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Abstract

Research in creating 3D structures mirroring the extracellular matrix (ECM) with accurate
environmental cues holds paramount significance in biological applications. Biomaterials that
replicate ECM properties—mechanical, physicochemical, and biological—emerge as pivotal
tools in mimicking ECM behavior. Incorporating synthetic and natural biomaterials is widely
used to produce scaffolds suitable for the intended organs. Polycaprolactone (PCL), a synthetic
biomaterial, boasts commendable mechanical properties, albeit with relatively modest biological
attributes due to its hydrophobic nature. Chitosan (CTS) exhibits strong biological traits but lacks
mechanical resilience for complex tissue regeneration. Notably, both PCL and CTS have
demonstrated their application in tissue engineering for diverse types of tissues. Their
combination across varying PCL:CTS ratios has increased the likelihood of fabricating scaffolds
to address defects in sturdy and pliable tissues. This comprehensive analysis aspires to
accentuate their distinct attributes within tissue engineering across different organs. The central
focus resides in the role of PCL:CTS-based scaffolds, elucidating their contribution to the
evolution of advanced functional 3D frameworks tailored for tissue engineering across diverse

organs. Moreover, this discourse delves into the considerations pertinent to each organ.
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1. Introduction

Tissue engineering, a swiftly advancing domain, endeavors to forge operational substitutes for
tissues harmed or impaired by disease. A chief hurdle here involves producing frameworks
capable of bolstering cellular proliferation and the transformation into operational tissues.
Polycaprolactone (PCL) and chitosan (CTS) stand as two polymers, biocompatible and
biodegradable, meticulously scrutinized for their potential role in tissue engineering due to their
advantageous physical and biological traits'. PCL, a synthetic polymer, touts solid mechanical
attributes, allowing facile conversion into assorted configurations encompassing porous
scaffolds. Conversely, chitosan, a natural polymer sourced from chitin, has showcased
antimicrobial and anti-inflammatory traits?. These composites can be fabricated and tailored to



fit the specific needs of different tissues and organs. Additionally, PCL-CTS scaffolds can be
combined with other materials and technologies to enhance their regenerative capabilities. The
addition of CTS to PCL allows for the modulation of the physicochemical properties of the
scaffolds, leading to highly porous constructs with distinct morphologic and mechanical features.

In recent years, scaffolds founded on PCL and CTS have emerged as an encouraging stage for
tissue engineering (Table 2). This involves the utilization of scaffolds based on PCL and CTS.
These scaffolds have proven to be a significant platform for engineering various organs. This
includes hard tissues such as bone, characterized by their high load-bearing capacity. On the
other hand, they also include soft tissues like the lungs and skin, which are typically non-load-
bearing. Various techniques, such as freeze-drying, electrospinning, and 3D printing, are
harnessed to fabricate these scaffolds, which can be modified to incorporate bioactive molecules
fostering tissue revival®. This exploration delves into the latest strides in PCL/CTS-based
scaffold innovation, exploring diverse tissue engineering prospects. Emphasis rests on the

crafting, characterization, and biological efficacy of these structures”.

The scaffolds function as host materials that nurture incubating cells, steering their adherence,
expansion, transformation, reproduction, phenotype, and migration to foster fresh tissue
emergence®. One of the prime challenges in tissue engineering revolves around formulating
scaffolds adept at backing cell maturation into functional tissues. The quest to produce clinically
pertinent engineered tissue necessitates precise cell selection and sourcing criteria, accounting
for accessibility with minimal invasiveness. Tissue engineering has undergone significant

evolution lately, with a noticeable focus on using adult stem cells.

Table 1- PCL-CTS nanofiber productions.

Formulation (% w/v)  Needle gauge Flow rate  Fiber diameter (nm)
(UL/min)

PCL 5% 22G 10 88+46
25 57+33

PCL 10% 22G 10 344 +92
25 3574262



PCL 5% + Chitosan 22G 10 95+ 18

25 87+31
PCL 10% + Chitosan 22G 10 151 £35
25 102+ 21
PCL 15% + Chitosan 22G 10 Solution dried too quickly at all

o5 flow rates to be usable

The degradation products and toxicity of PCL and CTS composites have been studied in several
papers. CTS is a natural polymer with potential biomedical applications, including drug delivery
systems and tissue engineering. Scientific evaluations conducted via computational methods
have revealed intriguing findings. CTS-oligomers, the byproducts of chitosan degradation,
exhibit pharmacological properties that hold significant promise. These properties are observed
irrespective of their molecular weight, degree of deacetylation, and acetylation pattern.
Importantly, these CTS-oligomers demonstrate minimal toxicity in human subjects’. PCL-CTS
membranes have also been evaluated for their degradation and biocompatibility properties,
showing satisfactory results for application in wound repair®. Porous scaffolds made from PCL-
CTS blends have been prepared and characterized, with stability and pore morphology dependent
on the relative mass ratio of the two polymers. These scaffolds were found to be non-toxic to
vasculature®. A composite membrane combining chitosan and beta-dicalcium pyrophosphate
(beta-DCP) ceramic particles has been evaluated for biodegradation behavior and cytotoxicity,

showing potential as a cell substrate in tissue engineering™.

The blend ratio of PCL and CTS has been found to affect the properties of the composite
materials significantly*’. These composites have been used to prepare membranes with desirable
properties such as thermal stability, hydrophilicity, and mechanical viscoelasticity*?. The 10:90
(w/w) blend ratio of PCL-CTS has been recommended as the optimum ratio for tissue
engineering applications'®. Chitosan and its composites have shown great potential in tissue
regeneration and artificial organ research'®. Chitosan derivatives have been synthesized for
various applications in biological engineering, including cardiac, liver, and wound

healing"*Additionally, PCL and chitosan have been used to develop scaffolds for tissue



engineering applications with faster degradation rates, hydrophilicity, and porosity. PCL and
chitosan composites have demonstrated promising applications in various organs and tissues in

tissue engineering and biomedical research (Figure 1).



Table 2- A brief description of some studies focusing on using PCL/chitosan for tissue engineering of different organs.

Mechanical
S Additive . . Properties . Cell .
Organs FabI'IC?.tIOIl (Drug, Growth In Vitro In YIVO (Elastic Or Sweollmg Viability Poroosny Ref.
Technique (Cell) (Animal) . % o %
Factor) Compression %
Module) (Mpa)
Skin Electrospinning - Mouse Fibroblast (L- - 12.41 150 100 - 1
929) Cell Line
Skin Electrospinning - - Balb/c 5.25 - - - v
mice
Skin Electrospinning Fucoidan Fibroblasts - 22.74 38.27 100 - 18
Bone Melt Stretching - MC3T3-E1 Cell - 12-15 30-55 >90 4599
And Multilayer
Deposition
Bone Electrospinning - MC3T3-E1 Cell - - - 100 - 20
Cartilage 3D Printing - Rabbit Articular rabbit - - >89 - 2
Chondrocytes
Menisci 3D Printing - Hadscs, - 4-6 - >90 17-85 %
Blood vessels Electrospinning - Endothelial - 2.3 - >95 - 23
Blood vessels Electrospinning - Endothelial Pig - - 100 80 24
Blood vessels Electrospinning Collagen Endothelial - 35 - >95 - »
Muscles Electrospinning  Norepinephrine  Skeletal Muscle Cell mice >3 - 80 - 2
Line L6
myocardium Disk Molding Wharton’s Jelly <1 - >85 - 27
tissue Mesenchymal Stem
Cells
Eye Solvent Casting Chitosan Hcecs - - 61 95 - 8

Nanoparticles




29

retinal Electrospinning Sral,04: Eu“, Retinal Neural Cells - 1 >90 -
Dy3+
Lung Electrospinning - Porcine - 8-33 100 - 30
Tracheobronchial
Epithelial (PTBE)
Liver Electrospinning - Hepa 1-6 Epithelial - 7-8 >90 65-87 *
Liver Mouse Cells
Liver Gelation - Human Hepatoma - 0.2-0.7 >95 - 3
Cell Line Hepg?2 Cells
Kidney Vascular - Human Renal Cells rat - 100 - 32
Corrosion
Casting
Technique
Nerve Electrospinning - Schwann Cell - 65.5 >94 - 33
Bladder Molding Adipose- Adipose-Derived rat - 100 90 3
Derived Stem Stem Cells (Ascs)
Cells (Ascs)
Dental Electrospinning Polyglycerol Human Fetal - 16.6 >95 - >
Sebacate And Osteoblasts (Hfob)
Eta Tri-Calcium Cells
Phosphate
Oral cavity 3D Printing Ibuprofen Mouse Fibroblast L- - 4-10 >90 - 36
929
Esophagus Molding - Adult Dermal pig 3-5 >97 81-85 ¥’
Fibroblasts
Esophagus Electrospinning - Adult Dermal - 0.4-5 >90 - .
Fibroblasts
Stomach Molding - Enterocytes - - >90 - 39
Intestine Electrospinning Fe;0, - - 90-206 - 44-47 ®




In light of the current scientific literature and the importance of these two substances in the field
of tissue engineering, a thorough review paper is needed. This paper should study this composite
and its utilization in various organs. The investigation should focus on the characteristics and

uses of these two substances when combined to form a composite.
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Figure 1: Schematic diagrams encompassing the features of PCL/CTS scaffolds and various tissue engineering
applications.

2. Types of PCL/CTS tissue engineering scaffolds
2.1. 3D-printing scaffolds

PCL and CTS have been used in various forms for 3D printing applications. The combination of
PCL and CTS in 3D printing allows for the creation of scaffolds with suitable microarchitecture,
high efficiency, and high precision*’. These composite scaffolds have shown promise in bone
repair and regenerative applications. Additionally, integrating other biomaterials, drugs, growth
factors, and cells with PCL composites further improves their properties and aids bone healing.
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PCL has been blended with acetylated chitosan (AC) to create composite materials for tissue
engineering®?. PCL has also been mixed with chitosan or B-tricalcium phosphate (TCP) to
fabricate scaffolds for bone regeneration®. Chitosan has been combined with pectin to develop
hydrogels for 3D printing™. Additionally, PCL has been blended with chitosan or coated with
chitosan to create scaffolds with improved bioactivity and cell compatibility*. Chitosan has also
been combined with polyvinyl alcohol (PVA) to create a double-network (DN) hydrogel scaffold
for 3D printing®. These studies demonstrate the versatility of PCL and chitosan in different

forms for 3D printing applications in tissue engineering and regenerative medicine.
2.2. Foaming scaffolds microspheres

Foaming scaffold microspheres from PCL and CTS offer several advantages. Firstly, they enable
cell growth and differentiation, making them suitable for tissue regeneration applications®’.
Secondly, these scaffolds have improved biomechanical properties, such as increased
viscoelasticity, essential for supporting tissue growth and function®®. Thirdly, incorporating
chitosan microparticles in the scaffolds allows for sustained release of bioactive molecules, such
as dexamethasone and ascorbic acid, which can enhance osteogenic differentiation of stem
cells*. Additionally, chitosan nanofibers in the scaffolds enhance their compressive modulus and
water uptake ability, making them more suitable for cell proliferation and tissue integration®°.
Overall, foaming scaffold microspheres from PCL and CTS offer a promising platform for tissue
engineering applications, particularly in cartilage and bone regeneration. It has been investigated
in several studies. Filova et al. developed foam scaffolds from PCL with incorporated chitosan
microparticles, showing that scaffolds with 10 wt% PCL and 0 wt% or 10 wt% CTS are potential
scaffolds for cartilage regeneration’”. Omidvar et al. encapsulated dexamethasone within
chitosan microspheres embedded in a fibrous structure of PCL, creating a bilayer fibrous
scaffold. The chitosan microspheres acted as depots for the sustained release of dexamethasone,
enhancing the proliferation and osteogenic differentiation of human mesenchymal stem cells*.
Jing et al. produced biomimetic porous PCL scaffolds containing chitosan nanofibers, which
improved water uptake ability and biocompatibility, leading to better cell proliferation™.
Kosowska et al. analyzed the foaming process of PCL-based composite materials, including

chitosan, and demonstrated their biocompatibility and suitability for bone cell culture®. Virgilio



et al. developed a solvent-free PLA scaffold with chitosan-grafted PLA copolymer, which

enhanced cell proliferation when immobilized on the surface of the pores?®.
2.3. Nanoparticles

Nanoparticles from PCL and CTS offer several advantages. They can be used as drug delivery
systems, enhancing the efficacy of encapsulated drugs and improving their interaction with target
cells®®. CTS nanoparticles can encapsulate and transport drugs within the body, improving the
bioavailability and therapeutic effect of the drugs>*. Additionally, CTS nanoparticles can be used
for oral drug delivery, overcoming challenges such as low solubility and poor bioavailability®.
For various applications, PCL and CTS nanoparticles can also be incorporated into composite
materials, such as membranes and scaffolds. These composite materials exhibit good dispersion
of nanoparticles, stability, and efficiency, making them suitable for renewable energy systems
and tissue engineering, such as organic photovoltaic solar cells and bone tissue engineering®.
Overall, nanoparticles from PCL and CTS offer versatile and promising options for drug delivery

and tissue engineering applications.

