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Abstract

Current challenges in the development of scaffolds for bone regeneration in-
clude the engineering of biomaterials that can withstand a natural dynamic
physiology on the bone that provides a matrix capable of supporting cell mi-
gration and tissue ingrowth. The objective of the present work was to develop
and characterize a new biomembrane— Mineralized Exoskeleton Shrimp (MES)
developed from the exoskeleton of paleomonetes. The integration of MES as a
biomaterial for tissue regeneration relies on the growing evidence that the
shrimp is characterized by a hierarchically arranged chitin fiber structure,
mineralized predominately by calcium carbonate and/or calcium phosphate,
bringing beneficial effects in bone regeneration. Additionally, the tridimen-
sional MES structure, can act as a “tent” for Guided Bone Regeneration
(GBR). Recently, our team has characterized the MES biomaterial by in vitro
(human osteoblastic cellular cultures and immersion of the membrane in
modified synthetic plasma) and in vivo (soft tissue in lab mice and hard tissue
in rabbit model). The cellular growth in the MES membrane was very exube-
rant in cellular culture with osteoblastic colonization on its surface (histo-
philic and biocompatible). After the immersion in modified synthetic plasma
for one week, a mass mineralization occurred throughout the membrane’s
surface (bioactive). The analysis of histological samples from experimental
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surgery in lab mice showed that the MES membrane wasn’t toxic to soft tis-
sues and that it caused a moderate inflammatory response (first reabsorption
signs at 8 weeks). The MES could act as a cell-guiding template that contains
the necessary cues and adequate three-dimensional set to facilitate cell adhe-
sion and promote tissue regeneration upon implantation and subsequent
biodegradation.
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1. Introduction

A big challenge in the development of scaffolds for oral and maxillofacial sur-
gery, includes the engineering of biomaterials that promote an effective tissue
guided regeneration. Recent research of “guided bone regeneration” hypotheses
forced the need of new paradigms about the nature of the technique. We aim to
propose to include biomembranes, which have the objective of functioning as a
“tent” and as an orientation to the Guided Bone Regeneration (GBR) [1].

Guided Bone regeneration is a “surgical procedure that aims to separate the
tissues through a natural barrier, periosteum, or artificial, in order to obtain the
desired regeneration site, and not repair” [2]. The exclusion of unwanted tissue
in the area where you want to form a specific tissue is the basic principle of
guided regeneration. The aim is to allow only cells with bone regenerative capac-
ity to have access to the region [3]. This objective can be achieved by local isola-
tion with a physical barrier excluding unwanted tissues [3] [4] [5].

Nowadays, are currently available on the market various types of biological
membranes for clinical use that constitute two major groups: the resorbable
membranes and the non-resorbable. In the first group we have as main examples
collagen membranes, polylactic acid, polyglycolic acid, poliglatin 910 and auto-
logous fibrin. In the group of non-resorbable we can include the polytetrafluoroe-
thylene (PTFE), expanded polytetrafluoroethylene, (e-PTFE) and titanium-mesh.
The membranes for guided regeneration must have acceptable handling proper-
ties, being able to support the tissue, preserve and maintain the space, conforma-
bility to the shape of the defect, and have the characteristic that can be tailored to
unique situations. The membranes should be easy to cut and shape and should not
have sharp edges to avoid perforation of the tissue and allow an exact adaptation
to a variety of morphological defects [6]. In addition to these general characteris-
tics, resorbable membranes should be nontoxic, non-antigenic and produce mi-
nimal inflammatory response to the bioresorption process [7]. Several compara-
tive tests between resorbable and non-resorbable membranes, both clinical and
experimental, have been made to determine what type of membrane produces

the greatest amount of bone tissue and the lowest postoperative degree of prob-
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lems [8] [9] [10] [11]. The results have not been entirely conclusive, not allowing
finding what is the best type of membrane to be used in clinical practice, result-
ing in a virtual dead heat between these two types of membranes [6] [12].

