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Abstract: Background /Objectives: This systematic review explores the utilization of elec-
trospinning for the incorporation of natural compounds, focusing on their pharmaco-
logical applications. Methods: This systematic review focused on studies investigating
the incorporation of natural bioactive compounds into nanofibers produced via the elec-
trospinning technique for pharmacological applications. The search was conducted for
English-language articles published online between 1 January 2013 and 10 December 2023.
The review followed a structured approach, excluding review articles, clinical studies,
and gray literature such as unpublished works, non-peer-reviewed journals, theses, and
industry data. Results: The review of 99 articles highlighted the advantages of electrospun
nanofibers in tissue regeneration, infection control, and controlled drug release, with no-
table potential in oncology for targeted antitumor drug delivery. It discussed the influence
of polymers and solvents on fiber characteristics and identified a significant gap in cosmetic
applications, emphasizing the technique’s potential for prolonged release and improved
ingredient stability. Additionally, this review noted the underutilization of marine-derived
substances, which possess rich bioactive properties that could benefit biomedical and
cosmetic fields. Conclusions: This systematic review highlights the advantages of electro-
spinning for pharmacological applications, including tissue regeneration, infection control,
and controlled drug release, with promising potential in oncology. However, gaps were
identified in the cosmetic field and the use of marine-derived substances. Future advance-
ments in electrospinning technology and interdisciplinary collaboration are essential to
unlocking its full potential in medicine and cosmetics.

Keywords: electrospun; natural products; drug applications; bioactive extract; marine
natural products

1. Introduction

Electrospinning is a versatile polymer processing technique that has garnered increas-
ing attention in recent decades due to its ability to produce ultrafine fibers with diameters
ranging from nanometers to micrometers [1,2]. This technique relies on the application
of an electric field to a polymeric solution or melt, which is extruded through a needle or
nozzle (Figure 1). The electric field induces electrostatic charge in the solution, resulting
in the formation of a Taylor cone and, ultimately, the ejection of very fine fibers towards a
collector, where the fibers are deposited to form a fibrous material [3].
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Figure 1. Schematic diagram of the electrospinning setup, depicting the key components: syringe
pump, spinneret (needle), high-voltage source, and collector. The diagram emphasizes the formation
of the polymer jet and its subsequent solidification into fibers.

The fibers produced by electrospinning exhibit a high surface-to-volume ratio and
a distinctive porous structure, making these highly desirable for a wide range of appli-
cations [4,5]. In the biomedical field, electrospinning has been explored for the ability
to produce scaffolds (three-dimensional structures) that mimic the natural extracellular
matrix, providing a conducive three-dimensional environment for cell growth, prolifera-
tion, and differentiation [6]. Additionally, electrospun fibers produced by can be loaded
with therapeutic agents such as drugs, genes, or growth factors for drug delivery or tissue
engineering applications [6].

Recently, there has been a growing interest in the incorporation of natural products
into electrospun materials, owing to the therapeutic and bioactive properties of these
compounds. Natural products derived from plants, marine organisms, and other biological
sources are rich in bioactive compounds such as polyphenols, flavonoids, terpenes, and
alkaloids, which exhibit a variety of beneficial biological effects, including antioxidant,
anti-inflammatory, antimicrobial, and wound-healing activity [7].

The incorporation of these natural products into electrospun materials can confer
additional functionalities to the resulting products, making them suitable for an even wider
range of biomedical applications. The combination of the unique properties obtained by
electrospun materials, with the therapeutic features of natural products, offers a promis-
ing opportunity for the development of advanced materials with applications in tissue
engineering, regenerative medicine, biomimetic dressings, and more [4].

In this systematic review, we address the current state or the art of the research on
incorporation of natural products into fibrous materials through electrospinning, high-
lighting the pharmacological applications and recent advances in this area. Additionally,
we discuss the challenges and opportunities associated with this approach, as well as the
prospects for the development of advanced nanofiber materials based on electrospinning
and natural products.

2. Results and Discussion

A total of 2391 articles were found, of which 99 were chosen to compose this systematic
review (Supplementary Materials). A total of 2292 articles were excluded, of which 38 were
reviews and 115 were duplicates (Figure 2).
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Figure 2. PRISMA flowchart on article screening: This diagram represents the step-by-step process of
identifying, screening, and selecting articles for inclusion in the study. It details the number of records
retrieved from databases, the screening criteria applied, the exclusions made, and the final number of
studies included in the analysis, ensuring transparency and reproducibility in systematic reviews.

