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Electrospun PCL-Based Materials for Health-Care
Applications: An Overview

Teboho Clement Mokhena, Mandla Brian Chabalala, Sivuyisiwve Mapukata,
Asanda Mtibe,* Lerato Hlekelele, Zamani Cele, Mokgaotsa Jonas Mochane,
Bulelwa Ntsendwana, Toitoi Amos Nhlapo, Teboho Patrick Mokoena,
Mokae Fanuel Bambo, Kgabo Phillemon Matabola, Suprakas Sinha Ray,
Emmanuel Rotimi Sadiku, and Katekani Shingange

. . . 1. Introduction
Polycaprolactone (PCL) is one of the durable polymers with potential in a

plethora of healthcare applications. Its biological properties, degradability,
chemical properties, and mechanical properties can further be modified to
manufacture desired products for modern biomedical applications.

Polymeric hybrid nanofibers are gaining
popularity with biomaterial researchers and
industries due to their remarkable func-
tional properties. These hybrid nanofibers

Electrospinning of PCL offers the opportunity to design treatment materials
that resemble human tissues and facilitate regeneration at the target site. The
resultant materials can also be modified by loading other active functional
materials to broaden their applications. Herein, the recent advances in the
preparation and modification of PCL-based materials for healthcare
applications are elucidated. The challenges and future trends for its
application in modern biomedical applications are also outlined.

are highly sought-after for use in a variety
of biomedical applications, such as tissue
engineering scaffolds, wound dressing de-
vices, drug delivery materials, medical im-
plants, biosensors, and filtration devices.[!!
Both organic and synthetic polymers have
been used to make nanofibers suitable for
a range of medical applications. Synthetic
biodegradable polymers that break down by
enzymolysis or hydrolysis have drawn a lot
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of interest for medical applications due to their capacity to of-
fer configurable degradation rates that can coincide with the
growth of new tissue.[?3] Their ability to self-absorb over time,
which avoids the need for a second treatment to remove the
implant, further broadens the range of biomedical applications
for them. Polycaprolactone (PCL) is one of many synthetic poly-
mers that are known to be biodegradable.>*] With a glass tran-
sition temperature (Tg) of roughly —60 °C and a melting tem-
perature (Tm) of 60 °C, it is a semicrystalline polymer.’] The
first preparation of the high-molar mass PCL (~5 X 10* g-mol~!)
took place in 1984.%7] It is exceptional not only for its low
rate of biodegradation but also for its excellent spinnability and
superior mechanical attributes, which make it the ideal long-
term delivery system for drugs that require longer body reten-
tion times.!®°] PCL is a polymer that has been approved by the
Food and Drug Administration (FDA) and has undergone con-
siderable research to be used in a variety of biomedical applica-
tions, including tissue engineering, drug delivery systems, and
implantable biomaterials.*-'"1 A wide variety of in vitro and in
vivo experiments have demonstrated PCL’s favorable applicabil-
ity in biomedicine, leading to the FDA’s approval of numerous
PCL-made medical or drug delivery systems.[?] PCL exhibits the
distinctive property of being able to be mixed with many other
materials such as polymers, nanomaterials, and even biologi-
cal molecules (such as growth factors, medicines, and natural
products) to generate special hybrid composites. The PCL elec-
trospun nanofibrous structure is one of the well-known PCL-
based composites for usage in biomedical applications. A wide
variety of processing methods, such as phase separation, self-
assembly, and electrospinning have been employed to produce
scaffolds with nanofibrous structures. Among them, the electro-
spinning technique garnered considerable attention due to its
simplicity and efficiency in producing nanofibers. It can pro-
duce nanofibers with different properties that afford their appli-
cation in various fields, such as drug delivery, wound dressing,
wastewater treatment, and air filtration. The selection of poly-
mer material for electrospinning is determined by the desired
properties, such as biocompatibility, low toxicity, biodegradabil-
ity, and adequate mechanical/structural integrity in the corre-
sponding fibers for diverse biomedical applications.['*] The elec-
trospun nanofibers’ properties can be fine-tuned by varying pa-
rameters including processing conditions (e.g., flow rate, voltage,
and tip-to-collector distance), solution properties (i.e., concentra-
tion, viscosity, surface tension, and conductivity), and ambient
conditions (i.e., temperature, airflow, and humidity).['*] Nonethe-
less, there has been a paradigm shift from conventional single-
needle electrospinning with a production capacity of a few grams
per hour to industrial-scale production of more than a kilogram
per hour. One method for producing these fibers in large quan-
tities uses multiple needles.['] This technique’s drawback is the
needle blockage, which causes poor spinnability. Unconventional
spinnerets such as the drum, disk, spiral coil spinneret, cylin-
der spinneret, rotary cone, spherical spinneret, sprocket wheel,
toothed wheel, conical, and wire coil spinneret were investi-
gated in an attempt to overcome these problems.[*>??] For in-
stance, one advantage of this technology is that the spinneret
emanates from the surface of the polymer solution and thus
there is no blockage of needles.['>-2?] It is noteworthy to mention
that the adjustment of the parameters depending on the spin-
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neret continues to be crucial for the properties of the resultant
nanofibers.l*22]

On the other hand, the collectors play a major role in the struc-
ture of the nanofibers, hence the overall resulting nanofibers’
properties. In addition, the modification of the spinneret offers a
new avenue to manufacture functionalized nanofibers which can
expand the application beyond conventional fields.['>%*?*] For in-
stance, Surucu and Samazel!®! were the first to prepare co-shell
morphology using the co-axial electrospinning method for tis-
sue engineering applications. In this case, two immiscible lig-
uids were introduced through two concentrically arranged needle
spinnerets. The nanofibers were composed of chitosan as shell
and PCL as core. These fibers served as a suitable support for
facilitating cell adhesion, growth, and proliferation when com-
pared to PCL or chitosan-based nanofibrous membranes. In ad-
dition, different materials can be incorporated into PCL to over-
come some of its issues when comes to biomedical applications.
The lack of hydrophilicity has been the major drawback to af-
fording cell attachment and proliferation.[?*! Toledo et al.[>*] used
the aminolysis process to improve the hydrophilicity of PCL. The
aminolysis of the nanofibers resulted in better cell attachment
without the affecting intrinsic properties of PCL.

A number of reviews were published on the use of PCL in
biomedical applications.[?28] Very few reviews investigated the
use of electrospun PCL nanofibers and their modifications to-
wards biomedical applications.[?®! Therefore, the aim of this re-
view is to discuss the recent advances in the use of electrospun
PCL nanofibers for biomedical applications. The article is subdi-
vided into four sections. The first section gives background on
PCL and the properties that make it suitable for biomedical ap-
plications. This section also highlights what parameters that af-
fect the PCL properties. The second section gives insight into
the electrospinning of PCL followed by the application of these
fibers in biomedical applications. The fourth section covered the
hybridization of PCL materials using two or more techniques to
afford a multidimensional structure that can support the biomed-
ical applications of PCL and concluded with an outlook.