The shrimps’ exoskeletons are basically consisting of an organic part (chitin)
and an inorganic matrix predominately formed by calcium carbonate and/or
calcium phosphate, with an elastic behavior which can be beneficial for mem-
brane tissue mechanical adaptation. The use of this mineralized membrane will
function as a protective layer but also as a bone support [13]. In a previous study
it was determined the overall strength of the membrane having a thickness of
0.25 mm, obtaining an average value of 22 N/mm? [14]. In this research work,
the goal was to study the biological characteristics of a new biomembrane de-
veloped from the exoskeleton of paleomonetes (Figure 1).

The objectives of this study were defined to enlighten:

- The biocompatibility of the membrane in osteoblastic cellular cultures.

- The bioactivity (mineralization capacity) of the membrane when immersed
in synthetic modified plasma.

- The membrane behavior when in contact with soft tissues (muscular and
subcutaneous) in the mouse.

- The existence of total or partial resorption and the quantification of that
same resorption.

- The membrane biocompatibility when in contact with a bone defect and the
real bone regenerative capacity, in the rabbit.

- The comparison of results both in vitro and in vivo between the test mem-
brane and the control membrane.

To enlighten the topics already mentioned in the objectives of this study, the
following experimental protocols were carried out.

2. Materials and Methods
2.1. MES Preparation

To remove the proteins, present in the exoskeletons of shrimp abdomens, we

proceeded with a treatment of deproteinization, which consists in immersing the

samples in a basic solution of sodium hydroxide at 3% (w/w) heated to 70°C

Figure 1. Exoskeletons of shrimp abdomens prior to treatment.
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with constant stirring. Samples were treated with about 10 solution changes until
a whitish present salmon coloration. Then the shrimp skins were washed several
times with deionized water, to be cleared of any tissue debris from the sodium
hydroxide. Finally, the samples were passed through a sonicated apparatus for 15
minutes. Subsequently the membranes were subjected to a surface modification
treatment, which allowed the introduction of silicon in their composition. This

impregnation of silicates allows the surface to become bioactive (Figure 2).

2.2. MES In Vitro Characterization

Human osteoblastic cellular cultures to study the biocompatibility of the mem-
brane in bone tissue in vitro. With cellular cultures, the aim was to verify and
quantify the osteoblastic growth in the presence of the membranes. As control
material in cellular cultures two absorbable collagen membranes already availa-
ble in the market (Bio-guide® with parallel collagen fibers and RCM6® of ACE®
with collagen fibers cross-linked) were used.

Immersion of the MES test membrane in modified synthetic plasma in vitro to
verify the mineralization degree of the membrane (bioactivity). Experimental sur-
gery with 4 Mus Musculus mice, with implantation of the MES and collagen mem-
branes in muscular and subcutaneous tissues with assessment of tissue reaction.

At the end of 8 and 16 weeks the mice were euthanized (Figure 3, Figure 4).

Figure 2. Macroscopic aspect of MES membrane after chemical treatment.

Figure 3. Experimental surgery on lab mice.
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Figure 4. Histological sample of the mice after euthanasia.

2.3. MES In Vivo Characterization

Experimental surgery with 8 Huila rabbits to compare the bone neoformation
with and without the MES membrane after the implantation in the surface of a
critical size bone defect created in tibial cortical surface of the rabbit. The rabbits
were euthanized after 4 and 8 weeks. In experimental surgery to test the rege-
nerative bone capacity in the Huila rabbit, the control was made by a bone defect
(control window) without any regenerative material, to conclude about the true
regenerative capability of the MES membrane by comparison (Figure 5, Figure
6). The samples resulting from studies in vitro and in vivo were prepared histo-
logically and visualized with optical microscopy, confocal microscopy, electronic

scan microscopy and X-ray microanalyses.