2.1. General Findings

The use of natural substances in pharmacology dates back to ancient times and has
evolved over the centuries. Recently, the development of new material fabrication tech-
niques, such as electrospinning, has opened up new possibilities by allowing the incorpora-
tion of these substances into fibrous materials, widening their pharmacological applications.
This method has gained prominence due to its ability to produce ultrafine fibers with high
surface area, facilitating the controlled release of drugs and bioactive substances.

An analysis of the geographical distribution of articles reveals a significant diversity
of contributions worldwide (Figure 3). Countries in Asia and the Middle East stand out as
leaders in this area, with a considerable number of studies published. For example, Iran
stands out with an impressive number of 21 articles, exploring the potential of substances
derived from saffron, cinnamon, cod liver oil, propolis extract, and various traditional
medicinal herbs found in the region, such as Satureja mutica Fisch. and C.A.Mey. and
Zataria multiflora Boiss. This prolific scientific output reflects the rich cultural and medicinal
heritage of the region.

China boasts a long and rich tradition in herbal medicine, which is evident in its
significant contributions to research on electrospinning with natural substances. Traditional
Chinese medicine (TCM) principles are deeply integrated into this field of study. For
instance, equisetin, a compound derived from a deep-sea fungus, has been investigated for
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its potential in treating topical MRSA infections [8]. Other Asian countries, such as South
Korea and India, also play a notable role in this research area, with seven and nine articles
published, respectively.
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Figure 3. Geographical distribution of the studies included in the review.

Although fewer in number, countries in Europe and the Americas also contribute to
the development of this science. Germany, Bulgaria, Spain, Italy, and Portugal represent
Europe in this context, while Brazil, Mexico, and the USA are the main contributors from
the Americas. Although these countries have a smaller number of articles published
compared to the regions mentioned earlier, their contributions offer valuable perspectives
on the use of natural substances in electrospinning for pharmacological applications. In
the case of Brazil, research has focused on the use of propolis extract, Sedum dendroideum
Moc. and Sessé ex DC. (known as balsam), Pterodon pubescens (Benth.) Benth. (sucupira),
and Arrabidaea chica (Bonpl.) Verl. (crajiru) [9,10].

2.1.1. Natural Sample Type

After examining the 99 articles, we identified a diversity of samples used. In Figure 4,
we highlight the types and quantities employed in the studies, categorized as extracts, pure
compounds, oils, and others. The latter may include compounds of commercial origin or
not specified in the article. We can observe that most of the samples of natural compounds
used were extracts, accounting for 57.58% of the articles found.

The articles that used gel as a sample were those that prepared nanofibers incorpo-
rating Aloe vera (L.) Burm.f. [11]. This is because Aloe vera extract is a gel obtained directly
from its leaves, containing various bioactive compounds such as polysaccharides, vitamins
A, C, thiamine, niacin, and B12, as well as choline and folic acid [7].

Among the articles explored, 11% investigated various essential oils, including clove
oil, which is recognized for its broad pharmacological properties, such as analgesic, an-
tibacterial, antifungal, antiallergic, anti-inflammatory, anticarcinogenic, and antimutagenic
effects. Eugenol, the main phenolic component of clove oil, is primarily responsible for
these biological activities [12]. In an experimental study on diabetic wound healing in
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male rats, Khazaeli et al. (2020) [13] investigated lavender oil, known for its antibacterial
properties and wound-healing promotion, and cod liver oil, rich in omega-3 fatty acids,
which may modulate diseases like diabetes mellitus and improve vasodilator properties.

Figure 4. Types of samples used in each study, categorized by extracts, oils, and pure substances
(commercially available natural substances).

Other essential oils studied include Zataria multiflora Boiss, a thyme species native to
Southeast Asia and commonly found in Iran, Pakistan, and Afghanistan. Known for its
medicinal properties, it is traditionally used to treat cramps, muscle pains, and infections.
The essential oil extracted from Zataria multiflora Boiss has shown effectiveness against
bacterial infections and holds promise for wound healing applications [14].