2. Background PCL

Polycaprolactone (PCL) is a biodegradable aliphatic polyester that
is stable above 300 °C. It has special physical and chemical char-
acteristics that make it suitable for use in medical applications,
including a long degradation time, exceptional blending compat-
ibility, low melting point (59-64 °C), and good solubility.[”2:3]
PCL is semi-crystalline and hydrophobic, and it is hardly sol-
uble in acetone, acetonitrile, and 2-butanone at room temper-
ature. However, it is soluble in toluene, chloroform, benzene,
and dichloromethane.[®*2] Tt also, shows the special property
of being miscible with many other known polymers (such as
poly(vinyl chloride), poly(styrene-acrylonitrile), poly (acryloni-
trile butadiene styrene), poly(bisphenol-A) and other polycar-
bonates, nitrocellulose, and cellulose butyrate), and is further-
more mechanically compatible with others (such as polyethy-
lene, polypropylene, natural rubber, poly-(vinyl acetate), and
poly(ethylene-propylene) rubber).??] The degree of crystallinity
and molecular weight of PCL, which typically ranges from 3000
to 90000 g mol~!, are both influenced by its physicochemical
qualities.33] Tt was first synthesized in the 1930s with main
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building blocks being esters and ethene groups. The ratio and
distribution of both esters and ethene groups within PCL as well
as other parameters plays a critical role in crystallinity, and thus
the properties of resultant polymeric material. PCL is one of
the aliphatic polyesters obtained from ring-opening polymeriza-
tion of e-caprolactone monomers that can proceed via anionic,
cationic, or radical polymerization mechanism.>**°] A variety of
cationic, anionic, and coordination catalysts can be used in the
ring-opening polymerization (ROP) of -caprolactone to produce
PCL. It can also be created via 2-methylene-1-3-dioxepane’s free
radical ROP.3%) Non-toxic, effective catalysts, such as stannous
(II) 2-ethylhexanoate, are commonly used to catalyze the ROP,
and low molecular weight alcohols are frequently used to control
PCL’s molecular weight. In addition to ROP, 6-hydroxycaproic
acid (6-hydroxyhexanoic) acid can also be polycondensed to pro-
duce PCL. ROP is superior to the polycondensation method in
terms of producing a less polydisperse polymer with a higher
molecular weight.[3738]

PCL can be totally biodegraded by a variety of natural microor-
ganisms. The degree of crystallinity increases while the molec-
ular weight stays constant when the amorphous phase degrades
first.39401 At higher temperatures, the polymer degrades via end-
chain scission, while at lower temperatures, it degrades by ran-
dom chain scission. The carboxylic acids released during hydroly-
sis catalyze PCL degradation on their own, but it can also be accel-
erated by enzymes. While PCL can be broken down by enzymes
in the environment, this cannot be done within the body.[®34

PCL is a viable contender for usage as a biomaterial because
of a number of its benefits. Despite having very low biocompati-
bility, it is still a desirable material for use in supporting devices,
especially for hard tissue, due to its rubbery properties, adjustable
biodegradability, ease of forming blends, composites, and copoly-
mers, suitability as a scaffold material for tissue engineering, and
ability to serve as a material for surgical sutures as well as micro-
and nano-drug delivery vesicles.*] Its wide range of applications
and intriguing features make it a very useful polymer, provided
that its attributes can be controlled, and it can be produced in an
affordable manner.

In comparison to other biodegradable polymers on the market,
PCL might offer particular benefits that make it a better option
for biomedical applications. One of the main advantages of PCL-
based systems is their simple shape and manufacturing, which
could enable the development of hole diameters adequate for
tissue ingrowth and the potential for controlled drug delivery.”!
With the proper cell-matter interactions, PCL could also be func-
tionalized by including various functional groups, making it hy-
drophilic, biocompatible, and sticky. Because PCL degrades more
slowly than rivals like poly(glycolic acid) (PGA) and poly(D,L-
lactide acid) (PDLLA), it may be employed in commercial suture
materials (MaxonTM) and drug delivery systems with a lifespan
of more than a year.”!

Over the past decades, different processing techniques have
been employed to prepare PCL-based materials for various ap-
plications. These techniques were chosen depending on the de-
sired application. For example, electrospinning has been mostly
used for preparing nanofibers for wound dressing. These fibers
have similar mechanical and structural resemblance to the natu-
ral extracellular matrix (ECM) and thus promote wound healing
processes.
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3. Biomedical Applications of Electrospun PCL
Nanofibers

Biomedical applications encompass a wide range of technologies
and techniques that apply principles from biology and the life
sciences to improve healthcare, medical research, and the un-
derstanding of biological systems. These applications have a sig-
nificant impact on diagnostics, treatment, monitoring, and re-
search in the field of medicine. These biomedical applications
continue to advance rapidly, driving innovations in healthcare,
disease prevention, and treatment.3> The integration of technol-
ogy, data science, and biology is expanding our understanding of
complex biological systems and leading to improved patient out-
comes and quality of life. PCL has been approved by the FDA as
a suitable material for use in medical applications resulting in
the production of sutures under the trade name MaxonTM.[*!
Electrospinning PCL affords the production of materials that re-
semble ECM structure for cell attachment, growth, and prolifera-
tion. Its hydrophobicity and slow degradation have been the main
disadvantages that limited its applicability in biomedical applica-
tions. The chemical modification and blending with other ma-
terials have been the major breakthroughs to improve the over-
all performance of the resultant PCL nanofibers.!?! These have
afforded the application of electrospun nanofibers in different
biomedical applications as discussed in the next sections.

3.1. Wound Dressing Application

The major requirements for wound dressing are antimicro-
bial properties and rapid hemostasis.[*!] The antimicrobial prop-
erty protects the wounds from secondary pathogenic infections
from surrounding microbial organisms that lead to a prolonged
healing process.I*?] The rapid hemostasis function means that
the materials are capable of preventing excessive external hem-
orrhage while promoting and shortening the wound-healing
process.[**] Electrospinning technology received a great deal of at-
tention to fabricating highly porous PCL membranes for wound
dressing. These membranes provide moisture around the wound
and thus facilitate the wound healing process. The electrospun
PCL nanofibers are one of the most commonly employed wound
dressing materials because of attractive attributes, such as non-
toxicity, good mechanical performance, biodegradability, and bio-
compatibility. This section focuses on the fabrication of electro-
spun PCL nanofibrous membranes with rapid hemostasis func-
tion and antimicrobial properties.

