaluation. To evaluate the global histological structure and
host response to grafted materials, slides were stained with
hematoxylin-eosin (HE) using routine methods. After ex-
amining each slide, the tissue blocks corresponding to the
area of the surgical intervention at the mandibular region
were selected for further analysis. Control and study ani-
mals were subjected to the same procedure.

In the blocks corresponding to the area of the surgi-
cal intervention, relevant extracellular matrix (ECM) com-
ponents were analyzed histochemically [25,26]. For colla-
gen fibers, picrosirius red (PSR) was used by incubating the
slides in a Sirius Red F3B solution for 30 min, washing in
water and counterstaining in Harris Hematoxylin (72711,
Thermo Fisher Scientific, Waltham, MA, USA) for 15 s.
For proteoglycans, alcian blue (AB) histochemical meth-
ods were used by treating the slides in alcian blue working
solution at pH 2.5 for 30 min, followed by washing in water
and counterstaining with nuclear fast red for 1 min. For the
identification of osteoid tissue, corresponding to immature
bone mainly consisting of poorly-mineralized organic ma-
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terial, toluidine blue (TB) was used. In brief, samples were
treated with toluidine blue solution for 2–5 min, washed
in acetate-acetic buffer at pH 4.2, treated with molybdate
for 5–10 min and washed in tap water. All these reagents
were purchased from PanReac Química (254584 for AB,
A8020.0005 for nuclear fast red, 251176 for TB, 131632
for acetate-acetic, and 131134 for molybdate; Barcelona,
Spain).

Specific markers of bone differentiation, including
osteopontin (OPN), osteonectin (ONC) and osteocalcin
(OCC), and proteins of M1 and M2 macrophage pheno-
types (CD86 and CD206, respectively) were identified by
indirect immunohistochemistry. Briefly, tissue sections
were subjected to antigen retrieval, and endogenous per-
oxidases were quenched with H2O2 (131077.1211, Pan-
Reac Química, Barcelona, Spain). Prehybridization was
then performed with casein and normal horse serum (S-
2012-50, Vector laboratories, Burlingame, CA, USA), and
samples were incubated overnight at 4 °C with the primary
antibodies at the following dilutions: 1:500 for OPN, 1:250
for ONC, 1:50 OCC, 1:200 for CD86 and 1:800 for CD206.
A prediluted solution containing the secondary antibodies
labeled with peroxidase was then applied, followed by a di-
aminobenzidine (DAB) substrate kit (SK-4100, Vector Lab-
oratories) to reveal the staining reaction. Samples were
finally counterstained with Harris Hematoxylin (Thermo
Fisher Scientific, Waltham, MA, USA) for 15 s, and cov-
erslipped.

Histological images were obtained from each slide
using a histological scanner (Pannoramic Desk DW II,
3DHISTECH, Budapest, Hungary).

Staining Signal Quantification and Statistical Analyses

Images corresponding to the histochemical and im-
munohistochemical staining methods were analyzed to
quantify the staining signal using the ImageJ software (ver-
sion 1.54g, National Institute of Health, Bethesda, MD,
USA), as previously reported [27,28]. For the histochem-
ical analyses (PSR, AB and TB) and for the immunohis-
tochemical analysis of bone differentiation markers (OPN,
ONC and OCC), 10 dots were randomly assigned to each
histological image using the multi-point tool of the pro-
gram, and the signal intensity was automatically calcu-
lated for each dot and expressed in color intensity units
(I.U.). For the immunohistochemical evaluation of CD86
and CD206 markers, the number of stromal cells showing
positive signal for each of these markers was determined in
each sample. Quantification was carried out in a blinded
manner, so that researchers did not know the specific type
of sample that was quantified for each method.