Marine Origin

Among the 99 studies analyzed herein, 4 focused on marine-derived sources. The
incorporation of marine-derived compounds through electrospinning is generating signifi-
cant interest in the pharmaceutical field, fostering the development of novel pharmaceutical
forms. These compounds, derived from marine sources like algae, fungi, and marine in-
vertebrates, offer a diverse range of bioactive properties that can be leveraged for various
therapeutic applications.

Kikiones et al. (2023) [15] developed electrospun nanofibers incorporating echinochrome
A, derived from sea urchins, which demonstrated enhanced stability and controlled
release, making them promising candidates for drug delivery applications. Simi-
larly, Kwak et al. (2014) [16] fabricated gelatin nanofiber mats enriched with Phaeodacty-
lum tricornutum extract, showcasing antimicrobial properties suitable for wound care.
Luo et al. (2018) [1,8] in turn, encapsulated equisetin, isolated from Fusarium sp., within
nanofibers, achieving significant antibacterial activity and promoting wound healing. Ad-
ditionally, Thamer et al. (2021) [17-19] engineered biohybrid nanofibers incorporating
a marine Streptomyces sp. extract, demonstrating potential for combating drug-resistant
infections and enabling diverse industrial applications.

Together, these studies illustrate the promising applications of electrospinning with
marine-derived compounds. This technique enables the creation of nanofibers with high
encapsulation efficiency and controlled release, offering advanced therapeutic solutions
for a range of medical conditions, from infections to chronic diseases. The continued
exploration and development of marine bioactive compounds in electrospinning are poised
to drive innovations in pharmaceutical and biomedical fields.
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2.1.2. Polymers

There is a wide variety of polymers that can be used in the electrospinning technique,
capable of creating nanofibers within the submicron range and can be used in a variety of
applications. Nanofibers can be manufactured using synthetic polymers, natural polymers,
or a combination of both, including proteins, nucleic acids, and even polysaccharides. In
the Figure 5, it is possible to see which are the most commonly used polymers [18,19].
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Figure 5. Most used polymers, according to the articles reviewed, for incorporating natural products
through the electrospinning technique.

Synthetic polymers, such as PCL, PLA, PVA, and PVP, are widely used due to their
ease of mass production, dimensional uniformity, and durability. However, these polymers
generally lack biological signals that promote cell viability. This limitation can be addressed
by combining them with natural polymers, resulting in hybrid nanofibers that merge the
benefits of both types of materials [20].

Polycaprolactone (PCL) stands out in this context for its excellent biocompatibility,
low toxicity, and degradability—essential characteristics for pharmacological applications.
Additionally, its versatility favors the incorporation of natural substances during the
electrospinning process, enriching the properties of the produced scaffolds. PCL also has
good processing properties, enabling the creation of controlled structures and morphologies,
which are crucial in electrospinning [21].

Biopolymers such as gelatin, chitosan, and collagen are also commonly used due to
their biodegradability and biocompatibility. Although they decompose more quickly than
synthetic polymers, this characteristic makes them ideal for ecological and biomedical
applications, despite the structural challenges they may face [22].

Examples of biopolymers include chitin, chitosan, collagen, and proteins such as
gelatin, albumin, and fibroin, which are widely used in various industries. Despite struc-
tural challenges, nanobiomaterials offer enhanced properties such as high porosity and
mechanical strength, making them promising for biomedical applications [23] Table 1 lists
the biopolymers used in the articles found, along with their types and sources.
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Table 1. Biopolymers used in the reviewed articles, along with their sources of origin.

Type of Polymers Examples Source

Alginate Cell wall of brown algae

The primary source of cellulose acetate is plant cellulose, extracted from

Cellulose acetate natural fibers like cotton and wood pulp

. Chitosan is a biopolymer derived from chitin, which is found in the
Chitosan

Polysaccharides exoskeletons of crustaceans like shrimp and crabs
Starch is a polysaccharide made up of glucose units; it is the main form of
Starch . . . . .
energy storage in plants and is found in foods like potatoes, rice, and corn
Pullulan Pullulan is obtained by fermenting starch using the fungus Aureobasidium
pullulans (Kaulf. ex Spreng.) Nees and Hornsch
Collagen Collagen is obtained from the connective tissue of animals, such as cattle, pigs,
& and fish, extracted from skin, bones, and cartilage
. Gelatin is a protein obtained by the partial hydrolysis of collagen, which is
Gelatin . . . . R .
found in animal connective tissues, such as skin, bones, and cartilage
Protein Protein derived from the silk produced by silkworms, primarily Bombyx mori;
Silk Fibroin it is the structural component of silk fibers, known for its strength, durability,
and biocompatibility
Zein Zein is a storage protein found in corn, known for its solubility in alcohol and

