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Abstract

Basic research, especially morphological research, often fails to get off the ground due to scar-
city of opportunities and funding. There is a need to exploit ideas, while starting from a mor-
phological basis, to channel them into pathways with translational value: patents, trademarks,
alternative experimental models, etc., aimed at formulating new proposals for applied research.
Among the many sprouts emerging in laboratories where basic research is carried out through-
out the country, one reality from Emilia Romagna region is represented by some insights from
human anatomy teachers and researchers at the University of Modena and Reggio Emilia. They
have developed an original idea whereby they propose to use very small bone segments (the
scleral ossicles —-SO) taken from the sclero-corneal boundary of lower vertebrates with protrud-
ing eyes (particularly from avian species) to supplement 3D scaffolds to be used in regenerative
medicine (by triggering/improving angiogenesis and osteogenesis) for the recovery of severe
bone injuries, defined as “critical size”, i.e., unable to recover autonomously. The idea was fol-
lowed by the patent application and, subsequently, the filing of a trademark (Pal-OS®) concern-
ing to SO-derivatives (powders, sticks, caps, etc.).

In times when respect for the natural environment and attention to animal health are among
the relevant aspects for an ecosystem’s welfare, along with these patent and trademark a focus
was developed on experimental methods alternative to animal testing, with which to be able
to test the efficacy of the proposed products while respecting the 3 R’s rules, using a model
already known and exploited in the past, the chorio-allantoic membrane — CAM, revisited
today from an ethical perspective.

The article traces the observations that led to the idea of patenting scleral ossicles, of filing the
Pal-OS® trademark and of using the CAM model to test their validity for regenerative purpos-
es, with the ultimate goal of underlining how morphological observations, interpreted from a
translational perspective, can provide interesting insights for clinical applications.
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A local example at UNIMORE: scleral ossicles, Pal-OS®, CAM and their combination
Scleral ossicles — description and development possibilities

In recent years, with the rapid development of sophisticated bio-molecular tech-
niques and the sharpening of the biotechnology mindset, morphology has under-
gone slowdown that results in term of scarcity of funding and human resources. To
emphasize the importance of morphological studies, our research group, starting
from mere morphological observations, proposed the use, in a translational key, of a
peculiar natural scaffold, the Scleral Ossicles (SO), for bone regeneration.

SO (Fig. 1) are small bony plates, organized to form a ring of 13-14 elements artic-
ulated to each other with sutures, located at the sclero-corneal boundary of the eye-
ball of lower vertebrates with protruding eyes such as teleosts (Franz-Odendaal and
Hall, 2006; Franz-Odendaal, 2008a; Lyon et al., 2017), amphibians, reptiles (Franz-
Odendaal, 2006; Presch, 1970; Vieira et al., 2007), and birds (Franz-Odendaal, 2008b;
Lima et al., 2009; Zhang et al., 2012), whose aim, at the end of their development,
is solely to protect the eye from deformation during flight or swimming (therefore
submitted lifelong to stereotyped loading), reason why they should not be subject to
bone variations dependent on the body’s mineral /metabolic requirements (as is the
case for all other skeletal segments). Thus, in order not to undergo bone remodeling,
once SO reach the final size, all their osteocytes massively go into apoptosis (Palumbo
et al., 2012). Therefore, SO are “naturally decellularized” materials, and it has been
shown that they do not induce adverse immune reaction (when transplanted into
non-immune-depressed animals) and promote both angiogenesis and osteogenesis
(Checchi et al., 2018, 2020). On this basis, and after developing and standardizing an
appropriate extraction and preparation method, they were thought to be housed in
special slots within 3D scaffolds (Fig. 2), to be inserted into critical bone lesions, to
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Figure 1. Photograph of the scleral ring in Gallus gallus domesticus. The arrow highlights the scleral ossicles.
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Figure 2. The picture represents a hypothetical 3D scaffold architecture that could host the scleral ossicles in
a peculiar slot designed with appropriate dimensions.

trigger an angiogenic and osteogenic response in the host, in order to improve the
recovery of critical-sized bone lesions.

