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Polycaprolactone is a synthetic aliphatic polyester that has gained extensive attention in tissue engineering
because of its excellent biodegradability, biocompatibility, and processability. Its mechanical strength, flexibility,
and slow degradation rate make it a suitable candidate for constructing scaffolds with controllable porosity and
architecture. This review highlights recent advancements in polycaprolactone-based nanofiber scaffolds and their
composites for regenerating various tissues, including bone, cartilage and ligament, liver, cardiovascular, nerve,
corneal, and skin. In bone and cartilage engineering, electrospun polycaprolactone fibers blended with ceramics
or natural polymers such as collagen, chitosan, gelatin, or hydroxyapatite have enhanced osteoconductivity,
chondrogenic differentiation, and mechanical stability. In hepatic and cardiac applications, polycaprolactone
composites integrated with conductive polymers, extracellular matrix components, or nanoparticles have
improved bioactivity, angiogenesis, and electrical conductivity. Furthermore, in neural and corneal tissue
regeneration, aligned and surface-modified polycaprolactone nanofibers have promoted cell attachment, neurite
extension, and corneal transparency. In skin tissue engineering, hybrid scaffolds incorporating bioactive agents
such as aloe vera or curcumin demonstrated accelerated wound healing, fibroblast proliferation, and reduced
inflammation. Despite the progress achieved, challenges remain regarding limited hydrophilicity, slow
degradation rate, and the need for optimized cell-biomaterial interactions. Future research should focus on
combining polycaprolactone with natural biopolymers and nanoscale modifications to develop biointeractive
scaffolds with enhanced regenerative capacity. Overall, polycaprolactone and its composites represent a versatile

and promising platform for the next generation of biomimetic scaffolds in regenerative medicine and tissue
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PCL-Based Scaffolds for Tissue Regeneration

Introduction

Tissue engineering has revolutionized
modern therapeutic approaches by enabling
the repair and regeneration of damaged
tissues and organs, thereby improving the
quality of life for millions of patients
worldwide(1). Among various strategies, the
use of biodegradable polymeric scaffolds has
attracted significant attention because these
materials can provide a temporary three-
dimensional structure for cell attachment,
proliferation, and differentiation, ultimately
supporting new tissue formation(2). Natural
polymers have often been favored due to their
inherent biodegradability, cytocompatibility,
and excellent mechanical and biochemical
properties; however, their purification and

sterilization processes can be challenging,

and they may occasionally induce
immunogenic responses when used as
allografts (1).

Polycaprolactone (PCL), a synthetic aliphatic
polyester, was first synthesized by the
Carothers group in the early 1930s and has
since been widely used in biomedical
(3,4). PCL is

synthesized by ring-opening polymerization

applications typically
of e-caprolactone using cationic, anionic, or
radical initiators (5,6). It undergoes slow
degradation through non-enzymatic
hydrolysis, and its by-products are safely
eliminated through the tricarboxylic acid
cycle or renal excretion (7). Importantly, PCL
is approved by the U.S. Food and Drug
Administration (FDA) for certain -clinical
applications (8).

In tissue engineering, scaffolds must be

biocompatible, biodegradable, and
mechanically stable while supporting cell
adhesion and proliferation (9,10). The

structural features of a scaffold—such as

porosity, architecture, degradation rate, and
mechanical resistance play a vital role in its
performance (11). Recent advances have led
to the design of composite and nanofibrous
PCL scaffolds that closely mimic the natural
enhancing  their

extracellular  matrix,

functionality in biomedical applications
including wound healing, vascular grafts, and
drug delivery (12,13).

Therefore, this review aims to summarize the
applications, and
challenges of PCL-based scaffolds and their

composites in bone, ligament and cartilage,

recent developments,

liver, cardiovascular, nerve, corneal, and skin

tissue engineering.

Applications

Bone tissue engineering using PCL
nanofibrous scaffold
Bone is an intricate construction consisting of

collagen and nano-hydroxyapatite. Bone is
important as a body shaper, provider of

the

calcium,

mechanical resistance,
of blood pH

phosphate for metabolic actions (14). In

structural,
regulator and
bone fracture and related

growth,

recent years,

disorders due to population

osteoporosis, and osteoarthritis, bone
tumors, injuries caused by sports activities,
and driving accidents have raised significant
public health concerns (15). Bone tissue
engineering remains a promising solution to
overcome bone resorption (16). Previous
studies have been demonstrated PCL with
osteoconductive  property, and  thus
mineralization can be an appropriate scaffold

for bone regeneration (17,18).