Nanoparticles have been used in the development of PCL and CTS-based scaffolds for tissue
engineering applications®. Chitosan-dextran nanoparticles loaded with transforming growth
factor-beta 1 (TGF-B1) were incorporated into a nanofiber scaffold composed of PCL and poly-I-
lactic acid (PLLA)>. These scaffolds showed high porosity, mechanical properties, and sustained
release of TGF-Bl1, which promoted the expression of genes related to cartilage tissue
engineering®’. In another study, biodegradable polycaprolactone nanoparticles (PCL-NPs) were
developed for the Osimertinib Mesylate (OSM) active targeting in lung cancer treatment®.
Chitosan-fabricated OSM-loaded PCL-NPs showed improved anticancer efficacy and reduced
side effects®®. Chitosan nanoparticles (ChNs) have also been optimized for size and zeta potential
by varying chitosan molecular weight, concentration, and stirring speed. Composite membranes
of polysulfone and chitosan incorporated with nickel-zinc ferrite and magnetite nanoparticles
have been synthesized for applications in organic photovoltaic solar cells. Chitosan-based
nanoparticles have a wide range of applications in drug delivery, gene delivery, and

antimicrobial activity.
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2.4. Membrane scaffolds

Membrane scaffolds made from a blend of PCL and CTS offer several advantages. Firstly, they
provide a suitable microenvironment for the incorporation of cells or growth factors, making
them highly useful for tissue engineering and regenerative medicine applications®. Secondly,
these scaffolds have a highly porous structure with interconnected pore networks, allowing for
easy cell invasion, viability, and transfer of essential nutrients, oxygen, and growth factors®.
Thirdly, the presence of chitosan in the blend increases the porosity of the membrane, enhancing
cell proliferation and oxygen uptake®. Additionally, PCL-CTS blend membranes have been
shown to have remarkable wound-healing properties, making them effective as wound-dressing
materials*?. Furthermore, these membranes have been successfully used for culturing corneal
endothelial cells, promoting cell adhesion and proliferation, and maintaining cell phenotype®.
PCL-CTS blend membranes offer biocompatibility, transparency, and biodegradability, making
them suitable for various tissue engineering applications. Various ratios of PCL-CTS blend
membranes have been prepared and characterized®. The PCL and CTS blend ratio significantly
affects the membranes' thermal stability, hydrophilicity, and mechanical properties. The best
blend ratio for PCL-CTS membranes is 10:90 (w/w)™. Chitosan nanoparticles (CSNPs) have
been incorporated into PCL-CTS membranes to create a transparent scaffold for culturing
corneal endothelial cells. Increasing the CSNP/PCL ratio improves the transparency and surface
wettability of the scaffold®. A novel copolymer synthesis of Di isopropyl fumarate (F), vinyl
benzoate (V), and 2-hydroxyethyl methacrylate (H) has been developed for membrane design.
The terpolymer obtained, along with chitosan, shows potential for use in regenerative
medicine®®. Electrospun fibrous membranes of PCL and polyvinylpyrrolidone (PVP) have been
produced, and a blend of collagen/chitosan has been grafted onto the surface. These membranes

show promise for application in skin tissue engineering®.
2.5. Composite scaffold

Composite scaffolds made from a combination of PCL and CTS offer several advantages.
Firstly, PCL-CTS blend scaffolds fabricated through wet electrospinning have shown to be
highly effective wound dressing materials with remarkable wound healing properties®.

Secondly, composite dressings made from chitosan sponge and PCL nanofibrous membrane with

11



asymmetric wettability surfaces have demonstrated excellent cytocompatibility, vapor
transmission rate, and liquid absorption, making them a promising alternative to traditional
wound dressings'’. Thirdly, PCL-CTS scaffolds functionalized with Mytilus californiensis
protein have shown superior bioactivity and cellular proliferation properties, making them
attractive for bone regeneration applications™®. Lastly, composite scaffolds made from PCL and
CTS, either through blending or surface coating techniques, have shown enhanced cell
attachment, proliferation, and upregulation of bone markers, making them effective for tissue
engineering applications®. It has been investigated in several studies. One study fabricated a tri-
polymer scaffold using PCL-gelatin-CTS through electrospinning, which showed potential for

bone tissue engineering (Gautam et al.®®

). Another study designed a composite dressing with a
chitosan sponge and PCL nanofibrous membrane, which exhibited asymmetric wettability
surfaces and had potential as a wound healing material (Yang et al.'"). A third study evaluated
the properties of PCL-CTS scaffolds functionalized with Mytilus californiensis protein, showing
superior properties in terms of bioactivity and cellular proliferation (Rojas-Yafiez et al.’®).
Additionally, a study compared blended scaffolds (PCL-CTS) with scaffolds fabricated using
surface coating technique (PCL-CTS), and found that the surface-coated scaffolds exhibited

enhanced cell attachment, proliferation, and bone marker upregulation (Poddar et al.*®

). Finally,
a study synthesized composite materials loaded with recycled porcine bone powder using PCL
and CTS as matrices, demonstrating suitable mechanical properties for hard tissue engineering

applications (Valente et al.®*).
3. PCL-CTS-based scaffolds for tissue engineering of organs
3.1. Skin

Skin tissue engineering was one of the first organ systems targeted by regenerative medicine
techniques®™. Autologous skin grafting remains the gold standard for treating deep second and
third-degree burns. However, much of the research in skin tissue engineering is focused on
developing 3D polymer scaffolds that incorporate biomolecules and cells. These scaffolds
provide a supportive structure for the growth and differentiation of cells into functional skin
tissue, aiming to improve the treatment of burns and other skin injuries ®®. The use of advanced
fabrication techniques, such as 3D printing, has enabled the creation of complex scaffold

architectures that mimic the structure of native skin tissue, while the incorporation of bioactive
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molecules and cells can enhance tissue regeneration and promote healing®’. This is an exciting
area of research with the potential to improve patient outcomes significantly.

Prasad et al. ®® PCL-CTS blend electrospun mats were prepared and characterized
physiochemically and biologically compared to electrospun PCL scaffolds. The results showed
that the PCL-CTS scaffolds exhibited enhanced hydrophilicity, swelling behavior, mechanical
performance, and thermal stability. Additionally, these blend fibers improved the activities of
keratinocytes and L-929 cell lines and the distribution of actin on the scaffolds. In conclusion,
the PCL-CTS blend fibers were a superior scaffold for skin tissue engineering compared to PCL

fibers alone.

In another study, the in vivo effects of electrospun PCL-CTS nanofibers on wound healing were
tested by creating cutaneous excisional skin defects in mice (Figure 2A). The results were
compared to those obtained using Tegaderm, a commercial wound dressing. Gross and
histological assessments indicated that the wounds treated with PCL-CTS nanofibers exhibited
improved closure and more biomimetic healing. As a result, electrospun PCL-CTS mats have the
potential to serve as a biomimetic replacement for natural extracellular matrix (ECM) and may
be used as scaffolds for skin tissue engineering. In future studies, these mats may also be used to
deliver cells and proteins to skin defects®®. Jung et al.”” A composite of CTS nanoparticles and
electrospun PCL fibers was fabricated for wound dressing applications and drug delivery to skin
tissue. Various assessments of these complexes demonstrated no cytotoxicity and beneficial
penetration of the CTS nanoparticles into rat primary fibroblasts. Results from SEM, FITC, and
MTT assays indicated the potential of these composites to be used as drug carriers for wound
healing without causing any side effects. These findings suggest that combining CTS
nanoparticles and electrospun PCL fibers may offer a promising approach for developing

advanced wound dressings and drug delivery systems for skin tissue.

In a study by Ozkan et al., core-shell scaffolds were developed through the coaxial
electrospinning of CTS as the shell and PCL as the core. Microscopy methods confirmed the
optimized core-shell structure, while antibacterial tests showed that the antibacterial effect of
these complex scaffolds on E. coli and S. aureus was similar to that of pure CTS. In vitro,

biodegradability tests indicated that the scaffolds maintained their biodegradability. These results
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suggest that these structures have the potential to be used as beneficial substrates for wound

healing and skin tissue engineering’.

Chen et al.”? CTS-graft-PCL was synthesized using ring-opening polymerization by grafting &-
caprolactone oligomers to the CTS hydroxyl groups. Electrospun fibers were then prepared by
combining this graft copolymer with PCL. The resulting fibrous scaffolds were characterized
using X-ray photoelectron spectroscopy (XPS), SEM, and zeta-potentiometry. In vitro studies
using mouse fibroblasts demonstrated that CTS-graft-PCL/PCL scaffolds with a ratio of 2 to 8
had the best performance as skin tissue engineering scaffolds, as they could promote cell
activities more than other prepared scaffolds with different ratios. These findings suggest that
combining CTS-graft-PCL and PCL may offer a promising approach to developing advanced

scaffolds for skin tissue engineering.

3.2. Bone

Despite its limitations, including a sluggish biodegradation rate and inherent hydrophobicity,
PCL has found extensive application in tissue engineering. The reasons for this widespread use
are manifold. They include its mechanical robustness, its compatibility with biological systems,
the simplicity of its processing, and its ability to degrade over time'® ”. Furthermore, PCL is an
FDA-approved polymer used in tissue engineering applications currently used as an implant and
scaffold material. PCL possesses mechanical properties similar to bone and has a controlled
biodegradation ability, making it a promising candidate for use in bone tissue engineering. These
properties, combined with its approval for use in medical applications, make PCL a valuable

material for the development of advanced tissue engineering scaffolds’”.

CTS is a biopolymer known for its excellent hydrophilicity, biodegradability, and
biocompatibility, although its mechanical properties are inferior’ . Several studies®® " " have
reported that CTS promotes bone mineralization, osteoblast differentiation, and growth in vivo.
The strong attraction between the positively charged CTS surface and the negatively charged cell
surface is thought to increase the metabolic activity of cells’. Additionally, the structure of CTS
mimics glycosaminoglycans (GAGs) of the extracellular matrix (ECM), which can facilitate the
adhesion and proliferation of osteoblasts. By combining the biopolymer CTS with the synthetic

polymer PCL, it is possible to take advantage of both the excellent biological attributes of CTS
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and the physicochemical properties of PCL. As a result, a mixture of PCL and CTS may be a

promising candidate for use in bone tissue engineering.

In 2011, Thuaksuban et al. used a home-developed method called melt stretching and multilayer
deposition (MSMD) to fabricate PCL-CTS scaffolds’®. The process involved melting and
stretching to produce monofilaments of PCL-CTS containing 0, 10, 20, and 30 wt% CTS. These
filaments were then arranged and deposited to create multilayer 3D scaffolds. Physical and
biological evaluations showed that the best results were obtained with the PCL-20%CTS
scaffold. This approach demonstrates the potential of using advanced fabrication techniques to

create complex scaffold architectures for tissue engineering applications.

Nanofibrous PCL-CTS membranes have recently gained significant attention in the field of bone
tissue engineering due to their unique properties, such as high surface area and the ability to
mimic the ECM®. In a recently published study ®, Zhu et al. designed and developed a
metformin-loaded PCL-CTS electrospun membrane to use as a guided bone regeneration barrier
membrane (Figure 2B). The results of this study showed that the presence of metformin
enhanced osteogenic mineralization and alkaline phosphatase activity in bone marrow stromal
cells®*®*, In another study ®, Jhala et al. fabricated a PCL-CTS nanofibrous scaffold with an
average diameter of approximately 75 nm, which induced early osteogenic differentiation in
MC3T3-E1 pre-osteoblasts. These findings demonstrate the potential of PCL-CTS nanofibrous

scaffolds for bone tissue engineering applications.
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Figure 2: A) Development and assessment of a fibrous nanocomposite scaffold made from polycaprolactone,
chitosan, and propolis for use as a skin substitute in tissue engineeringss, B) Microphotographs and the
corresponding SEM images of cells on PCL/CTS bioscaffold for 48 h (al-a4), 96 h (b1-b4), and on PCL/CTS/SiO2
bioscaffold for 48 h (c1-c4), 96 h (d1—d4)87.

One effective approach in bone tissue engineering is using 3D scaffolds, which provide a
suitable environment for the growth of bone cells?* ®. The porosity of these scaffolds is critical,
and fabrication methods capable of creating highly porous scaffolds, such as freeze-drying, are
often used’® ®. Chong et al. *° fabricated PCL-CTS sponge-like 3D scaffolds using the freeze-

16



drying technique to address one of the significant drawbacks of PCL.: its lack of cell-recognition
signals. The resulting scaffolds were homogeneous porous structures with enhanced hydrophilic
properties. In another research ®*, PCL-CTS 3D porous scaffolds with a unique honeycomb-like
structure were fabricated using the phase separation method. These scaffolds had a high volume
of porosity, ranging from 80% to 90%, and good interconnectivity, making them promising

candidates for use in bone tissue engineering applications.

Surface treatment methods, such as coating with CTS, can be effective in improving cell
recognition in PCL-based scaffolds®. According to a recent publication %, successfully coated
CTS onto the pore walls of a 3D PCL-based scaffold using a modified porogen leaching method.
This study aimed to enhance the biocompatibility and osteoconductivity of the PCL scaffolds by
applying a CTS coating to the interior pore walls. According to the biological evaluation results,
the scaffold coated with 2.5% (w/v) CTS had the highest cell viability, biocompatibility, and
osteoblast differentiation, making it a promising candidate for bone regeneration scaffold. This
approach demonstrates the potential of using surface treatments to improve the performance of
PCL-based scaffolds in tissue engineering applications.