In November 2022 (https:/ / www.magazine.unimore.it/site/ home /notizie / artico-
10820058150.html) the University of Modena and Reggio Emilia started the patenting
process for the use of Scleral Ossicles (SO).

Pal-0S® - description and development possibilities

Preliminary observations on the realization of prototypes of complex constructs that
could accommodate SO suggested, later, that it would be more effective to combine
some derivatives of patent-SO to be processed in parallel with the printing of bioma-
terials that must include them. Thus, a trademark, Pal-OS®, was filed (January 2022)

Pal-0S®
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Figure 3. The picture schematically represents the extraction of the scleral ring from the chicken eye bulb.
Each scleral ossicle is disjoined and it could be processed in different derivates: Pal-OS® powder, Pal-OS®
sticks, or Pal-OS® caps.
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denoting any product from comminution of scleral ossicles (powder, filaments, chips,
splinters, caps, etc.). The idea is to obtain 3D printed gelatinous biomaterials, such as
hydrogels, that include SO derivatives (Pal-OS®), for example Pal-OS® powder sticks
(Fig. 3). This will optimize the angio-/osteo-inductive influence of SO on the host bone.

Tests on the application potential of Pal-OS® derivatives are currently in progress
and propose the embedding of Pal-OS® within matrices of different nature, that can
be customized by the manufacturer in order to adapt perfectly to the size of the bone
defect to be to deal. “Critical size” bone defects are fractures which, due to their exces-
sive extension, do not undergo self-regeneration and therefore require a method or
therapy that allow complete healing. Essential requirements for the healing of a criti-
cal fracture are the restoration of an efficient vascular system and the reduction of the
gap between the two bone stumps. Vascularization is an essential preliminary element
without which ossification cannot proceed. As mentioned above, SO have been tested
for biocompatibility and angiogenic potential in vitro and in vivo resulting biocompat-
ible and able to induce angiogenesis; therefore, the use of these ossicles would ensure
the angiogenic potential necessary for the recruitment of all the elements (cells and
cytokines) to initiate the process of bone regeneration (Ferretti and Palumbo, 2021).

Our final goal is to use customized constructs containing Pal-OS® derivatives as
triggers for bone regeneration. To do this, 3D printed constructs containing Pal-OS®
derivates were tested onto the Chorioallantoic Membrane (CAM) in order to select
the best combination between bio-ink and Pal-OS® derivatives in terms of angiogene-
tic response.

Description and ethical value of CAM

An important aspect of our research activity which deserves attention is perform-
ing (after the preliminary in vitro tests) in ovo experiments by means of Chorioallan-
toic Membrane (CAM) assay (Fig. 4A). The CAM is a highly vascularized membrane
that performs the functions of the primitive respiratory organ of the chick embryo
and contains high amount of both oxygen and growth factors (Ribatti, 2010; Schnei-
der-Stock and Ribatti, 2020).

CAM forms on days 3—4 of embryo development by the fusion of the chorion
and the allantois. It acts as natural bioreactor and largely vicariates the use of animal
experimentation (in fact, if used within day 17 of development, it does not require
ethics committee approval). In the past, it has been used mostly in cancer research to
study the molecular mechanisms of anticancer drugs and the correlated angiogenic
response (Ribatti, 2014; Ribatti et al.,, 2001, 2003; Ribatti and Tamma, 2019), as well as
for various types of tests (Kundekova et al., 2021): angiogenic potential assay (in both
physiological and pathological purview), experimental embryology, tumor growth,
experimental metastasis (Ribatti, 2021), teratogenesis and toxicology, drug delivery
assay (Fonseca et al., 2021). Recently, instead, CAM has been re-discovered as an
alternative to the in vivo experimentation, which underlines its ethical value. In fact,
according to the 3R’s principles of the animal experimentation (Reduction, Refined,
Replaced), CAM assay has been exploding in recent years, where animal welfare is
absolutely to be pursued and developed to make research sustainable, in relation to
the “health” of both the ecosystem in general and the animal world in particular (Fig.
4B). The authors were recently funded by the Emilia Romagna Region, which has
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Vascularized CAM on day 9

