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Abstract: The main purpose of tissue engineering is to fabricate and exploit engineered constructs
suitable for the effective replacement of damaged tissues and organs, and able to perfectly integrate
with the host’s organism without eliciting any adverse reaction. Ideally, autologous materials rep-
resent the best option, but they are often limited due to the low availability of compatible healthy
tissues. So far, one therapeutic approach relies on the exploitation of synthetic materials: they exhibit
good features in terms of impermeability, deformability and flexibility, but present chronic risks of
infections and inflammations. Alternatively, biological materials, including naturally derived ones
and acellular tissue matrices of human or animal origin, can be used to induce cells growth and
differentiation, which are needed for tissue regeneration: however, this kind of materials lacks sat-
isfactory mechanical resistance and reproducibility, affecting their clinical application.

In order to overcome the above-mentioned limitations, hybrid materials, which can be obtained by
coupling synthetic polymers and biological materials, have been investigated with the aim to im-
prove biological compatibility and mechanical features. Currently, the interest in these materials is
growing, but the ideal ones have not been found yet.

The present review aims at exploring some applications of hybrid materials, with particular mention
to urological and cardiovascular fields: in the first case, the efforts to find a construct that can guar-
antee impermeability, mechanical resistance and patency will be herein illustrated; in the second
case, the search for impermeability, hemocompatibility and adequate compliance will be been dis-
closed.

Keywords: Hybrid Membranes, Hybrid Materials, Tissue Engineering, Regenerative Medicine, Bi-
omaterials

1. Introduction: the birth of tissue engineering and the challenging choice of adequate biomateri-
als

Tissue-engineering is becoming the answer to several clinical needs related to the restoration
and replacement of injured tissues and organs. As formally established at a National Science Foun-
dation workshop in 1998, tissue-engineering is “the application of principles and methods of engi-
neering and life sciences toward the fundamental understanding of structure-function relationships
in normal and pathological mammalian tissues and the development of biological substitutes to re-
store, maintain or improve tissue function” [1].

Consequently, the choice of the right biomaterial to use as a scaffold is of crucial importance. How-
ever, the term “biomaterial” did not receive a univocal definition: it changed over time starting from
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the indication of a material used for implantable devices, with the exception of drugs and soft bio-
logical tissues [2], to “a systematically, pharmacologically inert substance designed for implantation
within or incorporation with a living system” [3]. In the last decades, a biomaterial was defined as “a
substance (other than a drug) or combination of substances, synthetic or natural in origin, which can
be used for any period of time, as a whole or as a part of a system which treats, augments, or replaces
any tissue, organ, or function of the body” [4].

For tissue engineering purposes, the materials are fabricated with the aim to preserve the remaining
normal tissue and to replace the diseased ones [5,6].

Therefore, the biocompatibility issue is of foremost importance in order to avoid (or at least minimize)
adverse reactions after implantation: in this context, it is worthy to consider not only the “biological”
compatibility, but also the overall functionality of the implantable system [7].

For these reasons, several types of biomaterials have been tested both unseeded and seeded with
living cells in order to restore, maintain or enhance damaged or missing anatomical structures. From
a general point of view, biomaterials for tissue-engineering can be divided into two classes: synthetic
and biological. In turn, biological materials can be grouped into naturally derived ones and acellular
tissue matrices.

Among a wide variety of synthetic materials, polymers such as polyglycolic acid (PGA), polylactic
acid (PLA), poly-(lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL), polyethylene glycol (PEG),
polyvinyl alcohol (PVA) and polyurethane (PU) [8-10] have been tested. Major advantages of these
materials are due to easy fabrication with tailored structural conformation and geometry, beyond the
biodegradability rate that can be adjusted by controlling the chemical composition. Unfortunately,
synthetic polymers often lack regeneration properties since they do not give cells the appropriate
signals to adhere, migrate and differentiate.

Biological materials such as alginate, collagen, proteoglycans, chitosan, fibroin, agarose and gelatin,
have been used to overcome these limitations [11-13]. In fact, natural polymers have the advantage
of being biologically active and able to promote cell adhesion and growth. However, they possess
weak mechanical properties, which are limited by fair reproducibility due to their inherent biological
variability. Acellular matrices have been proposed as alternative types of biological materials. These
matrices are produced by removing all cellular and nuclear components of the donor (which can be
both human and animal), at the same time keeping the extra-cellular matrix (ECM) structure intact.
The procedure for removing cellular and nuclear components is called “decellularization”: it aims at
avoiding host immune response once the acellular matrices are implanted in vivo, and enhancing
tissue regeneration by means of the natural growth factors that are normally present within the ECM.
Moreover, appropriately decellularized matrices maintain the structural conformation and mechan-
ical features of the original tissues, which are as much important for damaged tissue repair [14-17].
After implantation, acellular matrices provide an appropriate environment for cell adhesion and
growth, and degrade over time being progressively replaced and remodeled by cells [5].

However, the main drawback of decellularized tissues is due to the high level of batch-to-batch var-
iability, which greatly limits the repeatability of clinical outcomes.

To overcome the limitations of both synthetic and biological materials, and take advantage of their
favorable features, a new approach was recently suggested, which combines biological tissues with
synthetic polymers [18-26]. These new materials are usually termed “hybrid materials”: in the pre-
sent review, the most important hybrid materials, and current applications thereof, are presented,
with a specific focus on the urological and cardiovascular fields.

2. Moving toward a new concept of biocompatible materials: hybrid materials

Hybrid materials can be conveniently used in tissue engineering in order to repair and/or replace
damaged or diseased tissues/organs using a combination of cells, growth factors and scaffolds.
While it is unknown where the definition of hybrid materials derived at first, organic and inorganic
materials have been combined for thousands of years: for example, bright and colorful paints have
been created by mixing colors with inorganic pigments. Moreover, hybrid membranes have been
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exploited in biotechnology for a long time, but only recently their distinctive physicochemical fea-
tures have been investigated thanks to the introduction of sophisticated analytical instruments [27].