3.3. Cartilage

In a study by Neves et al. ** CTS-PCL scaffolds were fabricated as 3D fiber meshes using wet-
spinning and folding the fibers into cylindrical molds, followed by thermal treatment. The
homogeneity of PCL throughout the CTS phase was confirmed using differential scanning
calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR). Micro-computed
tomography (UCT) analysis revealed suitable interconnected pores and pore size, meeting the
desired porosity for cartilage tissue engineering scaffolds. Furthermore, after 21 days of culture
with bovine articular chondrocytes, the scaffolds showed the formation of a cartilaginous
extracellular matrix and the production of glycosaminoglycans (GAGs) (Figure 3A). Scaffolds
with a 75 wt% content of CTS exhibited the best cell activity and cartilaginous extracellular
matrix formation. These findings demonstrate the potential of PCL-CTS scaffolds for use in

cartilage tissue engineering applications (Figure 3B).
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Figure 3: A) Histological cross-sections show GAGs production (stained red) on the (aed) 100CHT, (eeh) 75CHT, and
(iel) 50CHT scaffolds on day 14 (a, b, e, f, i, j) and day 21 (c, d, g, h, k, 1) of culture in differentiation medium, by
safranin-0 staining. The dark spots and bluish regions represent cells corresponding to the scaffold material and, B)
SEM micrographs showing chondrocytes distribution and morphology over the scaffold fibers surface after 1 (a, d,
g), 14 (b, e, h) and 21 (c, f, i) days in culture, with differentiation medium. Cell density: 5 105 cells/20 Ml ) C) The
movement of the cell suspension through the scaffold is facilitated by gravity. Finally, the scaffold was physically
rotated along the lengthwise axis to ensure an even distribution of cells™.

In another study, Abuelreich et al. produced a combination of nanofibrous scaffolds composed of
CTS and PCL using an innovative mixing electrospinning technique. To investigate the
chondrocyte differentiation of mesenchymal stem cells (MSCs), the human cell line hTERT-
MSC-CL1 was cultured on the scaffolds. Differentiation of these cells into higher-level cells,

such as chondrocytes, was demonstrated through various molecular and staining assays. These
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findings suggest combining CTS and PCL in nanofibrous scaffolds may offer a promising

approach for promoting chondrocyte differentiation in tissue engineering applications®.

In a study by Schagemann et al., hybrid scaffolds were developed by combining a microporous
PCL matrix, created using computerized rapid prototyping (RP), with a CTS solution through
immersion and freeze-drying for 36 hours. When rabbit articular chondrocytes were cultured on
these hybrid constructs (Figure 3C), histological analysis and various staining methods indicated
neocartilage formation, suggesting that these scaffolds have great potential for cartilage tissue
engineering applications. Adding CTS to the PCL matrix improved its biomimetic properties and
enhanced its bioactive interactions with chondrogenic cells. These findings demonstrate the
potential of combining PCL and CTS to create advanced scaffolds for cartilage tissue

engineering®.

3.4. Menisci

The meniscus is a fibrocartilaginous structure located in the knee between the femur and tibia,
providing cushioning when a load is applied to the knee. It has a heterogeneous structure,
resulting in complex physical properties. The meniscus consists of two components: medial and
lateral. The medial component is avascular, while the lateral part is well-vascularized but
susceptible to injury due to poor blood perfusion. The meniscus resists axial compression with an
aggregate modulus of 100-150 kPa and a tensile modulus of 100-300 MPa circumferentially and
10-30 MPa radially. Its shear modulus is approximately 120 kPa, indicating that the meniscal
tissue is anisotropic. Therefore, any scaffold designed to regenerate or repair the meniscus must
incorporate this heterogeneity. Currently, multiple materials are combined to fabricate scaffolds
for the knee meniscus to create a heterogeneous local environment®®.
The mechanical properties of the meniscal scaffolds can be enhanced by one of the following
mechanisms:

e Compaction

e Deposition

e Alignment
The mechanisms in question operate on a variety of principles. These include shearing, a process

involving the application of opposing forces that cause layers or parts to slide against each other.
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Another is direct compression, which consists of applying force to reduce the size or change the
shape of an object. Ultrasound, a method that uses high-frequency sound waves, is another
principle. Fluid perfusion, which involves fluid passage through the circulatory system or a
specific organ, is also a key mechanism. Lastly, hydrostatic pressure, the pressure exerted by a
fluid at equilibrium due to the force of gravity, is another fundamental principle these
mechanisms are based on®’.
An ideal scaffold for meniscal regeneration must possess the following mechanical properties:

e Compressive modulus: 75-150 kPa

e Tensile modulus: 75-150 MPa
The above properties can be incorporated by using a blend of different materials. PCL is often
used for meniscus regeneration owing to its mechanical properties. However, adding CTS
improves the scaffold’s biocompatibility and is strongly preferred%.
In a study by Asgarpour et al.*®, PCL scaffolds with different strand spaces were fabricated using
3D bioprinting via fused deposition modeling. The scaffolds with a strand space of 0.2 mm were
modified with CTS by immersing the scaffold in pure CTS solution for 10 seconds. Mechanical
tests on the scaffolds showed that the PCL (0.2%) scaffold survived greater force and had a
higher modulus than the PCL(0.4%) scaffold, with a compressive modulus of 6-57 MPa. When
incubated with human adipose-derived stem cells (hADSCs), SEM images showed cell
attachment and normal cell morphology. The MTS assay indicated increased metabolic activity
over time. These results and cellular assays suggest that the PCL-CTS scaffolds are suitable for
meniscal regeneration. Furthermore, when these scaffolds were combined with natural
extracellular matrix extracted from sheep meniscus, hADSCs differentiated into fibroblasts, as
evidenced by the expression of chondrogenic and meniscal ECM genes such as SOX9, COLL2,
and ACAN (Figure 4B)%.
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Figure 4: A) A meniscus construct that is anatomically designed with a specific biochemical composition and
structural structure based on different zones'®. B) (a) FDM printing setup and scaffold construction for PCL(0.2%)
and PCL(0.4%), (b) SEM image of PCL(0.2%), (c) SEM image of PCL(0.4%) (scale bar: 100 um), (d) Compression
force-extension curves, and (e) Modulus of OCL(0.2%) and PCL(0.4%).
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Numerous efforts have been made to create scaffolds that closely mimic the native environment

10 Researchers have utilized PCL-based scaffolds,

of the human meniscus (Figure 4A)
hydrogel scaffolds, and PLLA-PLGA copolymer scaffolds®. Several studies have reported using
PCL-CTS scaffolds for various soft tissues, but not many have focused on meniscal regeneration.
The flexibility and superiority of the PCL-CTS blend make it a suitable candidate for meniscal
regeneration, as its physical properties can be tuned by controlling the PCL/CTS ratio. This
allows for the creation of scaffolds with tailored properties to support the growth and
differentiation of cells into functional meniscal tissue.

3.5. Vessel

The arterial vessel wall comprises three distinct concentric layers, each with a unique cellular
and matrix composition. From the inner vascular lumen to the outer periphery, these layers are
the intima, which is immediately adjacent to the vascular lumen; the media, the intermediate
layer; and the adventitia, the outermost layer. Two concentric layers of elastin separate these
three layers: the internal elastic lamina, which separates the intima from the media, and the
external elastic lamina, which separates the media from the adventitia. These layers work

together to provide structure and support to the arterial vessel wall*%* 12,

Like all other organs, the cells of blood vessels require nutrients and oxygen and must expel
waste products. Vascular cells often exchange these substances directly with the circulating
blood. However, in larger-diameter vessels, the nutrition of the cells that make up the vascular
wall can be provided by the blood circulating in the vessel and a capillary system called the vasa
vasorum. This capillary network brings nutrients to cells farthest from the vascular lumen and is
present in all arteries with more than 29 lamellar units. The vasa vasorum can also deliver
various mediators and hormones into close contact with the smooth muscle cells of larger

arteries'®®.

In the field of tissue regeneration and engineering, the creation of artificial blood vessels requires
the development of a conformal polymeric scaffold that exhibits vasoactive properties and
improved permeability, as well as providing a surface for endothelial cell adhesion. Additionally,
the outer layer of the artificial blood vessels must respond positively to fibroblast cells, as this
region must interact with the surrounding connective tissue. The perfect small-diameter, tissue-

engineered vascular grafts are designed to avoid the formation of blood clots within the vessel.
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They are apt for treating high blood pressure and are harmonious with the structure of native
blood vessels. However, the journey towards creating artificial blood vessels has its hurdles.
These include inconsistencies in size or caliber, mechanical and biochemical properties that fall
short compared to native vessels, and a distinct ultrastructural organization. The impact of these
limitations is contingent on the specific environment and function of the artificial blood vessels.
Researchers have explored using biodegradable synthetic polymers, natural polymers, and
decellularized xenografts to overcome these challenges’®. PCL, a synthetic biodegradable
polymer, stands out due to its slow degradation rate, which facilitates sufficient tissue
regeneration, superior mechanical properties, and a patency rate that endures for several

months%+1%,

More recently, functional artificial blood vessels have been generated in vitro using
biodegradable materials as scaffolds to facilitate the seeding, growth, and matrix production of
vascular smooth muscle cells and endothelial cells through various manufacturing processes.
Electrospinning, a technique that utilizes solutions of multiple polymers, has emerged as a
popular method among various approaches for creating nanofiber scaffolds. This method
effectively addresses the shortcomings associated with both synthetic and natural polymers.
Furthermore, it offers enhanced biocompatibility along with superior physical and chemical

properties.

In 2005, Vaz et al. were among the first to develop bilayer scaffolds for blood vessel
applications; the exterior layer is made entirely of poly-lactic acid, a biodegradable thermoplastic
derived from renewable resources. On the other hand, the interior layer is constructed solely
from PCL, a synthetic biodegradable polymer known for its slow degradation rate and excellent
mechanical properties'®’. However, separating these scaffolds’ inner and outer layers resulted in
poor mechanical properties. To address this issue, Nguyen et al. developed artificial blood
vessels of different diameters in 2012 using multi-layered scaffolds composed of PCL -gelatin as
the inner layer, poly(lactic-co-glycolic acid)-gelatin as the intermediate layer, and poly(lactic-co-
glycolic acid)-CTS as the outer layer, using a double ejection electrospinning system'®. These
engineered artificial blood vessels exhibited flexibility, high tensile strength, resistance to
intermediate pressure, and biocompatibility, with the ability to promote cell growth and
proliferation for both fibroblast and endothelial cells. These results were confirmed by other
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groups'®®** and this multilayer approach was later used to generate multilayer grafts made from

heterogeneous materials and structures, including a thin, dense, nanofibrous core composed of
PCL and a thick, porous, hydrogel sleeve composed of Genipin crosslinked collagen-CTS
(Figure 5A). These grafts could sustain physiological conditions and promote cellular activities
(Figure 5B)**2,

Figure 5: A) Structure characterization of electrospun PCL hybrid vascular grafts. (a, b) SEM images of nano-PCL
fibers and (c) cross-section of nano-PCL fibers. (d, e) SEM images of a cross-section of HTEV grafts. (f) Digital optical
image of PCL/DRA hybrid vascular graftsm’. B) Biocompatibility evaluation of vascular grafts in vivo with a rabbit
model. (a) A 3-mm-diameter multilayer vascular graft replaced the abdominal aorta of a rabbit with anastomosis
covered with medical-use gauze; (b) the open-lumen view of an explanted multilayer vascular graft with
neighboring arteries, showing no thrombosis or occlusion in the graft lumen; (c) optical image of the histological
cross-sectional slice of an explanted graft stained with hematoxylin and eosin, showing the migration of cells from
surrounding tissues mainly into the GCC layer rather than the PCL layer, scale bar:100 Im; (d) ultrasonic image
showing blood reperfusion through the graft and the lumen without any thrombosis or stenosis™™.

In 2015, Agrawal et al. produced a highly aligned melt-spun PCL fiber scaffold that allowed for
the aligned attachment of fibroblasts and vascular smooth muscle cells while preserving the
contractile a-smooth muscle actin-expressing phenotype of the vascular smooth muscle cells.
This technique is also applied to cell alignment on a prototype synthetic PCL vascular conduit™>.
These findings demonstrate the potential of using advanced fabrication techniques to create
complex scaffold architectures for tissue engineering applications. In 2017, Gong and colleagues

devised a hybrid small-diameter vascular graft by electrospinning PCL onto heparin-coated
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decellularized matrices, demonstrating favorable biocompatibility and mechanical properties .
The following year, Ran and associates constructed a bilayer tissue-engineered vascular graft
comprising a decellularized porcine coronary artery and electrospun PCL /gelatin fibers. Four
weeks post-implantation in rats, the authors observed the development of an endothelial-like cell
monolayer on the internal surface and the emergence of a dense middle layer composed of
vascular smooth muscle cells. Ultimately, the regenerated vessels exhibited mechanical

properties comparable to the rat abdominal aorta’

. In a similar vein, the PCL /gelatin and
heparin-loaded vascular graft has been reported as an efficacious biomaterial candidate for the
fabrication of artificial small-diameter vascular grafts 2. Most recently, a PCL-based vascular
graft incorporating vascular endothelial growth factor was implanted in rats for 3 months and
demonstrated favorable endothelialization and patency, elevated cellularity in the central region

of all vascular grafts, and a properly formed adventitial surface™”.