For statistical analysis, we first evaluated if each vari-
able fits a normal distribution using the Shapiro-Wilk test.
As variables could be considered as normal, parametric
statistics was applied. Statistical comparison of the size of
the bone defect in the different study groups of the in vivo

functionality study was performed using analysis of vari-
ance (ANOVA) for global comparison of multiple groups
with a post-hoc pairwise comparison between two specific
groups using the honestly-significant-difference (HSD) test
of Tukey. The same statistical tests were used to compare
the quantitative results of the histochemical and immuno-
histochemical analyses. In the case of the LD and DNA re-
lease results, comparisons between two groups were carried
out using the exact test of Fisher, as results were expressed
as percentages. All comparisons were carried out double-
tailed, and a statistical p value below 0.05was considered as
statistically significant. Statistical tests were performed us-
ing the Real Statistics Resource Pack software (Release 7.2)
(Dr. Charles Zaiontz, Purdue University, West Lafayette,
IN, USA), available at https://real-statistics.com.

Results
Ex Vivo Biocompatibility of HOLO Biomaterials

In the first place, we analyzed the ex vivo biocom-
patibility of the HOLO biomaterial using LIVE/DEAD as-
says. As shown in Fig. 2 and Supplementary Table 1,
cells cultured in indirect contact withHOLOwere highly vi-
able, with no differences with control viable cells (Medium
group), and with significant differences with the Dead cells
group. When the human cells were cultured in direct con-
tact withHOLO,we found that cell viability was above 93%
at all study times, although differences were significant at
24 h, and viability tended to increase with the follow-up
time. Then, we assessed cell viability by free DNA quan-
tification. Results found that cells were highly viable after
24, 48 and 72 h, and differences with the Medium group of
viable cells were not statistically significant.

Phenotypic Characterization of Human Cells Cultured
with HOLO Biomaterials

As shown in Fig. 3, we found that control human cells
cultured without particles (Medium group) showed the typi-
cal spindle-shape, elongated morphology of normal stromal
cells both in phase contrast microscope and SEM. In addi-
tion, our morphological analysis of cells cultured in indirect
contact with HOLO and with BP biomaterials revealed no
morphological differences with P-CTR, with cells display-
ing a normal morphology in all cases. Interestingly, when
cells were cultured in direct contact with BP, we found that
most cells showed the typical morphology of this type of
cells, but fibroblasts tended to adhere to the culture flask
surface rather than to the particles of the biomaterial. How-
ever, cells cultured in direct contact with HOLO tended to
adhere to the biomaterial and formed clusters containing
cells and HOLO particles attached together, whereas the
culture surface devoid of HOLO particles tended to show
lower cell concentrations.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v049a01
https://real-statistics.com


10 www.ecmjournal.org

European Cells and Materials Vol.49 2025 (pages 1–16) DOI: 10.22203/eCM.v049a01

In Vivo Biocompatibility of HOLO Particles
Histological evaluation of HOLO biomaterials grafted

subcutaneously in laboratory animals using HE (Fig. 4A)
showed that HOLO particles tended to remain at the im-
plant site, without any detectable sign of necrosis, host re-
jection, inflammation, or tumorigenesis in any of the an-
imals. No adverse effects were found. When the graft-
ing site was analyzed using PSR histochemistry, we found
a thin PSR-positive collagen-rich pseudocapsule surround-
ing the connective tissue in which HOLO were implanted,
but no signs of fibrosis or adhesions were detected. Anal-
ysis of the grafting site using AB histochemistry revealed
a highly positive staining signal for this histochemical
method, suggesting the presence of abundant proteogly-
cans both in the pseudocapsule and in the inner tissue.
When the macrophage population was analyzed at the im-
plant site, we found very few cells showing CD86 pos-
itive expression corresponding to pro-inflammatory M1-
type macrophages, and abundant pro-regenerative M2-type
macrophages showing positive expression of CD206.

In addition, the analysis of relevant biochemical pa-
rameters in blood of the animals grafted with HOLO mate-
rials showed no differences with the Mock group of control
rats (p > 0.05 for all parameters). Similarly, the biochemi-
cal results found in animals grafted subcutaneously with BP
were statistically comparable to the Mock group and to the
HOLO group for all the analyzed parameters, with differ-
ences being statistically non-significant (Fig. 4B).

