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Abstract: Bone defects resulting from trauma, surgery, and congenital, infectious, or oncological
diseases are a functional and aesthetic burden for patients. Bone regeneration is a demanding proce-
dure, involving a spectrum of molecular processes and requiring the use of various scaffolds and
substances, often yielding an unsatisfactory result. Recently, the new collagen sponge and its struc-
tural derivatives manufactured from European carp (Cyprinus carpio) were introduced and patented.
Due to its fish origin, the novel scaffold poses no risk of allergic reactions or transfer of zoonoses
and additionally shows superior biocompatibility, mechanical stability, adjustable degradation rate,
and porosity. In this review, we focus on the basic principles of bone regeneration and describe
the characteristics of an “ideal” bone scaffold focusing on guided bone regeneration. Moreover, we
suggest several possible applications of this novel material in bone regeneration processes, thus
opening new horizons for further research.
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1. Introduction

Bone regeneration procedures are part of tissue engineering and regenerative medicine
(TERM), the main goal of which is the efficient replacement and/or regeneration of dam-
aged tissue with an appropriate scaffold [1].

In clinical practice, new bone formation is achieved by various augmentation tech-
niques with the use of different biomaterials to substitute bone itself and provide an optimal
niche for healing.

There are a number of products available on the market with the aim of providing
satisfactory results with respect to the bone volume and quality gained together with
favorable handling properties and price. Moreover, the risk of immunogenic and allergic
reactions or even the transmission of infectious diseases cannot be overlooked. Such
demands are very difficult to meet in one product, as autografts, allografts, xenografts, and
alloplastic materials have their own particular advantages and disadvantages. Therefore,
there is usually a need for product combinations in clinical practice, and yet there is still
no single product or fixed combination that serves as the gold standard for all types of
bone defects.

Fish-derived tissue scaffolds seem promising due to their biocompatibility [2] and the
ability to promote cell adhesion, as well as their favorable immunomodulatory properties [3].
They pose practically no threat of transmissible disease or religious objections. Additionally,
they are extremely cost-effective, as they can be manufactured from waste (skin, scales,
heads, fins, bones, etc.) [4].

The new collagen material derived from the skin of freshwater fish Cyprinus carpio
has several structural variants, all registered under Patent No. CZ308862B6 [5]. This
material has already been tested in vitro and in vivo with promising results and has also
been suggested for use as a wound dressing, surgical site covering, vascular graft coating,
and drug delivery system.
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In this review, we focus on the main biological principles of bone regeneration, the
necessities required for a successful procedure, and the ideal material characteristics used
in guided bone regeneration (GBR). We introduce possible uses of novel collagen material
in bone augmentation techniques and advocate its potential advantages over currently
commercially dominant mammalian xenograft materials. However, this new carp-derived
collagen scaffold has its limitations (discussed in this review) and was primarily designed
as a wound coverage and drug delivery system. Therefore, we also hypothesize an eventual
“improvement” in the novel material to refine its potential in relation to bone regenera-
tion specifically.

As noted by Maganathan et al. [6], despite ongoing research, there is currently no com-
mercial fish-derived scaffold available for human use in regenerative medicine. Therefore,
there is an urgent need to fill this market gap and take advantage of fish products, known
for their high healing rate.

2. Methods

A comprehensive literature search was conducted using PubMed, Web of Science, and
the Cochrane Library to identify relevant studies. During the search, we used the following
keywords: “bone regeneration”, “guided bone regeneration”, “GBR”, “fish collagen”, “freshwater
fish collagen”, “carp collagen”, “GBR membrane”, “collagen scaffold”, and “bone augmentation”.

In total, 129 references were selected for inclusion in this review. These include journal
articles and books focusing on bone regeneration procedures and implant dentistry, and
finally Patent No. CZ308862B6. From this document, we acquired information about novel
carp-derived collagen material and its derivates. The selection of references was based on
their relevance to the topic of bone regeneration with a focus on guided bone regeneration
and the topic of fish-derived collagen scaffolds and their use in TERM.

3. Bone Regeneration

Bone tissue engineering is a promising technique developed to regenerate lost bone
due to trauma, tumor, infection, connective tissue disease, congenital defects, surgery [7] or
even physiological atrophy to rehabilitate patients in a functional and aesthetic manner.

Knowledge of bone structure, bone healing physiology, awareness of surgical tech-
niques, and available biomaterials for bone regeneration purposes is necessary for pre-
dictable and successful bone gain in the desired area.

3.1. Bone Structure

Bone, the mineralized connective tissue, comprises organic and inorganic components,
of which collagen (25–30% of all proteins in the human body) and hydroxyapatite are the
most abundant [8].

Bone, except for its mechanical and supportive function, is a deposit of minerals, a
source of progenitor stem cells, and an organ responsible for hematopoiesis.

The strength of bone is directly related to its mineral content [9] but also depends on
its intrinsic organization. According to the internal structure and mechanical characteristics,
bone tissue can be classified into woven bone and lamellar bone. Misch et al. [10] described an
intermediate type of bone, i.e., composite bone, which was initially observed and described
by Enlow et al. [11,12] (Appendix A). Lamellar bone is further classified as cancellous (also
trabecular or spongy) bone or cortical (or compact) bone according to lamellae organization.

3.2. Bone Healing and Remodeling

When bone sustains any injury or trauma, it undergoes a physiological process to
restore its function and continuity, referred to as bone healing, which can take two distinct
forms depending on the specific conditions present.

Primary healing, also known as direct healing, occurs in situations where individ-
ual bone fragments are perfectly aligned (without any gap) and there is practically no
movement between fragments. These conditions provide absolute stability of the frac-
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ture site, allowing healing through direct bone remodeling (physiological bone turnover)
through so-called cutting cones resulting in restoration of osteons [13] (Figure 1). Cutting
cone activity grants bone healing without the formation of callus, intermediate fibrous, or
cartilaginous tissue [14].
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The cutting cone is a cellular structure that originates in the proximity of a neurovas-
cular bundle and is generated by the propagation of the basic multicellular unit (BMU) [15].
In cortical bone, it has a distinctive morphology that resembles a cone with its apex pointing
toward the direction of bone resorption. The 3D trabecular structure of cancellous bone
makes complete visualization of the BMU within a cutting cone virtually impossible [16].
The cutting cone comprises a group of osteoclasts at the front of the cone, followed by
osteoblasts, reversal cells, and secondary osteoclasts in the so-called reversal zone. As
the cone advances through bone tissue, osteoclasts resorb the bone matrix, creating a
tunnel-like cavity where osteoblast-mediated bone formation occurs via secondary osteons.

Finally, there is the closing zone, made up of osteocytes that finish the “filling” phase
of the cone (sometimes referred to as a “filling cone”) [17].

Secondary healing, also called indirect healing, is another type of bone healing. This
is generally much more common than primary healing, which is typical for fractures not
managed by osteosynthesis and, therefore, without absolute stability. Secondary healing
has four stages and proceeds from hematoma formation with subsequent inflammation,
triggering cytokine production and cell migration [18]. The second stage is fibrocartilagi-
nous remodeling of the hematoma and simultaneous subperiosteal woven bone deposition,
resulting in soft callus formation [19]. In the third stage, the soft callus is remodeled into a
bony callus through endochondral ossification, which in the final fourth stage, is remodeled
into fully functional mature lamellar bone.

3.3. Conditions for Successful Bone Regeneration Focusing on Guided Bone Regeneration (GBR)

It is inevitable to emphasize the difference between bone healing (repair) and bone
regeneration in the context of regeneration procedures, especially guided bone regeneration
(GBR). These definitions are quite specific and, for the purposes of this review, were adopted
from Misch’s Contemporary Implant Dentistry [10]. Bone healing, as mentioned earlier,
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is a process of restoring function and continuity of injured bone tissue, whereas bone
regeneration encompasses multiple surgical procedures aimed at regrowing bone in areas
where it was lost due to trauma, surgery, or a pathological process, or even in regions
where it was never present before (sinus lifting or congenital defects including facial clefts).
Therefore, it is a much more demanding procedure than bone repair [10].

Bone regeneration is supported by the biological principles of osteogenesis, osteoin-
duction, and osteoconduction. Osteogenesis, as a fundamental term in bone regeneration,
includes all processes of new bone tissue formation. Osteoinduction refers to the processes
of migration, proliferation, and differentiation of cells involved in bone formation. BMP
(bone morphogenic protein) is currently the most researched and established osteoinduc-
tive factor. Osteoconduction expresses the ability of the material/scaffold to promote the
adhesion of bone-forming cells and subsequent osteoid deposition on its surface.

Additionally, today the term osteopromotion may be used as it contributes to the
enhancement of osteoinduction of the material, even though osteopromoters themselves
do not have osteoinductive properties [10]. Examples of substances with osteoinductive
properties are platelet-rich fibrin (PRF) and platelet-rich plasma (PRP).

Regarding the use of bioactive scaffolds implanted in bony defects, osteointegration
has to be mentioned. The term osteointegration is used mainly in dental implantology
and means ensuring mechanically stable direct contact between bone tissue and implanted
material without intervening fibrous tissue [20].