ability to form hydrophobic films

Electrospinning synthetic polymers is relatively straightforward due to their solubility
and molecular structure. However, electrospinning biopolymers encounters obstacles like
low solubility in organic solvents and hydrogel formation. To overcome these limitations, it
is common to blend biopolymers with synthetic or water-soluble polymers, enabling fiber
production. This blending practice is prevalent, as most polymers found in articles are
combined, either between synthetic polymers or with biopolymers [20,24]. Figure 6 shows
the most commonly used polymers combined with synthetic or biopolymers. Polycaprolac-
tone (PCL) is frequently paired with other polymers, thanks to its unique characteristics,
which makes it well-suited for combining with natural substances in electrospinning and
broadening its potential applications.
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Figure 6. Polymer combinations mentioned in the articles highlighting polycaprolactone as one of the
most commonly used polymers, both in combinations with other synthetic polymers and biopolymers.



Drugs Drug Candidates 2025, 4, 8

8 of 28

2.1.3. Effects of Various Parameters on Electrospinning
Solvents Used in Electrospinning

The electrospinning process is influenced by various factors, including solution pa-
rameters such as viscosity, conductivity, molecular weight, and surface tension, as well as
process parameters like voltage, tip-to-collector distance, and flow rate. Higher viscosity
generally increases fiber diameter and reduces bead formation, while higher conductivity
tends to decrease fiber diameter. Solvent choice is critical as it affects polymer compatibility
and fiber quality. Solvents with high vapor pressure can accelerate fiber solidification but
may lead to defects if evaporation occurs too quickly. Additionally, surface tension and
viscosity play key roles in fiber morphology, being crucial for avoiding undesirable bead
formation [20,25].

The diameter of electrospun fibers is directly influenced by solvent properties like
surface tension, dielectric constant, and boiling point. These factors must be carefully
considered when choosing materials for the electrospinning process. Figure 7 displays the
most commonly used solvents and their frequencies according to the articles found.

Water

DMF (Dimethylformamide)
Chloroform
Dichloromethane

Acetic acid

Acetone

Ethanol

Methanol

THF (Tetrahydrofuran)

HFIP (Hexafluoroisopropanol)
Formic acid

Ethyl acetate

HFP (Hexafluoro-2-propanal)
TCM (Methylene trichloride)
DMAc (Dimethylacetamide)

DMSO (Dimethylsulfoxide) -

TFA (Trifluoroacetic acid) -
TFE (Trifluoroethanol) -
0 2

»
=2}

8 10 12 14 16 18 20 22 24

Occurence

Figure 7. Common solvents in the analyzed articles.

Dimethylformamide (DMF) is an important solvent in electrospinning due to its high
dielectric constant and dipole moment, which improve solution conductivity and fiber
uniformity. Nissi et al. (2023) [26,27] found that DMF enhanced the uniformity of PHBV
fibers with Morinda. Tinctoria Roxb. extract, aiding in wound healing. Other solvents
like chloroform, distilled water, dichloromethane, acetic acid, and ethanol are also used.
Dichloromethane with polylactic acid and Sedum dendroideum extract caused undesired
spherical structures, while acetic acid effectively dissolved gelatin and Moringa oleifera
extracts, reducing bead formation. Blending solvents, like mixing DMF with DMAc, can
optimize fiber quality and uniformity by adjusting solution properties.
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Other Parameters

The molecular weight of the polymer plays a critical role in electrospinning, influenc-
ing viscosity, surface tension, conductivity, and dielectric strength. High-molecular-weight
polymers, like HM-PLLA, are favored for their ability to maintain higher viscosity, re-
duce bead formation, and produce uniform, larger-diameter fibers. Research shows that
higher-molecular-weight polymers result in better fiber quality, while strong intermolecular
interactions can sometimes allow for the use of lower-molecular-weight oligomers [9,12].