While autologous revascularization remains the preferred approach in the treatment of
cardiovascular disease, particularly in small-diameter vessel bypass procedures, due to the
limitations of existing synthetic grafts, ongoing interdisciplinary research and rapidly advancing
additive manufacturing technologies combined with regenerative medicine techniques are
progressively revolutionizing the clinical management of these diseases. Through the
development of biologically functional tissue-engineered constructs, including PCL, the pressing
need for improved treatment options in the vascular field should be addressed through the

biofabrication of the next generation of tissue-engineered vascular grafts.
3.6. Muscle

Tissue engineering has recently made significant strides, providing potential therapeutic options
for a broad spectrum of disorders®®. The musculoskeletal system, encompassing bones,
tendons/ligaments, and muscles, is a primary focus of tissue engineering efforts***. Scaffolds are
integral to the success of musculoskeletal tissue engineering, as they must support cells and
facilitate neo-tissue formation at target sites. For skeletal muscle specifically, the tissue
engineering scaffold must possess the capacity to endure inherent tensile forces, minimize scar
formation, and furnish an optimal microenvironment for cell renewal, growth, and proliferation.
Moreover, the polymer scaffold’s degradation and elimination cycle must align with the

physiological muscle remodeling period.
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Biomaterials with varying properties are prepared using diverse manufacturing methods based on
the desired properties for different target tissues to reconstruct the musculoskeletal system.
Electrospinning has garnered significant interest in producing large volumes of nonwoven fabric
fibers at the nanoscale and microscopic scale, continuously, with high porosity, extensive surface
area contact, and adjustable mechanical properties'?®. Electrospun membranes can replicate the
natural extracellular matrix of various tissues, making them ideal for biomedical applications
such as tissue engineering and regenerative medicine?. Flexible polymer membranes produced
via electrospinning are well-suited for muscle injury recovery due to their cytocompatibility,
biodegradability, and exceptional mechanical properties. Their extracellular matrix-mimicking
structure enhances cell attachment to the membrane and furnishes an improved
microenvironment for cell growth'®. Numerous studies have reported the utilization of
biodegradable biomaterials such as PCL, poly L-lactic acid, polyglycolic acid, and poly L-lactic
acid/polyglycolic acid copolymer as scaffolding for musculoskeletal tissue engineering®. PCL,
in particular, exhibits favorable biocompatibility and low immunogenicity, with the added
benefit of slow degradation into non-toxic metabolic products'?®. The degradation time of PCL

127 Muscle

fibers exceeds 2 years, aligning with metabolism and muscle regeneration timeframes
stem cells are attracted to the injured area during muscle regeneration, differentiating into muscle

cells and ultimately ensuring complete tissue reformation™?.

In addition to biocompatibility, physiological compatibility between cells and the biomaterial
surface is crucial for supporting skeletal muscle tissue reconstruction in the injured region?.
Research has investigated the impact of fiber diameter on cell adhesion and proliferation,
revealing that smaller-diameter fibrous membranes generally facilitate improved cell migration,
propagation, signaling, and replication'*°. Consequently, electrospun membranes' fiber diameter

and surface affinity play a significant role in tissue engineering.

In 2017, Liu et al. fabricated PCL fibrous membranes with varying fiber diameters (2 um and 10
um) via electrospinning to create a scaffold that is resistant to tensile force, minimizes scar
formation, and provides an optimal microenvironment for cell growth and proliferation*®!. These
membranes were subsequently coated with poly-norepinephrine via self-polymerization, a

catecholamine molecule that regulates muscle contraction. The authors reported that these

26



norepinephrine-coated PCL scaffolds positively impacted muscle cell adhesion and proliferation,

resulting in improved tissue restoration*3".

In 2020, Navaei et al. designed and fabricated a 3D-printed porous scaffold composed of PCL
and gelatin, intended for use as scaffold patches for diaphragm muscle repair and regeneration™.
These scaffolds exhibited exceptional mechanical tensile strength and in vivo biocompatibility
(Figure 6A), demonstrating the potential of these composite PCL and gelatin scaffolds for

reconstructing striated skeletal muscles of the diaphragm®*.

In 2021, Perez-Puyana et al. sought to enhance the characteristics of PCL scaffolds by
incorporating elastin, resulting in improved cell proliferation, biocompatibility, and mechanical
properties more closely resembling those of muscle tissue'®. Their findings further indicate that
the inclusion of elastin in PCL scaffolds produces uniquely aligned scaffolds that are more

hydrophilic and have smaller fiber sizes'®.

In 2022, Aparicio-Collado et al. integrated reduced graphene oxide into PCL scaffolds to imbue
them with unique electrical properties*®*. These features collectively enhance the
biocompatibility of the scaffolds, facilitating improved tissue interconnection and integration,

particularly in skeletal muscle tissue engineering.
3.7. Cardiac

Charitidis et al. ** synthesized a CTS-graft-PCL copolymer and utilized it for myocardium
regeneration by culturing Wharton’s jelly mesenchymal stem cells (WJ-MSCs) on 3D CTS-g-
PCL scaffolds and differentiating them into cardiac cells under cardiogenic induction using
oxytocin. The graft copolymer exhibited Young’s modulus comparable to that of soft tissues,
supported the growth and proliferation of WJ-MSCs, and demonstrated potential for use in
myocardium tissue engineering.

Repanas et al. fabricated flexible PCL-CTS fibrous scaffolds through electrospinning and
combining nano- and micro-fibers. Preliminary fiber characterizations yielded suitable
mechanical properties, while biocompatibility studies indicated that the scaffolds provided an
appropriate cell environment for cardiovascular tissue engineering™*®.

MEI et al. produced PCL porous scaffolds using a particle-leaching technique and subsequently

coated the PCL scaffolds with CTS by immersing them in CTS solutions of varying
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concentrations. Cell culture studies revealed improved fibroblast cell attachment to the PCL

scaffolds, and CTS enhanced the biocompatibility of the PCL scaffolds commonly employed in

cardiovascular tissue engineering. This study demonstrated the advantages of CTS-modified
137

PCL scaffolds for heart valve tissue engineering (Figure 6B)
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Figure 6: A) Diagram illustrating the procedure for creating and managing the fabrication process 138 B) SEM
images of fibroblasts after a different number of days’ culture on the scaffolds. Cells attached on the surface of PCL
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(a-1) and CTS-modified scaffold CTS/PCL (a-2) for 1 day; cells proliferated on the surfaces of the PCL scaffold (b-1)
and CTS-PCL scaffold (b-2) for 3 days'”’.

3.8. Eye

Corneal endothelial cells (CECs) have restricted proliferation abilities in vivo, which makes
them challenging to repair. Cultured CECs can be seeded successfully as transplantation grafts
on natural tissue or synthetic polymeric materials in vitro. Research is being conducted on the

best substratum for CEC growth .

3.8.1. Corneal

The cornea, a transparent structure located at the anterior portion of the eye, plays a crucial role
in vision by transmitting and refracting light. Comprised of multiple layers, including the
epithelium, stroma, and endothelium, the cornea’s unique anatomical structure facilitates its
function®.

However, this same structure presents challenges for the delivery of therapeutics. Clinically
approved formulations, such as eye drops and ointments, exhibit low bioavailability following
topical administration due to the presence of anatomical and physiological barriers that prevent

the entry of foreign compounds™.

In recent decades, significant efforts have been made to develop efficient topical formulations
that enhance the bioavailability of ophthalmic drugs. One approach involves using biodegradable
and biocompatible polymeric hydrogels to prolong the residence time of the drug in contact with
corneal tissue. Another strategy employs nanomedicine and nanotechnology to facilitate intimate

interactions between drug molecules and specific ocular tissues™*.

CTS and PCL are two biodegradable biomaterials that have received approval from the Food and

Drug Administration and offer considerable advantages. These materials can be blended

harmoniously without the need for complex chemical modifications (Figure 7A)'.

3.8.2. Retinal
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The use of biodegradable scaffolds for delivering retinal progenitor cells (RPCs) represents a
promising therapy for restoring injured or diseased retinal tissue'*>. Biocompatible polymer
scaffolds have shown potential as carriers for RPCs in cell replacement therapy aimed at
repairing damaged or diseased retinas'®®. Critical factors in the success of retinal tissue
engineering procedures include biocompatibility, non-toxicity, the ability to provide appropriate
signaling, and suitable physical properties such as modulus of elasticity. Recent advances in the
production of polymers such as PGA, PLLA, PDLLA, HA, PCL, and CTS have led to the

development of polymer scaffolds for use in the retina (Figure 7B)"**.
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Figure 7: A) Fabrication of a Bioengineered Corneal Endothelial Cell Sheet Using CTS/ PCL Blend Membranes'®. B)
Proliferation of the mRPCs on CTS-PCL scaffolds (control) and SrAl204:Eu2+, Dy3+/ CTS-PCL electrospun three
scaffolds after culturing for 1, 4and 7 days“e. C) Macroscopic photos show that the (a) apparent transparency of
the dried composite membranes reduced as the PCL content increased. (b) Immersing CTS/PCL 50/25 membranes
in PB1$47resuIted in a significant increase in transparency and flexibility compared to the membranes that were
dried™".

CTS and PCL are biodegradable biomaterials that have received approval from the Food and
Drug Administration (FDA) and offer numerous advantages'*®. Corneal scaffolds can be
constructed from both natural and synthetic polymers, with natural polymers such as gelatin,
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collagen, silk, hyaluronic acid, cellulose, and CTS being widely used in ocular tissue

engineering®.

CTS, a linear polysaccharide, possesses a wide array of applications within the field of tissue
engineering owing to its abundant presence, diverse physicochemical characteristics,
compatibility with biological systems, and ability to degrade over time. However, its insolubility
in organic solvents and extreme brittleness have hindered fundamental research and application.
An alternative is the use of PCL, a semicrystalline biodegradable polyester**.

CTS is an ideal substrate for cell attachment and growth due to its aqueous solubility,
biocompatibility, biodegradability, antibacterial and antifungal activity, and mucoadhesive and
hemostatic properties. However, despite the ease with which CTS films can be produced via
solvent casting and subsequent solvent evaporation, the films exhibit poor mechanical properties
and are prone to degradation. This lack of mechanical strength is a fundamental limitation of
CTS and other natural biomaterials, restricting their use in scaffold construction. One approach
to overcoming this limitation is the incorporation of nanoparticles into scaffolds™*.

PCL is a synthetic polymer that has received approval from the FDA and is widely used in
regenerative medicine. Due to its ease of processing and responsiveness to surface modifications,
PCL is an attractive candidate for biomedical applications such as ocular tissue engineering and
drug delivery. However, the inclusion of PCL in scaffolds can compromise their structural
integrity. By combining polymers, it is possible to create a range of composite scaffolds with
desirable biological and biochemical properties, potentially enhancing corneal regeneration
(Figure 7C)%.

CTS, a fully or partially deacetylated chitin, has been utilized in various biomedical applications
due to its excellent biocompatibility, low toxicity, and antimicrobial properties. These
applications include drug delivery systems, wound dressings, and nerve regeneration agents.
However, CTS’s potential has been hindered by its low electrospinnability, insolubility in
common organic solvents, and brittleness. PCL, a semicrystalline biodegradable polyester, has
been approved by the US FDA for several clinical applications in humans due to its high
biocompatibility, mechanical properties, and lack of toxicity. It is also commonly used as a
scaffold material in tissue engineering. However, PCL’s disadvantages, such as its high
hydrophobicity, slow degradation kinetics, and lack of bioactive activities, have limited its use as
a tissue engineering substrate. Combining the bioactive properties of CTS with the superior
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mechanical properties of PCL to create a novel biohybrid material should result in improved
biological, mechanical, and degradation properties compared to the individual components. CTS-
PCL nanofibrous scaffolds have been produced using solvent solutions such as trifluoroacetic
acid and hexafluoro-2-propanol**°.

However, it should be noted that these solvents are relatively expensive compared to traditional
solvent systems, and their nature may result in accelerated polymer degradation. In this study, a
CTS-PCL copolymer was synthesized by grafting -caprolactone oligomers onto the hydroxyl
groups of CTS via ring-opening polymerization and then blended with PCL to create a 3-
dimensional CTS-PCL/PCL scaffold. The electrospinning of blend solutions in a common
solvent system produced the CTS-PCL/PCL scaffolds, which were expected to be easy to
fabricate. Furthermore, the grafting modification of CTS was anticipated to enhance interfacial
adhesion with the PCL fiber matrix. The properties of the CTS-PCL/PCL scaffolds, including
wettability, surface topography, and porosity, were investigated*>*.

When CTS and PCL were successfully hybridized into blended membranes, CECs proliferated,
exhibited normal morphology and retained their physiological characteristics™.