In the scientific literature, the concept of hybrid materials emerged in the 2000s, and the interest on
their advantageous exploitation boosted over time. Figure 1 shows the increasing trend in the number
of articles published from 2000 to 2023 concerning hybrid materials in regenerative medicine. The
following words were used as keywords for searching PubMed and ScienceDirect databases: hybrid
membrane, hybrid materials in tissue engineering and regenerative medicine. The words were in-
cluded in articles title and abstract. Research has been performed on the PubMed and ScienceDirect
databases between September 2022 and November 2022, with a total result of 28088 articles. Articles
not matching the provided definition of hybrid materials and not related to urological and cardio-
vascular fields were excluded.

0
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Figure 1. Articles on hybrid materials published between 2000 and 2023 (PubMed and ScienceDirect).

Hybrid materials can be considered a subgroup of composite materials: these latter are obtained by
joining two or more constituent materials with different chemical or physical properties, which are
somehow combined to get a new material with better features specifically oriented for a given appli-
cation. Hybrid materials are composite materials, which are produced by coupling synthetic poly-
mers with biological tissues. In this sense, they are “hybrid”: they merge the chemical and physical
characteristics of both kinds of materials [28,29].

Combining the beneficial functionalities of each material to produce a construct with improved prop-
erties such as mechanical functionality, biocompatibility, and (bio)degradability [30], hybrid materi-
als have the novel ability to exhibit special properties not found in any individual component. For
this reason, recent efforts are addressing the idea to couple different materials in order to exploit the
advantages of both by creating new constructs able to overcome the limitations of traditional materi-
als. Table 1 summarizes the found studies published on hybrid materials and their clinical applica-
tions.
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Table 1. Summary of the main studies on hybrid materials for different clinical applications.

Biological ma- Synthetic materi- Applications Type of References
terials als study
Hydroxyapatite - Orthopedic in vitro [31]
+ Chitosan
Chitosan Poly lactic gly- - in vitro [32]
colic acid
Chitosan Polycaprolactone - in vitro [33]
Collagen Polycaprolactone =~ Dermatological in vitro [34]
+ TiOz2
Collagen Polycaprolactone Urological in vitro [35]
Collagen and  Polycaprolactone = Cardiovascular in vitro [36]
elastin
Collagen copoly(L-lac- Urological in vitro and [37]
tide/e-caprolac- in vivo
tone)
Collagen poly(lactic acid- Dermatological in vitro [22]
co-caprolactone)
Collagen poly(lactic acid- Urological in vitro and [38]
co-g-caprolactone) in vivo
Collagen Vypro Il Urological in vitro and [39]
in vivo
Silk + collagen - Urological in vitro [23]
or fibronectin
Collagen Poly lactic gly- Urological in vitro [25]
colic acid
- poly glycolic acid Urological in vivo [40]
+ poly lactic gly-
colic acid
Bladder acellu-  Poly glycolic acid Urological in vivo [18]
lar matrix + col-
lagen
Bladder acellu- Poly lactic gly- Urological in vitro and [19,24]
lar matrix colic acid in vivo
- Polyester ure- Urological in vivo [41]

thane or poly
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lactic glycolic acid

+ Polyethylene
glycol
Human amni- Poly-(L-lactide- Urological in vivo [20]
otic membrane co-E-caprolac-
tone)
Amniotic mem- Graphene Urological in vitro [21]
brane
Gelatin Copolymer Urological in vitro [42]
Small intestinal Polycarbonate Urological in vitro [43]
submucosa urethane
- Polytetrafluoro- Cardiovascular in vitro [44]
ethylene + Pol-
ylactic acid
- polytetrafluoro- Cardiovascular  in vitro and [45]
ethylene + in vivo
Poly(DL-lactide)
- polytetrafluoro- Cardiovascular  in vitro and [46]
ethylene + pol- in vivo
ylactic acid with
Polyethylene gly-
col -hirudin/ilo-
prost
Chemically Poly(D,L-lactide) Cardiovascular  in vitro and [47]
fixed decellu- with lepirudin in vivo
larized porcine
aorta
Decellularized  Polycaprolactone = Cardiovascular in vitro [48]
bovine heart
and aorta
Decellularized Poly(hydroxy- Cardiovascular  in vitro and [49]
porcine aortic butyrate) in vivo
valve
Decellularized  Poly(4-hydroxy- Cardiovascular in vitro [50]
aortic valve butyrate)
(P[4HB]) or

poly(3-hydroxy-

butyrate-co4-hy-
droxybutyrate)

(P[3HB-co4HB])
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Decellularized  Polycaprolactone  Cardiovascular in vitro [51]
bovine pericar-
dium + Chi-
tosan
Fixed bovine Polycarbonate Cardiovascular in vitro [52]
pericardium urethane
Bovine or por- Polycarbonate Cardiovascular in vitro [26]
cine pericar- urethane
dium

These novel materials can be made by combinations of organic-inorganic and organic-organic indi-
vidual materials.

With regard to the hybrid materials based on coupling organic and inorganic components, only a
selected number thereof can be correctly categorized as “hybrid”, fitting our criterion of having two
or more different layers. For example, the hydroxyapatite/chitosan material was created by Zhang et
al. in 2017 to regenerate bone tissue [31]. The aim of Zhang’s work was to design a biomimetic and
bioactive scaffold in order to take advantage of the mechanical properties and osteoinductivity of
hydroxyapatite combined with chitosan chemoattractant properties due to its structural similarity
with bone glycosaminoglycans. When the product was tested in vitro, it appreciably stimulated both
cell growth and mineral deposition. Hydroxyapatite was used in combination with fibroin for its
excellent and intrinsic properties that are suitable in biotechnological and biomedical fields [53].
Ghosal et al. [34] used polycaprolactone/TiO2 electrospun fibers coated with collagen type I for skin
tissue engineering. Nanofibers were obtained by electrospinning to get the scaffold, which was suc-
cessively immersed in a collagen type I solution. The material was then dried in air and characterized
from the physicochemical point of view. According to the study, biomaterials made of natural com-
ponents, including collagen, demonstrated the capability to effectively coat synthetic biomaterials
with nanofibers: collagen-coated nanofibers showed higher hydrophilicity than those without colla-
gen; moreover, collagen can promote cell attachment and proliferation.