In Vivo Functionality of HOLO Particles
To evaluate the potential usefulness of HOLO ma-

terials in mandible bone regeneration, we carried out in
vivo experiments on laboratory animals in which a critical
mandibular bone defect had been generated (Fig. 5). In
the first place, our results revealed that N-CTR animals in
which the mandible defect was not filled by any biomaterial
showed large defects at the end of the follow-up time, with
an average size of 9.16± 4.18 mm. This defect was evident
in the 3D reconstructions of the craniofacial bones of the an-
imals and in the axial and parasagittal tomographic sections
displayed in Fig. 5. In the second place, we found that BP
animals in which the bone defect was filled with bone min-
eral particles used clinically showed positive results as com-
pared to N-CTR, and the average size of the bone defect was
6.31 ± 2.93 mm, corresponding to 68.95 ± 32.05 % of the
average size of the defect found in N-CTR. Although differ-
ences between BP and N-CTR did not reach statistical sig-
nificance (p = 0.2911), the morphological analyses carried
out using 3D reconstructions and sections of the mandible
bone revealed an improvement as compared to N-CTR. Fi-
nally, evaluation of animals in which the bone defect was
filled with holothurian particles (HOLO group) showed a
significant reduction in the size of the bone defect (average
3.36 ± 0.84 mm, corresponding to 36.67 ± 9.14 % of N-
CTR), with statistically significant differences with N-CTR

(p = 0.0122). As revealed by the CT analysis, the bone de-
fect found in the HOLO group was smaller than that found
in N-CTR and BP, although differences with the BP group
were not statistically significant (p = 0.2659).

In Vivo Histological Analysis

Histological analysis of the mandible bone of animals
included in the study revealed several differences among
groups. As shown in Fig. 6, the structure of the mandible
bone corresponding to the P-CTR group of native animals
was compatible with a normal compact bone containing
abundant osteocytes surrounded by a dense mineralized ex-
tracellular matrix. Then, the N-CTR group showed an im-
portant defect at the left side of themandible, and this defect
contained abundant connective tissue consisting of numer-
ous fibroblasts and a dense extracellular matrix with thick,
mature collagen fibers. No signs of ossification were found
in this connective tissue. When the BP group was analyzed,
we found that the induced defect was detectable at the left
side of the mandible. This defect was filled with a very
dense, collagen-rich connective tissue with abundant cells,
and several areas of calcification partially resembling the
histological structure of the compact bonewere found at this
level, although these particles were mostly surrounded by
the connective tissue. Some of the grafted particles show-
ing empty osteocyte lacunae were visible. Finally, the his-
tological analysis of the HOLO group of animals also re-
vealed the presence of the induced bone defect at the left
side of the mandible containing a very dense connective tis-
suewith abundant cells and collagen fibers. Several spots of
calcification compatible withmineralized tissue were found
within and partially surrounded by this connective tissue.

Then, we analyzed the composition of the tissue found
at the mandible defect of each study group using histochem-
istry and immunohistochemistry (Fig. 7 and Supplemen-
tary Table 2). First, the assessment of osteoid tissue forma-
tion using toluidine blue (TB) histochemistry showed very
low staining signal in P-CTR and N-CTR. However, we
found that the mineralized spots found in the BP and the
HOLO groups were TB-positive, with significantly higher
staining intensity than P-CTR and N-CTR (p < 0.0001
for both groups), whereas BP and HOLO were statistically
similar to each other (p > 0.05). When the ECM was
analyzed in each study group, we found that all groups
contained abundant amounts of collagen fibers identified
by PSR staining, with non-significant differences among
groups (p > 0.05), whereas proteoglycans detected by AB
were significantly more abundant in the BP group (p <

0.0001), whilst the P-CTR, N-CTR and HOLO groups were
statistically similar (p > 0.05).