Taken together, bone regeneration in terms of TERM is an extremely complex process,
achievable through interactions of cells, signaling molecules, and a suitable scaffold in a
favorable environment over a period of time [10,21].

Guided bone regeneration (GBR) was first described as a technique used in maxillo-
facial surgery to gain alveolar bone to allow favorable placement of dental implants. The
original idea described the need for fast-proliferating cell exclusion from the osseous defect
to provide uninterrupted bone healing [22]. The exclusion medium, the membrane, “guides”
the newly formed bone into the desired area [23].

Wang et al. [23] defined four major doctrines (called PASS) for successful GBR, which
are as follows: Primary wound closure, Angiogenesis, Space maintenance, and blood clot Stability.
However, we can modify these basic principles based on current research findings. In the
following paragraphs, ordered according to their significance (from our point of view), we
advocate the importance of particular principles.

3.3.1. Stabilization and Immobilization of Grafted Material

During initial fracture healing, a study demonstrated that more stable (rigid) fixation
of bone fragments resulted in smaller callus formation with a reduced fibrous tissue
component [24]. The importance of stabilization has also been proved in later stages of
fracture healing, where the lower magnitude of rigidity resulted in the inhibition of callus
stiffness and bridging [25]. In clinical practice, when performing the augmentation technique,
to prevent the movement of the augmented or grafted material, it is usually necessary to use
fixation screws, pins, or local tissue flaps to allow predictable healing [26,27].

The importance of graft immobilization can be explained by means of cutting cone
progression. In primary healing, where absolute stability is requested, the bone can heal
faster and the lamellar structure can be attained without any fibrocartilaginous intermedi-
ate. Otherwise, secondary healing with intramembranous and cartilaginous ossification
takes place.

In bone regeneration techniques, usually, both principles occur [28]. However, their
proportion depends on the technique and (grafted) material used, as well as local factors
and the postoperative management of the patient.

The greater shear stress and subsequent prolonged healing may traumatize the fragile
newly formed vessels, subsequently reducing the blood supply to the area where new
bone is to be created. Proper angiogenesis is inevitable for cutting cone development and
sufficient bone regeneration, as osteoclasts are descendants of bone marrow stem cells.
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Insufficient delivery of oxygen and nutrients results in osseous tissue of lower quality or
even the formation of fibrous tissue only. This idea is supported by in vivo experiments
where smaller interfragmentary movements resulted in the formation of a greater number
of blood vessels compared to reduced vasculature, a higher proportion of fibrous tissue,
and a lower degree of mineralization in areas of larger movements [29,30].

In the case of bone regeneration by augmentation procedures, it is, therefore, in-
evitable to immobilize the grafted material to allow for as fast and superior bone formation
as possible.

3.3.2. Volume Maintenance and Mechanical Support Provided by a Membrane

Sufficient space is inevitable for osteogenesis to ensure undisturbed proliferation of
bone-forming cells and deposition of osteoid. This is especially the case in situations where
larger defects are to be regenerated and the overlying soft tissue exerts substantial pressure
over the treated area [23].

According to a recent review [31], successful vertical bone regeneration, which is gen-
erally considered more demanding than horizontal, was achieved with titanium-reinforced
membranes. These membranes are conventionally perforated, so essentially, they cannot
separate the bony defect from the overlying soft tissue completely. This is in contrast with
the generally accepted primary goal of a membrane to achieve selective cell repopulation
of bone defects and allow slow-working bone-forming cells to produce bone without any
interruption from overlying fast-proliferating soft tissue cells. Still, they are generally
considered to be the best choice for vertical GBR [32]. A recent study [33] showed that bone
formation was significantly enhanced using a mechanically improved synthetic membrane
that was adjusted to withstand 55 times higher bending force than a commercial product,
again supporting the importance of space maintenance.

The occlusive properties of a membrane are also questioned by the concept of “trans-
membrane vascularization”, which promotes angiogenesis and improves the vascularity of
the grafted area to achieve better regenerative outcomes. The partial fragmentation of the
collagen membrane allows for so-called “secondary porosity”, which facilitates substantial
vascularization and adds to the membrane’s functionality. Pore creation includes at least
partially losing the shielding function of the membrane, yet it still yields superior results in
bone formation [34,35].

These findings also support the conclusion that the function of a membrane as a volume
maintainer is superior to its function as a barrier for non-osteogenic cell type exclusion [36].

3.3.3. Membrane Compartment as a Promoter of Desired Molecular Events

The role of a membrane (either resorbable or non-resorbable) in GBR as only a passive
mechanical barrier for rapidly proliferating cells has already been surpassed [37,38]. Ap-
plying a membrane over a bony defect creates a specific microenvironment that supports
the healing process on a molecular basis [39]. Furthermore, membranes can be further
artificially improved by adjusting their specific composition and structure to enhance bone
regeneration in different applications.

According to Turri et al. [38], the presence of the collagen membrane over the bony
defect resulted in various cell attraction into its scaffold with resulting expression of
osteocalcin and the RANKL gene by those cells. These are important trigger molecules
in the osteogenic process. In addition, the experimental membrane acted as a depository
of BMP-2, FGF-2, TGF-beta, and VEGF produced by nested cells. These cytokines are
known to participate in angiogenesis, migration, and differentiation of endothelial cells,
fibroblasts, and osteoblasts during bone regeneration [14]. The underlying chemotactic
mechanism of the collagen membrane is most likely caused by the up-regulation of two
cell recruiting factors, i.e., CXCR4 (CXC chemokine receptor type 4) and MCP-1 (monocyte
chemotactic protein-1) [38].

Taken together, these molecular and biological pathways resulted in surplus bone
production in comparison to areas without any membrane treatment.
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The membrane demonstrated the ability to promote high osteoclastic activity and
concurrently recruit osteoprogenitor cells in the bone defect, which are crucial for bone
remodeling, i.e., coupled bone resorption and subsequent bone formation [40]. This is
again supported by the idea of cutting cones, where BMUs containing both osteoblasts and
osteoclasts must work in close cooperation.

The osteoclastic activity itself was proposed in multiple studies as the main stimulus
for engineered bone regeneration due to osteogenic substances released from the resorbed
tissue as well as cytokines produced by osteoclasts themselves [41–43].

The ideal membrane according to the considerations mentioned above should be able
to significantly promote a faster healing process together with an increase in the volume of
bone produced [38]. Collagen, as an inherent body substance and the major component of
bone tissue, seems to bioactively be the most promising material for membranes [39].

3.3.4. Other Aspects

Regarding wound closure, the aim is to achieve primary tension-free closure whenever
possible [23]. However, the clinical use of d-PTFE membranes has shown that localized
membrane exposure does not have to inflict bone regeneration and does not result in
graft failure [10,32,44].

Currently, various other tissue derivates (e.g., PRF and PRP), growth factors, cell-based
therapies, gene therapies, and tissue engineering processes are being used or developed in
order to further enhance, contribute to, and speed up the process of new bone formation.
However, they are not the focus of this review.

4. Features of an “Ideal” GBR Membrane

Membranes used for GBR can be essentially divided into resorbable and non-resorbable
membranes according to their ability to decompose in living tissue. In terms of membrane
composition, constructs are defined as polymer or non-polymer membranes [45].

Each membrane has its own special advantages and disadvantages and is used in
clinical practice accordingly. The aim of manufacturers in recent years has been to provide
us with a membrane that is resorbable and functional. The GBR membrane scaffold should
allow loading with antibacterial and bioactive factors to reduce the failure rate caused by
inflammation and promote osteogenesis as well. Furthermore, the multilayer structure
is preferred to meet the different requirements of various contact surfaces, such as bone,
submucosal tissue, or implant surfaces [45].

There are general characteristics that could be attributed to the “ideal” GBR membrane.
Currently, none of the products on the market meet all of these features.

4.1. Biocompatibility

This is an inevitable characteristic of the scaffold for its safe use in TERM. Biocom-
patibility is the “ability of a biomaterial to perform its desired function, without eliciting
any undesirable local or systemic effects on the recipient” [46]. Biocompatibility ensures
the generation of non-toxic degradation products and the absence of adverse effects [47],
i.e., cytotoxicity, immunogenicity, and genotoxicity, during the presence of the scaffold in a
living organism.

4.2. Bioactivity

Bioactivity refers to the ability of the biomaterial to elicit a specific biological response
in a host tissue [47]. The osteoconductive scaffold is supposed to interact with surrounding
tissue and promote cell attachment, ingrowth, proliferation, and differentiation [10,45,48].
As mentioned earlier, the membrane has the potential to serve as a depository of vari-
ous substances, i.e., growth factors and cytokines, which can functionally enhance bone
regeneration by providing osteoinductive properties.
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Furthermore, in the case of gradual scaffold degradation in vivo, membrane degra-
dation products, including stored bioactive substances, have the potential to be released
continuously to improve the “guiding” of bone regeneration [38].

4.3. Mechanical Strength (Including Tensile Strength)

As noted earlier, space maintenance is one of the most important conditions of GBR,
which is a slow and complicated process that requires absolute stability and minimal
movement of the graft [45]. Sufficient mechanical strength is, therefore, crucial for a
functional membrane. Moreover, it enables us to manipulate the material safely and
decreases the risk of tearing. On the other hand, the stiffness of the material cannot prevent
a surgeon from comfortably handling it to ensure fast and reliable procedure completion.