3.1.1. Antimicrobial Activity of Electrospun PCL-Based Materials

PCL is a polymeric material without antimicrobial activity and
thus a wide variety of antimicrobial materials are usually incor-
porated into the system to afford antimicrobial efficacy.!1>*1:44-46]
In case of the electrospinning process, the inclusion of these ma-
terials into PCL involves different routes, such as blending PCL
with bactericide agent prior to electrospinning (Figure 1a), elec-
trospun PCL nanofibers immersed precursor and its conversion
into active bactericide agent through post-treatment (Figure 1b),
decorating the PCL fibers with antibacterial agent (Figure 1c), or
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Figure 1. Four strategies to incorporate bactericide agents in the electrospun PCL fibers: a) Blending PCL and bactericide agent before spinning, b) post-
treatment of fibers dipped in precursor solution to convert to its antibiotic form, c) attaching bactericide agents onto PCL fibers, and d) encapsulation
of the bactericide agents before spinning. Reproduced with permission.[*é] Copyright 2016, RSC Advances.

encapsulating the bactericide agent before mixing with PCL so-
lution (Figure 1d).['>#] The use of modified electrospinning
techniques such as co-axial was also reported in the literature
for the fabrication of PCL with antibacterial properties.2*#+~491 In
this regard, the active agent will be encapsulated in a core/shell
structure.[2447-4]

A number of active antibacterial agents, such as metal oxide
nanoparticles,*+460 antibiotics, triclosan,°!] chlorhexidine, and
quaternary ammonium compounds (QACs), biguanides have

been employed to prepare electrospun nanofibers with good an-
tibacterial activity. Table 1 reviews some of the studies based on
the incorporation of active agents into PCL in order to afford
good antimicrobial efficacy.l?! Valle et al. reported on the incor-
poration of triclosan into electrospun PCL, Polylactic acid (PLA),
and PCL/PLA blends as antibacterial mats with controllable drug-
release properties.>!] The presence of triclosan enhances the an-
tibacterial activity of the electrospun nanofibrous mats towards
Escherichia coli and Staphylococcus epidermidis. The efficacy is

Table 1. Summary of recent works on antibacterial electrospun PCL nanofibers.

Formulation Antibacterial agent Method of Bacterial species Comments Refs.
incorporation
PCL/PLA Triclosan Blending E. coli and The antibacterial efficacy and drug-release can be fine-tuned [57]
S. epidermidis depending on the ratio systems’ components
PCL Berberine Blending S. aureus, MRSA, Nanofibrous membrane promoted in vitro hestasis, maintained [55]
E. coli moist environment and inhibited the profileration of MRSA
(BAA-811), the fungus (C. albicus), the Gram-negative (E. coli) and
Gram-positive (S. aureus) bacteria
PCL Nanochitosan (NC) Blending S. aureus High PBS sorption, good hydrophilicity and porosity which afforded [45]
acceptable water vapor transmission rate indicate the potential for
wound and dermal tissue engineering
PCL AgNPs Blending E. coli and S. aureus Prepared nanofibrous mats exhibited good antibacterial activity and [50]
mechanical properties that qualifies their application in wound
dressing
PCL/alginate AgNPs Blending E. coli and The resultant mats exhibited excellent antibacterial acidity towards [52]
S. epidermidis Gram-negative and Gram-postive bacteria and promoted wound
healing. In addition, alginate released calcium ions on to wound
site accelerating hemostasis.
PCL ZnONPs Blending E. coli and S. aureus Enhancement of mechanical performance, antibacterial activity, [54]
fibroblast proliferation, and improved metabolic activity of the
cells were observed when ZnO were introduced into PCL
PCL Egg shells Blending S. aureus and E. coli Egg shells increased cell viability, mechanical properties and [56]

antibacterial activity with no sign of cytotoxicity
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Figure 2. Antibacterial property of fabricated a) neat PCL membranes,
PCL/Ag nanocomposite membranes containing: b) 0.05, c) 0.25, d) 0.5,
and e) 1 wt% AgNPs with f) ciprofloxacin for comparison on a) S. aureus
and b) E. coli. Reproduced with permission.[%] Copyright 2015, Springer
Nature.

dependent on the host polymeric material. PLA/triclosan exhib-
ited the highest antibacterial activity, that is, 82% for E. coli and
96% for S. epidermidis, while the PCL/PLA-based mats displayed
75% and 92% for E. coli and S. epidermidis, respectively. The low-
est antibacterial efficiency was obtained for PCL-based mats (i.e.,
60% and 76% for E. coli and S. epidermidis). This behavior was at-
tributed to strong interaction between both hydrophobic PCL and
triclosan. This indicates that the interaction between the bacteri-
cide agent and the host matrix has to be carefully considered to
afford preferable antimicrobial activity.

Silver nanoparticles (AgNPs) have been deployed to improve
the antimicrobial activity of PCL fibers by Augustine, et al.>® The
AgNPs were first biosynthesized using Piper nigrum leaf extracts
and dispersed in a PCL solution. The presence of AgNPs resulted
in nanofibers with excellent antimicrobial activity against Gram-
negative (E. coli) and Gram-positive (Staphylococcus aureus) mi-
crograms, as shown in Figure 2. The inhibitory zone from the
disc diffusion method increased with an increase in AgNP load-
ings from 6 to 11.6 mm for S. aureus and from 6 to 7.9 mm for
E. coli. The resultant mechanical performance of the nanofibrous
mats was comparable to that of human skin (i.e., tensile strength
of 4.6-20 MPa, tensile modulus of 5-30 MPa, and elongation-at-
break of 35-115%), and thus materials can be used by wound
dressing purposes (Figure 2).485%>3] In another study, Augus-
tine and his colleagues used zinc oxide nanoparticles (ZnONPs)
as bactericide agents in electrospun PCL nanofibrous mats.[*+%4]
The mechanical properties, cell adhesion in vitro, and antibac-
terial efficacy against Gram-negative and Gram-positive bacteria
were enhanced with the inclusion of ZnONPs when compared
to neat PCL.>* The evaluation of PCL/ZnONPs for wound heal-
ing by suturing the mats into the wound of guinea pigs indicated
that the wound healed completely within 25 days. On the 30® day,
the wound healed completely without a sign of a scar, whereas a
scar was observed for neat PCL-based mats. From subcutaneous
implantation mats results and then https://medlineplus.gov/lab-
tests/c-reactive-protein-crp-test/ C-Reactive Protein (CRP) assay
and the assessment of blood parameters showed no indication
of inflammation resulting from implantation. This demonstrates
that PCL/ZnONPs nanofibrous mats can be utilized for skin sub-
stitute materials to facilitate wound healing by supporting cell
migration and proliferation.
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Elsewhere a multifunctional nanofibrous membrane was pre-
pared using co-axial electrospinning and conventional elec-
trospinning techniques to afford a bilayered structure (see
Figure 3).81 ZnO/PCL made up the outside layer, while the chi-
tosan/PCL/polyethylene oxide (PEO) combination made up the
inside layer. The resultant bilayered nanofibrous membrane had
mechanical properties that were comparable to those of natural
human skin. While the inner layer served as a guide for cellular
organization and anti-inflammatory properties, the outer layer
was in charge of antibacterial action. The inhibitory zone mea-
sured was ~12.8 mm for E. coli and ~13.4 mm for S. aureus, re-
spectively. This phenomenon was linked to the ZnO particle’s
proposed antibacterial mechanism. Zinc oxide (ZnO) particles
are known to create reactive oxygen species, such as superox-
ide anion (-O,"), hydroxyl radical (-OH), and hydrogen peroxide
(H,0,), and to release zinc ions that damage DNA, proteins, and
cell processes.