A
Chorio-allantoic Membrane (CAM) assay
Day 0 ‘ Day 8
Eggshel  Window Materiel || Observations
fertilization window sealing implantation .
B Advantages Polymeric 3D scaffold
P
if'
IF. |
\ -
- - -n‘ﬁ
- Reduce \
/ Replace / \ / Reﬁne
| Replace animal | As many trials as | ‘ Minimize stress I‘I
\studles with other | required, as few | of study animals |
methods % as possible /

Scale bar = lmm

Figure 4. A. On the left a photograph of Chorio-allantoic Membrane (CAM) on day 9 of incubation. On the
right, a diagram representing the CAM assay during 12 days of incubation: on day 3 eggs are opened in order
to detect that fertilization has occurred. On day 8 the CAM is ready to host the material and the implantation
is performed. Finally, on day 12 all the observations take place. B. All the advantages deriving from CAM assay
are represented on the left of the picture: the 3R’s principles are respected. On the right, a picture of a poly-
meric 3D scaffold on chorio-allantoic membrane that shows a large number of vessels around it.

been funding precisely alternative research models to animal testing for several years.
The use of CAM assay cuts across several topics: from tests of biocompatibility, cyto-
toxicity and mechanisms of action of bioactive molecules, to validation of materials
for tissue engineering; just to this last topic, our interest is particularly focused and
declined in various projects.

Conclusions - Proposed development of eco-sustainable strategies for skeletal
tissue regeneration

Studies on scleral ossicles and their derivatives (Pal-OS®) in combination with the
use of ethical CAM assay are a clear demonstration of how morphology can overcome
the risk of being confined and considered obsolete following the exuberant develop-
ment of other disciplines. Morphology, instead, represents the indispensable basis of
innovative proposals with translational significance and applicative possibility.

Moreover, our group’s recent studies are absolutely based on environmentally
sustainable research as well as respect of animal welfare: scleral ossicles are obtained



144 Marta Checchi et al.

from poultry waste (whose extraction and processing procedure was patented by
UNIMORE-Palumbo), thus no animal sacrifice is required for their procurement.
CAM is a simple, quick, low-cost and ethically sustainable model, that replaces the
use of animals in the primary stages of experimentation and does not require admin-
istrative ethics committee approval (unlike animal experimentation), because the
chick embryo is not considered as living animal until 17" day of embryo develop-
ment in most countries (moreover, the chick embryo younger than 10% day are
assumed to be unable to experience pain (Institutional Animal Care and Use Commit-
tee (IACUC) - Brown University, 2019)).

In conclusion, the purpose of this prospective article is to emphasize how the
“serendipity” (Dong et al., 2021; Hartl et al., 2021; Thomson, 2021) of morphological
evaluations like the observation at the onset of this “story” concerning the general-
ized osteocyte apoptosis in some types of ossicles (Palumbo et al., 2012), can provide
new application insights in the regenerative field, when combined with the scientific
creativity, declined from a translational perspective, allowing the complementation
or improvement of approaches that are already exploited by regenerative medicine.

References

Checchi, M., Bertacchini, J., Cavani, F, Magard, M. S., Reggiani Bonetti, L., Pugliese,
G. R., Tamma, R., Ribatti, D., Maurel, D. B., and Palumbo, C. (2020). Scleral ossi-
cles: Angiogenic scaffolds, a novel biomaterial for regenerative medicine applica-
tions. Biomaterials Science, 8(1), 413-425.

Checchi, M., Bertacchini, J., Grisendi, G., Smargiassi, A., Sola, A., Messori, M., and
Palumbo, C. (2018). Proposal of a novel natural biomaterial, the scleral ossicle, for
the development of vascularized bone tissue in vitro. Biomedicines, 6(1).

Dong, G., Ding, Y., He, S., and Sheng, C. (2021). Molecular Glues for Targeted Protein
Degradation: From Serendipity to Rational Discovery. Journal of Medicinal Chemis-
try, 64(15), 10606-10620. https:/ / doi.org/10.1021/acs.jmedchem.1c00895

Ferretti, M., and Palumbo, C. (2021). Static Osteogenesis versus Dynamic Osteogen-
esis: A Comparison between Two Different Types of Bone Formation. Applied Sci-
ences, 11(5), 2025.