The tensile strength cannot be omitted as part of material mechanical endurance, as
we know that the majority of GBR augmentation techniques, including the Istvan Urban
“sausage” technique, require significant stretching of the collagen membrane over the bony
defect and its fixation in a stretched state in order to prevent the graft from moving [49].

The mechanical properties of the membrane improve with increasing membrane thick-
ness, further increasing the space maintenance ability of the scaffold [45,50]. Furthermore,
the increase in membrane thickness reduces soft tissue ingrowth into defects [39]. On the
other hand, excessive thickness limits the primary closure of the defect and worsens the
handling of the product.

4.4. Biodegradability and Remodelability

As stated previously, the ideal GBR membrane is resorbable and functional. However,
especially in larger bone defects, this cannot be fulfilled as resorbable membranes do
not provide sufficient mechanical support for the regeneration process in comparison to
non-resorbable counterparts, which remain the gold standard in complicated and large
augmentation procedures despite the need for second surgery and increased morbidity
of the patient. However, recently emerged novel non-polymeric resorbable membranes
manufactured from magnesium (Mg) or zinc (Zn) are showing promising results. In vivo,
Mg and Zn membranes have been shown to be osteogenic and have a bioactivity superior
to that of practically inert titanium mesh [51–53]. Due to the coupling advantages of
resorbable and non-resorbable materials, such as enhanced mechanical stability without
the need for removal, these membranes seem like promising alternatives.

In the ideal case, the resorption rate of the scaffold should coincide with the rate or
regeneration of bone tissue [10] and, therefore, the programmed or adjustable degrada-
tion rate is desired to meet specific needs in different cases and locations. The scaffold
residuum, which is not degraded, is, in the ideal case, incorporated into newly formed
tissue. Only a few studies have demonstrated the osteogenic properties of collagen mem-
branes in vivo. The porcine collagen membrane was shown to induce differentiation of
osteoblasts, transform gradually into bone tissue while resorbed, and create the bony layer
over the artificially created bony defect [54–56].

4.5. Antibacterial Properties

Bacterial contamination of the bony defect may result in decreased or completely
failed bone regeneration. Additionally, bacterial ingrowth into degradable membranes,
together with their metabolic products, causes faster scaffold degradation and, therefore,
cancels its fundamental function of space maintenance [57].

The membrane can block bacteria entry through a variety of mechanisms. Struc-
ture adjustments (e.g., decrease in porosity) as well as the incorporation of antimicrobial
substances into the material may help to prevent barrier contamination.

4.6. Optimal Porosity

Scaffold porosity, pore size, interconnectivity, and tortuosity are some of the most
important parameters in bone tissue engineering [58–60]. The porous structure and surface
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features of the membrane create an environment for cell attachment, thus enhancing the
bioactivity of the material and are also inevitable for vascularization [38,61].

The research about the optimal pore size of the GBR membrane is inconclusive but
highlights the importance of the entire scaffold complexity and interconnectivity of the
pores, as each pore size has specific benefits but also drawbacks. It is also necessary to
mention the importance of the open porosity of the scaffold as well as the pore connection
within the scaffold and with the external environment, which are crucial for cellular
processes including angiogenesis. This contrasts with so-called closed porosity, where a
scaffold’s internal porous structure remains isolated and does not communicate with
its surroundings [58].

Macroporous structure (>100 µm) is superior in host bone tissue integration, an-
giogenesis, and vascularization [61]; cell proliferation and differentiation; osteogenetic
cytokine secretion [62] and permeability rate, resulting in a higher osteogenetic potential
of the grafted site and subsequent osteogenesis [63]. This may be reasonably explained
by the diameters of BMU cells, which have to “settle” within the scaffold to induce bone
formation. Osteoblasts range from 10 to 30 µm and osteoclasts from 100 to 300 µm. In most
experiments, the ideal pore size of the scaffold for new bone formation, with reasonable
mechanical endurance, is around 300 µm and not larger than 400 µm [63–65].

Microporous scaffolds (<100 µm) are significantly superior in the resistance to com-
pression stress [66]. A more compacted structure also results in a slower degradation
rate and, therefore, a slower and more controlled release of incorporated substances. The
microporous scaffold disposes of a larger surface area and, therefore, better adherence of
the cells [61,67,68]. It is also superior as an antibacterial barrier and, even in the case of
wound dehiscence, a scaffold with sufficiently small pores could maintain osteogenesis
uninterrupted [44]. However, its disadvantages include limited nutrient transport, the risk
of pore obliteration during swelling of the membrane, the loss of pore interconnectivity
and, therefore, worsened vascularization, cell proliferation, and activity.

4.7. Water Absorption Capacity

The cellular and molecular processes involved in bone regeneration and angiogenesis
require a moist environment. This also includes the need for scaffold hydration [69].
In addition to enabling cellular function, the membrane must allow oxygen, water, and
nutrient inflow and waste removal. Therefore, scaffold permeability plays a crucial role
in the regeneration process, with higher membrane permeability resulting in increased
bone growth [63,70].

Collagen scaffolds are easy to hydrate and prone to swelling due to their hydrophilic
structure [71]. According to Suchý et al. [58], collagen scaffold changes minimally with
hydration. This results in no effect on the porosity of the scaffold, the size of the pores, or
the persistence of the permeability of the scaffold.

However, hydration influences the mechanical properties of the scaffold, resulting
in a statistically significant decrease in the elastic modulus and compressive strength of
the material [58].

This must be considered because membranes are used in a hydrated setting in clini-
cal practice.

5. Fish-Derived Collagen

Collagen, with more than 20 of its subtypes, is the most abundant protein in the human
body, the predominant component of the extracellular matrix, and the main organic part of
bone tissue [8]. Type I, the main type of collagen [72], produced by osteocytes, osteoblasts,
and fibroblasts, has an integral role in maintaining bone structure, structural support of
tissues, and regenerative processes [10,32,73]. Collagen favors the coagulation process
and cell adhesion to its surface, with subsequent proliferation and differentiation [2,10,38].
Compared to non-resorbable membranes, collagen membranes have a lower incidence of
membrane exposure [74,75] and because of their restorability, there is no need for a second
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surgery to remove them. When combined, this increases patient compliance and reduces
their morbidity. Moreover, its degradation mimics physiological tissue turnover and pro-
duces non-toxic degradation products [76]. Therefore, it is not surprising that it has proven
functionality, biocompatibility, and convenience, and is popular in bone regenerating
procedures, becoming the most widely used membrane in conventional GBR [77].

Collagen I is a fibrous protein made up of two α1 chains and one α2 chain, forming a
triple-helix (three-helix) structure [78]. It belongs to hydrophilic proteins with a typically
repeating sequence of amino acids, Gly–X–Y, where X is commonly occupied by proline
(Pro) and Y by hydroxyproline (Hyp). The amino acid content affects the mechanical
properties of collagen and influences its cross-linking ability (described later in the text) [78].
Pro and Hyp stabilize the three-helix structure; therefore, the integrity of collagen, together
with lysine (Lys) and hydroxylysine (Hyl), is necessary for the formation of intramolecular
and intermolecular bonds [78,79]. To produce the desired functional, biologically active
scaffold, the three-helix structure of collagen must be preserved [59].

The collagen source was shown to be an important factor influencing the bone regen-
eration process and the degradation rate of the scaffold used [32].

Currently, the most common xenograft source of collagen for TERM scaffold pro-
duction is bovine and porcine type I and III collagen from the skin, the tendon, and the
pericardium, which is homologous to human collagen by structure and amino acid con-
tent. These types of collagen have shown favorable outcomes in experimental and clinical
practice and have proven to be a reliable option as GBR membrane material.

However, the use of collagen in TERM, including GBR, is somewhat limited, especially
in the management of larger defects, due to its poor mechanical properties and relatively
fast enzymatic degradation in the case of untreated “pure” collagen [80]. Furthermore,
collagen scaffolds alone, due to their low structural stability, are not sufficient for space
maintenance, which is their main limitation for use in clinical settings [81].

Natural polymers, including collagen scaffolds, could initiate a strong immunogenic
reaction and require complex purification to decrease the rate of disease transmission and
host–body reactions [32].

In recent years, there has been emerging research on waste products from nonmam-
malian organisms, that is, marine and freshwater fish, jellyfish, squid, and shark, as an
alternative source of collagen [1]. Their benefits include virtually no risk of zoonoses
due to the large ontogenetic distance to mammals [82], more economically pleasing so-
lutions, and the absence of religious constraints [32,83–86]. Furthermore, freshwater fish
collagen is less immunogenic than its mammalian counterpart; moreover, it has shown
its effectiveness in direct cell adhesion and subsequent cell differentiation, as well as
excellent biocompatibility [2,87,88].

However, fish and mammal collagens differ in amino acid content [78], especially Pro
and Hyp, which are amino acids responsible for the structural stability of collagen and
thus its bioactive function, as mentioned above. Fish collagen, due to the lower content
of Pro and Hyp in their native form, has inferior mechanical properties compared to
mammalian collagens [89].