The co-axial electrospinning technique was also employed by
Qi et al.* to introduce copper-based nanoparticles into PCL
for wound treatment applications. Copper-based nanoparticles
are essentially important when comes to their behavior under
moist and acidic conditions often found around the wound. Un-
der mild acidic conditions, Cu-based particles generate Cu?* and
H, 0, resulting in the production of reactive oxygen species ROS
such as hydroxyl radicals -OH which effectively eradicate bacte-
ria. In addition, the resulting Cu?* often causes wound hypoxia
and thus helps to stabilize hypoxia-inducing factor (HIF-1a) and
the activation of downstream-targeted genes such as vascular
endothelial growth factor (VEGF) which facilitates angiogenesis
and accelerates wound healing. For instance, Qi et al.l*] prepared
core/sheath structure consisting of copper peroxide nanoparti-
cles/polyvinylpyrrolidone (PVP)/PCL as sheath and PCL as core
using the co-axial electrospinning technique. It was shown that
the resulting nanofibrous composite membrane exhibited better
antibacterial activity against E. coli and S. aureus by around 97%
and 100%, respectively in comparison to other membranes. This
was explained by Fenton-type reactions that release H,O,, fol-
lowed by OH radicals. This process allowed H,0, and -OH to
damage the bacterial cell membrane and interfere with its abil-
ity to operate. Additionally, the release of Cu?* attaches very eas-
ily to the negatively charged bacterial membrane and facilitates
cell wall breaking while also causing structural damage, disrupt-
ing membrane activities, and ultimately leading to the elimina-
tion of bacteria. The high affinity of the proteins and peptido-
glycans for S. aureus accounts for the greater antibacterial effect.
Studies conducted in vitro and in vivo have shown the effective-
ness of the nanofibrous composite membrane in promoting vas-
cularization at the wound site, enhancing collagen deposition,
decreasing inflammation, and dramatically speeding up wound
healing. On the other hand, Huang et al.l¥’! investigated the in-
fluence of radially and randomly oriented electrospun nanofiber
composites on the angiogenesis and healing acceleration of the
diabetic wound. In this case, the authors used the radial collec-
tor to afford radially oriented nanofibrous composites composed
of PVP, PCL, and copper peroxide nanoparticles (see Figure 4a).
The radially oriented composites exhibited higher water vapor re-
tention rate (WVTR) when compared to randomly oriented. The
antibacterial activities for radially and randomly oriented mem-
branes were 93% and 94% towards E. coli and 99.3% and 99.4%
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Figure 3. Schematic presentation for preparation of the bi-layered nanofibrous membrane for wound dressing. Reproduced with permission.[**! Copy-

right 2022, Elsevier.

against S. aureus, respectively (Figure 4b—e). Moreover, the radi-
ally aligned fibers afforded cell spreading and induced 1929 fi-
broblast to migrate centripetally with the secretion of angiogen-
esis proteins (HIF-1a and VEGF) being facilitated. The in vivo
tests indicated that radially structured membranes accelerated
wound healing within 14 days. This demonstrates that the ra-
dial orientation of the electrospun fibers can play a critical role
in improving the overall properties, especially in wound care.

Another essential feature of a preferable wound dressing is
creating and retaining a moist environment around the wound
to promote the healing process. A wide variety of materials
have been incorporated into PCL to provide such character.®!
The eggshells were incorporated into PCL to fabricate wound
dressing material with acceptable hydrophilicity.>®! The main
aim is to modify PCL such that the resulting nanofibrous ma-
terial can provide acceptable moisture around the wound, good
mechanical performance, and excellent antimicrobial efficacy.
The eggshells were chosen based on their distinctive properties
such as the presence of large amounts of proteins (e.g., colla-
gen types I, V, and X, glucosamine, hyaluronic acid, and chon-
droitin) and antibacterial properties.’’] The strong interfacial
adhesion resulting from hydrogen bonding between eggshells
and PCL-improved mechanical properties of the electrospun
nanofibers.*®! The resulting mats had high water uptake capac-
ity of 108-210% depending on the eggshells loading indicating
that the hydrophilicity of PCL was increased. The electrospun
nanofibers’ diameters were close to that of collagen within the
ECM (10-300 nm) and thus qualify their use in wound dressing.
The cell viability and antibacterial efficacy were enhanced with
no sign of cytotoxicity. Elsewhere, gelatin and graphene were in-
troduced into PCL to enhance the hydrophilicity of the resultant
nanofibrous membrane.l] PCL as a hydrophobic polymer ex-
hibited a water contact angle of 120°. However, the addition of
gelatin and gelatin/graphene nanofibers decreases the water con-
tact angle to 54° and 35°, respectively. The higher hydrophilicity
property in the graphene nanofibers emanates from the higher
hydrophilicity of graphene due to the presence of oxygen func-
tional groups as well as the formation of hydrogen bonds. The
resultant nanofibrous showed good biocompatibility.

Blending PCL with antibacterial polymers has also been
reported to improve its efficiency with regard to wound
dressing.1*>>7] Instead of bactericides being decorated onto elec-
trospun PCL, Ray et al. electrospun PCL/chitosan blends onto
eggshell membranes to afford bilayer structured material with
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antibacterial activity for dermal regeneration.>”] The water vapor
retention rate (WVTR) was found to be around 2427 g m~2 per 24
h, that is, equal to commercially available grafts and healthy skin.
The ideal WVTR value usually ranges between 2000 and 2500 g
m~2 per 24 h to afford an adequate moist environment around
the wound and thus provide cell proliferation of fibroblast and
epidermal cells.>*-%1 It was found that the implantation of the
mats resulted in 90% wound closure within 14 days and after 3
weeks complete wound healing with no sign of a scar with re-
markable re-epithelization and well-defined dermal regeneration
(see Figure 5).57! The closure wound rate results demonstrated
that the decoration of eggshell membrane with nanofibers im-
proved the healing efficiency with scar-less through providing
adequate moisture around the wound (Figure 5D). The zone of
inhibition increased from 1.2 + 0.12 to 2.68 + 0.21 cm? and from
1.13 + 0.11 to 2.19 + 0.17 cm? for E. coli and S. aureus, respec-
tively. The results from the plate count method showed that the
colony size of 3 x 10" and 1 x 102 cfu mL™" for E. coli and S. aureus
bacterial cultures after incubation for 6 h, and no colonies after
24 h were observed demonstrating the antibacterial efficacy of
the resulting membrane. The resultant membrane had a tensile
strength of 10.27 + 0.9 MPa which is within the range for dermal
cell culture, that is, 0.8-18 MPa. The elastic modulus reached a
value of 249 + 9.47 MPa making the membrane more elastic re-
sulting from the strong interaction between the eggshell mem-
branes and electrospun nanofibers to afford a bilayer scaffold ap-
plicable for wound dressing (Figure S5E,F).