Fonseca, B. B., da Silva, M. V., and de Morais Ribeiro, L. N. (2021). The chicken
embryo as an in vivo experimental model for drug testing: Advantages and lim-
itations. Lab Animal, 50(6), 138-139.

Franz-Odendaal, T. A. and Brian K. Hall, B. K. (2006). Skeletal Elements With-
in Teleost Eyes and a Discussion of Their Homology. Journal of Morphology,
1326-1337(October), 267.

Franz-Odendaal, T. A. (2006). Intramembranous ossification of scleral ossicles in Che-
lydra serpentina. Zoology, 109(1), 75-81.

Franz-Odendaal, T. A. (2008a). Scleral ossicles of teleostei: Evolutionary and develop-
mental trends. Anatomical Record, 291(2), 161-168.

Franz-Odendaal, T. A. (2008b). Toward understanding the development of scleral
ossicles in the chicken, Gallus gallus. Developmental Dynamics, 237(11), 3240-3251.

Hartl, D., De Luca, V., Kostikova, A., Laramie, ]., Kennedy, S., Ferrero, E., Siegel, R.,
Fink, M., Ahmed, S., Millholland, J., Schuhmacher, A., Hinder, M., Piali, L., and



From morphological basic research to proposals for regenerative medicine 145

Roth, A. (2021). Translational precision medicine: an industry perspective. Journal
of Translational Medicine, 19(1), 1-14. https:/ / doi.org/10.1186/s12967-021-02910-6
Institutional Animal Care and Use Committee (IACUC) - Brown University. (2019).

Policy for Use of Avian Embryos.

Kundekovd, B., Mdcajovd, M., Meta, M., Cavarga, I., and Bil&ik, B. (2021). Chorioal-
lantoic membrane models of various avian species: Differences and applications.
Biology, 10(4), 1-24.

Lima, F. C., Vieira, L. G., Santos, A. L. Q., De Simone, S. B. S., Hirano, L. Q. L., Sil-
va, J. M. M., and Roméo, M. F. (2009). Anatomy of the scleral ossicles in Brazilian
birds. Brazilian Journal for Morphological Sciences, 26(3—4), 165-169.

Lyon, A., Powers, A. K., Gross, J. B., and O’Quin, K. E. (2017). Two - Three loci con-
trol scleral ossicle formation via epistasis in the cavefish astyanax mexicanus. PLoS
ONE, 12(2), 1-16.

Palumbo, C., Cavani, F,, Sena, P, Benincasa, M., and Ferretti, M. (2012). Osteocyte
apoptosis and absence of bone remodeling in human auditory ossicles and scleral
ossicles of lower vertebrates: A mere coincidence or linked processes? Calcified Tis-
sue International, 90(3), 211-218.

Presch, W. (1970). Scleral Ossicles in the Sceloporine Lizards , family Iguanidae. Her-
petologica, 26(4), 446-450.

Ribatti, D. (2010). The chick embryo chorioallantoic membrane in the study of angio-
genesis and metastasis. Springer, Dordrecht.

Ribatti, D. (2014). The chick embryo chorioallantoic membrane as a model for tumor
biology. Experimental Cell Research, 328(2), 314-324.

Ribatti, D. (2021). The CAM assay in the study of the metastatic process. Experimental
Cell Research, 400(2), 112510.

Ribatti, D., Alessandri, G., Baronio, M., Raffaghello, L., Cosimo, E., Marimpietri, D.,
Montaldo, P. G., De Falco, G., Caruso, A., Vacca, A., and Ponzoni, M. (2001). Inhi-
bition of neuroblastoma-induced angiogenesis by fenretinide. International Journal
of Cancer, 94(3), 314-321.

Ribatti, D., De Falco, G., Nico, B., Ria, R., Crivellato, E., and Vacca, A. (2003). In vivo
time-course of the angiogenic response induced by multiple myeloma plasma cells
in the chick embryo chorioallantoic membrane. Journal of Anatomy, 203(3), 323-328.

Ribatti, D., and Tamma, R. (2019). The chick embryo chorioallantoic membrane as an
in vivo experimental model to study multiple myeloma. Enzymes, 46, 23-35.