Another problem is the heat stability of the particular collagen type and its denatura-
tion temperature, above which the structure of the collagen molecule is no longer preserved,
and durability and scaffold function cannot be granted [90,91]. Fish-derived collagen gen-
erally has a lower denaturation temperature than mammalian products [3]. However,
the specific denaturation temperature of a particular fish varies depending on its habitat
and its normal body temperature. Collagen obtained from freshwater fish typically has a
higher denaturation temperature than marine collagen, giving it an advantage in human
medicine use [2,92].
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5.1. Improving Fish Collagen Characteristics

Fish-derived collagen membrane is limited by its low stiffness, melting temperature, fast
degradation rate, and less reproducible properties compared to mammal collagen [6,32,88].
These drawbacks are a potential cause of GBR failure in clinical practice [93].

Physicochemical modification of the scaffold is, therefore, inevitable for the effective
use of collagen in bone regeneration procedures. Yang et al. [45] suggested four ways of
improving collagen characteristics, i.e., cross-linking, electrospinning, multilayer superposition,
and the addition of different biological materials.

5.1.1. Cross-Linking

Cross-links are covalent bonds within collagen fibrils that are responsible for their
mechanical properties. In all species, lysyl oxidase forms cross-links in non-helical telopep-
tide regions by converting Lys and Hyl residues to their corresponding aldehydes [78,94].
However, the naturally formed cross-links found in fish collagen are acid-labile [78] with
the resultant mechanically insufficient collagen properties.

Cross-linking is an effective strategy to increase the tensile strength, stiffness, com-
pressive modulus, resistance to collagenase, and durability of collagen scaffolds [32,95,96].
Through this process, bonds are created between and within collagen molecules [97]. Fur-
thermore, cross-linked collagen shows less antigenicity [78]. However, a high degree of
collagen cross-linking is associated with a higher exposure rate of the scaffold material and
a potential foreign body reaction [32].

There are several methods for cross-linking, according to the agent used: chemical,
enzymatic, and physical.

Chemical cross-linking is the most common technique for processing collagen scaf-
folds. The agents used can be divided into natural and traditional chemical solutions [32].
The most frequently cited natural representative is genipin, which produces membranes
with great biocompatibility and mechanical properties, albeit at a high cost. Other natural
agents in the current research are proanthocyanidins and epigallocatechin-3-gallate. Traditional
chemical cross-linkers are much more common, with the following representatives: aldehydes,
epoxides, isocyanates, and imidates, etc., which are effective in enhancing collagen mechanical
properties [78]. From these, glutaraldehyde is generally well known and still relatively widely
used because of its low cost and efficiency. However, together with many other agents in this
category (e.g., glyoxal, formaldehyde, hexamethylene diisocyanate, etc.), it poses the risk of
local tissue inflammation and calcification and has been reported to be cytotoxic [78].

In contrast to other traditional chemical cross-linkers, all residuals from the N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) cross-linking process are water-soluble and can be easily washed out by water; there-
fore; this cross-linker represents no cytotoxicity. EDC-NHS cross-linked collagen has
superior mechanical features, a more compact structure, and excellent biocompatibility
in comparison to commercial non-crosslinked collagen membranes (BioGide®, Gestlich
Pharma AG, Wolhusen, Switzerland) [59,98–100]. When used in fish-derived collagen
processing, the triple-helix structure remained well preserved; therefore, the EDC-NHS
cross-linked scaffold remains bioactive [59]. Cross-linking with EDC-NHS significantly
improves biostability and degradation kinetics by varying the cross-linked density [2].

Enzymatic cross-linking is most commonly performed by transglutaminase and pro-
duces scaffolds with favorable biocompatibility and biomimetics, however, with much
lower mechanical stiffness and relatively high cost [32].

Physical cross-linking is performed via UV (ultraviolet) or DHT (dehydrothermal)
treatment. Collagen cross-linked by UV irradiation partially denatures [101]. In addition,
the mechanical endurance and stiffness of UV cross-linked material is not as good as
in the case of chemical cross-linking. To increase cross-link density, UV light is used in
combination with photo-activatable reagents (e.g., riboflavin) to produce links within and
between collagen molecules [101]. DHT curing of collagen produces a scaffold with higher
tensile strength, but the process is considerably exhaustive and time-consuming [102].
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5.1.2. Electrospinning

The electrostatic spinning of collagen creates nanofibers from a polymer solution,
which significantly increases surface area and mechanical strength, and improves cell
adhesion and bioactivity. However, spinning can be technically demanding, and it is
especially difficult to maintain a balance between successful scaffold formation and the
preservation of the collagen structure [78].

5.1.3. Multilayer Superposition

Combining several layers of collagen can create a scaffold with enhanced mechanical
properties. Furthermore, membrane surfaces facing specific tissues (e.g., bone or connec-
tive tissue) can be adjusted to provide as natural an environment for relevant cells as
possible. The adjustment of layers may be either mechanical, e.g., by changing pore size
and shape, or chemical by impregnating a particular layer with desired substance/stem
cells/cytokines, etc. The goal is to create an individualized surface for a specific tissue that
is in contact with a particular scaffold’s surface.

5.1.4. The Addition of Different Biological Materials

Modification of the collagenous scaffold has the capacity to alter its bioactivity, which is
the way to enhance cell migration, proliferation, and differentiation within the scaffold [6].

6. Introducing Novel Carp Collagen Sponge

The new carp-derived collagen sponge (Figure 2) is manufactured from the skin of the
European carp Cyprinus carpio according to Patent No. CZ308862B6 [5].

In brief, the “collagen sponge” is prepared by mixing the weighed amount of collagen I
with deionized water to allow collagen swelling. After homogenization, the resulting dis-
persion is frozen and subsequently lyophilized. Next, chemical cross-linking via EDC and
NHS is performed to ensure sponge stability. Thereafter, the sponge is refrozen, lyophilized,
and eventually optionally impregnated with desired substances (e.g., antibiotics, antivirals,
antimicrobials, etc.) [5]. Due to processing methods, the hydrated collagen sponge has
elastic memory, is strong when bending, and has favorable handling properties, including
a reduced risk of tear [5].
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Figure 2. Simple collagen foam prepared by lyophilization of 1 wt% dispersion of type I collagen
(skin, Cyprinus carpio). Left: mag. 100×, bar 500 µm; mag. 500×, bar 100 µm. Right: collagen
foam after incorporation of the antibiotic gentamicin. Retrieved from: Patent No. CZ308862B6 [5].
Reproduced with permission from the authors (permission obtained 6 May 2024).

The extracted carp collagen has a heat-shrink temperature of approximately 20 ◦C,
which can increase with cross-linking to 43 ◦C [103]. This provides stability for the carp-
derived scaffold use under normal human body temperature conditions. Additionally,
lyophilization (freeze drying) is an ideal method for creating scaffolds with numerous
pores to promote vascularization and osteogenic cell proliferation [104].
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Collagen sponge and its derivatives (described later in the text) can be sterilized and
used safely during surgical procedures. Exposition to a nominal dose of 25 kGy does not
inflict any damage on the material and preserves its internal structure [5,105].

The porosity as well as the degradation rate of the novel collagen sponge can be
programmed and set during the manufacturing process and subsequent experiments for
verification. Porosity can be changed either by collagen concentration or by changing
the freezing temperature before final lyophilization. The more concentrated the collagen
dispersion, the smaller the pore size. The lower the freezing temperature, the smaller the
pore size [5]. The scaffold degradation rate is altered by the length of the cross-linking
process and the temperature during that process. The longer the cross-linking process,
the slower the degradation rate that the scaffold exhibits. Subsequently, the controlled
degradation time of the scaffold dictates the release time of the active substance(s) stored
in the sponge [5].

This kind of collagen processing allows us to overcome the potential disadvantages of
fish-derived collagen, that is, denaturation temperature, scaffold stability, degradation rate,
and promote the bioactivity of the scaffold as well.

The patented carp collagen sponge derivative called the “sandwich collagen sponge”,
consists of a highly porous carp collagen sponge in the peripheral layers and a low porous
collagen sponge in the central part (core) (Figure 3). It is manufactured from collagen
dispersions with various concentrations. The pore size in the core is in the range of
20–80 µm and in the periphery 50–200 µm [5]. This architecture creates a scaffold with
advantages from both the microporous and macroporous structures described above.
Hartinger et al. determined in vitro that the degree of closed porosity of the sponge was
very low, that is, between 2 × 10−5 and 4 × 10−3% [106]. This value indicates a minimal
proportion of non-interconnected pores and predominant open porosity, which is crucial
for the vascularization of the scaffold as well as cellular processes.
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Figure 3. Sandwich collagen (type I, skin, Cyprinus carpio) foam prepared by sequential lyophilization
of two differently concentrated collagen dispersions. The sandwich is composed of a rigid core
with low porosity (5 wt% of the collagen dispersion), and the peripheral parts form highly porous
layers (1 wt%). Left: macro image of the internal structure (bar 2 mm); detail of the cross-section
of the interface between two differently porous layers (mag. 100×, bar 1 mm; mag. 500×, bar
100 µm). Retrieved from: Patent No. CZ308862B6 [5]. Reproduced with permission from the authors
(permission obtained 6 May 2024).