Appropriate scaffolds for bone regeneration
must have suitable structure, mechanical
properties and can support cell adhesion,

proliferation, and differentiation (19,20).
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Recently PCL and copolymers have been

considered due to their appropriate
mechanical properties and ability to regulate
polymer degradation with bone regeneration
(21). The method employed for constructing
PCL scaffolds depends on the desired scaffold
type. scaffolds,

techniques such as electrospinning and melt

For fabricating fibrous
electrospinning are commonly applied. In
contrast, methods including 3D bioprinting,
solvent casting and porogen leaching, freeze-
drying, CO2 saturation and release, and
phase separation are typically used to
scaffolds (22,23).

Electrospinning is one of the most common

produce porous
scaffolding methods in tissue engineering.
The fibrous structure creates a vast surface
area relative to the volume, which is desirable
for cell attachment, proliferation, and
stability (24,25). Electrospun PCL is widely
used as a scaffold in bone regeneration due to
easy spinning. In various studies, it has been
merged with biopolymers, ceramics, and
sometimes drugs to improve its physical and
chemical properties (26,27). Sadeghian et al.
fabricated a dual-drug-loaded PCL/chitosan
bilayer scaffold containing dexamethasone
and ascorbic acid to promote osteogenic
differentiation. The sustained release of these
bioactive agents for about two weeks
significantly enhanced the proliferation and
growth of human mesenchymal stem cells on
the scaffold

biochemical analyses confirmed that the

surface. Microscopic and
PCL/chitosan structure effectively supported
cell attachment, proliferation, and osteogenic
differentiation, indicating its strong potential

for bone tissue engineering applications (28)

Electrospun PCL/octacalcium phosphate

scaffold was used in another study for bone

tissue engineering. According to this
research, despite the reduction in the average
diameter of the PCL fibers and octacalcium
phosphate particles, the scaffold mechanical
properties  improved.  Following  the
hydroxyapatite, phase formation was seen on
the scaffold, and bone regeneration was also
reported after implantation of human
osteoblasts on this scaffold (29).

In another study, MG-63 osteoblast-like cells
were seeded on PCL electrospun with
bioactivate glass nanoparticles. Evaluations
showed that this scaffold could support the

MG-63 cells adhesion and proliferation (30).

In another study, a polycaprolactone/gelatin
(PCL/GEL) nanofibrous scaffold reinforced
with nano-hydroxyapatite and different
concentrations of platelet-rich fibrin (PRF)
was fabricated using electrospinning and
The  scaffold

containing a medium level of PRF exhibited

freeze-drying  methods.
the highest cell viability and enhanced
osteogenic differentiation, as evidenced by
increased expression of bone-related genes
(COL1, RUNX2, and COLX) and improved
cell morphology. These findings suggest that
this scaffold composition can effectively
support cell proliferation and bone tissue

regeneration (31).

A composite scaffold composed of
electrospun polycaprolactone (PCL)
nanofibers and alginate hydrogel was

developed to improve bone regeneration. The
scaffold combined the mechanical strength
and slow degradation of PCL with the
biocompatibility of alginate, creating a

favorable environment for cell growth.

Results showed enhanced mechanical
properties, slower degradation, and higher

cell viability compared to pure alginate

8OPEN

287



PCL-Based Scaffolds for Tissue Regeneration

hydrogel. Moreover, increased alkaline

phosphatase activity and mineralization
confirmed its osteogenic potential. Overall,
the PCL-alginate scaffold demonstrated
excellent biocompatibility and mechanical
making it a

performance, promising

candidate for bone tissue engineering

applications (32). In another study, an
electrospun third-generation
polycaprolactone (PCL) barrier membrane
(BM) was developed by incorporating nano-
(nHAP)

(GEN) to enhance guided bone regeneration.

hydroxyapatite and gentamicin
The membrane exhibited high porosity and
interconnectivity, supporting cell adhesion
and proliferation while effectively preventing
bacterial contamination. Structural and
mechanical analyses confirmed the successful
incorporation of nHAP and GEN, influencing
fiber morphology and drug release. The
membrane showed strong antibacterial
activity against S. aureus, S. mutans, and P.
aeruginosa, and nHAP addition improved cell

viability and mineralization. Overall, the

PCL/nHAP/GEN composite BM
demonstrated excellent bioactivity,
antibacterial performance, and
biocompatibility, making it a promising
candidate for guided bone regeneration
applications(33).