3. Results

The cellular growth in the MES membrane was very exuberant from 21 days of
cellular culture and clearer at 35 days (Figure 7, Figure 8). The MES membrane
allowed growth and osteoblastic colonization on its surface (histophilic and bio-
compatible). After the immersion in modified synthetic plasma during one week
of the MES membrane, a mass mineralization occurred throughout the mem-
brane’s surface (bioactive) (Figure 9). The analysis of histological samples from
experimental surgery in lab mice showed that the MES membrane wasn’t toxic
to soft tissues and that it caused a moderate inflammatory response (first reab-
sorption signs at 8 weeks) (Figure 10, Figure 11). The analysis of histological
samples from experimental surgery in lab rabbits showed that the MES mem-
brane induced GBR in the created critical size bone defect in a faster and more
effective way than the physiological regeneration occurred in the control bone

defect (first signs of reabsorption at 8 weeks).

4. Discussion

In comparison with the other two collagen membranes, the cellular growth was

clearly superior in the MES membrane. These in vivo essays proved that MES
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Figure 5. Experimental surgery on lab rabbit.

Figure 6. Histological sample of the rabbit after euthanasia.

Figure 7. Confocal microscopy, MES membrane at 35 days. Cell nuclei (red) and cell cy-
toskeleton (green).

Figure 8. Colonization of osteoblasts on the surface of MES membrane after 21 days,
MEV 2500x.
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Figure 9. Mineralization on MES membrane after 7 days of immersion in synthetic plas-
ma, MEV 1500x.

Figure 10. MES thin membrane (*) within the subcutaneous tissue, sample at 8 weeks,
MO HE staining 40x.

Figure 11. Thick MES membrane (*) with surrounding inflammatory infiltrate (yellow),
MO HE staining 100x.

membrane permit osteoblastic colonization and growth throughout its surface,

proving to be highly histophilic and biocompatible. After the immersion in
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modified synthetic plasma for a week of the MES membrane, a mass mineraliza-
tion throughout the membrane’s surface occurred. This is coherent with the fact
that the MES membrane is bioactive. The analyses of histological samples from
experimental surgery in mice showed that the MES membrane wasn’t toxic as far
as soft tissues were concerned, that it provoked a moderate inflammatory re-
sponse soon vanishing from the surrounding tissues after some time and it
showed the first resorption signs after 8 weeks. In comparison with ACE mem-
brane, this one had less inflammatory response than the MES membrane, since it
is formed by autologous material (collagen) (Figure 12).

The analyses of histological (Figure 13, Figure 14) samples from experimental
surgery in rabbits showed that the MES membrane induced guided bone regenera-
tion in the created bone defect in a faster and more effective way than the physio-
logical regeneration that occurred in the control bone defect (bone window). Fur-
thermore, the membrane allows a bone growth in both surfaces (internal and ex-

ternal), which is compatible with osteoconductive and osteoinductive properties.

Figure 12. MES membrane (*) with incipient signs of resorption (presence of inflamma-
tory cells inside (yellow)), 8-week sample, MO HE staining 200x.

Figure 13. MES membrane on hard tissue of lab rabbit, MO 25x, HE staining.
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Figure 14. MES membrane on hard tissue of lab rabbit, MO 100x, HE staining.

Figure 15. Several sizes of MES membrane.

This study also confirmed the first signs of membrane resorption after 8 weeks.
After the immersion in modified synthetic plasma for a week of the MES mem-
brane, a mass mineralization throughout the membrane’s surface occurred. This

is coherent with the fact that the MES membrane is bioactive.

5. Conclusion

The results obtained till now indicate that the MES biomaterial herein described
proved to be biocompatible and non-toxic and can provide a promising func-
tional therapeutic approach for Guided Bone Regeneration through its iterative
“tent effect” design (Figure 15). Although the study is in an experimental pilot
phase, the incorporation of MES membrane may further improve effective bone

regeneration to satisfy all the requisites for clinical use as a GBR material.
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