The next derivative of the carp collagen sponge is a “composite collagen sponge” compris-
ing at least two layers, that is, a nanofiber collagen layer prepared by electrostatic spinning
and a porous collagen sponge, as described earlier. These two layers alternate, creating a
composite of several layers (Figure 4). This composite material is advantageous, particu-
larly in cases where increased surface area is needed, such as in cell adhesion. Moreover,
a greater surface area allows a greater loading of active substances and their subsequent
release at higher concentrations [5].
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Figure 4. Composite collagen foam consisting of layers of collagen nanofibers and porous collagen
(type I, skin, Cyprinus carpio) matrix. Left: macro image of the internal structure (bar 1 mm); detail of
the nanofibrous layer in the porous foam (mag. 1000×, bar 50 µm); and detail of the cross-section
of the nanofibrous layer (mag. 10,000×, bar 5 µm). Retrieved from Patent No. CZ308862B6 [5].
Reproduced with permission from the authors (permission obtained 6 May 2024).

Sandwich as well as composite scaffolds are stable and layers do not delaminate from
each other in vivo and in vitro [5,106]. All novel products are highly hydrophilic with a highly
porous collagen sponge manufactured from 1% w/w collagen dispersion absorbing fluid up
to 30 times its weight. A low-porosity sponge of 5% w/w can absorb fluid up to 15 times
its weight [5]. This secures a favorable environment with sufficient water permeability for
cellular processes. Hartinger et al. proved that a hydrated sandwich sponge is significantly
stiffer than a homogeneous sponge and is capable of withstanding higher loads [107].

The composite collagen sponge and the low-porosity homogeneous sponge are mechani-
cally superior (Figure 5) and, therefore, could provide better protection of the bone-grafted
area and resist pressure from the overlying soft tissue, even in cases of greater bone defects.
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properties can be optimized (black). Retrieved from: Patent No. CZ308862B6 [5]. Reproduced with
permission from the authors (permission obtained 6 May 2024).
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6.1. Biocompatibility, Safety, Allergenicity, and Immunogenic Potential of a Novel Carp
Collagen Sponge

The success of TERM is directly dependent on the construct used [108]. The main
cause of graft or implant rejection is the negative immune response of a particular host [1].
However, the extent of rejection and subsequent failure in tissue regeneration also depends
on the properties of the graft/implant, that is, material, amount or volume delivered,
quality, purification, and its artificial modification.

Scaffolds created by recombinant procedures are practically non-immunogenic, but
their significant cost and prolonged manufacturing make them hardly available for clinical
practice. Accordingly, xenogeneic and allogenic scaffolds are preferred.

Collagen is generally regarded as a biocompatible, biodegradable, and non-toxic
material that can be obtained from various animal sources (e.g., skin, bone, tendons,
scales, etc.), which often ends up as waste material from industrial sectors [78].

Mammal collagens are highly homologous in most of their domains to human collagen;
however, there are significant differences in telopeptide regions [72] and after their removal
by telopeptidase, there is a 3–4% risk of allergic reaction in the population [109]. In addition,
there is a risk of transmissible diseases, which are a potential problem with bovine and
porcine-derived biomaterials, such as bovine spongiform encephalopathy, transmissible
spongiform encephalopathy, and foot and mouth disease contamination [110–112].

Fish-derived collagen, which does not pose a risk of disease transmission or allergic
reactions, therefore, constitutes an alternative safer construct for TERM. Marine colla-
gen (fish, jellyfish, corals, and algae) proved to be biocompatible [21,113,114] and jelly-
fish collagen, the most studied, was shown to provide even higher cell viability than
bovine collagen [113].

Collagen derived from freshwater fish scales (Catla catla and Labeo rohita) did not
show considerable signs of cytotoxicity or immunogenicity in vitro [2]. In addition, in vivo
mouse models injected with this fish-derived collagen did not demonstrate signs of systemic
toxicity. Favorable results regarding the safety of fish collagen were found when testing the
collagen scaffold derived from tilapia in vitro and in vivo [115].

Lambert et al. [3] evaluated the immunogenicity of carp (Cyprinus carpio)-derived
collagen in vivo and showed only a mild or even slightly decreased immune reaction to a
new carp collagen sponge and regarded it as comparable to or even better than commonly
used bovine collagen.

Taken together, from an immunologic point of view, there is scientific evidence that the
freshwater-fish-derived collagen seems at least as appropriate or even superior for TERM
use as bovine and porcine collagen.

6.2. Medical Applications of Novel Carp Collagen Sponge

Several in vitro and in vivo studies explored the potential of this novel material with
promising results.

6.2.1. Wound Dressing and Drug Delivery System

Wound dressings impregnated with drugs, especially antimicrobials, are advanta-
geous, particularly in the case of aminoglycosides, vancomycin, and nitrofurantoin, which
have poor distribution in targeted tissues. The local delivery system could overcome this
problem and thus prevent the use of reserve antibiotics such as linezolid or ceftaroline,
which should only be used as a last resort.

A collagen sponge manufactured from Cyprinus carpio was used for the first time as a
wound dressing by Lukac et al. [116]. It was applied in a rat model to treat infected wounds
and proved effective in the elimination of Pseudomonas aeruginosa colonies, with greater
effectiveness compared to intramuscular application.

Hartinger et al. [106] proposed the use of this sponge impregnated with vancomycin
as a wound dressing to prevent surgical site infection or to treat already infected wounds.
The collagen sponge maintained its stability and, over 7 days, gradually delivered the
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antimicrobial agent to the implantation site, resulting in a significantly reduced number of
MRSA colony-forming units (CFUs) in the rat model.

Another study [107] demonstrated consistent rifampin release from the “sandwich
collagen sponge” and a longer preservation of Streptococcus MIC levels in surrounding
tissues and lower levels in the systemic circulation; therefore, making it a more effective
and safer alternative to systemic administration of the antibiotic.

The application of such an effective dressing may be especially beneficial in poorly
perfused wounds (e.g., chronic ulcers), where much lower drug penetration from the
systemic circulation can be anticipated [106,116]. Furthermore, with local administration,
the systemic toxic side effects can be partially eliminated as the systemic concentration does
not reach the level of local concentrations. Moreover, such a dressing remains bioactive
and promotes tissue healing due to its inherent collagen scaffold characteristics even after
complete drug release [106].

6.2.2. Vascular Graft Coating

In cases where autologous vascular grafts are not available or are not sufficient,
prosthetic grafts act as a substitute. Carp collagen sponge was used in vivo to test a novel
three-layer composite vascular graft [103], which consists of a central polyester mesh
covered from both sides by the carp collagen sponge. Two variants were created, one with
a lower fat content and, thus, a higher relative carp collagen content. The graft coated
with a sponge with a higher collagen content and less fat was shown to be more efficient
and allowed re-epithelization from the periphery while concurrently maintaining graft
shape stability.

7. Discussion
7.1. Potential Use of Carp Collagen Sponge in Bone Healing and Regeneration
7.1.1. Bone Defect Management, including Extraction Socket Preservation

Bone tissue has very limited spontaneous healing capacity, and thus is not surprisingly
one of the main fields of interest in TERM [117]. To adequately support such a defect and
successfully manage bone loss, it is inevitable to develop such a bone graft that is capable
of all biological conditions for bone regeneration, namely osteogenesis, osteoinduction,
and osteoconduction.

The new carp collagen sponge provides osteoconductive properties by itself and, due
to its inherent structure, can be easily modified with other potent substances, such as
hydroxyapatite, growth factors, Mg and Sr ions, and MSCs, which provide osteogenic and
osteoinductive properties [118–121].

Marine and freshwater fish collagen has already been tested in hard tissue applications [100]
with promising in vitro results suggesting its osteogenic potential, in particular, when mod-
ified by cross-linking and impregnated with calcium phosphate to enhance its mechanical
properties and prolong its disintegration [88,117]. Thanks to the internal structure of carp
collagen sponge and its derivatives, multilayered fashion, adjustable porosity, and degra-
dation rate via cross-linking, we propose its use in managing bony defects as a scaffold
providing osteogenetic, osteoconductive, and osteoinductive properties. Regrettably, the
number of in vivo studies is very limited; therefore, there is an urgent need for further
trials of such a potential material.

The residual fat content in the novel carp collagen sponge allows vitamin D to be
instilled inside the scaffold. This is an interesting suggestion, as vitamin D is known for its
role in bone metabolism. Currently, increasing attention to its role has led to the discovery
of D hypovitaminosis as a common syndrome in the human population [122]. A recent
review that analyzed local vitamin D administration by bone graft showed improved
osteointegration of dental implants and increased bone formation in animal models [123].
Unfortunately, research on this topic is scarce, and further trials are needed to support the
benefits of local vitamin D administration to introduce it into clinical practice.
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As mentioned earlier in this review, blood clot stabilization has been known for many
years to be one of the bone regeneration principles. Application of such a collagenous
scaffold into the extraction socket is beneficial not only in means of mechanical support
but also as an active structure for the nidation of cells and molecular processes. If proven
effective in bone regeneration, the novel carp collagen sponge could be used as socket
preservation filling to avoid subsequent augmentation in cases where immediate implanta-
tion is not possible (e.g., periodontal infection, the economic situation of the patient, etc.),
therefore reducing the likelihood of bony ridge atrophy. The question arises about the
mechanical stability of such scaffolds in bony defects, especially of larger size. This has to
be tested in vivo and compared with widely used autologous, allogenous, and xenogeneic
bone grafts.