Viscosity is essential for uniform fiber production, as both excessively low and high
viscosities can cause irregularities. Conductivity also impacts fiber quality, with higher
conductivity resulting in finer fibers. The addition of substances such as ions, gold nanopar-
ticles, or complex mixtures like Garcinia mangostana L. (mangosteen) extracts, as reported
by Sriyanti et al. (2018) [28], has been shown to enhance both the solution’s conductivity
and the uniformity of the produced fibers [29,30].

Surface tension, influenced by solvent composition, affects bead formation and jet
stability. A balance is necessary to avoid defects and ensure optimal fiber formation.
The right choice of polymer molecular weight, viscosity, and surface tension is crucial for
producing high-quality electrospun fibers, particularly for biomedical applications [2,14,27].

2.1.4. Pharmacological Applications

Polymeric nanofibers excel in various biomedical applications, including the man-
ufacturing of scaffolds for tissue engineering (TE), wound dressings, and drug delivery
systems (DDS), among others [1] The chart in Figure 8 illustrates the primary applications
of electrospinning using natural substances. As depicted, the majority of the applications
are focused on drug delivery, which accounts for over 46%, indicating a strong interest
in using electrospun materials for controlled and targeted drug release. Wound healing
follows closely with 40%, highlighting the significant role of electrospun fibers in creating
wound dressings that promote tissue regeneration and recovery. Lastly, tissue engineering
represents 12%, showing a smaller, yet notable, interest in using electrospinning for devel-
oping scaffolds that support tissue growth and repair. These statistics reflect the growing
relevance of electrospinning techniques in medical and biomedical fields [3].

ﬁssuelgfg;\eeering

Wound Healing|
40.4%

Figure 8. Main applications of electrospinning for the incorporation of natural products found in the
analyzed articles.

Research continues to evolve, with new materials and formulations enhancing dressing
effectiveness [5]. In tissue engineering, electrospun scaffolds mimic the extracellular matrix,
aiding tissue and organ regeneration [10,18]. Nanofibers also show promise for drug
delivery, particularly for unstable or toxic drugs [1].

In the upcoming sections, we will delve into the subcategories within each appli-
cation of electrospinning using natural substances. For instance, in wound healing, we
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will cover areas such as antimicrobial effects, tissue regeneration, and the incorporation
of plant extracts to accelerate healing. In the realm of drug delivery, we will explore
subtopics like controlled release systems, targeted drug delivery, and the use of bioactive
compounds. When discussing tissue engineering, we will focus on scaffold fabrication,
cell culture techniques, and the role of natural polymers in promoting tissue regeneration.
These subcategories will be explored in detail in their respective sections. Notably, the
materials produced by electrospinning with natural products hold significant potential for
applications in cancer treatment and as antimicrobials. In cancer therapy, these fibers act as
controlled-release systems, delivering bioactive compounds (such as curcumin, prodigiosin,
or doxorrubicin) directly to tumors, reducing side effects and promoting antiangiogenic and
pro-apoptotic effects. They also enable combination therapies, pairing chemotherapeutic
agents with natural antioxidants. As antimicrobials, nanofibers serve as bioactive barriers,
incorporating natural compounds with antibacterial, antifungal, or antiviral properties,
such as essential oils and tannins. The sustained release of these agents prolongs effective-
ness, while combinations of various bioactives enhance activity against pathogens. These
fibers offer innovative and versatile solutions for healthcare applications.

2.2. Specifc Findings
2.2.1. Drug Delivery
Controlled Release

Various strategies for creating electrospun nanofibers to enable controlled or rapid
release of bioactive compounds were discussed throughout the articles, focusing on their
potential biomedical applications. Ravichandran et al. (2019) investigated the use of
Clerodendrum phlomidis L.f. leaf extract-infused polycaprolactone (PCL) nanofibers for
in vitro biological applications [31]. The researchers found that the nanofibers provided
a controlled release of bioactive compounds, suggesting their potential for use wound
healing and antimicrobial treatments. Similarly, a study on a coaxial alginate-PCL nanofiber
dressing developed a system for the controlled release of Spirulina extract, showing promise
as a wound healing material with sustained antioxidant properties [32].

In another study, hybrid electrospun films were created for the fast and convenient
delivery of active herb extracts. These films demonstrated rapid release, making them
suitable for treatments requiring quick bioavailability, while also offering ease of application.
Similarly, emulsion-based polylactic acid (PLA) and Apocynum venetum A.DC nanocellulose
membranes were designed with a controlled release mechanism for Hippophae rhamnoides L.
extract, which showed both therapeutic and protective effects on the skin [33].