Ligament and cartilage tissue

engineering using PCL nanofibrous
scaffold

Ligaments are fibrous connective tissues that
connect bones and play a crucial role in
maintaining joint stability and guiding
movement. They transmit tensile loads, limit
excessive  motion,

and preserve joint

integrity. To regenerate ligaments with

mechanical characteristics similar to native

tissue, composite electrospun nanofibrous
scaffolds incorporating chitosan (CS) and
cellulose nanocrystals (CNCs) into the PCL
matrix have been developed (34). These
scaffolds exhibited a tensile strength of 39.3
MPa and an elastic modulus of 540.5 MPa,
closely matching native ligament properties,
and promoted tenocyte attachment and
tenogenic  differentiation. For anterior
cruciate ligament (ACL) repair, dual-phase
PCL/PLGA scaffolds with aligned fibers in the
center and randomly oriented fibers at both
ends were designed to mimic the zonal
architecture of native ligaments. By tailoring
the composition, a degradation rate
compatible with tissue regeneration was
achieved (35).

In contrast, cartilage functions to distribute
mechanical loads and provide a low-friction
surface. Recent studies indicate that the
mechanical and biological properties of PCL-
based scaffolds can be optimized through
fabrication methods and material
combinations. PCL-CS/MWCNT nanofibrous
scaffolds

functionalized silk fabrics enhanced tensile

integrated  with  chemically
strength, hydrophilicity, and chondrocyte
adhesion and proliferation (36). The TIPS
technique was used to fabricate porous
PCL/collagen type I scaffolds, which
improved cell viability and extracellular
matrix (ECM) synthesis (37). Using multi-
PCL/alginate  scaffolds
composed of alternating layers of cells and
fabricated; TGF-

stimulation, deposition of GAGs and type II

spray printing,

matrix were upon
collagen increased, leading to high-fidelity
cartilage regeneration (38). Moreover, E-jet
3D printing enabled the production of
(PVP) scaffolds

with excellent stability and cell viability (39).

PCL/polyvinylpyrrolidone
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3D-printed PCL/fibrin scaffolds
functionalized with acellular solubilized ECM

further enhanced porosity, water absorption,

compressive strength, and ADSC
chondrogenic differentiation (40).
Overall, PCL-based scaffolds hold great

potential in ligament and cartilage tissue
engineering due to their tunable mechanical
and Dbiological properties. For ligament
regeneration, emphasis should be placed on
tensile strength and fiber alignment, while for
should be on

and

cartilage repair, focus

compressive resilience zonal
organization. Hybrid strategies combining
electrospinning and 3D printing may
integrate the advantages of both methods,
providing multifunctional scaffolds capable of
achieving both tensile and compressive

performance.

Liver tissue engineering using PCL
nanofibrous scaffold

In the human body, the Liver is actively
involved in the metabolism of various

macromolecules such as carbohydrates,
proteins, lipids, and vitamins (41). Also, it
actively participates in the production of bile,
detoxification  of

enzyme  activation,

exogenous and endogenous substances,
xenobiotic biotransformation, and protein
synthesis. Liver  parenchymal cells,
predominantly hepatocytes, are the main
cellular component of the liver tissue with
high capability (42).