7.1.2. Guided Bone Regeneration Procedures—Membrane

As previously stated, the membrane has a crucial role in successful GBR. Its biocom-
patibility, favorable structure for cell adherence, proliferation, high absorption ability, and
potential enhancement with potent substances (see paragraph above) could provide a
favorable microenvironment for predictable bone regeneration. Hadzik et al. [124] already
demonstrated the successful use of fish-derived collagen membranes in GBR in a rat model.

This novel carp collagen sponge, due to its porous structure, may be impregnated
with various substances, i.e., antibiotics, chlorhexidine, or other antimicrobials, metal ions,
enzymes, etc., to prevent subsequent infection of this scaffold and impaired bone regeneration.

Commercial collagen membranes are used primarily for horizontal alveolar ridge
restoration as they do not possess enough mechanical strength to support vertical de-
fects. Due to the superior resistance of the “sandwich collagen sponge” to compression
stress, there might be a possibility of a successful result even in small vertical restorations.
However, these suggestions need to be further researched and verified in vivo.

7.1.3. Antibiotic Delivery System in the Management of Osteomyelitis/Osteonecrosis

The effectiveness of the novel carp collagen sponge in the delivery of antibiotics to
soft tissue wounds was already proven [106,116].

The drug’s delivery ability could also be particularly beneficial in bone infection
treatment. Due to insufficient blood supply to the infected or necrotic bone, the penetration
of antibiotics from the circulation system could be insufficient; therefore, local antimicrobial
therapy via scaffold implantation seems reasonable [125].

In several aspects, local antibiotic therapy appears to be superior to systemic therapy
in osteomyelitis management. First, it reduces the risk and side effects of systemic antibiotic
administration; second, its safety has been proven in the treatment of soft tissue and joint
infections; and third, it is considerably less expensive than systemic therapy in outpatient
and inpatient settings [125,126].

Furthermore, antibiotics in the collagen membrane have been proven to slow collagen
degradation [45] and, therefore, supply the targeted tissue for a longer period of time. The
cross-linked drug carrier can even be adjusted to be pH-responsive and provide controlled
substance release [127,128].

In the case of the use of degradable material, such as collagen scaffold, a second
surgery for delivery system removal would be avoided. The carp collagen sponge and its
derivatives are prone to epithelization, allowing the secondary closure of the osteonecrotic
defect without the need for surgical management [106,116,125]. On the other hand, the
question arises whether the one-time antimicrobial delivery would be sufficient for the
management of osteomyelitis and osteonecrosis, which often take a prolonged course and
require long-term antibiotic administration.
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7.1.4. Soft Tissue Augmentation Procedures

While performing hard tissue augmentation in maxillofacial procedures, there is often
a need to augment soft tissues as well. In practice, the surgeon usually must use several
products in staged surgery to gain both.

Currently, only AlloDerm GBR (costly and not easily accessible) has been statistically
proven to act as a barrier membrane and increase the volume of the overlying mucosal
layer at the same time [129].

We propose the carp collagen sponge, especially its “sandwich” derivative, for use in
one-stage soft and hard tissue regeneration. With sufficient thickness and a multilayered
structure with different porosities, it could provide mechanically and biologically active
support for bone regeneration as well as increase soft tissue thickness. Previous studies
in vivo showed promising results on infected wound management and re-epithelization of
carp collagen sponge [106,116]; therefore, eventual dehiscence and bacterial colonization
could be successfully controlled.

7.1.5. Other Uses

Collagen, thanks to its biocompatibility and characteristics, is used in various fields
of regenerative medicine, as well as cosmetics and the food industry. The novel carp-
derived porous scaffold might be successfully applied in dural repair, articular cartilage
regeneration procedures, peripheral nerve repair, etc. These and other clinical applications
are potential subjects for further research.

8. Conclusions and Future Directions

In this review, we summarized the well-known principles of bone regeneration and
advocated for the potential use of collagen materials in that process.

From a clinical and evidence-based point of view, the most important factors for
successful bone formation in the desired places are space maintenance and the immobility
of the grafted material. According to current research, the membrane is also increasingly
important in GBR as an active biological medium for remodeling and the osteogenic process,
rather than as a passive barrier to prevent soft tissue cell ingrowth.

The novel European carp-derived collagen sponge can fulfill (according to in vitro
studies) the mechanical requirements even better than some of the commercial collagen
products used in today’s clinical practice. It is also biocompatible, and its degradation time
and internal structure can be adjusted via cross-linking, according to specific requirements.

In addition, this advantageous scaffold may be impregnated with various substances
or cells to enhance its healing properties.

All the advantages of novel carp collagen mentioned above advocate for its use as
a promising material in bone regeneration methods, especially GBR. The subject of our
following studies will be the monitoring of in vivo degradability, as well as the local tissue
reaction to the prototype membrane manufactured from this advantageous fish collagen
scaffold, to determine its potential use and predictability in bone tissue regeneration.
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Appendix A

Table A1. Bone types according to internal structure and their particular intrinsic characteristics.

Bone Type Woven Bone Composite Bone Lamellar Bone

Mechanical properties Weak Relatively strong Strong

Level of organization Disorganized Organized Highly organized

Mineralization Poor Intermediate Well

Rate of deposition Fast Relatively fast Slow

Structural unit Irregular bundles of collagen
fibers with embedded osteocytes

Primary osteons within
woven bone

Secondary osteons (compact
bone) of lamellae organized in
trabeculae (cancellous bone)

Formed by

MSCs differentiation into
osteoblasts and subsequent

osteoid deposition and
hydroxyapatite

crystal precipitation

Cancellous/lamellar
compaction [11],

i.e., formation of osteons
within woven bone

Bone remodeling via
cutting/filling cone

Occurrence in adult human
Osseous defects and secondary

healing of fractures around
dental implants

In areas of physiological
response to functional

loading [9]

More than 99% of
human skeleton

Fate Resorbed or remodeled to
lamellar bone

Remodeled into secondary
osteons (lamellar bone) [9]

Modeling/remodeling via
cutting cone

Note: MSCs = mesenchymal stem cells.
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Sponge for Controlled Release of Active Substances, and Method of Preparation Thereof). Czech Republic CZ308862B6, 10 June
2021. Available online: https://patentimages.storage.googleapis.com/45/50/b0/22aa26de0034a1/CZ308862B6.pdf (accessed on
15 March 2022).

6. Meganathan, G.; Balasubramanian, B.; Meyyazhagan, A.; Paul, J.; Chaudhary, A.; Pappuswamy, M. Review on the fish collagen-
based scaffolds in wound healing and tissue engineering. Nat. Resour. Hum. Health 2023, 4, 1–23. [CrossRef] [PubMed]

7. Lee, K.W.; Wang, S.; Dadsetan, M.; Yaszemski, M.J.; Lu, L. Enhanced Cell Ingrowth and Proliferation through Three-Dimensional
Nanocomposite Scaffolds with Controlled Pore Structures. Biomacromolecules 2010, 11, 682–689. [CrossRef] [PubMed]

8. Yang, W.; Meyers, M.A.; Ritchie, R.O. Structural architectures with toughening mechanisms in Nature: A review of the materials
science of Type-I collagenous materials. Prog. Mater. Sci. 2019, 103, 425–483. [CrossRef]

9. Currey, J.D. The Mechanical Adaptations of Bones; Princeton University Press: Princeton, NJ, USA, 1984.
10. Resnik, R.R. Misch’s Contemporary Implant Dentistry, 4th ed.; Elsevier: North York, ON, Canada, 2021.
11. Roberts, W.E.; Smith, R.K.; Zilberman, Y.; Mozsary, P.G.; Smith, R.S. Osseous adaptation to continuous loading of rigid endosseous

implants. Am. J. Orthod. 1984, 86, 95–111. [CrossRef] [PubMed]
12. Enlow, D.H. Principles of bone remodeling. Arthritis Rheum. 1963, 7, 455–613. [CrossRef]
13. Kaderly, R.E. Primary bone healing. Semin. Vet. Med. Surg. Small Anim. 1991, 6, 21–25.
14. Einhorn, T.A. The cell and molecular biology of fracture healing. Clin. Orthop. Relat. Res. 1998, 355, S7–S21. [CrossRef] [PubMed]
15. Bolamperti, S.; Villa, I.; Rubinacci, A. Bone remodeling: An operational process ensuring survival and bone mechanical

competence. Bone Res. 2022, 10, 48. [CrossRef] [PubMed]

https://doi.org/10.1016/j.actbio.2022.01.009
https://www.ncbi.nlm.nih.gov/pubmed/35017072
https://doi.org/10.1002/jbm.a.33280
https://www.ncbi.nlm.nih.gov/pubmed/22318919
https://doi.org/10.1155/2019/5301405
https://www.ncbi.nlm.nih.gov/pubmed/30941365
https://doi.org/10.1016/j.ifset.2016.03.015
https://patentimages.storage.googleapis.com/45/50/b0/22aa26de0034a1/CZ308862B6.pdf
https://doi.org/10.53365/nrfhh/175205
https://www.ncbi.nlm.nih.gov/pubmed/38662453
https://doi.org/10.1021/bm901260
https://www.ncbi.nlm.nih.gov/pubmed/20112899
https://doi.org/10.1016/j.pmatsci.2019.01.002
https://doi.org/10.1016/0002-9416(84)90301-4
https://www.ncbi.nlm.nih.gov/pubmed/6589962
https://doi.org/10.1002/art.1780070513
https://doi.org/10.1097/00003086-199810001-00003
https://www.ncbi.nlm.nih.gov/pubmed/9917622
https://doi.org/10.1038/s41413-022-00219-8
https://www.ncbi.nlm.nih.gov/pubmed/35851054