In addition, our immunohistochemical analysis of
three specific bone proteins (Fig. 7) revealed several differ-
ences among the four study groups compared in the present
study. For osteopontin (OPN), our results showed that P-
CTR had significantly higher levels of this protein than the
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N-CTR, BP and HOLO groups (p< 0.0001), and the regen-
eration tissue found in the HOLO group showed higher con-
tents of OPN than the BP group (p = 0.0232). Evaluation of
osteonectin (ONC) showed that the HOLO group expressed
similar levels of this protein than the P-CTR, with P-CTR
and HOLO showing significantly higher contents than N-
CTR (p = 0.0078 and p = 0.0006, respectively) and BP (p =
0.0035 and p = 0.0002, respectively). In turn, the osteocal-
cin (OCC) staining signal found in the HOLO group was
significantly more intense than all the other study groups
(p < 0.0001), and N-CTR and BP were significantly lower
than P-CTR (p < 0.0001).

Discussion
The recent development of bone tissue engineering

protocols may provide regenerative approaches to the treat-
ment of severe defects of the human mandibular bone [29],
and several biomaterials were previously tested with vari-
able results [7,8,30]. In general, the use of BP in bone
augmentation and bone repair became increasingly popu-
lar, due to the promising results obtained with these bio-
materials [10,11,31]. However, novel biomaterials able to
improve the clinical results of BP should be developed.

In the present work, we evaluated the biological ef-
fects of a novel natural biomaterial applied to the regener-
ation of critical-size mandibular bone defects. This bioma-
terial can be obtained from an abundant source of marine
animals that has been commercially exploited for years for
diverse applications, including seafood and pharmaceutical
uses [32]. In fact, holothurians are commonly used com-
mercially in several countries, especially in Asia, and ef-
forts are currently made to produce these animals at large
scale in aquaculture industries [33].

For clinical translation, novel biomaterials used in re-
generative medicine must be characterized at different lev-
els to ensure biosafety and efficiency of these products [34–
36]. As recommended for other biomaterials and tissue en-
gineering products, we first evaluated the ex vivo effects of
HOLO on cell viability. Demonstrating that novel bioma-
terials are not cytotoxic and do not alter cell viability is a
very important prerequisite of products developed for tis-
sue engineering protocols [36,37]. In this regard, we used
two different analysis methods to evaluate cell viability, in-
cluding a functional metabolic assay (LD) and a structural
method analyzing cell membrane integrity. Results of the
indirect contact analyses confirmed that HOLO particles
are safe for the human cells and suggest that these parti-
cles do not release any toxic molecules able to impair cell
viability. Similar results were found when cells were cul-
tured in direct contact with HOLO, although an initial vi-
ability decrease was detected with LD. This temporal and
self-limited decrease has been previously described for pri-
mary cultures, and could be related to the initial adaptation
phase of cultured cells [38]. In agreement with the ex vivo
biocompatibility results, evaluation of cell phenotype re-

vealed that HOLO were not associated to a morphological
change of the cultured cells, suggesting that cell viability
was not compromised [39]. Although not human, the fact
that HOLO particles were extracted from a natural source,
and their composition is a mixture of several types of low-
solubility calcium carbonate minerals [40] could explain
their biocompatibility when cultured with human cells.

An interesting finding was the different behavior
found in cells cultured in direct contact with HOLO as com-
pared to BP. Despite BP are commonly used in clinics, our
results showed that the attachment level of human cells to
these particles was limited, whereas cell confluence was
significantly higher around HOLO particles. Although up-
coming studies should characterize the exact surface struc-
ture of each type of particle, we may theorize that this dif-
ferential behavior of cultured cells could be related to the
porosity and surface morphology of each type of particles.
Whilst BP particles are normally manufactured by fractur-
ing large pieces of bone, and the process could alter the
original structure of these materials, HOLO particles were
isolated without fragmentation. In this regard, it is impor-
tant to note that HOLO were obtained using a very sim-
ple method that does not alter the native structure of these
particles in the animal tissue, where cells are continuously
interacting with the particle surface. Again, the natural na-
ture of HOLO ossicles and their native structure could be
related to the adequate interaction and attachment of cells
cultured in direct contact with HOLO particles. In fact, it
has been previously suggested that natural biomaterials ob-
tained from renewable sources have unique biological prop-
erties derived from their structure and composition, which
may offer excellent biological support for cell attachment
and proliferation [41].