Yakub et al. (2016) [34] also developed polylactide-based materials for curcumin
release, investigating the photostability, antimicrobial activity, and anticoagulant effects of
the nanofibers. The study confirmed that curcumin-loaded nanofibers exhibited controlled
release properties, offering a promising approach for anti-inflammatory and antimicrobial
therapies. Likewise, another study focused on polyvinyl alcohol (PVA) nanofibrous mem-
branes loaded with Lappaconitine trifluoroacetate, revealing their potential for transdermal
applications, including analgesic and anti-inflammatory treatments [35].

L-menthol-loaded electrospun fibers of PMVEMA anhydride were created for topi-
cal administration, demonstrating controlled release, and their potential for use in skin
therapies [36]. Another interesting study embedded Garcinia Mangostana Linn extract in
electrospun PVP nanofibers, revealing the physicochemical properties and release mech-
anisms of x-mangostin, a compound known for its antioxidant and anti-inflammatory
activities [30].

Several studies also explored the use of electrospun gelatin nanofibers for encapsulat-
ing bioactive extracts. Estrella-Osuna et al. (2022) [37] developed a novel delivery system
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using electrospinning to encapsulate bioactive compounds from Solanum melongena L. Egg-
plant peel is known for its rich content of antioxidants, such as flavonoids and phenolic
compounds, which can be beneficial in skincare and wound healing due to their anti-
inflammatory and antimicrobial properties. The study also focused on the in vitro release
profile of the encapsulated eggplant peel extract. It was found that the nanofibers provided
a controlled and sustained release of the bioactive compounds, which is ideal for thera-
peutic applications like wound healing. The controlled release ensures that the bioactive
agents are gradually delivered over time, promoting longer-lasting therapeutic effects.

Additionally, Terminalia bellirica (Gaertn.) Roxb.-loaded PCL nanofibrous mats were
developed with controlled release profiles that could benefit various therapeutic areas.
A study on the effect of molecular weight and content of PEG (polyethylene glycol) in
PLA/PEG nanofibers demonstrated its impact on the release of curcumin, offering insights
into the optimization of drug delivery systems for specific treatments [38].

Lastly, a study by Sugumaran and Rathinam (2021) [39] on Siddha drug-incorporated
electrospun nanofibrous mats with controlled drug release highlighted the versatility of
electrospinning in integrating traditional medicine with modern drug delivery technologies.
By using the electrospinning technique, nanofibers were created to encapsulate Siddha
drugs, which could be herbal extracts or minerals known for their medicinal properties.
One of the key findings was that these nanofibrous mats not only enhanced the stability
and bioavailability of the Siddha drug but also allowed for its controlled release, which
could be beneficial for treating a range of diseases, such as skin disorders, inflammatory
conditions, and infections. The electrospun nanofibers act as both a carrier and a barrier,
providing a localized and sustained release of the therapeutic agents at the site of action.

These studies highlight the significant potential of electrospun nanofibers in creating
advanced drug delivery systems. By enabling the controlled or rapid release of bioactive
compounds, these materials offer versatile solutions for wound healing, antimicrobial
therapy, and other biomedical applications. The findings from these works point to the
growing promise of electrospinning as a technique for developing efficient, customizable,
and biocompatible delivery systems for a range of therapeutic agents.

Cancer Therapy

Recent advancements in nanotechnology, particularly the development of electrospun
nanofibers, have significantly impacted the field of medicine, offering innovative methods
for drug delivery, especially in cancer treatment. Electrospun nanofibers provide a promis-
ing approach for controlled and targeted drug release, which is crucial for effective cancer
therapy. This review consolidates findings from various studies on the use of electrospun
nanofibers for enhancing drug delivery in cancer treatment.

Nam et al. (2017) [40] investigated the use of electrospun nanofibers loaded with
Angelica gigas Nakai extract (AGN) in a polyvinyl alcohol (PVA) and Soluplus (SP) matrix.
These nanofibers, with an average diameter of 170 nm and encapsulation efficiency over
80%, demonstrated rapid dissolution and effective oral delivery of AGN. The transforma-
tion of AGN from a crystalline to an amorphous form facilitated improved drug release.
In vitro tests revealed that AGN-loaded nanofibers had superior antiproliferative activity
compared to AGN in suspension, with promising safety profiles in mice, indicating their
potential as an oral cancer treatment.