CTS is a biodegradable biomaterial composed of a linear polysaccharide with a variable number
of randomly distributed N-acetylglucosamine groups. It is derived from deacetylated chitin,
Earth's second most abundant polymer. Like glycosaminoglycan in the extracellular matrix
(ECM), CTS offers numerous advantages, including biocompatibility, biodegradability, non-
antigenicity, wound-healing properties, and low cost. It also promotes the formation of ECM.
However, its current application in tissue engineering is limited due to its low strength and
limited understanding of cellular interactions. Various approaches have been employed to
overcome these limitations, including graft polymerization and blending. Interestingly, polymer
blends have improved biological, mechanical, and degradation properties compared to separate
culturing substrates. PCL has long been an implantable material due to its excellent tensile
properties as a biocompatible polyester. According to previous research, PCL also enhances cell
attachment. Cells regulate gene expression and produce collagen on CTS-PCL blends by altering
cell shape. As a result, the current study focuses on the behavior of CECs on CS and PCL blends
based on the distinct adhesion effects on CTS and PCL™?,

Despite its great potential, CTS has several fundamental limitations restricting its use in tissue

engineering. These include low electrospinnability, insolubility in common organic solvents, and
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high brittleness™®. However, CTS can be combined with other biomaterials, such as PCL, to
create blended materials that retain unique advantages while overcoming these limitations. The
blending process can be achieved simply without complex solvents or chemical modifications. In
this study, we investigated the underlying mechanisms and developed a potential alternative
using CTS-PCL blends to produce CEC sheets with well-preserved CEC properties™®.

3.9. Lung

The lungs serve as the primary organ for gaseous exchange, facilitating respiration. The human
respiratory system comprises two distinct zones: the conducting and respiratory zones. The
conducting zone provides a passage for airflow and conditions incoming air, while gas exchange
occurs in the respiratory zone. The respiratory zone begins at the terminal bronchioles and
extends to the alveoli, sac-like structures distributed throughout both lungs. The basement
membrane of the alveoli forms a barrier with capillaries, allowing for gas diffusion. During
inhalation and exhalation, the volume of the lungs changes due to the action of the diaphragm
and intercostal muscles. However, in cases of pneumonia, sepsis, or acute respiratory distress
syndrome, increased permeability edema can cause fluid to flood the alveoli, significantly
reducing the lungs’ capacity for gaseous exchange and leading to high mortality rates. Organ
transplantation is often necessary in such cases, but a shortage of donors presents a significant
challenge. As a result, attention has shifted towards alternative treatment approaches, such as

tissue engineering and microfluidics™®®.

Engineering lung tissue necessitates transplanting patient-derived cells onto meticulously
designed scaffolds, augmenting cellular adherence, metabolic activity, and biocompatibility. The
selection of an appropriate material for synthesizing a lung scaffold is contingent upon the
material’s mechanical properties, as the cells within lung tissue are subjected to continuous
stress. The structural and biochemical characteristics of lung tissue can be attributed to the
presence of an array of proteins, including collagen, elastin, and fibronectin, which provide

support to the cells**®.

The advent of PCL scaffolds has opened many opportunities for creating novel materials with
robust mechanical properties. PCL scaffolds have been demonstrated to possess steeper stress-
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strain curves and superior biodegradability™". Incorporating CTS into PCL enhances the

wettability of the resulting scaffold. Since the mechanical properties of a scaffold are correlated
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with its wettability, PCL-CTS blend scaffolds exhibit a combination of rigidity and elasticity.
Numerous studies have employed PCL-CTS scaffolds in lung tissue engineering, evaluating the
physical, mechanical, and biodegradability properties of the scaffolds, the viscous characteristics

of the blends, and their associated biocompatibility.
3.9.1. 3D bioprinting approach

In tissue engineering, researchers employ various 3D bioprinting techniques, selecting an
appropriate method based on the printing quality and resolution of the print**®. Rezaei et al.
utilized a surface response methodology and central composite design to determine the optimal
proportions of PCL and CTS™. The concentrations of PCL and CTS in the scaffold varied
within the range of 1-4% following the experimental design strategy, and the scaffolds were
printed using a 3D bio-plotter. Subsequent rheometric measurements were conducted to
characterize the viscous behavior of the scaffolds, with those exhibiting viscosities less than
1000 cP demonstrating poor printability and thus being excluded from further analysis. Scaffolds
with viscosities within the range of 1000-1340 cP exhibited superior printability, and the
researchers derived an equation based on multiple trials to identify an optimal blend, utilizing

two parameters: A (PCL concentration) and B (CTS concentration).
P=2+0.83*A + 0.17*B + 4.5¢"®*AB + 0.5*A? — 0.5*B°

The above equation considers the first-order effects (A, B), interaction effects (AB), and second-
order effects (A, B%). Rezaei et al. showed that the above equation was suitable for determining

printability (P), as evidenced by an R? value of 0.9.

Furthermore, scaffolds containing a low concentration of PCL exhibited the highest degree of
swellability. As swellability is associated with the ability of cells within a scaffold to exchange
nutrients, blends with a low PCL content facilitate enhanced nutrient exchange. The authors also
observed that stiffer scaffolds were achieved by reducing the CTS-PCL ratio, with scaffolds
possessing a 2:1 or 3:1 CTS-PCL ratio exhibiting superior elongation behavior compared to
those with a 4:1 ratio. These scaffolds were selected to mimic lung expansion through tissue
engineering (Figure 8A). Cell attachment increased with PCL concentration, as seen in the 48 h
post-cell culture. Moreover, the live-dead assays showed the CTS-PCL scaffolds with low

toxicity (Figure 8B)™".

34



o

a

Scaffoldl - - - >
0008 Scaffold2 —— -
Scaffold3 — - - -~

ol
°
&

Stress (Kpa)
\
1

- - _l— -
!

\
[
\

g
o

0 0.05 01 015 02 025 03 03s 04 045
Strain (mm/mm)

o
o
=3

Young Modules (E)

g
o

&~
$

g

g

o
I

Number of Cells/mm?
g
o
> o
i

Groups

Figure 8: A) Stress-strain diagram for (a) Scaffold 1 (2:1), Scaffold 2 (3:1), Scaffold 3 (4:1), and (b) Young modulus for
the scaffolds. B) Fluorescence images of DAPI-stained MRC-5 cells on (a) Scaffold 1, (b) Scaffold 2, and (c) Scaffold 3.

3.9.2. Electrospinning approach

Mahoney et al. employed electrospinning to prepare composite nanofibers by mixing
depolymerized CTS with PCL. CTS was depolymerized through oxidative degradation using
sodium nitrate, and the resulting scaffold was subjected to mechanical testing using a tensile-test
machine'®®. Solutions with higher PCL-CTS ratios exhibited superior electrospinnability,
producing smooth fibers with minimal beads. When the PCL-CTS ratio was 7:3, the nanofibers
were stable and completely devoid of beads. Furthermore, an increase in the CTS content
resulted in a decrease in fiber diameter. In contrast, an increased PCL ratio led to enhanced
elasticity, and a reduced ratio increased scaffold stiffness. The Young’s modulus of the PCL-
CTS nanofibers was in agreement with that of sheep trachea (10.6 £ 1.8 MPa). When incubated

with PTBE cells, the scaffolds demonstrated suitable cell attachment, and the results of both the
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cell attachment and mechanical properties indicated that the PCL-CTS scaffolds were ideal for

supporting the growth of lung epithelial cells and tracheal regeneration (Figure 9A).

In a related study, Leary et al. developed a PCL-CTS scaffold impregnated with retinoic acid, a
signaling molecule®. The nanofibers were fabricated using the electrospinning method, and like
the findings of Mahoney et al., the authors observed that an increase in PCL concentration
resulted in larger fiber diameters. When the PCL concentration was 5% or 10%, combined with
0.5% CTS, homogenous nanofibers were produced. The scaffolds were biocompatible with
Calu3 epithelial cells at these concentrations, as demonstrated by a 14-day viability study.
Furthermore, the expression of mucin, a phenotypic marker of the tracheobronchial tree,
increased 7-fold when the scaffold was loaded with 10 ug/mg of retinoic acid (Figure 9B).
Overall, Leary et al. demonstrated the suitability of electrospinning as a method for fabricating

biocompatible scaffolds for tracheal replacement® **°.
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a 5% PCL +0.5% Chitosan b 10% PCL + 0.5% Chitosan
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Figure 9: A) Fabrication of PCL-CTS scaffolds showing (a) 5%/0.5%, (b) 10%/0.5%, and (c) Mean diameter of
electrospunfibers. B) Fluorescent images showing biocompatibility of retinoic acid-loaded 10%PCL-0.5% CTS with
retinoic acid concentrations of (a) 0.1 ug/mg, (b) 1 ug/mg, and (c) 10 ug/mg.

3.9.3. Phase separation approach

In 2005, Mei and colleagues reported fabricating a PCL-CTS scaffold using the particle leaching

method, which involves phase separation*®’. This process entails the removal of solute from an
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admixture with a solid by contacting it with a solvent. The PCL scaffold was submerged in
various concentrations of CTS, and the resulting scaffold was incubated with fibroblasts. Lung
fibroblasts play a crucial role in maintaining the integrity of the alveolar structure by
proliferating and repairing injured areas. Within the lung interstitium, fibroblasts are responsible
for ECM production; thus, the fabrication of a scaffold suitable for incubating fibroblasts can aid
in repairing damaged alveoli. Seven days post-incubation with fibroblasts, the cell population
increased, and the cells appeared elongated and firmly attached to the scaffold. Furthermore, an
MTT assay revealed that the scaffold facilitated improved attachment.

3.10. Liver

The liver, the largest internal organ in the human body, is responsible to execute over 500
distinct functions to maintain homeostasis'®. Comprising 2-5% of the total body weight, the
liver’s ability to regulate glucose homeostasis, blood dynamics, lipid and lipoprotein synthesis
and distribution, serum protein production, amino acid synthesis, vitamin and mineral storage,
drug and toxin metabolism, coagulation factors, growth factors, foreign component inactivation,

and antigen presentation makes it one of the most effective organs in the body®*.

Liver damage can result from a variety of causes, including physical injury, alcohol abuse, drug
or toxin-related injury, cancer, and various forms of hepatitis. Depending on the cause of injury,
liver damage can manifest as chronic liver disease due to metabolic dysfunction, acute liver
failure (ALF) or chronic liver failure (CLF)'2.

Liver disease, despite being largely preventable, accounts for nearly 2 million deaths worldwide
each year'®®. Once diagnosed, treatment options for liver disease are limited, leading to an
increased need for liver transplants, making it the second most common solid organ

transplantation (Figure 10B)"®*

. The liver’s unique ability to regenerate and fully restore its mass
and function has led to the use of tissue engineering methods to address the issue of liver
transplants. Liver tissue engineering requires an ideal ECM for hepatocyte culture to retain a
high level of liver-specific functions. The ECM is the interactive base in which cells adhere,
grow, migrate, differentiate, and interact with other cells. Hepatocytes are polarized cells; this
polarity must be maintained for optimal cell performance. In vivo, liver ECM effectively
maintains polarity and cell function by presenting a gradient of solid and soluble factors. As

such, a suitable ECM or scaffold is necessary to keep the hepatocyte phenotype®.
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In the realm of biocompatible polymers, both synthetic and natural, PCL and CTS have emerged
as practical choices for the fabrication of scaffolds. These materials possess desirable properties
such as biocompatibility, processability, and controlled biodegradability™®®. PCL, a hydrophobic
polymer, presents challenges for cell seeding. However, Huang et al. demonstrated its potential
for culturing hepatic cells*®’. CTS, a hydrophilic charged polymer, has been widely used as a
matrix for hepatocyte culture due to its similarity to glycosaminoglycan. Various forms of CTS
scaffolds, including composites, membranes, hydrogels, foams, microcarriers, and micro- and
nanofibers, have been employed to support hepatocytes in vitro'®® **, Chemical modification of
CTS’s functional groups can introduce new properties. For example, galactosylated CTS (GCS),
obtained by introducing galactose moieties into CTS, is favorable for hepatocyte growth in the
form of microspheres'”® *™*. 'Yuan and colleagues sought to improve the bioartificial liver system
by modifying PCL with GCS. GC was synthesized by coupling LA with CTS using EDC and
NHS as catalysts. The PCL scaffold was prepared using a gelatin particle leaching method in
NaOH solution, introducing COOH groups®"> 13, The presence of carboxyl groups stabilized the
CTS on the PCL scaffold, resulting in a significant increase in mechanical strength. Another
study showed that the mechanical properties of PCL/GC were higher than those of PCL-CTS,
and electrospinning of PCL-GC resulted in even higher mechanical properties. GCS increased
the diameter of PCL nanofibers from 63nm to 83nm, increasing the strength of the scaffold from
4.18 to 6.15 MPa. Contact angle tests showed that GCS reduced the contact angle, increasing the
hydrophobicity and solubility of CTS, making the electrospinning process easier and resulting in

nanofiber diameters up to 97nm*"*.

Yuan et al. demonstrated that immobilization of GCS on a PCL scaffold resulted in impressive
viability, desired 3D morphology, and higher aloumin secretion levels in human hepatoma cell
line HepG2 cells in vitro. Ghahremanzadeh and colleagues also showed that HepG2 cell viability
on PCL/GC scaffolds was improved due to the availability of galactose on the scaffold surface
(Figure 10A)"* 17 Scaffolds play a crucial role in tissue engineering, and it is vital to
investigate the factors contributing to an effective scaffold. Electrospinning has recently gained

attention among the various methods for constructing scaffolds due to its remarkable features.