Along with cell viability, the analysis of biocom-
patibility in vivo is a crucial translational requirement of
medicines agencies for this type of biomedical products
[34,36]. In line with the ex vivo analyses, we found that
HOLO particles were highly biocompatible when grafted
on laboratory animals, and no local or systemic side effects
were detected in any of the animals, both at the histological
and the biochemical level, suggesting that these particles
fulfilled the biosafety requirements for clinical use [36].

Once we demonstrated that HOLO particles were safe
for in vivo use, we analyzed the functional effects of this
novel biomaterial on mandible bone regeneration. Results
showed that the use of HOLO was associated to a signifi-
cant improvement of bone regeneration in a model of criti-
cal mandible defect. Although the defect was still identifi-
able at the end of the follow-up time, we found that the bone
defect found in the HOLO group corresponded to roughly
one-third of the diameter of the control group, with signif-
icant differences between both groups of animals, with an
evident radiological improvement in HOLO. Interestingly,
the diameter of the defect was approximately two-thirds of
the control group when commercial BP were used, which

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v049a01


12 www.ecmjournal.org

European Cells and Materials Vol.49 2025 (pages 1–16) DOI: 10.22203/eCM.v049a01

was not significantly different to the control group. These
results support the idea that HOLO biomaterials could ex-
ert a positive effect on mandible bone regeneration. The
fact that regeneration was only partial in all groups of an-
imals could be related to the follow-up time used in the
present study. Hence, some previous studies demonstrated
that bone mandible defects require long periods of time to
regenerate, and critical lesions contain connective tissue af-
ter 4 weeks of follow-up [23], although the bone healing
process predominantly takes place in the first two weeks
after the generation of the defect. In addition, it is impor-
tant to note that the animal model used in the present study
has several limitations related to the different physiology
of the rat and human bone tissue, and that the sample size
was very low, what typically affects statistical significance.
Furthermore, bone regeneration was assessed using CBCT,
which is commonly used to evaluate dental and maxillofa-
cial bone regeneration, but its resolution is limited. Future
studies should usemicro-CT and other high-resolution anal-
ysis methods to confirm the results obtained in the present
work. An unanswered question is the fact that, for some
animals, the diameter of the defect was higher than that
of the trephine instrument used to generate the defect in
the first place. Most likely, this could be explained by the
fact that trephines may typically generate bone defects with
slightly higher diameters, due to friction during the proce-
dure, and, especially, by an associated process of bone re-
sorption at the edges of the defect, as previously reported
[42]. Although this animal model was previously described
for the experimental evaluation of different biomaterials in
mandibular regeneration [23], novel in vivo models able to
more biomimetically reproduce the human scenario should
be described.

At the histological level, our results showed that the
mandibular defect of negative control animals was filled
with a dense connective tissue, compatible with a failure
of the mandibular bone to regenerate. In contrast, the BP
and HOLO groups showed several calcification spots at the
bone defect. In general, we were not able to identify the
grafted material (especially, in the case of HOLO) embed-
ded in the newly formed regenerative bone at the edges of
the defect, probably due to demineralization, and most of
these mineralized areas were surrounded by connective tis-
sue. Although we may hypothesize that these areas could
correspond to a bone regeneration process, future studies
should be carried out using non-demineralized tissues to
determine the osteointegration process of the grafted ma-
terials. These results were in agreement with the anal-
ysis of ECM composition showing a positive TB signal
at the regeneration area of BP and HOLO. Previous re-
searchers demonstrated that newly formed bone spots stain
intensely with toluidine blue, whereas native mother bone
typically stains in light blue [43]. To determine the qual-
ity of the bone tissue formed at the regeneration area, we
quantified the presence of relevant ECM components us-

ing histochemical and immunohistochemical methods. Re-
sults showed that the regenerated bone contained normal
amounts of collagen fibers as compared to native bone con-
trol tissue. However, differences were found for the amount
of proteoglycans, which were comparable to native bone in
the HOLO group and significantly higher in the BP group.
The role of these ECM components was demonstrated to
be crucial in bone regeneration and ECM remodeling, al-
though their exact regulation and modulation is strictly re-
lated to their biological functions, such as the organization
of a three-dimensional collagen network [44].