PCL has been extensively used for tissue engineering applications. In 2014, Cardoso et al. [33] pro-
posed a new hybrid membrane based on chitosan and PCL. Vero cells were used to assess the cyto-
compatibility of a PCL mesh covered with chitosan. The results showed that hybrid membranes ob-
tained by coupling PCL with chitosan gave better outcomes than PCL used alone. Thus, chitosan not
only guaranteed proper biodegradation rates but also exhibited the inherent ability to act as an anti-
bacterial agent. Moreover, it promoted cell growth, allowing the creation of a 3D hybrid structure.
In 2009, Ananta et al. [22] produced a biodegradable hybrid scaffold for tissue repair, which was
made of poly(lactic acid-co-caprolactone) (PLACL) in the internal layer, and two plastically-com-
pressed hyperhydrated collagen gels on the external sides. Neonatal (foreskin) fibroblasts (NNFs)
were seeded inside and on the top of the collagen gels to mimic one interstitial, one epithelial and
one composite interstitial-epithelial tissue. After 7 days, the cells seeded within the scaffold prolifer-
ated, suggesting that the construct acted as a porous and interconnected network through which ox-
ygen and nutrients can be efficiently supplied.

In the same year, Lawrence et al. [32] proposed a multilayered scaffold with the aim to mimic small
intestinal submucosa (SIS) mechanical features: this scaffold achieved a huge interest for several tis-
sue engineering applications due to its promising properties, but its clinical exploitation is still lim-
ited because of its heterogeneity and permeability to urea, which can cause inflammation in the sur-
rounding tissues. To overcome these limitations, the authors created a hybrid material by sandwich-
ing a PLGA film (to provide mechanical resistance) between two external porous chitosan matrices
(to get biological activity). Fibroblasts and canine bladder SMCs growth was then evaluated in vitro
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for 7 days, showing promising results in terms of shape, viability and functionality. Unfortunately,
in vivo tests were not performed to confirm these appealing results.

Hong et al. [54] offered an example of animal-derived tissues used in combination with synthetic
materials. They created a solution using decellularized ECM from pig skin that was electrospun onto
a surface, which they refer to as a “biohybrid membrane”. The same technique was used to deposit a
poly(ester-urethane)urea (PEUU) solution concurrently. The two components were deposited sepa-
rately using a two-nozzle system. A bonding with the biodegradable PEUU, which has good mechan-
ical properties but limited cellular infiltration and tissue integration capacity, was used in combina-
tion with the decellularized ECM from porcine skin, which presents interesting biocompatibility and
bioactivity, also ensuring rapid degradation rates. The electrospinning process has been thoroughly
investigated as a way to create fibrous scaffolds on micrometric and submicrometric scales that are
structurally similar to ECM. This study revealed that the created structure can demonstrate rapid
cellular infiltration without any sign of inflammation.

Two examples of hybrid membranes developed for cardiovascular and urological applications by
coupling a polycarbonate urethane with decellularized tissues, are reported in Figure 2.

Figure 2. Examples of the hybrid materials obtained by coupling: (A) porcine decellularized pericar-
dium with polycarbonate urethane (Chronoflex AR) for cardiovascular tissue reconstruction; (B) por-
cine decellularized SIS with polycarbonate urethane (Chronoflex AR-LT) for urological applications.

The rationale for using hybrid materials that combine polymeric materials and biological tissues is explained in
Figure 3: biocompatible polymeric materials are able to guarantee mechanical resistance and impermeability to
the hybrid construct; after being properly decellularized, biological tissues can be repopulated with the patient's
own circulating cells.

The above-mentioned examples demonstrate the potential of hybrid materials, which are emerging in the field
of regenerative medicine for a variety of different settings, including orthopedics (e.g., bone and cartilage regen-
eration), skin lesion repair, urological and cardiovascular surgeries. These two areas will be covered in more
detail in the following paragraphs.
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Figure 3. Representation of the fate of a hybrid material after in vivo implantation: on the left, the
schematic composition of the hybrid material made by coupling a decellularized biological tissue with
a synthetic polymer: circulating cells are chemo-attracted by the acellular ECM, whose mechanical

resistance is sustained by the polymer. On the right, the hybrid material is effectively repopulated
with the host’s circulating cells.
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3. Urological applications of hybrid materials: from urological conduits to the regeneration of the
urinary bladder

Next to the general characteristics needed to obtain the ideal scaffold for implantation (i.e., bio-
compatibility, biodegradability, non-immunogenicity, adequate blood supply and vascularization,
cell growth promotion and mechanical features similar to those of native tissue), other important
characteristics have to be achieved in the urological field. First, the impermeability of the hybrid con-
struct has to be ensured since it has to function as a barrier against urine, which is toxic for the sur-
rounding tissues. Secondly, depending on the tissue site (i.e., a conduit such as ureter or urethra, or
a whole organ such as urinary bladder), adequate mechanical resistance has to be assured [55,56]. In
the case of urinary conduits, the patency is crucial to prevent stenosis that can hamper urine transport
with subsequent renal damage [57]. On the other hand, urinary bladder substitution needs a func-
tional support for an adequate dynamic mechanical and chemical resistance during both filling and
emptying phases. In fact, engineered bladders have to support urine storage at low pressures, keep-
ing contractile properties to allow physiologic voiding; consequently, an appropriate compliant mus-
cular wall reconstruction with a highly specialized urothelium has to be obtained [58]. The epithelium
serves to protect the scaffold from urine toxicity, while the muscular wall has to provide the peristal-
tic activity for the physiologic urine transport. For these reasons, a complete and functional repopu-
lation of all bladder components is required during bladder regeneration [59]: a rapid urothelial re-
population and differentiation are necessary to restore the impermeable barrier against urine and to
limit its leakage, which can lead to inflammatory responses and graft shrinkage [60]. At the same
time, blood vessel regeneration is required to provide oxygen and nutrients and to remove wastes
and damaged cells. Moreover, it is essential to regenerate the smooth muscle layers to perform blad-
der compliance and contractility [59].