The blending of chitosan with PCL not only improves the an-
tibacterial activity but also other features such as bioactivity.[6¢¢7]
The benefits of chitosan as a biomaterial are its non-toxicity, aller-
genicity, biocompatibility, and biodegradability.[®®) Because chi-
tosan lacks spinnability, which is its primary drawback, it may
be combined with PCL to create a nanofibrous membrane that
has an appropriate rate of disintegration, moisture retention, and
vascularization during the healing process of wounds.[®®] De-
spite the fact that there optimal content of chitosan at which
the overall performance as far as wound healing is concerned,
some additional materials may be incorporated into the sys-
tem to facilitate the healing processes. These include gelatin, ¢!
hyaluronic acid,[%%8] zeinl® starch,®! extracts (e.g., Melilotus
officinalis etxracts!’?)), zinc-doped hydroxyapatite nanoparticles
(nZnHA), zinc nanoparticles,*® silver nanoparticles,”!! chloro-
genic acid-loaded halloysite nanotubes,’?) and temozolomide
nanoparticles!’?! in order to improve the overall performance of
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Figure 4. a) Schematic presentation for the preparation of radially
structured fibrous membrane with copper peroxide (CP) nanoparticles
(Rad@CP). Antibacterial property of the membranes (viz., random ori-
ented electrospun PCL fibers [Ran], radially oriented electrospun PCL fiber
[Rad], random structured nanofibrous membrane with CP [Ran@CP] and
Rad@CP). b) the schematic presentation of the antibacterial experiments;
c) the digital image of colonies of Gram-positive (E. coli) and Gram-
negative (S. aureus) bacteria on agar plates; d) the antibacterial ratio of
the membranes against Gram-negative bacteria; e) the antibacterial ratio
of the membranes against Gram-negative bacteria. Reproduced with per-
mission from.[#7] Copyright 2023, American Chemical Society.

the resultant nanofibrous materials to afford their applicability in
wound dressing. The inclusion of modifier chitosan into electro-
spun PCL nanofibers toward wound dressing is also reported in
the literature.[”*! He et al.’) incorporated quaternized chitosan-
graft polyaniline (QCSP) into PCL to study its influence on me-
chanical properties, antibacterial properties, and biocompatibil-
ity. The resultant wound dressing material exhibited electroactiv-
ity, mechanical properties similar to soft tissue, free radical scav-
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enging behavior, antibacterial activity, biocompatibility, and cell
proliferation. This demonstrated that this material could be used
for cutaneous skin wound healing.

3.1.2. Hemostasis Activity of Electrospun PCL-Based Materials

Hemostasis is a complex mechanism that ensures blood flow is
maintained under physiologically normal conditions and stops
considerable blood loss following vascular injury.*) Electrospun
PCL nanofibrous mats have been employed for rapid hemostasis
because of their unique attributes, such as good mechanical
performance, high porosity, and large surface area.*>”*! In this
respect, the hemostatic component is incorporated into PCL
through blending to afford its initial burst in order to provide
anticipated hemostatic properties. The porosity and mechanical
performance of the nanofibers can be tailored by modifying the
electrospinning technique. For instance, Horakova et al. evalu-
ated the hemocompeatibility of various polyesters including PCL,
and copolymer of PCL and polylactide (PLA).[”>) In addition, the
authors investigated the influence of the molecular weight of
PCL and PCL concentration, which affect the fibrous nature of
the fibers. In this case, the authors used a lower molecular weight
of 45000 and the final concentrations of the electrospinning
solutions were 16% and 22% of PCL (designated as PCL45 16%
and PCL45 22%, respectively). From a 10% solution, copolymer
PLCL and polycaprolactone with a molecular weight of 80 000
(PCL80) were electrospun. The minimum mean diameter of
370 nm was obtained for PCL4516% with PCL4522%, PCLS80,
and PLCL reaching 470, 860, and 1380 nm, respectively. It
was reported that the rate of hemolysis was dependent on the
fibrous nature of the resultant nanofibers, and thus highest
degree of hemolysis was observed for PCL4516% and the lowest
for PLCL.

In their work, Bao et al. incorporated berberine into PCL
through blending prior electrospinning.>®! Berbine as the an-
tibacterial drug was introduced into the PCL solution to afford
electrospun nanofibers (B-NF) with diameters of 190 + 53 ver-
sus 1298 + 152 nm for neat PCL-based nanofibers (NF). This is
due to berbine chloride, a quaternary ammonium salt, increas-
ing solution conductivity of the PCL solution, and thus more
stretching imposed to jet to afford finer nanofibers. In compari-
son with gauze wound dressing (GWD) and neat NF, B-NF exhib-
ited higher absorption capacity. The hemostatic studies indicated
that this material can efficiently facilitate blood clotting. B-NF
showed good antibacterial activity against S. aureus (strain 6538),
MRSA (strain- BAA-811), and E. coli (strain 15597), antifungal ac-
tivity against Candida albicans (strain 10231), and biocompatibil-
ity with skin fibroblast cells (CRL-1213TM). The evaluation of cell
proliferation revealed that the cell numbers increased from 0.3 x
106 cells for initial seeding to 3 X 10° + 0.028 x 10° cells within 14
days. The obtained results including facilitating in vitro hemosta-
sis, good antifungal activity, good antibacterial activity, high ab-
sorption capacity for biofluid and blood to afford sufficient moist
environment around the wound, and supporting proliferation of
skin cells indicate that B-NF is a potential clinical wound dressing
material.

Reshmi, et al. enriched PCL with nanochitosan in the presence
of curcumin to fine-tune the hemocompatibility properties.[*] It
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was reported that 15% nanochitosan displayed the lowest hemol-
ysis of ~#1.5% suggesting its applicability in wound dressing ap-
plications. It was shown that platelet adhesion was negligible
when using neat PCL, whereas when nanochitosan loading in-
creased from 15% to 25%, and platelet activity increased. This
resulted in features such as spreading, aggregation, and pseu-
dopodia, as well as facilitated thrombin production. Furthermore,
the blood clot kinetic experiments showed the loading of 15-25%
nanochitosan was suitable for improved blood clot kinetics. This
was explained by the fact that chitosan was present, which caused
hemagglutination by interacting with acidic blood cells through
amino groups to produce polyelectrolyte complexes. This pro-
cedure enhances blood coagulation and causes a thrombogenic
response. Elsewhere, quaternized chitosan grafted polyaniline
(QCSP) was introduced into the PCL solution to produce nanofi-
brous membranes for medical applications.[”* As-prepared sam-
ples showed a vivid red color, in contrast to the negative control
group’s pale-yellow color (Figure 6a). Figure 6b illustrates that the
hemolysis ratio of the wound dressing materials that were pro-
duced increased as the QCSP content increased (i.e., from 0.44%
to 1.45%). The maximum hemolysis ratio was seen at 20% load-
ing. This demonstrates that the resultant nanofibrous compos-
ite material can be used for wound healing applications. The in
vivo wound healing data demonstrated that following PCL/QCSP
treatment, the skin had regenerated, and hair was visible af-
ter 14 days. Because of the wound dresser’s adequate porosity,
which allows for the necessary ventilation and moisture reten-
tion around the wound site, it has greater therapeutic proper-
ties throughout the healing process than the commercially avail-
able Tegaderm film group and PCL/QCSPO group. Furthermore,
QCS and polyaniline work in synergy to expedite wound healing
(Figure 6c—e).