In addition, we evaluated the expression of three bone
proteins typically associated to bone physiology and home-
ostasis that play an important role in bone formation, es-
pecially at short terms after the generation of a bone de-
fect [45]. Strikingly, our quantification analysis of OCC,
OPN and ONC demonstrated that these three proteins were
significantly more abundant in the regenerated bone of the
HOLO group than in the BP group, and the levels found
in HOLO were similar to native bone for ONC. ONC is a
glycoprotein involved in tissue remodeling, whose role is
fundamental for a proper bone physiology, as this molecule
is able to attract and bind calcium ions, along with colla-
gens types I, II, IV and V [46]. The presence of normal
amounts of ONC in the regenerative bone formed in the
HOLO group suggests that this tissue could be functional,
and shares more similarities with native bone than the bone
induced by other biomaterials such as BP. Expression of
ONC has been observed in newly mineralized bone and
its role in bone mineralization has been previously demon-
strated [47]. However, its expression is not highly specific
of the bone ECM, and this marker has been found expressed
by the ECM and cell nuclei of human bone and by different
types of cancer [48]. On the other hand, OCC is considered
as the most abundant non-collagenous protein of the bone
ECM and a good indicator of new bone formation [49], and
its presence has been identified during the transition of im-
mature, poorly-mineralized osteoid tissue to mature calci-
fied bone tissue [47]. The increased expression of this com-
ponent in the HOLO group is in line with the idea that these
biomaterials were able to induce mandibular bone regener-
ation and contributed to improving currently used regener-
ative therapies. However, the bone newly formed in HOLO
contained significantly lower amounts of OPN than control
native bone. OPN is a small integrin-binding ligand gly-
coprotein that is synthesized and secreted by functional os-
teoblasts and plays a role in cell adhesion and bone ECM
mineralization [50]. In addition, OPN is associated to ma-
ture bone remodeling and is also expressed by osteoclasts,
where it is thought to participate in bone degradation in re-
sorption lacunae [51]. The fact that OPN has been mainly
described in highly-mineralized bone, and is mostly absent
in osteoid tissue [47,52] could explain the low levels of this
protein in regenerating bone corresponding to the HOLO
group. These results should be analyzed with care, since it
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is well known that ONC, OCC and OPN are crucial markers
of early bone formation, and these analyses were carried out
after 2 months of follow-up, when the regeneration process
is normally reduced. Future studies should be carried out to
analyze these markers at shorter follow-up periods.

The above-mentioned histological, histochemical and
immunohistochemical analyses were carried out using dem-
ineralized tissues, as previously published [8,53]. How-
ever, acid decalcification may affect the morphology and
composition of biological tissues, and further studies should
be performed using non-demineralized samples. These
studies should include a thorough characterization of the
chemical composition of the mineralized tissue formed at
the defect area, in order to determine if this tissue is able to
reproduce the definite structure of the native bone.

The mechanisms associated to the positive effects of
HOLO both on human cells and laboratory animals should
still be identified. However, it is likely that both the surface
structure of each type of particle, their chemical composi-
tion and particle size may play a relevant role.

Conclusions
In general, the positive results obtained in the present

study confirm the biosafety and potential usefulness of the
novel HOLO biomaterials and support the development of
clinical trials in humans following the requirements of the
European Medicines Agency, although further preclinical
analyses are in need to confirm these results. As compared
to BP particles currently used therapeutically, HOLO may
have increased regeneration potential of the mandible bone.
Future long-term and time-course studies are still needed to
determine the regenerative potential of these biomaterials in
human bone regeneration, and to reveal if the bone ossifica-
tion process can be completed after longer periods of time.
In addition, clinical trials should determine the therapeutic
usefulness of these novel biomaterials in human patients.
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