The necessity for both impermeability and adequate scaffold porosity to promote cell ingrowth, is
really challenging [55]. However, the formation of a urothelial lining is not important only for the re-
establishment of barrier function from urine [61], but also for the regeneration of all bladder wall
components [62].

The best scaffold for urinary applications has been sought after using a variety of strategies, including
both synthetic materials (e.g., poly(glycolic acid) and poly(lactic-glycolic acid [63-67]) and biological
ones (e.g., naturally derived polymers such as silk [68,69], alginate [70] and collagen [71-74] or acel-
lular tissue matrices such as small intestinal submucosa (SIS) [75-82], bladder acellular matrix (BAM)
[83,84], amniotic membrane (AM) [85] and dermis [86,87]).

On one side, acellular matrices offer excellent trophic factors since they are naturally provided with
a wide variety of growth factors, thereby stimulating tissue regeneration and growth [88,89]. Moreo-
ver, they prevent permeation from luminal to abdominal cavities and undergo biodegradation after
implantation being remodeled by usual activity of cells [90]. However, these matrices cannot shelter
a high density of SMCs [91]. On the other side, synthetic polymers can be fabricated reproducibly
with customized mechanical features, degradation properties and porosity [92,93]. However, syn-
thetic materials lack biological competence due to the absence of trophic factors and natural barrier
function of luminal endothelium.

Unfortunately, the individual limitations of both types of materials impaired their applications in
clinics. Consequently, researchers' attention has been focusing on hybrid materials. Indeed, synthetic
materials can provide reproducible and tailored mechanical properties while biological materials
provide growth factors and cytokines to promote cell ingrowth and differentiation.

One of the first studies evaluating a hybrid graft for urological purposes was published in 2007, when
Kanatani et at. [37] created two types of urethral substitutes by combining a copoly(L-lactide/e-ca-
prolactone) [P(LA/CL)] tube with a collagen type I sponge following two different approaches: the
first substitute was waved in a vascular stent style (type 1) while the second was tailored for the
urethral tube (type 2). In detail, the tubes of P(LA/CL) were dipped in a collagen solution and then
lyophilized to create a P(LA/CL)-collagen scaffold. Afterwards, the grafts were implanted to replace
1.5 cm urethral defects in 28 male rabbits (14 for each group). The authors found that type 2 grafts
demonstrated more encouraging results compared with type 1 ones: the fibers were more tightly
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knitted and eventual prolapsed fibers into the lumen would have degraded without dragging the
remaining fibers. This study pinpointed not only the importance of biomaterial composition for ure-
thral tissue regeneration, but also the significance of the fabrication technique.

Soon after, Eberli et al. [18] fabricated a hybrid scaffold by bonding bladder acellular matrix (BAM)
to a thick layer of PGA with threaded collagen fiber stitches. They intended to accommodate a large
number of cells on one side, while the other served as a barrier against urine. Thus, urothelial cells
(UCs) were seeded onto the BAM side, while bladder smooth muscle cells (SMCs) were seeded on
the PGA side. Recellularized scaffolds were then implanted in mice, comparing hybrid scaffolds to
BAM and PGA alone (controls groups). The authors concluded that only the hybrid scaffolds could
maintain the specific organization of a normal bladder tissue. Three distinct layers were revealed:
urothelial layer, dense collagen layer, and thick muscle compartment, where SMCs had begun to
align and form compact muscle bundles. On the contrary, it was demonstrated that seeded BAM
alone allowed the attachment of both cell types, but a thick muscular compartment was absent;
seeded PGA alone allowed both cell types attachment with the development of a smooth muscle
layer, but with a less distinct interface between UCs and SMCs, with UCs deeply penetrating into the
muscle layer. The authors concluded that hybrid scaffolds made of BAM coupled with PGA possess
the ideal features for hollow organ replacement, recognizing the superiority of hybrid material in
comparison with each individual component.