Huang et al. reinforced PCL with expanded vermiculite to pro-
duce scaffold for diabetic wound healing.[”®! The presence of ex-
panded vermiculite resulted in a nanofibrous composite mem-
brane with remarkable hemocompatibility reaching a hemolysis
ratio lower than 5%, that is, an acceptable range for biomedical
applications. The amount of the filler had no influence on the
hemolysis ratio.
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3.2. Drug Delivery Application

Ideally, drug delivery systems should protect the drugs from
degradation, improve the pharmacological activities of ther-
apeutic drugs, and enhance the drug concentration in target
tissues.”778] This has been achieved by loading drugs or biolog-
ically active substances into a polymer, which acts by improving
the encapsulation efficiency and retaining pharmacological
activity.[2*7°l Dendrimers, liposomes, silicon or carbon mate-
rials, magnetic nanoparticles, and solid lipids nanoparticles
are examples of nanocarriers that have been tested as drug
delivery systems.33% The use of biodegradable polymers like
PCL for drug delivery systems has however particularly gained
popularity, as the carriers (including micro- and nano-particulate
systems, implants, fibers, etc.) can be specifically adapted for
site-specific delivery of the drugs. These drug delivery sys-
tems are also attractive for their ability to eliminate polymer
metabolites from the body by innate metabolic processes.!’®]
Additionally, PCL is compatible with a wide range of drugs,
thus enabling uniform drug distribution in the formulation
matrix.[8182] Tt also has a long-term degradation, which facilitates
drug release up to several months.®182] Moreover, PCL is non-
toxic and has flexible mechanical properties (Young’s modulus,
elasticity, tensile strength, elongation at break value), hence
their suitability for paramedical applications, contraceptives, and
dentistry.[®]

PCL-based materials have thus been readily used for efficient
drug delivery purposes. Alex et al. formulated the carboplatin-
loaded PCL nanoparticles and used them to treat glioma an-
ticipating improved brain delivery by the nasal route.®*l The
obtained results showed the nanoparticles effectively improved
nasal absorption of carboplatin with no severe damage observed
on the integrity of nasal mucosa. PCL can also be blended or
copolymerized with other polymers to achieve fascinating prop-
erties for effective drug loading and release characteristics.®!
Adeli et al. fabricated temperature and pH dual-sensitive am-
phiphilic micelles (derived from PCL and various copolymers)
loaded with doxorubicin (DOX) for activity against human breast
cancer cell line (MCF-7).%%] They found that the drug-loaded
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Reproduced with permission from.[74 Copyright 2020, Elsevier.

micelles displayed higher antitumor activity than the ones with-
out the DOX.

A wide variety of other in vitro and in vivo biocompatibility and
efficacy studies of PCL-based materials have been performed,
resulting in the approval of a number of medical and drug
delivery devices by the FDA.I¥] Another commonly used type of
PCL-based material for drug delivery is electrospun nanofibers.
PCL nanofibers owe their popularity to their high specific surface
areas and ability to reduce the burst release of drugs through
the proper selection of drug-polymer—solvent systems.!®8 Fur-
thermore, it has been reported that the rapid drying process of
electrospinning is beneficial for the solid dispersion of crystalline
drugs thereby inhibiting their re-crystallization.[®! The various
parameters to optimize the preparation of the nanofibers, as
well as methods of modification (drug loading), drug adminis-
tration as well as drug release of such nanofibers are depicted
in Figure 7. Familiarity with these different methodologies is
vital as recent advancements have provided new possibilities,
including the loading and release of insoluble drugs as well
as high drug loading capacity®”] Elaborate details are dis-
cussed below on advances made in drug delivery using PCL
nanofibers.

Macromol. Mater. Eng. 2024, 309, 2300388 2300388 (9 of 21)

3.2.1. Drug Delivery Properties of Electrospun PCL-Based Materials

As listed in Table 2, numerous studies have been conducted
wherein electrospun PCL nanofibers have been used for drug
delivery applications. Some of the reported work includes; Huo
et al. who successfully loaded the antimalarial drug; artemisinin
onto nanofibers with varying ratios of PCL and collagen.!®] The
nanofibers showed sustained release for up to 48 h and followed
the Fickian release mechanism. Kamath et al. loaded ibuprofen
onto PCL fibrous mats which were then sandwiched between fi-
brous PCL layers during the process of electrospinning, by vary-
ing the polymer concentrations and the volume of coat in the
flanking layers.®”) Consequently, fibrous mats without sandwich
layers showed a burst release of 66.43% followed by a cumulative
release whereas the sandwich groups showed controlled initial
burst and cumulative release.

Computational studies have also been conducted to corrobo-
rate the use of drug delivery systems derived from electrospun
PCL nanofibers.** For instance, Milosevic et al. presented the
preparation procedure and a computational model of a com-
plex, three-layered fibrous scaffold for prolonged drug release.**]
The scaffold, produced by emulsion/sequential electrospinning,
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Figure 7. Schematic of on-demand drug delivery systems using stimuli-responsive nanofibers. Reprinted with permission.[8”] MDPI Open Access.

consisted of a poly (D, L-lactic-co-glycolic acid) (PLGA) fiber
layer sandwiched between two PCL layers. The obtained results
demonstrated that the three-layered scaffold delays the drug re-
lease process and can be used for the time-controlled release of
drugs in postoperative therapy wherein rhodamine B was used
as one of the model drugs.

3.3. Tissue Engineering

As a biocompatible and biodegradable polymer, PCL and its
derivatives are some of the many materials used in tissue

engineering.[® Tissue engineering, often referred to as tissue re-
generation, was defined by Bianco and Robey as the use of organ-
specific cells for seeding and growing tissue scaffold ex vivo, as
shown in Figure 8.°°%7] Furthermore, tissue regeneration was de-
fined as a “guided” process whereby the scaffold is designed to
encourage regeneration based only on cells found at the site of
transplantation, in vivo.” Regardless of one’s definition of med-
ical terms; the clinical feasibility, potential use, and experimental
design of tissue engineering are endless.[®! Progress in stem cell
biology and recognition of their unique properties continue to
widen the list of tissues with the potential to be engineered.**1%!

Table 2. Summary of recent work on the drug delivery properties of electrospun PCL nanofibers.

Formulation Drug Comments Refs.

PCL/collagen Artemisinin (ART) The nanofibers loaded with ART provide an excellent solution for sustained drug release as well [86]
as inhibition of drug re-crystallization.

PCL Ibuprofen The initial burst and long-term release of ibuprofen from electrospun fibrous mats can be [89]

modulated by sandwiching the drug-loaded mats between hydrophobic layers of fibrous PCL.

PCL/cellulose acetate (CA) Vitamin Dy

In vitro drug release and tensile testing showed that surrounding the CA core’s implants with a [90]

PCL membrane improved mechanical properties and kinetic drug release.

PCL/polylactic acid (PLA) Ampicillin trihydrate

The PCL/PLA nanofibers have favorable properties such as high encapsulation efficiency, [97]

controlled drug release and mechanical resistance.

PCL/betacyclodextrin (CD) Naproxen (NAP)

The PCL/NAP-CD nanofibers have higher release amount of NAP than the PCL/NAP nanofibers [92]

due to the solubility enhancement of NAP by CD inclusion complex.

PCL 5-Fluorouracil
methotrexate

Coaxial electrospinning is a promising alternative to deliver complex chemotherapies that [93]
involve more than one drug as the polymeric solution could be used to encapsulate and

release different drugs to treat cancers.