Schneider-Stock, R., & Ribatti, D. (2020). The CAM Assay as an Alternative In Vivo
Model for Drug Testing. Handbook of Experimental Pharmacology.

Thomson, A. M. (2021). Circuits and Synapses: Hypothesis, Observation, Controver-
sy and Serendipity — An Opinion Piece. Frontiers in Neural Circuits, 15, 732315.
https:/ /doi.org/10.3389/fncir.2021.732315

Vieira, L. G., Santos, A. L. Q., and Lima, F. C. (2007). Ontogeny of scleral ossicles of
giant amazon river turtles Podocnemis expansa Schweigger, 1812(Testudines,
Podocnemididae). Brazilian Journal for Morphological Sciences, 24(4), 220-223.

Zhang, G., Boyle, D. L., Zhang, Y., Rogers, A. R., and Conrad, G. W. (2012). Develop-
ment and mineralization of embryonic avian scleral ossicles. Molecular Vision, 18,
348-361.



	Special Monographic Issue on the History of Human Anatomy and the Anatomical Bases of Palaeopathology
	Francesco M. Galassi1,*, Raffaella Bianucci2,3,*
	What lies behind the embalmed body of Rosalia Lombardo (1918-1920)?
	Raffaella Bianucci1,2, Francesco M. Galassi3, Tiziana Lanza4, Grazia Mattutino5, Andreas G. Nerlich6
	History of Medicine as a bridge between Paleopathology and the Medical Humanities. New Technologies Applied to Bioarchaeology: reconstructing Lifestyles in Ancient Rome
	Silvia Iorio1, Paola Catalano2, Valentina Giuffra3, Flavio De Angelis4, Maria Cristina Martinez-Labarga 4, Riccardo Santangeli Valenzani5, Giulia Facchin5, Marco Cilione 6, Valentina Gazzaniga1,*
	The controversial case of Cosimo I de’ Medici (1519-1574): reflections on the interaction between anatomy and art (iconodiagnosis vs misdiagnosis)
	Raffaella Bianucci1,2a, Elisa Zucchini3a, Francesco M. Galassi4,5,*, Donatella Lippi6
	An anthropological and paleopathological analysis of a peculiar skeleton from the Necropolis of Zancle (1st century BCE – 1st century CE): a case report
	Claudia Fiorentino*, Roberto M. Miccichè, Luca Sìneo
	Ancient Egyptian paleopathology – The population of the tomb of IPI, necropolis of Dahshur-South
	Andreas G. Nerlich
	The limping nuns. Two cases of hip dislocation in a medieval female monastery
	Paola Saccheri, Luciana Travan
	Anatomy and Ceroplastic School in Bologna: a heritage with unexpected perspective
	Lucia Manzoli, Stefano Ratti, Lucio Cocco*
	“De oculis”, a chapter on ocular anatomy by Constantinus Africanus
	Barend F. Hogewind1,*, Françoise E. I. Hogewind2
	The “prince of anatomists” Paolo Mascagni and the modernity of his approach to teaching through the anatomical tables of his Anatomia universa. A pioneer and innovator in medical education at the end of the 18th century and the creator of unique anatomica
	Mariano Martini1,2,*, Davide Orsini3
	Sarcoglycans and integrins in human thyrocytes: an immunofluorescence study
	Angelo Favaloro1, Giuseppina Rizzo2, Giuseppe Santoro1, Simona Pergolizzi3, Antonio Furci1, Antonio Centofanti1,*, Giuseppina Cutroneo1
	From morphological basic research to proposals for regenerative medicine through a translational perspective
	Marta Checchi1, Virginia Stanzani1, Serena Truocchio1,2, Matteo Corradini1, Marzia Ferretti1, Carla Palumbo1,*
	Histomorphometric changes in the ovaries of thymectomized guinea pigs
	Murali Punniakotti1,*, V.Nithya2, James Villanueva1
	Morphological variations of human pulmonary fissures: an anatomical cadaveric study in Sri Lanka
	Lanka Ranaweeera1,*, W.N. Sulani1, W.L.R.L. Nanayakkara2 