Similarly, in 2012 Horst et al. [19] developed a bilayered hybrid scaffold composed by BAM and
PLGA, with the aim to support various cell types growth and to provide an effective barrier for urine.
BAM was chosen to improve scaffold stability, to provide barrier function and to promote the attach-
ment of UCs; PLGA was chosen for improving structural support to cellular infiltration. In particular,
PLGA microfibers were electrospun directly onto the abluminal surface of BAM. The resulting hybrid
scaffold provided good support for primary bladder SMCs growth, attachment and proliferation,
which was less evident in the case of cells seeded on BAM alone, reaching conclusions similar to those
presented by Eberli et al. In the work by Horst et al., 4 and 8 weeks after implantation in rats for
bladder reconstruction after partial cystectomy, the regeneration of bladder tissue structures consist-
ing of urothelium, smooth muscle and collagen rich layers infiltrated with host cells and micro ves-
sels, was evident. Moreover, hybrid scaffolds were able to maintain normal bladder capacity, whereas
BAM recipients showed a significant distension of the bladder, demonstrating how this hybrid scaf-
fold can support bladder regeneration. Afterwards, the same authors [24] performed more specific
studies on the hybrid material by investigating the role of scaffold porosity on tissue ingrowth using
hybrid scaffolds produced through the direct electrospinning of polymer microfibers on the external
side of BAM. They compared two types of scaffolds: single-spun (SS) PLGA and more porous co-
spun (CS) PLGA, which were all seeded with SMCs and implanted in rats undergoing augmentation
cystoplasty. They demonstrated that SMCs penetrated into deeper regions of the CS scaffolds as com-
pared with the SS ones. Moreover, cell distribution throughout the CS sections was more homogene-
ous: this suggested how scaffold porosity of scaffold can support superior cell seeding and migration.
Four weeks after implantation, tissue regeneration was observed with a multilayered composition,
typical of the bladder wall, in both SS and CS scaffolds. SS scaffolds exhibited significant shrinkage,
whereas CS ones maintained their size after 4 weeks. Furthermore, the same research group [41] pro-
posed a hybrid microporous scaffold obtained by co-spinning non-water-soluble polyester urethane
or PLGA and water-soluble PEG directly onto the external side of BAM and tested them in rat cysto-
plasty model. The authors applied an innovative technique to seed SMCs and let them infiltrate into
the scaffolds by using a series of centrifuges. They found better results in terms of healing and smooth
muscle and urothelial regeneration on polyester urethane scaffolds after 8 weeks from surgery.
Whereas the regeneration in the PLGA group decreased during time, in the case of polyester urethane
the regeneration significantly increased between week 4 and 8, demonstrating the superiority of pol-
yester urethane for bladder reconstruction.

A different type of material was proposed in 2012: Geutjes et al. [39] tested a collagen-polymer con-
duit as urinary diversion in the porcine model. They created a conduit (12 cm in length and 15 mm
in diameter) using bovine collagen type I coupled with Vypro II synthetic polymer mesh, which was
then seeded with UCs in the lumen side. In this study, Vypro Il mesh was used to reinforce the fragile
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and easily collapsible collagenic conduit. Unfortunately, the authors noticed that Vypro II mesh was
not incorporated in the tissue because of its limited biocompatibility. Moreover, there was an evident
hydroureter and a hydronephrotic kidney on the urostomy side in all animals. The authors also sug-
gested the importance of seeding other cell types like SMCs to allow peristaltic movement and pre-
vent hydronephrosis.

The same year, Basu et al. [40] reported the successful application of a PGA-shaped tube coated with
PLGA, seeded with SMCs from porcine adipose and peripheral blood into a porcine cystectomy
model. The authors established the superiority of seeded constructs compared to unseeded ones in
terms of muscle regeneration.

The following year, Engelhardt et al. [38] realized a collagen-poly(lactic acid-co-e-caprolactone)
(PLAC) hybrid scaffold for bladder tissue regeneration. A sterilized PLAC mesh was placed on the
top of a collagen layer and then covered with a second layer of collagen: it was exposed to plastic
compression to remove water excess. Human bladder SMCs and UCs were cultured on and inside
the collagen-PLAC hybrid scaffold in vitro for 14 days. Both cell types were able to proliferate in and
on the construct, forming dense cell layers on the top after two weeks. Afterwards, seeded scaffolds
were implanted subcutaneously in the backs of nude mice: in vivo, hybrid constructs showed a lower
inflammatory reaction compared to PLAC meshes alone. Moreover, the first signs of degradation
were visible after six months. The authors concluded that these hybrid scaffolds have the potential to
regenerate the urinary bladder, as they showed efficient cell proliferation and appropriate mechani-
cal properties.

Differently from other studies, in 2013 Franck et al. [23] compared several groups of silk scaffolds
produced by the gel spinning process: they consisted of smooth, compact multi-laminates (group 1)
or rough, porous lamellar-like sheets (group 2). Both groups were assessed alone or coated with col-
lagen type I or fibronectin in order to evaluate attachment, proliferation and differentiation of SMCs,
UCs, murine embryonic stem cells (ESCs), and induced pluripotent stem (iPS) cells. The best results
were achieved in the case of fibronectin-coated group 2 scaffolds, which promoted the highest levels
of SMCs and UCs attachment and growth and facilitated ESCs and iPS cells differentiation toward
both urothelial and smooth muscle bladder-associated lineages. For this reason, the authors con-
cluded that fibroin-coated group 2 scaffolds represent a promising scaffold for cell-seeded bladder
tissue engineering.

In the same year, Ajalloueian et al. [35] proposed an innovative approach to reduce the preparation
time of the constructs by introducing minced mucosal bladder tissue as part of a hybrid material
consisting of PCL-knitted mesh integrated with 2 layers of collagen that was plastically compressed.
Combining PCL mesh with collagen allowed improving the mechanical properties of collagen alone,
while the use of minced tissue allowed reducing the time for cells preparation and expansion by
directly placing minced tissue inside the plastically-compressed collagen. This innovative seeding
method resulted in optimal proliferation of UCs and epithelial cells. However, the use of autologous
minced mucosal bladder tissue remains limited to non-oncologic cases, impairing its application to a
wider range of patients. The following year, the same research group [25] presented a hybrid electro-
spun PLGA-plastically compressed (PC) collagen scaffold for bladder mucosa expansion. In particu-
lar, the authors optimized the electrospinning process in order to increase pore size and scaffold po-
rosity with the aim of supporting neovascularization and tissue ingrowth. The PLGA was placed
between two collagen gels and the minced bladder mucosa was distributed on the top, or both on the
top and inside, the construct prior to plastic compression. The scaffolds were then cultured for 4
weeks. Improved mechanical properties in comparison to PC collagen alone were assessed and the
strength of the hybrid PLGA-PC collagen construct was comparable to human bladder tissue. More-
over, they were able to demonstrate that cells from minced tissue migrated, expanded and re-orga-
nized to a confluent cell layer on the top of the construct after 2 weeks and formed a multilayered
urothelium after 4 weeks.