Macromol. Mater. Eng. 2024, 309, 2300388 2300388 (10 of 21)
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Figure 8. Schematic illustration of how tissue engineering works from cell
isolation to implantation. Reproduced with permission.[’]

This kind of progress requires the use of materials such as PCL
and their derivatives that are biocompatible with epithelial sur-
faces and skeletal tissues to promote cell culturing, scaffold build-
ing, tissue growth, reduce infections, and promote fast healing
processes.[101]

PCL is one of the synthetic polymers that have proven to
be effective in biomedical applications for tissue and organ
restoration, maintenance, and enhancement.[1%192] In addition
to its bio-properties, PCL also has a slow acidic breakdown,
high loadbearing, and is compatible with a variety of polymers
and hydrogels for bio-applications.['] PCL has been investi-
gated for potential use in tissue engineering but is restricted by
its high hydrophobicity, poor bioregulatory activity, and limited
functionalities.[>>'% In most cases, PCL is blended with other
polymers and/or fillers to overcome these issues.!'%!

Similarly, different materials are often electrospun with PCL
to overcome the abovementioned limitations.[1°*1%I For instance,
Prasad et al. electrospun PCL/chitosan blend to produce a nanofi-
brous membrane for skin tissue engineering.[>*! The perfor-
mance of the PCL nanofibers was improved by the presence
of chitosan. Cell adhesion, growth, and proliferation were en-
hanced because of the physicochemical properties that chitosan
brought into the system. A wide variety of fillers were also
introduced into PCL to improve the resultant performance.
Sadeghianmaryan et al. prepared 3D porous nanofibrous mate-
rial by blending PCL with polyurethane in the presence of nano-
graphene oxide (GO).'" Using human skin fibroblast cells, it
was found that the resulting nanofibrous membrane scaffold
was biocompatible with good wettability demonstrating its po-
tential to be used in skin constructs. Beyond blending with
polymers and introducing fillers, additional materials are also
incorporated into PCL to improve its efficiency in skin tissue
engineering.'-1%] JTanmohammadi et al. introduced L-ascorbic
acid into PCL/hyaluronic nanofibrous scaffold to enhance its effi-
cacy in skin tissue engineering.['”] The presence of ascorbic acid
improved the L929 fibroblast cells’ attachment, growth, and pro-
liferation. Nanofibrous scaffolds composed of PCL, silk fibroin
(SF), soluble eggshell membrane (SESM), and aloe vera (AV) gel
were fabricated for tissue engineering.['%) The presence of AV
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and SESM increased the overall in vitro degradation of the as-
prepared nanofibrous scaffolds and cell viability when compared
to PCL/SF blend. This was attributed to these materials improv-
ing the hydrophilicity of the resultant materials. Studies on the
modification of electrospinning parameters in order to achieve
the desired morphologies and properties were also reported in
the literature.

Zander et al. fabricated PCL via electrospinning for the quan-
tification analysis of protein incorporation.[''] In their study, the
electrospun PCL fibers were modified with laminin through co-
valent attachment after being modified by air plasma treatment.
Protein solution concentration and reaction time were used to
control the amount of protein loaded. XPS analysis revealed that
the protein coverage on the PCL scaffold was linear until a mono-
layer was formed. However, at protein solution concentration be-
tween 25 and 50 pg mL~! a multilayer coverage was observed. Fur-
thermore, the effect of protein concentration was tested against
neuron-like PC12 cells where their growth was found to be di-
rectly proportional to the protein concentration.

Mirmusavi et al.l''!l electrospun a highly strengthened
nanocomposite scaffold for cartilage tissue engineering using
a combination of PCL, chitosan, and multi-walled carbon nan-
otubes. In this study, the fabricated scaffolds were used to stim-
ulate, promote, and enhance the natural healing mechanism of
damaged tissue of articular cartilage. Articular cartilage, an avas-
cular connective tissue is known for its slow healing rate. PCL-
chitosan scaffolds were fabricated with various loading of multi-
walled carbon nanotubes (MWCNTs). The hydrophilicity of the
nanocomposite increased with increased loading of MWCNTs
due to the carboxyl functional groups. For better and appropriate
tissue engineering application the porosity of the nanocom-
posite scaffold was kept above 80%. The scaffold demonstrated
the bioactivity and stability of a healing rate similar to that of a
natural scaffold, this was attributed to better crystallinity induced
by the MWCNTs. The successful culturing and more cell via-
bility of chondrocytes demonstrated that the composite scaffold
can be considered for supplemental studies in cartilage tissue
engineering.

Mo and coworkers prepared a multiscale 3D PCL/gelatin
nanofibrous membrane using disc electrospinning.??l In this
case, the other electrospinning solution was blended in the
presence of acetic acid (PCL-GT A) and the other without
acid (GT-GT). It was found that the production for PCL-GT
and PCL-GT A using disc electrospinning was 9.47 + 0.5 and
9.80 + 0.55 g h™! with average diameter of fibers of 592 + 598
and 316 + 164 nm, respectively. 1-(3-Dimethylaminopropyl)—3-
ethylcarbodiimide hydrochloride (EDC)/N-hydroxysuccinimide
(NHS) was utilized to crosslink gelatin within the nanofibrous
membrane. The presence of micro- and nanofibers, which pro-
vided a multiscale scaffold, allowed for cell infiltration into the
nanofibrous membrane for PCL-GT, according to in vitro in-
vestigations employing 1929 and BMSCs cells (Figure 9). The
cells were able to adhere to the microfibers and orient them-
selves there, creating a nanoweb via the nanofibers that allowed
for 3D dispersion over the scaffold (Figure 9a,c). High porosity
facilitates waste clearance and nutrient transfer, which in turn
facilitates cell adhesion, spreading, and proliferation. However,
PCL-GT with homogeneous fibers has less porosity, which re-
stricts the migration of cells into the nanofibrous membrane.
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Figure 9. The architectural structure of nanofibers that affects the distribution and morphology of cells. a) Microfibers afford the adhesion of Cells along
the fibers. b,d) Spreading of cells on the surface of the fibers. c,e) Cells adhere and infiltrate the nano- and microfibers. Reproduced with permission.[??!

(see Figure 9b,d). In most cases, 3D structured membranes are
produced by playing around the electrospinning conditions (solu-
tion properties, ambient conditions, etc.) when using the conven-
tional electrospinning technique.'">1"*] For instance, changes
in humidity can result in 3D structured membranes with pores
along the fibers.[''*] In case of disc electrospinning, porous fibers
with 3D structure can be produced with ease that is found to
promote cell attachment, spreading, and proliferation.[?21] The
primary significance of 3D electrospun lies in their resemblance
to the fibrous structure and hierarchical architecture of extracel-
lular matrix (ECM), which is why they are often used in tissue
engineering.[22112-116] Taple 3 gives a summary of PCL studies in
tissue engineering.[2267115:117] Sy et al. utilized side-by-side elec-
trospinning to afford electrospun Janus microfibers.['*! To pro-
duce the 3D microstructure, a coagulation bath was employed
as a collector. Human umbilical vein endothelial cells (HUVECs)
were discovered to proliferate more preferentially on the PCLside
of multi-helix Janus microfibers. The membrane supports cell ad-
hesion, spreading, and proliferation with its superior mechanical
qualities, high porosity, and good water retention.