The Liver non-parenchymal cells consist of
the remaining cellular component and have a
pivotal role in the hepatic structure and
contribute to various functions, including
supporting the hepatocyte activity (43). In

spite of the high regenerative potential of

hepatic tissue, damage to the Liver from
acute or chronic injuries such as infection,
nonalcoholic steatohepatitis, viral hepatitis,
alcohol abuse, and autoimmune hepatitis is
particularly devastating as a result of
common scarring response from this organ.
In the treatment of hepatic disorders,
conventional methods, such as organ
transplantation from an appropriate donor,
have several problems, including immune
response against transplanted tissue and
donor tissue scarcity. During the past few
decades, tissue engineering and regenerative
medicine have shown great promise to mimic
the architectural complexity and function of
native  hepatic  tissue using various
approaches. The synthesis of 3D scaffolds
using the electrospinning technique has been
introduced into the liver tissue engineering
field by using various biomaterials, including
PCL. The results of various studies indicated
that PCL supported human stem cells, and
the electrospinning method was the most
commonly utilized technique for creating
engineered hepatic tissue. Many promising
studies using PCL nanofiber for hepatic tissue
engineering have been reported due to slow
degradability, biocompatibility, and suitable
mechanical capabilities (44). Optimization of
electrospun polycaprolactone (PCL) scaffolds
demonstrated that both surface topography
and biochemical composition significantly
affect hepatocyte behavior. Scaffolds with
(~0.37 pm)

attachment,

small  nanotopographies
HepG2

and

enhanced cell

proliferation, functional  activity

compared to larger microtopographies (2

um).

Incorporation of decellularized rat and
human liver extracellular matrix into
topographically modified PCL fibers
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maintained uniform  morphology and

promoted hepatocytes to form dense,
monolayer-like structures with increased
albumin gene expression. Hybrid scaffolds
also supported steady growth and bioactivity
of primary hepatocytes, with higher DNA
content and fibronectin expression.

Overall, the study shows that combining
nanoscale topographical cues with
biochemical components can synergistically
modulate hepatocyte physiology, offering a
strategy  for

reproducible designing

biomimetic scaffolds in liver tissue
engineering and in vitro hepatic models (45).

Bual et al .developed electrospun nanofibrous
scaffolds

extracellular matrix (L-ECM), gelatin, and

composed of liver-derived
polycaprolactone (PCL) to enhance the
biofunctionality of gelatin/PCL scaffolds.
FTIR analysis confirmed the successful
of L-ECM, while

strength and water contact angle tests

incorporation tensile
demonstrated suitable mechanical properties
and improved hydrophilicity.

Scanning electron microscopy revealed a
uniform nanofibrous morphology, and in
vitro culture of primary hepatocytes showed
enhanced cell adhesion, proliferation, and
formation of tissue-like structures on L-
scaffolds.
hepatocytes exhibited higher liver-specific

ECM-—containing Moreover,
functions compared to those cultured on
gelatin/PCL scaffolds.

These findings indicate that the electrospun
L-ECM scaffolds developed by Ronald Bual et
al. provide a biomimetic and biocompatible
microenvironment suitable for liver tissue
engineering and regeneration (46).

In a recent study, electrospun
(PCL) scaffolds

varying fibre morphologies were investigated

polycaprolactone with

to evaluate their impact on hepatocyte
behavior. Both immortalised hepatic cell lines
and mouse primary hepatocytes were
cultured on scaffolds with large (4—5 um) and
small (1—2 um) fibres in random, aligned, and
highly

configurations. Analyses of cell attachment,

porous cryogenically spun
proliferation, morphology, and expression of
liver-specific proteins and genes revealed that
scaffold morphology significantly affects
hepatocyte structure and function. In
particular, variations in fibre alignment and
diameter modulated key hepatic markers
such as CYP1A2, demonstrating that scaffold
crucial role in

architecture plays a

maintaining and regulating hepatocyte

functionality in vitro(47).

Cardiovascular tissue engineering
using PCL nanofibrous scaffold

Cardiovascular tissue engineering is a branch
of tissue engineering that aims to fabricate
cell-free and cell-seeded vessels, heart valve,
and cardiac tissue in order to find treatments
for cardiovascular diseases. Due to
spinnability and mechanical stability, PCL
has frequently been used in this field. In a
study on tissue-engineered heart valves, a
biomimetic artificial valve scaffold was
developed using a three-layer composite
structure of polycaprolactone (PCL) and
polyurethane (PU) fabricated through 3D
printing and electrospinning. The scaffold
consisted of an inner PCL layer, a middle
PCL/PU (1:2) layer, and an outer PCL layer.
Mechanical testing showed that this
configuration achieved an elastic modulus of
14.7 MPa, closely matching that of natural
heart exhibited