Another tissue source was evaluated in 2016 by Adamowicz et al. [20], who proposed a novel material
obtained by coupling frozen human amniotic membrane with two-layered membranes prepared
from electrospun poly-(L-lactide-co-E-caprolactone) (PLCL) on both external and internal sides. The
constructs were then implanted in rats, which underwent hemi cystectomy and bladder
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augmentation. The authors demonstrated the effective regeneration of urothelium and smooth mus-
cle, achieving the requirements for a normal bladder contraction and compliance. In fact, PLCL nan-
ofibers formed an elastic three-dimensional frame, which assured the necessary strength, shape and
protection of amniotic membrane, which alone lacks adequate mechanical resistance, but it guaran-
tees a regeneration-enhancing effect.

In 2019, a new material based on the use of a copolymer (P) with gelatin (G) was investigated by
comparing two versions of the hybrid material [42]: the first group (PG) with gelatin electrospun on
the electrospun copolymer, and the second one (PGP) with gelatin sandwiched between two external
layers of copolymer. PG exhibited increased hydrophilic properties in comparison to PGP and copol-
ymer alone; however, it presented lower solution stability than PGP, which has good water-resistant
features.

The following year, it was proposed another innovative graft obtained by coupling graphene with
amniotic membrane in order to replace the neuronal network of tissue-engineered urinary bladder
[21]. The bio-composite material was created with a sandwiched structure covering the stromal side
of the amniotic membrane with two layers of graphene. Scaffolds were seeded with UCs and SMCs,
showing a good organization on the graphene surface, significantly increasing the electrical conduc-
tivity of the material. Moreover, the electrical stimulation applied in vitro allowed improving SMCs
growth and linear arrangement.

Recently, it was proposed a different application of decellularized porcine SIS (whose application in
the urological field could be limited due to permeability [82]) in combination with two commercially
available polycarbonate urethanes (i.e., Chronoflex AR and Chronoflex AR-LT) [43]. Both the pro-
posed SIS-based hybrid membranes demonstrated promising features, suitable for the creation of a
tissue-engineered urinary diversion: the presence of polymers in combination with the decellularized
SIS enhanced the mechanical resistance, but also significantly increased MSCs growth in vitro com-
pared to SIS and polymers alone.

4.4. Hybrid materials in the cardiovascular field: a challenge for material-blood interaction.

The materials used in the cardiovascular field are mainly exploited for heart valve and vessel replace-
ments. Regarding valve replacement, either mechanical or biological valves are currently used in
clinics, but both present several drawbacks. In particular, mechanical valves significantly impact on
patient quality of life since they represent long-term risk factors due to thrombosis and thromboem-
bolism [94], thus requiring lifelong anticoagulation therapy. Moreover, both durability and function-
ality of current bioprosthetic heart valves are limited by their calcification potential [95,96]. The rate
of calcification is inversely related with the age of the patient at the time of implantation [97-99].
Additionally, commercially available bioprosthetic valves are chemically fixed with glutaraldehyde
to stabilize the biological tissue and mask xenogeneic epitopes to prevent immune rejection, causing
possible cytotoxic effects.

Autologous vessels (e.g., radial artery or saphenous vein) are the preferred conduits for grafting in
vascular surgery, but their availability is limited due to their poor quality, and their withdrawal re-
sults in donor site morbidity [100,101]. Currently, synthetic grafts are used as a feasible alternative,
but they are limited by low patency rates [102]. Thrombosis is the most frequent cause of vascular
graft failure, which can be also associated with intimal hyperplasia: it develops around the anasto-
mosis and can be due to a variety of factors, such as a mismatch in vessel compliance or in the diam-
eter between the native and grafted vessels. After one year from vascular surgery, graft failure ap-
pears to be significantly influenced by atherosclerosis, which is mostly the result of the reaction of
the immune system’s cells that cause the formation of atherosclerotic plaques [103-105].

The main issue in the use of any material of synthetic or chemically-fixed biological origins, is that
they cannot perfectly integrate with the patient and they are not able to adapt to the patient’s somatic
growth, lacking remodeling and regenerative properties: this prevents their application in the pedi-
atric population [51]. Hence, the major challenge of tissue engineering in cardiovascular tissue repair
is the development of a material that can overcome the drawbacks of currently available devices.
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As previously mentioned, there are two approaches for the realization of cardiovascular constructs:
the use of decellularized matrices [106-109], which has the advantage of preserving anatomical ar-
chitecture [110] and growth factors, and the use of bioresorbable biopolymers [111-114]. Decellular-
ized tissues frequently lack patency, are not impermeable, and lack appropriate mechanical strength,
whereas resorbable biopolymers often exhibit a degradation rate that is too fast in comparison with
the time needed for tissue regeneration.

Hybrid materials have been proposed to produce a construct with the required technical features and
the correct physicochemical behavior [26,115,116]. In the light of the necessity to obtain a scaffold as
much as close to the native tissue in terms of both mechanical and biological functionalities, research-
ers have been able to adapt conventional regenerative biomaterials to maintain biological stability or
functional activity by combining tissue components with polymers [5, 34].

As aforementioned, synthetic materials (e.g. polytetrafluoroethylene (PTFE)) are frequently utilized
in cardiovascular tissue reconstruction, however they possess a high risk of graft failure due to their
potential for early development of thrombosis and intimal hyperplasia [117-119].

Several approaches have been investigated in order to facilitate the deposition of cells to increase the
thromboresistance of implanted grafts. To this purpose, the first attempt was the direct seeding of
endothelial cells to promote the growth of an endothelial layer, which is the only perfectly hemocom-
patible surface. However, the cells have to be isolated from the patient's vessels several weeks before
surgery, increasing the time needed for the graft preparation and preventing the use of a ready-to-
use graft [120].