Several studies have focused on doxorubicin-loaded nanofibers for cancer therapy.
PCL nanofibers incorporated with doxorubicin and berberine showed sustained drug re-
lease and high antioxidant activity. These nanofibers effectively prevented local recurrence
of breast cancer and adapted to the acidic tumor microenvironment [41-43].
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Akpan et al. (2020) [44] investigated electrospun nanofibers loaded with prodigiosin, a
natural red pigment with anticancer properties. The study aimed to improve prodigiosin’s
bioavailability and safety by using a composite of poly (D,L-lactic-co-glycolic acid) (PLGA),
gelatin, and pluronic F127. The resulting nanofibers exhibited sustained drug release, while
in vitro studies demonstrated that these nanofibers promoted cell proliferation and viability
in breast cancer cell lines.

In another study, Akpan et al. (2021) [45] developed electrospun nanofibers loaded
with Annona muricata L. (soursop) extract, showing efficacy in localized breast cancer treat-
ment. The nanofibers effectively released the extract and inhibited tumor growth in vitro,
providing a targeted and efficient approach for cancer therapy. Wen et al. (2019) [46]
focused on the targeted delivery of phycocyanin, a pigment with antioxidant and anti-
inflammatory properties, for colon cancer prevention. Electrospun nanofibers achieved
controlled release of phycocyanin, demonstrating efficacy in preventing tumor progression
in experimental models and highlighting their potential in preventive cancer therapies.

Additional studies have explored various bioactive compounds in electrospun
nanofibers. Arbade et al. (2019) [47] investigated PCL nanofibers loaded with Emblica offici-
nalis Gaertn. extract, showing antibacterial and anticancer properties. Kyritsi et al. (2021) [48]
used nanofibrous patches with Pinus halepensis Mill bark extract to manage acute radio-
dermatitis in non-melanoma skin cancer patients, proving effective in symptom relief and
skin restoration.

Other Findings in Drug Delivery

Recent studies highlight the growing potential of electrospinning in the develop-
ment of advanced materials with a range of therapeutic applications, including antibiotic
production, anti-inflammatory and analgesic treatments, and antioxidant properties.

In the field of anti-inflammatory and analgesic treatments, several studies have uti-
lized electrospun nanofibers to incorporate plant extracts and essential oils with therapeutic
properties [49]. One study developed Acanthus ebracteatus Vahl. extract-loaded cellulose
acetate ultrafine fibers for controlled-release applications, showing that the nanofibers effec-
tively delivered anti-inflammatory compounds to targeted areas [50]. Another innovation
involved clove essential oil nanoemulgel designed using Taguchi’s model and scaffold-
based nanofibers, demonstrating its potential as a cyclooxygenase-2 (COX-2) inhibitor for
treating external inflammation [12].

Electrospun nanofibers also show great promise in antioxidant applications. For ex-
ample, an antioxidative nanofiber-based film made with pullulan, sodium hyaluronate,
and Ganoderma lucidum fermentation products was developed for enhanced skincare appli-
cations, demonstrating significant antioxidant activity [51]. Additionally, a dual biocom-
patible platform for immobilizing genistin, a bioactive compound, showed potential for
antioxidant and anti-inflammatory therapies [52]. Other studies focused on encapsulating
Moringa oleifera Lam bioactive extract in gelatin nanofibers, providing sustained release of
powerful antioxidants, which can aid skin regeneration and wound healing [53]. Similarly,
anovel antioxidant fibrous material was created using extracts from Portulaca oleracea L. and
polylactide, demonstrating substantial antioxidant properties for biomedical use. Rheum
ribes L. extract-loaded PLA /PEG nanofibers also showed potent antioxidant activity, further
supporting the potential of electrospun materials in combating oxidative stress [54,55].