J. Funct. Biomater. 2024, 15, 150 19 of 23

16. Jilka, R.L. Biology of the basic multicellular unit and the pathophysiology of osteoporosis. Med. Pediatr. Oncol. 2003, 41, 182–185.
[CrossRef] [PubMed]

17. Eriksen, E.F. Cellular mechanisms of bone remodeling. Rev. Endocr. Metab. Disord. 2010, 11, 219–227. [CrossRef] [PubMed]
18. ElHawary, H.; Baradaran, A.; Abi-Rafeh, J.; Vorstenbosch, J.; Xu, L.; Efanov, J.I. Bone Healing and Inflammation: Principles of

Fracture and Repair. Semin. Plast. Surg. 2021, 35, 198–203. [CrossRef] [PubMed]
19. Breur, G.J.; Vanenkevort, B.A.; Farnum, C.E.; Wilsman, N.J. Linear relationship between the volume of hypertrophic chondrocytes

and the rate of longitudinal bone growth in growth plates. J. Orthop. Res. 1991, 9, 348–359. [CrossRef] [PubMed]
20. Overmann, A.L.; Aparicio, C.; Richards, J.T.; Mutreja, I.; Fischer, N.G.; Wade, S.M.; Potter, B.K.; Davis, T.A.; Bechtold, J.E.;

Forsberg, J.A.; et al. Orthopaedic osseointegration: Implantology and future directions. J. Orthop. Res. 2020, 38, 1445–1454.
[CrossRef] [PubMed]

21. Benayahu, D.; Pomeraniec, L.; Shemesh, S.; Heller, S.; Rosenthal, Y.; Rath-Wolfson, L.; Benayahu, Y. Biocompatibility of a Marine
Collagen-Based Scaffold In Vitro and In Vivo. Mar. Drugs 2020, 18, 420. [CrossRef] [PubMed]

22. Melcher, A.H. On the repair potential of periodontal tissues. J. Periodontol. 1976, 47, 256–260. [CrossRef]
23. Wang, H.-L.; Boyapati, L. “PASS” principles for predictable bone regeneration. Implant. Dent. 2006, 15, 8–17. [CrossRef]
24. Schell, H.; Epari, D.R.; Kassi, J.P.; Bragulla, H.; Bail, H.J.; Duda, G.N. The course of bone healing is influenced by the initial shear

fixation stability—PubMed. J. Orthop. Res. 2005, 23, 1022–1028. [CrossRef] [PubMed]
25. Jagodzinski, M.; Krettek, C. Effect of mechanical stability on fracture healing—An update. Injury 2007, 38, 3–10. [CrossRef]

[PubMed]
26. Park, J.Y.; Chung, H.-M.; Strauss, F.-J.; Lee, J.-S. Dimensional changes after horizontal and vertical guided bone regeneration

without membrane fixation using the retentive flap technique: A 1-year retrospective study. Clin. Implant Dent. Relat. Res. 2023,
25, 871–880. [CrossRef] [PubMed]

27. Carpio, L.; Loza, J.; Lynch, S.; Genco, R. Guided bone regeneration around endosseous implants with anorganic bovine bone
mineral. A randomized controlled trial comparing bioabsorbable versus non-resorbable barriers. J. Periodontol. 2000, 71, 1743–1749.
[CrossRef] [PubMed]

28. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact. Mater. 2017, 2, 224–247.
[CrossRef] [PubMed]

29. Claes, L.; Eckert-Hübner, K.; Augat, P. The effect of mechanical stability on local vascularization and tissue differentiation in
callus healing. J. Orthop. Res. 2002, 20, 1099–1105. [CrossRef]

30. Lienau, J.; Schell, H.; Duda, G.N.; Seebeck, P.; Muchow, S.; Bail, H.J. Initial vascularization and tissue differentiation are influenced
by fixation stability. J. Orthop. Res. 2005, 23, 639–645. [CrossRef] [PubMed]

31. Zhang, M.; Zhou, Z.; Yun, J.; Liu, R.; Li, J.; Chen, Y.; Cai, H.; Jiang, H.B.; Lee, E.-S.; Han, J.; et al. Effect of Different Membranes on
Vertical Bone Regeneration: A Systematic Review and Network Meta-Analysis. BioMed Res. Int. 2022, 2022, 7742687. [CrossRef]
[PubMed]

32. Ren, Y.; Fan, L.; Alkildani, S.; Liu, L.; Emmert, S.; Najman, S.; Rimashevskiy, D.; Schnettler, R.; Jung, O.; Xiong, X.; et al. Barrier
Membranes for Guided Bone Regeneration (GBR): A Focus on Recent Advances in Collagen Membranes. Int. J. Mol. Sci. 2022,
23, 14987. [CrossRef]

33. Wang, Y.; Zhang, X.; Zhang, S.; Yang, G.; Li, Y.; Mao, Y.; Yang, L.; Chen, J.; Wang, J. Development of a rapid-shaping and
user-friendly membrane with long-lasting space maintenance for guided bone regeneration. J. Mater. Chem. B 2024, 12, 1495–1511.
[CrossRef]

34. Kapogianni, E.; Alkildani, S.; Radenkovic, M.; Xiong, X.; Krastev, R.; Stöwe, I.; Bielenstein, J.; Jung, O.; Najman, S.;
Barbeck, M.; et al. The Early Fragmentation of a Bovine Dermis-Derived Collagen Barrier Membrane Contributes to Trans-
membraneous Vascularization—A Possible Paradigm Shift for Guided Bone Regeneration. Membranes 2021, 11, 185. [CrossRef]
[PubMed]

35. Barbeck, M.; Lorenz, J.; Kubesch, A.; Böhm, N.; Booms, P.; Choukroun, J.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Porcine
Dermis-Derived Collagen Membranes Induce Implantation Bed Vascularization via Multinucleated Giant Cells: A Physiological
Reaction? J. Oral Implantol. 2015, 41, e238–e251. [CrossRef] [PubMed]

36. Xie, Y.; Li, S.; Zhang, T.; Wang, C.; Cai, X. Titanium mesh for bone augmentation in oral implantology: Current application and
progress. Int. J. Oral Sci. 2020, 12, 37. [CrossRef] [PubMed]

37. Omar, O.; Elgali, I.; Dahlin, C.; Thomsen, P. Barrier membranes: More than the barrier effect? J. Clin. Periodontol. 2019, 46, 103–123.
[CrossRef] [PubMed]

38. Turri, A.; Elgali, I.; Vazirisani, F.; Johansson, A.; Emanuelsson, L.; Dahlin, C.; Thomsen, P.; Omar, O. Guided bone regeneration is
promoted by the molecular events in the membrane compartment. Biomaterials 2016, 84, 167–183. [CrossRef]

39. Elgali, I.; Omar, O.; Dahlin, C.; Thomsen, P. Guided bone regeneration: Materials and biological mechanisms revisited. Eur. J. Oral
Sci. 2017, 125, 315–337. [CrossRef] [PubMed]

40. Troen, B.R. Molecular mechanisms underlying osteoclast formation and activation. Exp. Gerontol. 2003, 38, 605–614. [CrossRef]
[PubMed]