In order to improve hemocompatibility [121], heparin is employed in several clinical treatments and
sometimes it can be covalently bound to synthetic grafts, such as polyethylene terephthalate (PET);
unfortunately, it can result in the risk of heparin-induced thrombocytopenia [122,123].

Alt et al. [44] and Herrmann et al. [45] added polymers like PLA and PDLLA (poly(DL-lactide)),
which are known for their biocompatibility and their suitability as scaffolding materials able to pro-
mote cell growth and proliferation, with anticoagulants. These two polymers have been used to im-
prove the interaction of synthetic grafts with surrounding tissues and blood, like polytetrafluoroeth-
ylene (PTFE) is able to do.

The combination of polymer degradation and anticoagulant reactivation effectively reduced the for-
mation of thrombi on the material surface, which is the reason why Heise et al. [46] decided to con-
tinue the work.

Using the dip-coating technique, a PLA containing polyethylene glycol (PEG)-hirudin/iloprost com-
bination was applied to PTFE [45]. Anticoagulants were used to prevent thrombus formation while
PLA was chosen for its biocompatibility and biodegradability [44,45]. The grafts were implanted in a
pig animal model: no blockage was found; the patency was 90% and it was observed a pseudo-neo-
intima development within the explanted grafts.

While the aforementioned groups prepared materials for vascular grafts that fit the definition of hy-
brid material by coupling two synthetic components, in 2009 Heidenhain et al. [47] coated a cross-
linked decellularized pig aorta with PDLLA, which also contained lepirudin as anticoagulant drug.
Biological tissue was decellularized to reduce immunogenicity and the ECM of the final product was
cross-linked to stabilize it and limit the ECM absorption protecting it against macrophages' fast dete-
rioration [124].

Moreover, instead of glutaraldehyde, the 10000-times less toxic fixative genepin was used, which has
a proliferative capability 5000 times higher than glutaraldehyde [125]. PDLLA-lepirudin was used to
coat the decellularized and fixed tissue using a dipping method. PDLLA was used for its biocompat-
ibility, whereas lepirudin was chosen because it has been proven to successfully reduce the throm-
bogenicity of vascular prostheses in vitro [45]. The major weakness of the proposed approach is due
to the rapid rate of polymer degradation, especially due to PDLLA breaking via hydrolytic digestion
and non-enzymatic activities [126]. Following in vivo implantation in pigs, the luminal side of each
graft did develop a pseudo intima producing stenosis, which may have been caused by the rapid
PDLLA degradation.

Reid et al. [48] adopted a different approach: they combined a polymer with an ECM generated from
decellularized tissues (i.e., bovine heart and aorta) to create a scaffold suitable for vascular tissue
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engineering. Minced decellularized tissue was dissolved in a PCL solution to produce an electrospun
ECM/PCL scaffold. Nevertheless, the authors refer to this material as a hybrid material, even though
it does not fit our definition, which calls for the existence of two distinct layers formed of two con-
stituents. The polymer has been employed for its favorable chemical and physical qualities, whereas
decellularized tissue has been used for its favorable physical and chemical ability to sustain cells
[127,128]. According to the experimental evidence, the ECM/PCL scaffold provided cell adhesion
qualities superior to the control (polymeric scaffold), and cell survival assays supported this obser-
vation. Regarding the material's mechanical characteristics, the polymer makes the scaffold stiffer
and more hydrophobic.

Heydarkhan-Hagvall et al. [36] used a strategy similar to that presented by Reid et al. to create a
material combining synthetic and natural materials by hybridization or bio-hybridization. This group
used the electrospinning technique with natural proteins to create fibrous scaffolds for various tissue
engineering applications. This method is promising since it combines natural proteins with PCL.
During the manufacturing process, PCL was added to a mixture of collagen and elastin to create the
electrospun scaffold. Indeed, electrospinning has a great potential for the effective and affordable
creation of 3D fibrous matrices, with a high surface area to volume ratio. When the electrospun scaf-
fold was exposed to glutaraldehyde, it intermolecularly cross-linked, enabling cell culture; however,
the cross-linking process significantly decreased the porosity.

Stamm et al. [49] made further efforts to find the ideal material in terms of increased integration with
surrounding tissues but with a decreased potential for thrombogenesis. They were aware that decel-
lularized tissues cannot be directly implanted in vivo since collagen fibers, which are exposed in the
decellularized tissue, are highly thrombogenic and induce platelet adhesion and activation [129]. In
order to improve the mechanical properties of such a construct, the research team decided to enzy-
matically decellularize pig aortic valves and saturate them with biodegradable poly(hydroxybutyr-
ate) via a stepwise solvent exchange method. According to in vitro biocompatibility tests, human
blood vessel cells were found to survive and thrive on matrix/polymer hybrid tissue. Matrix/polymer
patches were implanted in rabbit to assess proinflammatory activity in vivo; the sheep model was
used for the functional in vivo test. Tests on rabbits gave positive results and confirmed that the
material does not lead to the formation of thrombi. However, less encouraging results were obtained
in the larger animal model since discrete fibrinous deposits were found on the inflamed leaflets.
Grabow et al. [50] applied the same strategy by coating a decellularized plus lyophilized aortic valve
with two biopolymers: poly(4-hydroxybutyrate) (P[4HB]) and poly(3-hydroxybutyrate-co4-hydroxy-
butyrate) (P[3HB-co4HB]). The selected polymers are bioresorbable, and the degradation product is
a naturally occurring human metabolite found in heart, brain, and several other organs [130]. These
materials possess excellent pliability and elasticity, that make them very good candidates for the use
in soft tissue engineering. Actually, regarding other mechanical properties, the structure had a lower
resistance compared to decellularized valves, and this was likely due to the lyophilization process,
which involved microscopic shrinking effects that have been thought to impair the three-dimensional
tissue architecture, changing the structural characteristics of the decellularized matrix. This effect was
shown during the functional tests of heart valves as well: a large transvalvular pressure gradient was
observed with an important regurgitation due to restricted leaflet motion and inadequate valve func-
tion caused by lyophilization-induced leaflet shrinking.