Semnani et al. created a nanofibrous scaffold for liver tissue engineering by electrospinning PCL
and CTS. They used a novel collector to improve orientation and pore size for cell infiltration, as
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pore size, porosity, and fiber diameter are crucial factors in achieving an effective scaffold.
Among the nanofibers fabricated under various conditions, PCL-CTS with a collector speed of
90 rpm and a collector wire angle of 40 degrees produced nanofibers with a diameter of 243+32
nm, 79% porosity, and a pore size of 12+5 um. These porosity and pore size values were suitable
for infiltration and material exchange by mouse liver epithelial cells (Hepa 1-6). Cell culture and

MTT results demonstrated the non-toxicity and compatibility of the scaffold™.
3.11. Kidney

The kidneys, two organs situated within the abdominal cavity, are responsible for regulating the
urinary system. The nephron, the functional unit of the kidneys, performs many tasks, including
urine production and elimination, as well as blood filtration. Given the critical role of the kidneys
in maintaining human health, kidney diseases and chronic kidney disease (CKD) are medical
conditions of significant clinical concern, particularly when organ function is severely

impaired* .

Hemodialysis (HD) is the primary treatment for patients with chronic CKD, effectively clearing
small water-soluble uremic toxins. However, HD is less effective in clearing protein-bound
uremic toxins (PBUTs)*’. Xiong et al. developed a more efficient dialyzer, utilizing a sponge-
like PCL-CTS porous monolith as a single-use absorbent for uremic toxin sorption ’®. The PCL-
CTS sponge was created using a vapor-induced phase separation (VIPS) technique, which
leverages water vapor to initiate the phase separation process and generate symmetrically
distributed internal and external micro pores within the hydrophobic polymeric structure'”®. CTS
was utilized as a functional composite at varying concentrations (wt%), while PCL served as a
supporting material. Porous carbon was also integrated into the PCL-CTS sponge. This addition
formed an absorbent matrix characterized by its multiple absorptive components. The primary
function of this matrix is to facilitate the removal of uremic toxins. Notable among these toxins
are Albumin-Bound Indoxyl Sulfate and creatinine. After 1 hour of single-pass perfusion, a
maximum unit weight absorbability of 436 pg/g for albumin-bound indoxyl sulfate and 2865
ug/g for creatinine was achieved. The proposed PCL-CTS porous monolith has the potential to
absorb uremic toxins, including PBUTS; this advancement paves the way for the rejuvenation of
spent dialysate. It also fosters the creation of a novel dialysis treatment class that harmonizes

with the environment. A prime example of such treatments is the wearable artificial kidney.
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The global incidence of end-stage kidney disease (ESKD) continues to rise, with organ
transplantation remaining the primary option for replacing the functionality of damaged kidneys
18 However, transplantation is associated with numerous challenges, including rejection, loss of
kidney function, or death within 5-10 years'®. To address these limitations, innovative and
alternative approaches based on nano- and biomaterials have been employed in the treatment and

regeneration of renal tissue'®.

CTS has demonstrated intrinsic beneficial properties for the kidneys and has been tested for
efficacy in patients undergoing long-term stable HD treatment with renal failure. Data showed
significant reductions in serum urea and creatinine levels after 4 weeks of CTS ingestion, with no
clinically problematic symptoms observed. These results suggest that CTS may be an effective
treatment for renal failure patients, though the mechanism of its effect requires further
investigation'®. In another 12-week study, CTS (1450 mg/day) was shown to reduce serum

cholesterol, increase mean serum hemoglobin, and reduce creatinine compared to a control group
32,184

CTS has also been tested for its stimulating effects on renal proximal tubule cells (RPTCs),
responsible for glomerular filtration and maintaining water/electrolyte balance. Human RPTCs
were supplemented with CTS for 150 days to evaluate their intrinsic effect as a substrate on cell
function. Cells grown on CTS exhibited increased dome formation, higher Na(+) -K(+) ATPase
expression, lower vimentin expression, and lower transepithelial electrical resistance compared
to cells grown on a collagen substrate. These data indicate that human RPTCs grown on CTS
exhibit better differentiation status and may be more functional, with improved active
transportation for proximal tubule regeneration'®®. These results demonstrate the effectiveness of
a natural biomaterial, such as CTS, in improving the clinical picture in cases of kidney disease.
Indeed, CTS has emerged as a suitable biomaterial for scaffold design and cell carrier for

proximal tubules and kidney tissue engineering*®® %",

PCL, a synthetic biomaterial, has been tested both alone and in combination with other synthetic
(polyethylene glycol), natural (collagen, CTS), or protein (laminin) materials for the

development of hybrid scaffolds for the treatment of renal disease (Figure 10 C)33 188-1%,
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Construct at time of Construct at
G Cortical defect implant 14 days

Figure 10: A) Water Contact Angle of Raw PCL/CTS nanofibers (a), PCL/GC nanofibers (b), Galactosylation after
electrospinning of PCL/CTS nanofibers (c) and in-situ galactosylation of PCL/CTS nanofibers (d), (n = 3)175. B)
Microscopic images of each experimental group with 400 um and 200 um maghnification: (a,b) PCL cell culture
scaffold; (c,d) PCEC-PCL cell culture scaffolds™®". C) Gross images from the renal implantation surgery. After
clamping the renal vascular pedicle, a rectangular section of the cortex was removed. The construct was placed in
the defect and secured with fibrin glue. At 14 days, the construct was still in place (white arrows)33.

Simsek et al. utilized the electrospinning technique to produce PCL-CTS membranes composed
of submicron fibers of varying size (200-550nm) and orientation (random and aligned) to
evaluate their effect on epithelial Madine Darby Bovine Kidney (MDBK) cells*®. Results
indicated that fiber orientation had the greatest impact on cell morphology in contact with the
PCL/CTS membranes. Epithelial cells exhibited a spindle-like morphology directed by aligned
fibers, while less contact guidance was observed on random fibers. Additionally, PCL/CTS
supplemented with collagen increased F-actin filament synthesis in MDBK cells. This study

investigated the effect of surface topography on cellular behavior. It demonstrated that size,
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chemical composition, and fiber orientation affected cell morphology, spreading, and F-actin
synthesis to varying degrees. These data are important for achieving a fundamental

understanding of complex cell-material interactions and advancing biomaterials applications'*®,
3.12. Nerve

The nervous system is divided into the central nervous system (CNS) and the peripheral nervous
system (PNS). The CNS comprises the brain, brainstem, cerebellum, and spinal cord, while the
PNS consists of afferent sensory fibers and efferent motor fibers that project to striated skeletal
muscle, innervating target tissues via the neuromuscular junction. The PNS can generally be
considered a bridge connecting the body with its environment*®*. Peripheral nerve injury often
results from tumor resection, reconstructive surgery, or trauma, with an average of 18 people per

100,000 suffering from intensive peripheral nerve injuries annually**

. Due to the complexity and
delicacy of the CNS, regeneration of the PNS is more feasible than that of the CNS. However,
complete recovery of the PNS is not easily achieved, particularly in cases of severe nerve

damage™®.

Methods for peripheral nerve regeneration focus on clinical, functional, and histological
perspectives to enhance the nerve repair process. One of the fundamental challenges in
peripheral nerve regeneration is bridging nerve gaps following injury. To address this issue,
Akbari et al. designed PCL-CTS nanofibrous scaffolds using the electrospinning method in 2008,
assessing their efficacy in vitro with rat Schwann cells for tissue engineering. Results indicated
that adding CTS to PCL reduced the fiber diameter of PCL from 630 nm to 190 nm, an
advantage for nanofibers. This combination also increased hydrophilicity, decreasing the contact
angle of PCL from 108 to 30 degrees. Superior cell attachment and proliferation of Schwann
cells on PCL-CTS were also observed, confirming PCL-CTS as a potential biocomposite
material for effective nerve regeneration'®”. In 2011, Cooper et al. utilized aligned CTS-PCL
fibers to regenerate nerve tissue. They demonstrated that aligned CTS-PCL fibrous scaffolds
directly connected to Schwann cell attachment exhibited better nerve regeneration performance
than CTS-PCL film and randomly oriented fibers. This study suggests that CTS-PCL fibers
provide chemical and topographical cues for modulating neurogenesis and may serve as a

potential scaffold for nerve regeneration*®.
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Nerve tissue regeneration typically requires a flexible tubular scaffold (to prevent compression of
the regenerating nerve), biocompatible, mechanically stable during nerve regeneration, porous to
ensure nutrient supply, and degradable into non-toxic products. In a 2013 study by Liao et al.,
multi-channel CTS-PCL channels fixed with microspheres were used to control nerve growth
factor release. This research demonstrated that CTS and PCL can carry and control the release of
nerve growth factors through their channels, preserving the bioactivity of entrapped NGF and
administering its release at approximately linear rates for over 6 weeks. The optimized multi-
channel conduits, with dimensions of approximately 6 mm in outer diameter and 30 mm in
length, exhibited capable compressive resistance in the wet state and tunable in vitro degradation
rates. These results indicate that the currently designed multi-channel conduits embedded with

microspheres may be potential implants for bridging longer nerve gaps **°.

In 2016, Bolaina and colleagues utilized electrospun PCL and CTS scaffolds for nerve tissue
engineering, investigating the structure of scaffolds and their biocompatibility properties at
varying amounts of CTS. As demonstrated by Akbari et al. in 2008, this study also confirmed
that CTS alongside PCL reduced the contact angle from 130 to 52 degrees and increased
hydrophilicity. Additionally, cell attachment results indicated that the highest amount of cell
adhesion occurred with 5 wt% CTS, though the amount of cell adhesion with CTS (5wt%)/PCL

was better than with 5 wt% CTS alone.

Studies have shown that electrical stimulation plays a significant role in stimulating nerve
regeneration and cell proliferation. Various electrically conductive scaffolds have been utilized
to promote nerve regeneration at the site of injury?® 2. Among the types of inorganic materials
used for repairing damaged nerve tissue, gold nanoparticles (AuNPs) are a potential candidate
due to their unique optical and electronic characteristics and excellent biocompatibility. To
prepare gold nanoparticles, reducing and stabilizing gold salts is necessary. CTS performs this
dual role, stabilizing and reducing AuNPs from HAuUCI4 through its hydroxyl and amino
groups®®.  CTS electrospinning has limitations such as low mechanical strength, limited
solubility, and a poly-cationic nature in solution. PCL addresses these limitations, while CTS

improves PCL's hydrophilic properties and biological limits.

In 2018, Saderi et al. utilized gold nanoparticle-doped electrospun PCL-CTS nanofibrous

scaffolds for nerve tissue engineering. In this research, PCL-CTS mixtures with varying
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concentrations of CTS (0.5, 1, and 1.5) were electrospun to produce nanofibrous scaffolds. As
the concentration of CTS increased, the diameter of the nanofibers decreased from 180 to 123

and 114 nm, respectively.

Evaluations have shown that incorporating AuNPs significantly enhances scaffolds' conductivity.
A cell culture study conducted over 5 days on PCL-CTS scaffolds, both with and without
AuUNPs, demonstrated the ability of both scaffolds to support the proliferation of Schwann cells.
Additionally, the significant amount of Schwann cell adhesion on the PCL-CTS nanofibrous

scaffolds indicates their promising potential for regenerating damaged nerves®®.

In a 2021 study, Pooshidani et al. fabricated and characterized porous and conductive nanofibers
of PCL/CTS doped with AuNPs. In addition to the presence of CTS, the reducing agents
phosphonium chloride (THPC) and formaldehyde were used to improve the stabilization and
reduction of AuNPs. To achieve favorable porosity, varying percentages of polyethylene oxide
(PEO) were used as sacrificial fibers. The sample with 40% PEO, exhibiting 75-80% porosity
after PEO elimination, demonstrated the highest hydrophilicity. This improvement in porosity

and hydrophilicity increased cell adhesion, expansion, and proliferation (Figure 11A)%%.

Recent studies have shown that immobilized nerve growth factors (NGFs) positively affect
budding and neurite outgrowth in various cells. However, the diffusion of NGFs delivered in
solution from injury sites often requires injection, making it impractical. Immobilizing NGFs on
a scaffold can address this issue?®. In this regard, Afshar et al. immobilized NGF on CTS-PCL
nanofibers using dopamine in 2021 and evaluated their efficacy. The results of this study
revealed that aligned PCL-CTS nanofibers could provide the requirements for neural cell growth
due to their appropriate physicochemical and topographical features. Better efficiency was

achieved by functionalizing the scaffolds with NGFs, a potent agent for nerve regeneration®®.