4. Other PCL-Based Hybrid Composites

The combination of two or more processing techniques offers the
opportunity to fabricate hybrid composites.?8132] These materi-
als are called hybrids due to the fact that they have two or more ar-
chitectural structures that afford nanofibrous materials that can
support cell attachment, growth, and proliferation. 3D printing
and electrospinning were reported to be suitable combinations
of processing techniques that can be used to design and fabri-
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cate multiscale membranes for tissue engineering.'3?] Table 4
summarizes the results obtained from the combination of two
or more techniques employed to prepare materials for different
biomedical applications. These membranes have similar com-
plex and hierarchal structures as those of different tissues. The
utilization of PCL for both preparation processes was reported in
the literature.l3%! 3D-printing afforded microsized fibers which
were decorated with nanosized fibers. The nanofibers reduced
the pores between microfibers and provided roughness that was
essential for cell attachment, growth, and proliferation. The intro-
duction of other polymers into PCL has been reported to improve
the overall performance of the resultant hybrid composites. Else-
where, the integration of direct polymer melt deposition (DPMP)
and electrospinning processing techniques produced a combina-
tion of microfiber and nanofibrous hybrid material.'?°! In the
case of DPMD, neat PCL was used, whereas, for electrospinning,
a blend of collagen and PCL was used as the starting material.
The manufacturing processes were carried out by melt deposit-
ing PCL firstand then electrospinning on top and these processes
were repeated as schematically shown in Figure 10. The resul-
tant 3D hybrid structure with a combination of microfibers and
nanofibers afforded the generation of side channels that promote
cell penetration and migration.

In their study, Yang et al. used a 3D printing, electrohy-
drodynamic direct-jet (EHD-DJ) printing process, and electro-
spinning to afford a hybrid scaffold for soft and hard tissue
engineering.[3!] The resultant scaffolds exhibited good mechan-
ical performance with an increase in in vitro cellular activities
demonstrating their potential to be used as a cell support for soft
and hard tissue regeneration.

© 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Scaffold Fabrication Application Findings Conclusion Ref.
PCL-PCL 3D-printing and Biomedical scaffold  Electrospun nanofibers on the surface of The resultant structure of 3D structured microsized ~ [130]
electrospinning 3D-printed microfibers reduced pores to fibers-nanofibers have huge potential in

favor cell adhesion, growth and proliferation biomedical applications
PCL-collagen  3D-printing and Biomedical scaffold ~ The resultant open porous structure with The technique is essential to be used using other [129]
electrospinning controllable shape having nanofibers materials in order to achieve the desired
improved the cell adhesion and proliferation properties
PCL-collagen  3D-printing and Soft and hard tissue ~ The resultant hybrid materials had good The resultant hybrid material had good physical [137
electrospinning engineering mechanical properties and afforded properties, that is, mechanical properties,
facilitation of cell growth and attachment dynamic wetting activity, water absorption, and
protein uptake, with excellent cellular activities,
hence can serve as a cell support for soft and
hard tissue engineering applications
|
Repetitive
process
Nanofiber
Hybrid Microfiber
structure

Electrospinning

Direct Polymer Melt Deposition

AoV SpetMagn
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Figure 10. Schematic presentation of a) direct polymer melt deposition and b) the electrospinning process. a) Photograph of the obtained 3D structure
with dimensions of 9 x 9 x 3.5 mm3; b) the hybrid basic unit layer composed of microfibers and the electrospun nanofibers matrix; c,d) magnified

images of (b). Reproduced with permissio
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5. Challenges, Future Outlook Remarks, and
Conclusion

Recent studies strongly demonstrate that there has been a major
breakthrough and a promising future in the use of electrospun
PCL materials for tissue engineering and health-related applica-
tions. The understanding of all factors that may affect the proper-
ties and applicability of PCL materials is also well documented in
the literature. Electrospun PCL-based materials have immense
potential in healthcare applications, but they also face challenges
that require innovative solutions. PCL exhibits lower mechanical
strength compared to some other polymers. Enhancing the me-
chanical properties of electrospun PCL materials is a challenge,
particularly for load-bearing applications like tissue scaffolds and
implants. The efficient loading and controlled release of drugs in
PCL nanofibers also can be challenging. Achieving optimal drug
encapsulation and release kinetics while maintaining the struc-
tural integrity of the nanofibers is a crucial consideration. The
relatively slow biodegradation rate of PCL might not be suitable
for some applications that require rapid tissue regeneration or
temporary support. Combining PCL with faster-degrading mate-
rials is an ongoing challenge. Maintaining sterility in PCL-based
medical devices or implants can be challenging. Innovations
are needed to ensure effective sterilization methods without
compromising material properties. Although PCL is generally
considered biocompatible, there is ongoing research to under-
stand any potential long-term effects, such as immunogenicity,
in vivo. The modification of PCL nanofiber surfaces to enhance
cellular interactions or functionalization with specific ligands can
be complex. Innovations in surface modification techniques are
essential for tailored healthcare applications. Transitioning from
laboratory-scale electrospinning to large-scale manufacturing is
a significant challenge. Optimizing production processes while
maintaining material quality and consistency is an essential
necessity.

The future outlook for these materials looks promising, with
a focus on multifunctionality, biodegradation control, personal-
ized medicine, and the integration of advanced technologies to
revolutionize healthcare delivery and patient outcomes. Future
research is likely to focus on developing PCL-based materials
with multiple functions. These materials could combine drug
delivery, cell adhesion, and mechanical support in a single con-
struct, expanding their range of applications. Researchers are ex-
ploring ways to fine-tune the biodegradation rate of PCL-based
materials by blending with other polymers or incorporating ad-
ditives, making them suitable for various timeframes in tissue
regeneration. Continued research in drug delivery systems will
lead to PCL-based nanofibers with enhanced drug-loading capa-
bilities and precise, controlled release, revolutionizing targeted
therapy. Integration of PCL-based materials with 3D bioprint-
ing technologies will enable the fabrication of complex, patient-
specific tissue constructs, offering new possibilities in regener-
ative medicine. Incorporating nanoparticles or nanoscale mate-
rials into PCL-based nanofibers can enhance their mechanical
properties, bioactivity, and antimicrobial characteristics. The fu-
ture of PCL-based materials in healthcare will benefit from inter-
disciplinary collaboration, bringing together a host of expertise
such as materials science, biology, medicine, engineering, and
artificial intelligence. Researchers and healthcare industry stake-

Macromol. Mater. Eng. 2024, 309, 2300388 2300388 (15 of 21)

www.mame-journal.de

holders should continue to invest in the development and com-
mercialization of these materials to realize their full potential.

In conclusion, the applicability of PCL-based materials in
biomedical applications depends on the modification adopted.
This results from the lack of bioactivity and high degradation rate
of PCL. The molecular weight and crystallinity of PCL can be ma-
nipulated in order to control the degradation rate. On the other
hand, the inclusion of other materials such as collagen, polyethy-
lene glycol, ceramics, and nanofillers improves the overall resul-
tant properties, and thus its applicability in biomedical applica-
tions. For instance, the presence of collagen is often recognized
with osteoblast and endothelial cell adhesion, migration, and pro-
liferation.
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