circumferential mechanical properties. In

valves, and strong

vitro experiments confirmed excellent
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cytocompatibility, with a 99.8% cell survival applications (50,51). These PCL-based
rate after 14 days of culture. The multilayered composite scaffolds displayed superior
architecture effectively mimics the native mechanical performance and improved

structure of mammalian heart valves,
promoting cell proliferation and
differentiation, and offers a promising

strategy for developing functional tissue-
engineered valves for interventional heart
treatments (48). Polycaprolactone (PCL) has
gained significant attention as a potential
scaffold material in vascular tissue
engineering due to its favorable properties.
Current studies aim to further improve its
mechanical strength, bioactivity, and surface
hydrophilicity by employing various
modification and composite approaches to
make it more suitable for vascular
regeneration. For example, electrospun PCL
scaffolds functionalized with the angiogenic
peptide  KLTWQELYQLKYKGI (QK) have
demonstrated improved endothelial cell
adhesion and alignment, leading to enhanced
vascular network formation (49). Double-
porous polycaprolactone/chitosan (PCL/CS)
composite scaffolds produced through phase
separation have shown remarkable structural
flexibility. By varying the ratio of
components, scaffolds containing microvoids
(20—90 um) and micropores (7—20 um) were
obtained, which effectively supported the
and cytoskeletal

adhesion, spreading,

organization of human umbilical vein
endothelial cells—highlighting their potential

for use in small-diameter vascular grafts.

Furthermore, melt electrowriting, an
advanced  high-precision 3D  printing
technique, has been utilized to create
PCL/polylactic acid (PLA) composite
scaffolds with highly controlled
microarchitectures, offering further

opportunities for vascular tissue engineering

surface hydrophilicity, leading to stronger
Such

potential as

interactions with endothelial cells.
properties underline their

promising candidates for cardiovascular

tissue repair and regeneration.
Nerve tissue engineering using PCL
nanofibrous scaffold

Scaffolds

engineering need to exhibit both mechanical

designed for neural tissue
softness and electrical conductivity to match
the biomechanical and electrophysiological
characteristics of nervous tissue (52—56).
Incorporating microchannels or guidance
structures within these scaffolds is also
crucial for directing axonal regeneration.
Electrospun scaffolds have shown significant
promise in this field because of their fibrous
flexibility and capacity to integrate functional
components. For instance, electrospun
(PCL/CS/PPy)

composite nanofibers have shown improved

PCL/chitosan/polypyrrole

hydrophilicity and electrical conductivity,
which in turn enhanced PCi2 cell adhesion,
proliferation, and neurite extension—
demonstrating their potential to facilitate
and regeneration (57).
(GeD) PCL

nanofibers further enhanced the scaffold’s

neuronal repair

Incorporating  gelatin into
bioactivity and refined its microstructural
characteristics. This modification promoted
improved neurogenic differentiation and
facilitated greater neurite outgrowth of PC12
increased

cells, indicating the scaffold’s

potential for neural tissue regeneration(58).

Fabricated PCL nanofiber

electrospinning

Taraf et al.
scaffolds by

differentiated endometrial stem cells (EnSC)

and
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into neuron-like cells on them. They used
these scaffolds to repair hemisected spinal
cord injury in rats. They used crocin to reduce
inflammation at the site of the lesion and
prevent nerve cell death in the secondary
phase of the injury (59).

Babaloo et al. with co-culture of endometrial
stem cells (EnSC) and Schwann cells on an
inserted well and seeded these cells on
PCL/gelatin scaffolds

differentiated EnSC into neuron-like cells and

nanofiber

used these scaffolds to repair spinal cord
injury in a model of hemisected rats and
these scaffolds proposed using for central
nerve tissue engineering application (60).
Kheradmand et al. in 2020 Using PCL /
gelatin nanofiber scaffolds and Differentiated
CGRS8
dopaminergic cells using the synergistic effect
of beta-boswellic acid (BBA) and developed a
new method for
disease(6).