One of the most intriguing technologies in tissue engineering is 3D printing, which offers
numerous possibilities for creating implants with precise shapes, dimensions, mechanical
parameters, and permeability. However, scientists face limitations in this technique due to
common polymers' high melting temperature and low degradation rate. To address this issue,
Nawrotek et al. developed a novel method in 2021 to improve the construction of tubular
implants by developing 3D printing methods that employ polymer extrusion and electrophoretic

deposition to produce hybrid implants (Figure 11C). Results indicated that the developed

45



strategy effectively incorporates a PCL skeleton within a CTS-hydroxyapatite hydrogel deposit.
The shape flexibility of the extruded PCL construct is a valuable tool for incorporating
mechanical or biological signals that promote cell growth, guidance, and proper axon targeting.
The results showed that the implants produced did not change significantly over 28 days at 37

degrees Celsius, indicating promising performance in 3D printing (Figure 11B)?".
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Figure 11: A) An MTT assay was conducted to observe the proliferation of Schwann cells. These cells were cultured
on a cell culture plate (CCP), PCL/CTS and PCL/CTS scaffolds decorated with AuNPs (AuNP-PCL/CTS). The
observation was made 48 hours post-cell seeding. B) FESEM micrographs were used to visualize Schwann cells on a
tissue culture plate (a) and AuNPs-decorated PCL/CTS scaffolds. These scaffolds were fabricated using THPC and
formaldehyde (b and c). The mature Schwann cells exhibited their characteristic spindle-shaped morphology with
long processes. This was observed on the tissue culture plate and the AuNPs decorated PCL/CTS scaffolds.
Additionally, there was evidence of Schwann cell proliferation on the AuNPs-decorated PCL/CTS scaf‘folds(d)“. B)
Hybrid implants were incubated in PBS with a pH of 7.4 at 37 °C for designated durations. The mass of these
implants was then measured. The symbols * and $ denote significant differences between the groups of implants.
These implants were obtained through electrodeposition at 8 V and 18 V, and 13 V and 18 V, respectively, with a
significance level of p < 0.05°". C) (a) The device is designed to create hybrid implants based on polymer extrusion
and electrophoretic deposition techniques. The manufacturing process follows a specific sequence of steps. The
processes involved are (b) the polymer extrusion process, (c) the electrodeposition process, and (d) the fabrication

of a hybrid implant®”’.

3.13. Bladder
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The bladder is a hollow, musculomembranous, uneven organ that collects urine from the
kidneys, conveyed by the ureters. It functions as a temporary reservoir, filling between urinations
and periodically emptying to eliminate accumulated urine through the urethra. Current clinical
strategies for bladder reconstruction or substitution are associated with severe problems,
necessitating new alternative approaches. Tissue bladder engineering requires a biocompatible
material capable of sustaining the mechanical forces necessary for bladder filling, a compliant
muscular wall, and a highly specialized urothelium under the control of autonomic and sensory

innervations®®,

Baker et al. evaluated the mechanical properties of biodegradable PCL foam scaffolds (85-88%
porosity) and stromal cell behavior on them, demonstrating that these scaffolds may be highly

suitable for soft tissue and bladder tissue engineering®®.

PCL was blended with CTS (2:8) to prepare a scaffold for bladder reconstruction using a vacuum
freezing and drying manufacturing method. The resulting scaffolds (porosity 88.94 + 2.14%)
were seeded with adipose-derived stem cells (ASCs) for bladder augmentation (Figure 12) 2*°. 8
weeks after implantation using a rat bladder augmentation model, the experimental group
exhibited more densely packed smooth muscles, a larger bladder capacity, and more intensive
blood vessels. Immunofluorescence staining also demonstrated that some smooth muscle cells
had transdifferentiated from the ASCs. These encouraging results indicate that ASCs promote
bladder smooth muscle regeneration through transdifferentiation and participation in

neovascularization.
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Figure 12: Morphology and biocompatibility of the PCL/CTS and PCL scaffold. The PCL/CTS (a) and the PCL (e)
scaffold appeared as a white membrane in gross view. Scanning electron microscopy analyses demonstrated the
porous structure of the PCL/CTS (b) and PCL (f) scaffold. Hematoxylin and eosin staining suggested better
biocom;z)atibility of the PCL/CTS (c-d) than the PCL (g-h) scaffold both in vivo (C & G) and in vitro (D&H). Scale bar =
100 um*™.
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PCL and CTS were combined to prepare cationic nanoparticles for encapsulating the intravesical
chemotherapeutic agent Mitomycin C (MMC), providing longer residence time, higher local
drug concentration, and prevention of drug loss during bladder discharge?’?. Compared to
uncoated PCL nanoparticles and poly-L-lysine coated PCL nanoparticles, PCL nanoparticles
coated with the bioadhesive polymer CTS exhibited favorable drug loading and release profiles,
as well as good cellular interaction and anticancer efficacy?™®. CTS has emerged as a coating
material for bioadhesive intravesical drug delivery systems and a preferred material for designing
nanoparticles and scaffolds for bladder applications.

3.14. Digestive system

The digestive system comprises a series of organs and structures responsible for ingesting,
processing, and absorbing food and eliminating undigested food residues. It includes the mouth,

epiglottis, pharynx, esophagus, stomach, small intestine, and large intestine.

Tissue engineering techniques are increasingly surpassing traditional organ transplant treatments,
with numerous strategies currently being investigated to regenerate various parts of the digestive
tract. A TE approach for the gastrointestinal tract must consider four fundamental aspects: i)
designing an appropriate scaffold, ii) cellularizing the scaffold with the correct cells, iii) ensuring
construct maturation in bioreactors, and iv) implanting the construct in vivo and supporting
physiological functions®. Scaffolding biomaterials used for digestive system engineering
typically include collagen, CTS, poly-I-lactic acid (PLA), polyglycolic acid (PGA), composites
of PLA and PGA, and PCL. Due to its intrinsic mucoadhesive property, CTS is helpful for
therapeutic and regenerative applications in the digestive system?'®. Additionally, it has effects
on intestinal motility, scavenges fat and cholesterol in the gastrointestinal system, and stimulates

the immune system?'.

PCL is an aliphatic polyester with a highly crystalline structure, providing good mechanical
resistance. However, it has low surface energy, poor hydrophobicity, and a slow degradation
rate?!’. Blending PCL and CTS allows for the exploitation of the properties of both biopolymers,
which cannot be achieved individually, to obtain an optimal scaffold for tissue engineering and

digestive system applications®®,
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3.14.1. Dental

Research on PCL-CTS composite scaffolds is still in its early stages. It has been reported that
CTS enhances wettability and permeability, accelerates PCL hydrolytic degradation, and
promotes PCL cell recognition sites™®.

PCL-based synthetic polymers improve the mechanical properties of natural polymers such as
CTS and have shown promising results in calcified tissue engineering®®.

Both polymers have been used to fabricate porous scaffolds that provide a 3D microenvironment
for the adhesion, proliferation, and differentiation of human dental pulp stem cells (hDPSCs).
SEM images confirm the suitability of the fabricated PCL/CTS scaffold for the adhesion and
proliferation of hDPSCs*. Both polymers have been utilized to produce porous scaffolds that
provide a 3D microenvironment for the adhesion, proliferation, and differentiation of hDPSCs.
SEM images confirm the suitability of the fabricated PCL/CTS scaffold for the adhesion and
proliferation of hDPSCs?%.

CTS possesses antimicrobial and immunomodulatory properties, is biocompatible and
biodegradable, and has been used as a drug delivery strategy. For example, it has been observed
that 5% CTS nanoparticles are capable of inhibiting the oral bacteria Staphylococcus in vitro??,
Therefore, several approaches have proposed its use in combination with other polymers. PCL is
also used with painkillers to reduce toothache. Scaffolds composed of CTS, pectin, and CTS-
pectin were prepared and blended with nanostructured lipid carriers (NLC) and loaded with a
eutectic mixture of 5% lidocaine-prilocaine (LDC-PLC)?%.

PCL has been used with alginate for drug release during dental treatments to prevent bacterial
accumulation at the implantation site. PCL has also been utilized in drug delivery to produce
membranes incorporating nano-hydroxyapatite and amoxicillin, reducing bacterial contamination
of periodontal defects. PCL scaffolds mineralized with apatite enhance cell proliferation in
dental pulp®®.

The presence of 10% B-TCP nanoparticles in the fibers increased hydrophilicity, bioactivity,
biodegradability, mechanical properties, and higher cell proliferation compared to PCL/PGS
nanofibrous membranes. The incorporation of CTS into PCL/PGS nanofibers as a GTR

membrane was found to increase hydrophilicity and degradation rate®®.
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Based on the results of a recent study, it can be concluded that bFGF-loaded PCL/CTS scaffolds
can promote angiogenesis of hDPSCs, potentially providing pulp vitality as an initial
requirement for pulp regeneration %2°.
The PCL/HAJCTS scaffold exhibited the lowest water contact angle and the highest level of
hydrophilicity among the developed scaffolds. Thus, it can be proposed that the fabricated
PCL/FHA/CTS scaffold meets the primary requirements for suitability as a scaffold for dental
tissue engineering applications®®. Mineral trioxide aggregate (MTA) holds the potential for
regenerative applications, particularly as a material for root repair. This makes it a promising
candidate for future developments in regenerative dentistry. Creating scaffolds based on MTA
could offer a viable alternative for procedures in regenerative endodontics. These MTA-based
scaffolds have been successfully produced and have proven to be an appropriate structure for the
attachment and growth of hDPSCs. Moreover, when hDPSCs were seeded on the
PCL/CTS/MTA scaffold, there was an observed increase in their angiogenic potential®?’.
Toxicity testing against dental pulp stem cells revealed that the developed materials are
biocompatible, with cell activity above 70% compared to the negative control. As a result, CTS-
xanthan-PCL scaffolds have great potential for use as periosteum substitutes, as they can be
easily obtained and applied, replicating the tissue’s natural characteristics and meeting the
requirements for various applications %, Various PCL/CTS/gelatin membrane samples were
created by adding different amounts of B-TCP to investigate their biocompatibility and
osteogenic properties for potential GTR/GBR applications. The PCL/CTS/gelatin/B-TCP
substrate with 3% B-TCP was considered a promising material candidate for generating bone in
GBR applications (Figure 13A)%%.

3.14.2. Mouth

The mouth, or oral cavity, is the initial part of the gastrointestinal tract and serves as the opening
through which humans ingest food and produce vocal sounds. A decline in oral health can result
in facial and functional alterations, severe microbial infections, and malnutrition”®. Local
pharmacological treatments have been studied to reduce or eliminate oral cavity pathologies.
Mucoadhesion has emerged as a potential strategy for improving in situ drug delivery by

prolonging the residence time of dosage forms at mucosal membranes®*.
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Mazzarino et al. studied the effect of CTS-decorated PCL nanoparticles loaded with curcumin to
improve buccal delivery for local disease treatments, such as oral lesions and carcinomas. The
influence of three different CTS molar masses (low, medium, and high) was monitored regarding
interaction with the mucin layer using Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). CTS-coated PCL nanoparticles were prepared using the nanoprecipitation method and
characterized by Dynamic Light Scattering (DLS) for their size and Z-potential. Uncoated PCL
nanoparticles (105nm, neutrally charged) exhibited no affinity for the bovine submaxillary gland
mucin layer (negatively charged). In contrast, CTS-coated nanoparticles (120nm, positively
charged) showed higher affinity with the mucin layer, but no significant behavior was observed
between the three different CTS molar masses used for nanoparticle decoration. This led to the
conclusion that CTS molar mass does not influence the adsorption of CTS-coated nanoparticles
on the mucin layer (Figure 13B). Results confirmed that the mucoadhesive characteristics of the
proposed systems are solely attributed to their decoration with CTS and suggested that CTS-
coated PCL nanoparticles are promising carriers for hydrophobic drug delivery in the buccal
mucosa®*?, Mazzarino’s work was expanded upon by investigating the effect of mucoadhesive
films in prolonging the residence time of dosage forms in the oral cavity and increasing drug

absorption through the buccal mucosa®?

. Mucoadhesive films were prepared using the casting
method after incorporating curcumin-loaded CTS-coated PCL nanoparticles into plasticized CTS
solutions. Incorporating nanoparticles into mucoadhesive films allowed for the controlled
delivery of the loaded drug directly to the application site for prolonged periods (> 24h). CTS at
medium and high molar mass used for film preparation exhibited superior results in terms of
homogeneity, flexibility, and thickness for oral application. Furthermore, the use of CTS for both
film and nanoparticle coating preparation may improve drug bioavailability due to its ability to

increase molecule penetration across the mucosal surface.
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Figure 13: A) The weight loss (a) and micro-environmental pH variation (b) of samples during 4 weeks incubation in
PBS, *P < 0.05, compared to other samples. Dynamic swelling behavior of the samples after immersion in PBS at 37
°C (c)234. B) Schematic representation of mucin immobilization on the gold surface followed by adsorption of CTS-
coated nanoparticles37.

In cases where more substantial regenerative intervention is required for oral cavity pathologies,
tissue engineering techniques are evolving to develop scaffolds capable of adapting to the

varying needs of patients®®.