Jahnavi et al. [51] created a heart valve made of Bio-Hybrid scaffold: it was obtained by combining
polymers with decellularized bovine pericardium. In detail, the scaffold was made by electrospin-
ning decellularized pericardium and PCL-CH (polycaprolactone - chitosan) together. The combina-
tion of these polymers exploits the biocompatibility of decellularized tissue, which has weak mechan-
ical features and quickly degrades, and the characteristics of polymeric nanofibers. The creation of
hydrogen bonds between chitosan hydroxyl groups and the ester groups of PCL can be used to ex-
plain why PCL-CH adheres to ECM of decellularized bovine pericardium. Delamination was thus
prevented. Dip-coating of biological tissues with biodegradable polymers revealed higher mechani-
cal capabilities; however, the organic solvents used to dissolve the polymer disrupted the structural
integrity of the ECM, thus the authors opted for the electrospinning process [49,50,131]. Cytocompat-
ibility direct contact tests in vitro revealed an increased cell adhesion and proliferation on Bio-Hybrid
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materials without any lysis or alteration in cell morphology. Meanwhile, physicochemical analyses
showed that the Bio-Hybrid scaffold possessed biomechanical properties similar to those of native
valve leaflets, including contact angle, fiber diameter, and mechanical resistance (tensile strength,
Young's modulus, and burst strength). In addition, the scaffold demonstrated an increased capacity
to absorb water compared with the decellularized pericardium. Minimum hemolysis was experi-
enced, thus proving a sufficient hemocompatibility level.

Pericardium has been extensively used not only for heart valve reconstruction, but also for the crea-
tion of vessel grafts, and the internal chamber of circulatory support devices, as in the case of the
CARMAT TAH, the Total Artificial Heart developed by Carpentier et al. [132]. In terms of both ma-
terials and automation, this TAH holds the distinction of being a real innovative device. Commercial
bioprosthetic heart valves are used to control the blood flow and a hybrid membrane separates the
blood compartments of the ventricular chambers from the actuation fluid. The membrane was ob-
tained by combining a synthetic polymer with animal pericardium chemically treated with glutaral-
dehyde [52]. After fixation, pericardium was immersed in polyethylene glycol (PEG) to prevent sol-
vent reaction with water. Finally, the pericardium was coupled with the polymer (Chronoflex AR, a
polyurethane carbonate supplied by AdvanceSource Biomaterials, Wilmington, MA, US) using the
solution casting technique. This invention aimed at producing a fully hemocompatible material with
good mechanical and sealing properties. In the CARMAT TAH, blood-contacting surfaces showed
good hemocompatibility without clot formation after being exposed to human blood in vitro. How-
ever, pericardium is fixed with glutaraldehyde, which has all the previously mentioned drawbacks.
Recently, Todesco et al. [133] decided to combine decellularized pericardium with polycarbonate ure-
thanes (Chronoflex AR and Chronoflex ARLT, AdvanSource Biomaterials) to avoid the use of glutar-
aldehyde [26]. These two polymers are widely used in the biomedical field, particularly in cardiovas-
cular applications, and their biocompatibility has already undergone extensive in vitro assessment
[134].

The ability to stimulate thrombin production and activate platelets has been preliminarily tested in
vitro and the results demonstrated that the proposed hybrid membrane possesses good blood com-
patibility.

A similar approach has been used by Mudigonda et al. [115], who functionalized a pericardial matrix
with a layer of polymeric nanofibers to get the mechanical strength needed for implantation in the
circulatory system also improving cell homing capacity. A PCL solution was electrospun onto a de-
cellularized pericardial core mounted on a rotating mandrel. Subsequent analyses and characteriza-
tion stated an appropriate mechanical strength, associated with biocompatibility and hemocompati-
bility of the material.

5. Conclusions

An increasing number of studies have already acknowledged the limitations of biological and syn-
thetic materials, taken individually, for many biomedical applications. Thus, recent efforts have been
focusing on the optimization of grafts’ properties, by combining synthetic and biological materials in
order to exploit the strengths and to overcome the disadvantages of both.

Differently from composite materials, which are obtained by physical combination of two or more
components, this review defined hybrid materials as those in which two distinct interfaces can be
distinguished, providing unique properties compared with individual materials alone. Moreover, the
main advantage of hybrid constructs with respect to composites consists in the possibility to provide
distinct biological and mechanical properties on the different sides of the graft.

Hybrid materials can be specifically tailored addressing the desired properties, which can be opti-
mized for each particular application by choosing the right combination of individual materials. In
this way, mechanical properties and biocompatibility can be improved in comparison with the single
components, making them suitable for a wider number of medical applications by enhancing tissue
regeneration and promoting cell growth and tissue formation. However, the properties of hybrid
materials can be more complex than those of each individual component making necessary further
research and development to fully understand their potential applications.
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Moreover, some limitations of this kind of materials cannot be neglected. First, it has to be stated the
complexity of hybrid material realization, which is more complicated than that of individual compo-
nents: indeed, more advanced processing techniques and materials science expertise are required.
Secondly, the hybrid material has to be stable over time without degrading, reducing its effectiveness
and increasing the risk of adverse reactions. A further issue can be associated with long realization
times, implying that the product may not be immediately available for the clinical use. Therefore, it
is necessary to find an appropriate storage to provide hybrid scaffolds off-the-shelf.

The present review illustrated recent advancements in realization and optimization of hybrid mate-
rials for tissue engineering applications, with particular regard to the urological and cardiovascular
fields, also discussing their strengths and also their weaknesses. Certainly, further efforts have to be
made in terms of material’s choice and fabrication techniques, but promising results are suggesting
the potentiality of hybrid materials in future clinical applications.
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