In another study developed an integrated

embryonic  stem cells into

treating Parkinson's

therapeutic platform combining electrospun
polycaprolactone/functionalized multi-walled
carbon nanotube (PCL/f-MWCNT) scaffolds,
liposomal ellagic acid (EA@lip), and adipose-
derived mesenchymal stem cells (ADMSCs)
for spinal cord injury (SCI) repair. The
PCL/f-MWCNT scaffolds exhibited well-
aligned nanofibers, and EA@lip coating
significantly improved hydrophilicity and
biocompatibility. In vitro analyses confirmed
that ADMSCs adhered, proliferated, and
survived effectively on the liposome-coated
scaffolds,

demonstrated strong antioxidant and anti-

while oxidative stress assays
inflammatory effects. In vivo evaluation using
a rat dorsal hemisection model showed that
the hybrid scaffold promoted myelin and
neuronal

regeneration, improved motor

function, and restored oxidative balance.

Gene expression analysis revealed
downregulation of COX2 and upregulation of
GPX1, MBP,

reduced inflammation

and Slci7a6/7, indicating

and enhanced
neuroprotection. Overall, the combination of
EA@lip-coated PCL/f-MWCNT scaffolds with
ADMSCs presents a promising strategy for
promoting structural and functional recovery

following spinal cord injury (55).

Corneal tissue engineering using PCL
nanofibrous scaffold

Millions of patients around the world annoy
from corneal defects due to infection, trauma,
cancer, chemical injury, and pathological
disorders of contiguous tissues (61). Although
transplantation of allogeneic corneal is used
in most countries, challenges such as the
recipient's immune response, the lack of
corneal donors, and the declining quality of
the cornea due to LASIK surgery have
prompted scientists to consider replacing it
with tissue engineering (62). In recent years,
the design of biocompatible and degradable
scaffolds for corneal tissue engineering and
the selection of suitable cells for the
regeneration of corneal layers, including
epithelial, stromal, and endothelial, have

been extensively studied (63).

Baradaran-Rafii and colleagues developed an
(PCL)

nanofibrous scaffold designed to support the

electrospun polycaprolactone
expansion of limbal stem cells (LSCs) as a
potential substitute for ocular epithelial
regeneration. Biocompatibility and viability
assessments demonstrated excellent cell
attachment and proliferation on the scaffold
surface, confirming its strong
biocompatibility and ability to preserve the

normal phenotype of corneal stem cells.
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Furthermore, the PCL substrate facilitated
the formation of a three-dimensional corneal
epithelium with an expression profile
comparable to that of the human amniotic
membrane (AM). These findings indicate that
scaffolds

promising alternative substrate for limbal

electrospun PCL represent a
stem cell transplantation and corneal tissue
regeneration (64).

Sharma and colleagues developed an
electrospun polycaprolactone (PCL) scaffold
as a limbal stem cell substrate, proposing it as
a potential alternative to the human amniotic
(HAM) for

reconstruction. Biocompatibility assessments

membrane ocular surface

revealed excellent cell adhesion and
proliferation, as human corneal epithelial
(HCE-T) cells formed a continuous, well-
attached epithelial layer while maintaining a
normal corneal phenotype. These findings
demonstrated that electrospun nanofibers
provide a favorable microenvironment for
limbal epithelial cell (LEC) expansion and
can serve as an effective carrier for ocular
surface tissue engineering. Furthermore,
plasma surface modification was explored to
enhance corneal cell interaction, showing
comparable proliferation and gene expression
profiles to HAM controls. Overall, the PCL
electrospun scaffold exhibited the desired
biocompatibility and functionality, making it
a promising candidate for corneal tissue
regeneration and transplantation (65,66).

In another study, Sanie-Jahromi and
colleagues evaluated electrospun scaffolds
composed of polycaprolactone (PCL) and
gelatin for culturing limbal epithelial stem
(LESCs).

revealed that

The cellular assessments
LESCs cultured on PCL

scaffolds exhibited superior morphology and

cells

proliferation compared to those on PCL/Gel

composites. Histopathological examination of
corneal tissues from transplanted animals
confirmed successful epithelial regeneration
in both scaffold groups; however, the PCL-
reduced

These
findings suggest that pure PCL electrospun
scaffolds

environment for

only group showed markedly

vascularization and inflammation.

provide a more favorable

corneal surface
reconstruction by minimizing inflammatory
responses while supporting epithelial
regeneration(66).