41. Sinclair, S.S.K.; Burg, K.J.L. Effect of osteoclast co-culture on the differentiation of human mesenchymal stem cells grown on bone
graft granules. J. Biomater. Sci. Polym. Ed. 2011, 22, 789–808. [CrossRef] [PubMed]

https://doi.org/10.1002/mpo.10334
https://www.ncbi.nlm.nih.gov/pubmed/12868116
https://doi.org/10.1007/s11154-010-9153-1
https://www.ncbi.nlm.nih.gov/pubmed/21188536
https://doi.org/10.1055/s-0041-1732334
https://www.ncbi.nlm.nih.gov/pubmed/34526868
https://doi.org/10.1002/jor.1100090306
https://www.ncbi.nlm.nih.gov/pubmed/2010838
https://doi.org/10.1002/jor.24576
https://www.ncbi.nlm.nih.gov/pubmed/31876306
https://doi.org/10.3390/md18080420
https://www.ncbi.nlm.nih.gov/pubmed/32796603
https://doi.org/10.1902/jop.1976.47.5.256
https://doi.org/10.1097/01.id.0000204762.39826.0f
https://doi.org/10.1016/j.orthres.2005.03.005
https://www.ncbi.nlm.nih.gov/pubmed/15878254
https://doi.org/10.1016/j.injury.2007.02.005
https://www.ncbi.nlm.nih.gov/pubmed/17383483
https://doi.org/10.1111/cid.13237
https://www.ncbi.nlm.nih.gov/pubmed/37309236
https://doi.org/10.1902/jop.2000.71.11.1743
https://www.ncbi.nlm.nih.gov/pubmed/11128923
https://doi.org/10.1016/j.bioactmat.2017.05.007
https://www.ncbi.nlm.nih.gov/pubmed/29744432
https://doi.org/10.1016/S0736-0266(02)00044-X
https://doi.org/10.1016/j.orthres.2004.09.006
https://www.ncbi.nlm.nih.gov/pubmed/15885486
https://doi.org/10.1155/2022/7742687
https://www.ncbi.nlm.nih.gov/pubmed/35872861
https://doi.org/10.3390/ijms232314987
https://doi.org/10.1039/D3TB02137H
https://doi.org/10.3390/membranes11030185
https://www.ncbi.nlm.nih.gov/pubmed/33803205
https://doi.org/10.1563/aaid-joi-D-14-00274
https://www.ncbi.nlm.nih.gov/pubmed/25546240
https://doi.org/10.1038/s41368-020-00107-z
https://www.ncbi.nlm.nih.gov/pubmed/33380722
https://doi.org/10.1111/jcpe.13068
https://www.ncbi.nlm.nih.gov/pubmed/30667525
https://doi.org/10.1016/j.biomaterials.2016.01.034
https://doi.org/10.1111/eos.12364
https://www.ncbi.nlm.nih.gov/pubmed/28833567
https://doi.org/10.1016/s0531-5565(03)00069-x
https://www.ncbi.nlm.nih.gov/pubmed/12814795
https://doi.org/10.1163/092050610X496260
https://www.ncbi.nlm.nih.gov/pubmed/20566059


J. Funct. Biomater. 2024, 15, 150 20 of 23

42. Kreja, L.; Brenner, R.; Tautzenberger, A.; Liedert, A.; Friemert, B.; Ehrnthaller, C.; Huber-Lang, M.; Ignatius, A. Non-resorbing
osteoclasts induce migration and osteogenic differentiation of mesenchymal stem cells. J. Cell. Biochem. 2010, 109, 347–355.
[CrossRef]

43. Teti, A. Mechanisms of osteoclast-dependent bone formation. Bonekey Rep. 2013, 2, 449. [CrossRef]
44. Barboza, E.P.; Stutz, B.; Ferreira, V.F.; Carvalho, W. Guided bone regeneration using nonexpanded polytetrafluoroethylene

membranes in preparation for dental implant placements—A report of 420 cases. Implant Dent. 2010, 19, 2–7. [CrossRef] [PubMed]
45. Yang, Z.; Wu, C.; Shi, H.; Luo, X.; Sun, H.; Wang, Q.; Zhang, D. Advances in Barrier Membranes for Guided Bone Regeneration

Techniques. Front. Bioeng. Biotechnol. 2022, 10, 921576. [CrossRef] [PubMed]
46. Bruinink, A.; Luginbuehl, R. Evaluation of biocompatibility using in vitro methods: Interpretation and limitations. Adv. Biochem.

Eng. Biotechnol. 2012, 126, 117–152. [CrossRef] [PubMed]
47. Vert, M.; Doi, Y.; Hellwich, K.-H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M.; Schué, F. Terminology for biorelated polymers and

applications (IUPAC Recommendations 2012). Pure Appl. Chem. 2012, 84, 377–410. [CrossRef]
48. Abdelaziz, D.; Hefnawy, A.; Al-Wakeel, E.; El-Fallal, A.; El-Sherbiny, I.M. New biodegradable nanoparticles-in-nanofibers based

membranes for guided periodontal tissue and bone regeneration with enhanced antibacterial activity. J. Adv. Res. 2021, 28, 51–62.
[CrossRef] [PubMed]

49. Urban, I. Vertical and Horizontal Ridge Augmentation: New Perspective; Quintessenz Publishing: New Malden, UK, 2017.
50. Bai, L.; Ji, P.; Li, X.; Gao, H.; Li, L.; Wang, C. Mechanical Characterization of 3D-Printed Individualized Ti-Mesh (Membrane) for

Alveolar Bone Defects. J. Healthc. Eng. 2019, 2019, 4231872. [CrossRef] [PubMed]
51. Guo, H.; Xia, D.; Zheng, Y.; Zhu, Y.; Liu, Y.; Zhou, Y. A pure zinc membrane with degradability and osteogenesis promotion for

guided bone regeneration: In vitro and in vivo studies. Acta Biomater. 2020, 106, 396–409. [CrossRef] [PubMed]
52. Rahman, M.; Dutta, N.K.; Choudhury, N.R. Magnesium Alloys With Tunable Interfaces as Bone Implant Materials. Front. Bioeng.

Biotechnol. 2020, 8, 564. [CrossRef]
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125. Michalak, F.; Hnitecka, S.; Dominiak, M.; Grzech-Leśniak, K. Schemes for Drug-Induced Treatment of Osteonecrosis of Jaws with
Particular Emphasis on the Influence of Vitamin D on Therapeutic Effects. Pharmaceutics 2021, 13, 354. [CrossRef]

126. Gogia, J.S.; Meehan, J.P.; Di Cesare, P.; Jamali, A. Local Antibiotic Therapy in Osteomyelitis. Semin. Plast. Surg. 2009, 23, 100–107.
[CrossRef] [PubMed]

127. Mathew, A.; Vaquette, C.; Hashimi, S.; Rathnayake, I.; Huygens, F.; Hutmacher, D.W.; Ivanovski, S. Antimicrobial and Im-
munomodulatory Surface-Functionalized Electrospun Membranes for Bone Regeneration. Adv. Healthc. Mater. 2017, 6, 1601345.
[CrossRef] [PubMed]

128. Bi, Y.G.; Lin, Z.T.; Deng, S.T. Fabrication and characterization of hydroxyapatite/sodium alginate/chitosan composite micro-
spheres for drug delivery and bone tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 100, 576–583. [CrossRef]
[PubMed]

129. Schwarz, F.; Rothamel, D.; Herten, M.; Wüstefeld, M.; Sager, M.; Ferrari, D.; Becker, J. Immunohistochemical characterization of
guided bone regeneration at a dehiscence-type defect using different barrier membranes: An experimental study in dogs. Clin.
Oral Implant. Res. 2008, 19, 402–415. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1089/10763270360728071
https://www.ncbi.nlm.nih.gov/pubmed/14670104
https://doi.org/10.1016/j.ejps.2017.01.032
https://www.ncbi.nlm.nih.gov/pubmed/28132822
https://doi.org/10.1097/01.JAA.0000459810.95512.14
https://www.ncbi.nlm.nih.gov/pubmed/25594293
https://doi.org/10.7759/cureus.14688
https://www.ncbi.nlm.nih.gov/pubmed/34055532
https://doi.org/10.1016/j.aanat.2016.07.009
https://doi.org/10.3390/pharmaceutics13030354
https://doi.org/10.1055/s-0029-1214162
https://www.ncbi.nlm.nih.gov/pubmed/20567732
https://doi.org/10.1002/adhm.201601345
https://www.ncbi.nlm.nih.gov/pubmed/28240815
https://doi.org/10.1016/j.msec.2019.03.040
https://www.ncbi.nlm.nih.gov/pubmed/30948094
https://doi.org/10.1111/j.1600-0501.2007.01486.x
https://www.ncbi.nlm.nih.gov/pubmed/18324961

	Introduction 
	Methods 
	Bone Regeneration 
	Bone Structure 
	Bone Healing and Remodeling 
	Conditions for Successful Bone Regeneration Focusing on Guided Bone Regeneration (GBR) 
	Stabilization and Immobilization of Grafted Material 
	Volume Maintenance and Mechanical Support Provided by a Membrane 
	Membrane Compartment as a Promoter of Desired Molecular Events 
	Other Aspects 


	Features of an “Ideal” GBR Membrane 
	Biocompatibility 
	Bioactivity 
	Mechanical Strength (Including Tensile Strength) 
	Biodegradability and Remodelability 
	Antibacterial Properties 
	Optimal Porosity 
	Water Absorption Capacity 

	Fish-Derived Collagen 
	Improving Fish Collagen Characteristics 
	Cross-Linking 
	Electrospinning 
	Multilayer Superposition 
	The Addition of Different Biological Materials 


	Introducing Novel Carp Collagen Sponge 
	Biocompatibility, Safety, Allergenicity, and Immunogenic Potential of a Novel Carp Collagen Sponge 
	Medical Applications of Novel Carp Collagen Sponge 
	Wound Dressing and Drug Delivery System 
	Vascular Graft Coating 


	Discussion 
	Potential Use of Carp Collagen Sponge in Bone Healing and Regeneration 
	Bone Defect Management, including Extraction Socket Preservation 
	Guided Bone Regeneration Procedures—Membrane 
	Antibiotic Delivery System in the Management of Osteomyelitis/Osteonecrosis 
	Soft Tissue Augmentation Procedures 
	Other Uses 


	Conclusions and Future Directions 
	Appendix A
	References