Fused Deposition Molding (FDM) 3D printing was utilized to create a PCL-CTS-based implant
for personalized drug delivery and facial plastic surgery?*®. The support material was PCL,

while Ibuprofen and CTS functioned as plasticizers. These plasticizers weakened the PCL
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matrix’s intermolecular forces and reduced interchain entanglements, decreasing tensile strength.
The implant’s morphology revealed suitable interfacial adhesion and compatibility between the
drug and the PCL matrix, ensuring prolonged release (120h) through a diffusion-erosion
mechanism. CTS was well integrated with the matrix and uniformly distributed, increasing the
implant’s surface roughness. The results suggest that PCL-CTS filaments can be manufactured
as an implant for controllable and efficient sustained drug release in personalized medicine

administration.
3.14.3. Esophagus

The esophagus, a hollow fibromuscular tube, transports food and liquid from the pharynx to the
stomach. Despite various tissue engineering strategies being employed to replace esophageal
defects with natural or artificial substitutes engineered with cells and/or active molecules, a gold

standard for esophageal reconstruction remains elusive (Figure 14A)%".

A polymeric patch was created using a temperature-induced precipitation method, combining
synthetic polylactide-co-polycaprolactone (PLA:PCL 70:30) and CTS biopolymers to produce
multilayered patches with properties tailored to esophageal tissue characteristics®®. Results
demonstrated the feasibility of obtaining multilayered patches by combining and modulating
different polymers. The manufacturing process ensured scaffold porosity of approximately 80%
or higher. Biological characterization revealed higher cell viability values for patches prepared
with PLA:PCL (200mg)/ CTS (20mg) and mechanical properties capable of withstanding
physiological esophageal stress. A preliminary ex vivo suture test on a pig’s esophagus

confirmed the patch’s resistance and suturability.

The same biopolymers, PLA:PCL 70:30 and CTS, were utilized to produce polymeric
electrospun nanofibers via the electrospinning technique for tissue engineering and esophageal
tissue applications **. Results demonstrated the production of homogeneous and defect-free
nanofibers with a diameter of 800nm, ensuring suitable nutrient permeation (Mw of 180Da and
5900Da) through the fiber network. CTS (27 wt%) enhanced membrane hydrophilicity, cell
attachment, and proliferation without compromising the entangled nanofiber structure and

stability.
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The advent of 3D printing and 3D bioprinting techniques has influenced the development of

scaffolds for esophageal regeneration®®

. A study investigated the efficacy of a 3D-printed PCL
scaffold loaded with an antibiotic drug in pharyngoesophageal reconstruction and sustained drug
release?®”’. The scaffold demonstrated the ability to prevent saliva leakage and exert an
antimicrobial effect, with muscle regeneration observed around the graft sites in the group
containing 1% and 3% tetracycline. Reepithelialization, neovascularization, and elastin
production were also identified around the implanted sites. Implementing CTS, which possesses
intrinsic antimicrobial activity, could further enhance the scaffold’s antimicrobial and

regenerative capabilities.
3.14.4. Stomach

The stomach, a muscular organ that receives food from the esophagus, performs several key
functions, including serving as a reservoir, secreting acid and enzymes, and promoting

gastrointestinal motility**?

. Diseases affecting the stomach, such as gastritis, gastroparesis,
Crohn’s disease, and various cancers, typically present with a range of symptoms, including
heartburn or epigastric pain®*. Bioengineered stomachs have not yet proven safe and effective
due to complications in resuming the continuity of the GI tract, the invasiveness of surgical
procedures, and post-operative maintenance. However, efforts have been made to regenerate the

stomach or portions of it using tissue engineering strategies?**.

PCL/CTS, due to their biocompatibility, were chosen as base materials for the production of
stents to prevent anastomotic leakage following gastrointestinal surgery®**. Lends of PCL/CTS in
ratios of 50:50, 60:40, 70:30, and 80:20 wt/wt% were molded into stent shapes and characterized
for their mechanical properties, demonstrating the producibility of PCL/CTS stents with a wide
range of strain at failure and mechanical strengths. Tensile results revealed that increasing the
amount of CTS in the blend increased strain and mechanical strength. Furthermore, PCL/CTS
stents are biodegradable and do not require surgical removal, reducing surgical complications

and patient mortality.

Another function of the stomach is the absorption of orally administered drugs, which can be
impaired in cases of common diseases such as abdominal irritation, diarrhea, nausea,
tachycardia, palpitations, and hypertension®®. It is possible to develop controlled drug delivery

systems (DDS) within specific gastrointestinal (GI) tract sections to ensure suitable
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pharmacological treatment while avoiding invasive regenerative interventions®®. Hussain et al.
developed gastro-retentive swellable mucoadhesive matrix tablets using a modified solvent-
based wet granulation method by mixing milnacipran (MCN), low molecular weight CTS (CTS-
LM), medium molecular weight CTS (CTS-MM), and PCL **" % A design of experiment
(DoE) approach was employed to formulate a gastro-retentive mucoadhesive sustained-release
matrix for milnacipran (MCN), a water-soluble serotonin-norepinephrine reuptake inhibitor used
in the clinical treatment of fibromyalgia*’. The optimized formulation, developed by combining
CTS and PCL, exhibited improved in vitro mucoadhesion, appropriate water uptake, controlled
swelling properties, and porosity following a non-Fickian diffusion type of drug release
mechanism?*®. Their work confirmed the advantages of blending CTS and PCL to obtain a
mucoadhesive gastro-retentive matrix system that could also be applied to other Gl disorders

using the oral administration route.
3.14.5. Intestine

The human intestine, a tube approximately ten meters long, is located within the abdominal
cavity and enveloped by the peritoneum membrane, forming loops or intestinal convolutions.
The intestine is organized into crypts and villi containing stem cells and differentiated cells,
respectively. Furthermore, the intestine is the most highly regenerative organ in the human body,
with the intestinal epithelium undergoing constant renewal every five to seven days®°. However,
mechanical stress, infections, chronic inflammation, or cytotoxic therapies can damage the

intestinal stem cell niche, resulting in a loss of self-renewal function®".

Polymeric micelles, formed through the self-assembly of amphiphilic macromolecules, are
commonly used in oral administration to improve drug permeability through the gastrointestinal
(GI) mucosa and reduce the cytotoxic effects of certain drugs, such as chemotherapy®*. Self-
assembled amphiphilic micelles based on CTS (2% w/v) and PCL (1g) were produced as carriers

for paclitaxel (PTX) to enhance its intestinal pharmacokinetic profile*

. Micelles produced using
the solvent evaporation method exhibited a mean particle size of 408nm, a narrow size
distribution (polydispersity index of 0.335), and a positive surface charge of approximately
30mV, resulting in a high PTX association efficiency of 82%. In-vitro cytotoxicity testing of
unloaded and PTX-loaded micelles against Caco-2 and HT29-MTX intestinal epithelial cells

revealed no cell toxicity for any formulation, unlike the free drug, which exhibited evident
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toxicity patterns. Furthermore, micelles improved the intestinal permeability of PTX in two
intestine cell-based models (Caco-2 monolayer and Caco-2/HT29-MTX co-culture model), with
more pronounced effects in the presence of mucus, highlighting the mucoadhesive properties of
PCL/CTS micelles as potential drug carriers for the intestinal delivery of hydrophobic drugs,

particularly anticancer agents.

In a study conducted by Gu et al., a graft copolymer (CTS-graft-poly-e-caprolactone) was self-
assembled into micelles as a delivery system for the drug 5-fluorouracil (5-Fu)?**. The resulting
micelles exhibited good biocompatibility, with 5-Fu loaded micelles displaying lower
cytotoxicity due to the slow release of encapsulated 5-Fu from the micelles (50h) compared to
the free drug (10h). Furthermore, free 5-Fu and 5-Fu-loaded micelles successfully efficiently kill

cancer cells (A549 cells).

Hadjianfar et al. utilized 5-Fu blended in PCL/CTS electrospun nanofibers to create an
anticancer drug delivery system for colorectal cancer®>. Their study demonstrated that the
proportion of PCL-CTS (0:1 to 5:1) significantly affected release behavior, mechanical
properties, and nanofiber morphology. Smaller fiber dimensions were obtained using less CTS.
Increasing the proportion of CTS resulted in an increased nanofiber degradation rate, drug
encapsulation efficiency, and drug release time. 5-Fu was released from the nanofibers through a
Fickian diffusion mechanism according to the Korsmeyer-Peppas model. This anticancer drug
delivery system aims to reduce side effects on healthy organs and achieve appropriate drug

concentrations around cancer cells.

In cases where segments of the intestinal tract are damaged or diseased, surgical intervention and
extensive resection may be required. Surgical alternatives using cellularized scaffolds are being
developed to avoid using autologous tissue portions. In various studies, CTS and PCL were
utilized as biomaterials to support smooth muscle constructs and small intestinal epithelial cells
in intestinal tissue engineering applications (Figure 14B)**® %’ Forming aligned smooth muscle
constructs is beneficial for restoring intestinal motility and propelling intestinal content, while
suitable re-epithelialization is essential for ensuring integration and uniformity with surrounding

tissues.
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Figure 14: A) (a) The surgical site of transplantation. (b) The transplanted site is 30 days after transplantation.
Arrows: transplanted site, Du: duodenum, E: esophagus, EG: esophagogastric junction, L: liver, St: stomach ™. B)
Four bioengineered constructs were mounted around the composite CTS tubular scaffold and maintained in culture

for 2 weeks. Tissue constructs were placed 1 mm apart256. C) Preparation of micelles composed of chitosan-graft-

poly(e-caprolactone) amphiphilic copolymers derived from polysaccharideszsg.

Chunhua Gu et al. %® conducted a study where they synthesized CTS-PCLs with varying grafting
levels of e-CL repeating units. This was achieved using ring-opening graft polymerization of -
caprolactone onto the hydroxyl groups of C-S. Methanesulfonic acid was used as the solvent and
catalyst in this process. Subsequently, polymeric micelles were created and utilized to
encapsulate 5-Fu using the dialysis ap proach. The results demonstrated that the release of 5-Fu
was manageable and significantly slower compared to the discharge of free 5-Fu. The evaluation
of cytotoxicity and the investigation of cellular death indicated that CS-g-PCL micelles have
excellent biocompatibility. In addition, micelles loaded with 5-Fu were able to slow down the
release of the medication and demonstrate similar lethal effects on A549 cells (Figure 14C).
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Huang et al. developed a novel antiadhesion membrane composed of PCL, gelatin, and CTS
(PGC) using the electrospinning technique ?*°. The PGC electrospun membrane may serve as a
potential peritoneal antiadhesion barrier for clinical use to prevent common adverse effects such
as chronic pelvic pain, intestinal obstruction, and infertility. Membranes were prepared using
varying amounts of CTS (0%, 0.5%, 1%, and 2% wt%), with results indicating that PGCS with
higher CTS content (PGC2) exhibited better antiadhesion effects, as evaluated by an adhesion
score at day 14 post-surgery following implantation between the cecum and peritoneal wall
defects in a rat model. Thus, electrospun PGC2 effectively reduces tissue adhesion formation and

holds great potential for clinical peritoneal antiadhesion applications.
4. Conclusion

To recapitulate, employing PCL and CTS-based scaffolds within tissue engineering has yielded
promising outcomes for regenerating diverse tissue types. These biocompatible and
biodegradable polymers have enabled scaffold creation featuring favorable attributes like
improved hydrophilicity, mechanical robustness, and biodegradability. Furthermore, these
materials have showcased the ability to incite cell growth and differentiation, making them

suitable for regenerative medicine endeavors.

When PCL and CTS are combined, they synergistically enhance the properties of each polymer,
resulting in superior outcomes for tissue engineering applications. Continued investigation is
warranted to refine the implementation of PCL-CTS-based scaffolds across varied tissue

engineering scenarios, harnessing their potential to elevate patient outcomes.

Integrating biocompatible and biodegradable polymers like PCL, CTS, and gelatin alongside
materials like B-TCP has yielded encouraging advancements in tissue engineering and drug
delivery domains. These materials have been used to construct scaffolds, membranes, and drug
delivery systems with sought-after qualities, including heightened hydrophilicity, mechanical
resilience, and biodegradability. Moreover, these materials have exhibited compatibility with
living systems and the capacity to instigate cell growth and specialization, positioning them
favorably for utilization in regenerative medicine. Further inquiry remains essential to fine-tune
the application of these materials across diverse contexts, unlocking their full potential to

enhance patient outcomes.
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This research elucidates the global scientific consensus on applying the composite made from
PCL and CTS in different organs (Table 1). This composite is a leading material in the field of
tissue engineering for a variety of body tissues. Considering the organ of interest, it offers a
valuable perspective on the properties and optimal ratios for creating this composite. This study
significantly enhances the scientific community's comprehension and utilization of PCL-CTS in
tissue engineering. It sets the stage for future research to fine-tune the composite's attributes and
manufacturing techniques for specific organ applications. This progress will undoubtedly
catalyze breakthroughs in tissue engineering and regenerative medicine. However, the technical
parameters mentioned, such as perplexity score, burstiness score, complexity score, temperature,
frequency penalty, presence penalty, scientific score, predictability score, probability score, and
pattern score, are not applicable in this context as they pertain to machine learning models and

not to the process of scientific writing or paraphrasing.
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Highlight

e Synthetic polymers and natural biomaterials are used to create specific scaffolds.

e Polycaprolactone has good mechanical but modest biological properties.

e Chitosan has strong biological but weak mechanical traits for tissue regeneration.

e Combining PCL and CS enhances scaffold fabrication for various tissues.
e PCL:CS-based scaffolds are key in evolving 3D frameworks for tissue engineering.
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