In another study, Carter and colleagues
cultured mesenchymal stem cells (MSCs) on
both two-dimensional and three-dimensional
PCL/gelatin scaffolds to evaluate their
wound-healing potential. The

demonstrated that MSC-seeded scaffolds

findings

significantly enhanced epithelialization and
accelerated wound closure compared to

untreated controls. These results indicated

that MSCs effectively promote tissue
regeneration and improve the biological
performance of PCL/gelatin nanofiber

scaffolds, highlighting their promise for
wound healing applications (67).

Skin tissue engineering using PCL
nanofibrous scaffold

field of
polycaprolactone (PCL)-based scaffolds are

In the tissue  engineering,
extensively utilized for skin wound healing
due to their favorable mechanical properties,
including softness, flexibility, and resilience.
Techniques such as electrospinning and
freeze-drying are frequently employed to
scaffolds.

inherent hydrophobicity of PCL restricts

fabricate these However, the

efficient cell adhesion and  tissue

regeneration. To overcome this drawback,
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PCL/collagen/chitooligosaccharide (COS) composite scaffolds with a fish collagen to PCL ratio of 9:1. Panel (a)
shows the water contact angle (WCA) images demonstrating enhanced hydrophilicity of the composite
compared to pure PCL. Panels (b) and (¢) present fluorescence micrographs and SEM images, respectively,
depicting the adhesion, spreading, and proliferation of NHDF-neo and HaCaT cells on the scaffold surface.
Panel (d) highlights the in vivo wound-healing performance of the composite scaffold compared with the
control group (Tegaderm-covered) seven days post-surgery, showing significantly accelerated re-
epithelialization and tissue repair. (Reproduced with permission from (70), Copyright 2021, Elsevier.)
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researchers have incorporated natural
polymers into PCL matrices to enhance both
structural integrity and bioactivity. Blending
PCL with materials such as cellulose, chitosan
(CS), gelatin (Gel), silk fibroin (SF), or
collagen has been shown to increase
hydrophilicity, improve biocompatibility, and
promote cellular attachment and
proliferation (68,69)

For instance, Chandika et al. (70) fabricated
PCL/fish scaffolds
functionalized with chitooligosaccharides
(COS), which exhibited

hydrophilicity and significantly accelerated

electrospun collagen

enhanced

wound healing in vivo by promoting re-
dermal  tissue
Additionally, the

cellulose

epithelialization and
(Fig.1).

incorporation  of
(CNCs) and graphene oxide (GO) has been

reported to further improve the mechanical

remodeling

nanocrystals

strength and electrical conductivity of PCL-

based scaffolds, creating a more biomimetic

microenvironment  that supports cell
adhesion, proliferation, and migration
(71,72).

Plant-derived bioactive compounds have
further enhanced the functionality of PCL-
based scaffolds for skin tissue engineering.
The incorporation of peppermint essential oil
(PEP) has imparted intrinsic antibacterial
properties, providing an antibiotic-free
approach for wound dressing applications
(73). Additionally, scaffolds

combining PCL with zein and gum Arabic

composite

(GA) have been engineered to better replicate
extracellular matrix (ECM) architecture while
improving  mechanical strength  and
biocompatibility (74,75). Baghersad et al. (776)
incorporated Aloe vera (AV) and tetracycline
hydrochloride (TCH)

into  electrospun

PCL/gelatin  scaffolds, confirming AV
integration through FTIR peaks
corresponding to glycosidic bonds (1050—
1090 cm'l). These scaffolds exhibited

excellent hydrophilicity (WCA < 40°) and
supported high fibroblast viability (81% after
72 h). In vivo experiments demonstrated
significantly accelerated wound closure
relative to controls. Overall, both in vitro and
in vivo findings highlight the potential of

multifunctional PCL-based composites to

promote epidermal regeneration,
angiogenesis, and anti-inflammatory
responses. Owing to their nanofibrous
architecture, electrospun scaffolds are

particularly advantageous for superficial
wound healing, as they effectively facilitate
migration,

cell attachment, proliferation,

haemostasis, and infection prevention.

Incorporation of synthetic polymers such as
poly(L-lactide) (PLLA) and polyethylene
(PEG) (77),
biopolymers like zein, chitosan (CS), and

glycol along with natural
gelatin (Gel) (78,79), or therapeutic agents
(80), into PCL matrices has enabled the
fabrication of highly porous, structurally
scaffolds
These

uniform, and interconnected
through freeze-drying techniques.
composite systems demonstrate enhanced
hydrophilicity, antibacterial properties, and
overall biological performance. For instance,
Hakim et al. (81) fabricated PCL scaffolds
blended with extra virgin olive oil (EVOO)
and reported an inverse correlation between
pore size and EVOO content (0—7 wt%), while
maintaining non-cytotoxicity and strong

antibacterial activity supportive of cell

proliferation. Similarly, Jing et al. (82) In
another study, a multi-gradient electrospun
scaffold

nanofibrous composed of
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MgO/MgCOs/polycaprolactone (PCL) was
developed for peripheral nerve regeneration.
By precisely adjusting the ratio of fast-
degrading MgO to slow-degrading MgCOs
and controlling the number of electrospun
layers, the scaffold achieved a sustained
release of Mg2* ions for up to six weeks. The
controlled magnesium release effectively

enhanced Schwann cell proliferation,

and transition to a repair-

phenotype.
revealed that Mg2*

migration,
supportive Transcriptomic
analysis modulated
Schwann cell behavior primarily through
activation of the Wnt signaling pathway. In a
rat model with a 10 mm critical-sized sciatic
nerve  defect, implantation of the
MgO/MgCOs3/PCL multi-gradient scaffold
combined with a 3D-engineered PCL nerve
improved axonal

conduit significantly

regeneration, remyelination, and muscle
reinnervation after 12 weeks. Overall, this
study introduced an innovative PCL-based
scaffold capable of controlled magnesium
the molecular

release, elucidating

mechanisms of magnesium-based
biomaterials in neural repair and providing a
strong theoretical foundation for future

clinical translation (83).

Conclusion
Polycaprolactone (PCL) and its composites

have demonstrated remarkable versatility
and potential across a wide spectrum of

tissue engineering applications, including

bone, cartilage, ligament, liver,
cardiovascular, neural, corneal, and skin
regeneration. Due to its outstanding

biocompatibility, mechanical stability, and
ideal

framework for supporting cell adhesion,

processability, PCL provides an

proliferation, and differentiation. However,

its  inherent  hydrophobicity, limited
bioactivity, and slow degradation remain
major obstacles to clinical translation.

Combining PCL with natural polymers such
as gelatin, collagen, chitosan, and silk fibroin,
as well as inorganic or conductive additives
like hydroxyapatite, metal oxides, carbon
nanotubes, and graphene, has significantly
improved mechanical integrity, biological
interactions, and tissue-specific regeneration.
Overall, the reviewed evidence suggests that
the structural tunability and composite
adaptability of PCL make it one of the most
promising biomaterials for next-generation
regenerative scaffolds capable of mimicking

native extracellular matrix characteristics and

promoting functional tissue restoration.

Perspectives

Future research on PCL-based scaffolds
should focus on bridging the gap between

experimental success and clinical translation.

A key direction involves designing
multifunctional  hybrid  scaffolds that
integrate  biological, mechanical, and

electrical cues to better replicate the dynamic
in vivo microenvironment. Development of
stimuli-responsive  systems capable of
reacting to biochemical or mechanical signals
could enable controlled drug delivery and
adaptive regeneration. Advances in surface
modification, nanotechnology, and
biofunctionalization are expected to enhance
cell-material interactions and accelerate
tissue remodeling. Moreover, adopting eco-
friendly fabrication methods and scalable
production processes will be essential for
sustainable and cost-effective clinical
application. Finally, the establishment of
evaluation

standardized protocols  for
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biodegradation, biocompatibility, and

mechanical performance, coupled with close
collaboration between materials scientists,
biomedical engineers, and clinicians, will play
a decisive role in translating PCL-based
technologies from laboratory research to

therapeutic reality.
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