These studies collectively underscore the versatility of electrospinning in producing
nanofibers that integrate various bioactive compounds for controlled release, offering
wide and significant therapeutic benefits. Whether it is enhancing antibiotic production,
providing localized anti-inflammatory and analgesic effects, or delivering antioxidants for
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skin and wound care, electrospun nanofibers present a promising platform for developing
advanced, effective, and sustainable medical solutions

2.2.2. Wound Healing Dressing and Skin Tissue Regeneration

The process of wound healing is a complex biological event that involves multiple
stages: inflammation, proliferation, and remodeling. Successful healing requires not only
the formation of new tissue but also the restoration of function and structure of the injured
area. Electrospun nanofibers have emerged as a key technology in wound healing, offering
an ideal platform to mimic the extracellular matrix, which supports cellular attachment,
migration, and proliferation. In this section, various applications of electrospun nanofibers
in wound healing will be explored, focusing on the integration of natural substances and
bioactive compounds to enhance therapeutic outcomes. The applications are divided into
subcategories, each targeting a specific aspect of the wound healing process, including
antimicrobial, antioxidant, and tissue regeneration properties [45].

Applications in Wound Healing

One of the most promising approaches in wound healing involves the use of natu-
ral extracts incorporated into electrospun nanofibers. These extracts provide therapeutic
properties such as anti-inflammatory, antimicrobial, and regenerative effects. For example,
zein/MMT nanocomposites loaded with Hypericum perforatum L. (St. John’s Wort) oil have
been shown to promote faster wound healing due to anti-inflammatory and antimicrobial
properties of this extract [56]. Similarly, Artemisia annua L. (sweet wormwood) extract has
been investigated for its ability to accelerate tissue regeneration, reduce oxidative stress,
and promote faster recovery, making it a valuable addition to wound care treatments [57].
Vitamin E (o-tocopherol acetate), incorporated into bilayered membranes, is another exam-
ple; a-tocopherol acetate is known for its antioxidant properties and its role in reducing
oxidative damage at the wound site, which accelerates tissue regeneration and minimizes
scarring [58]. These bioactive compounds, when encapsulated within nanofibers, are
released gradually, providing sustained therapeutic effects.

Scaffolds for Chronic Wound Management

Chronic wounds, such as diabetic ulcers and pressure sores, present significant clinical
challenges due to impaired healing, often accompanied by recurrent infections. These
wounds are particularly difficult to treat because the tissue regeneration process is disrupted
or delayed, leading to severe complications for patients. However, advancements in
biomaterials, particularly with the use of electrospun nanofibers, offer promising new
approaches for treating these conditions.

A notable example is the use of poly(L-lactic acid) (PLLA) nanofibers incorporated
with Centella asiatica extract. This plant, known for its regenerative and healing properties,
stimulates the production of collagen, a critical protein for wound closure. Collagen
formation is essential not only for skin integrity but also for the repair of underlying
structures. Additionally, C. asiatica (L.) Urb. also enhances skin elasticity, which facilitates
the stretching and movement of healed areas, promoting more functional and long-lasting
healing [59].

Another example is the use of chitosan-polyvinyl alcohol (PVA) nanofiber dressings
loaded with ursolic acid, a bioactive compound known for its anti-inflammatory and
wound-healing properties. Studies have shown that ursolic acid accelerates the healing
of diabetic wounds by promoting collagen synthesis and reducing oxidative stress. These
nanofibers not only provide mechanical support but also enhance the healing process in
diabetic patients, who often face prolonged healing times due to poor blood circulation
and immune response [60].
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Electrospun nanofibers made from biodegradable polymers such as polylactic acid
(PLA) and polycaprolactone (PCL) have proven effective as scaffolds for cell growth. These
scaffolds not only provide structural support for the cells but can also be designed to
release bioactive compounds in a controlled manner. A key example is the incorporation of
propolis, a natural compound with well-established antimicrobial and anti-inflammatory
properties [61-64]. Propolis helps prevent bacterial infections in wounds, a common issue
with chronic wounds, and also reduces inflammation, aiding the tissue regeneration process.
The controlled release of these compounds through nanofibers improves treatment efficacy
by ensuring that therapeutic agents are delivered continuously and over an extended
period at the wound site, optimizing healing [61].

In addition to their therapeutic properties, these PCL and PLA nanofibers are biocom-
patible and biodegradable, meaning they break down in the body once the wound has
healed, without causing adverse effects. The combination of these materials with natural
compounds, such as C. asiatica (L.) Urb. extract and propolis, offers a highly effective
treatment, promoting faster and more efficient chronic wound healing while minimizing
the risk of infection and supporting long-term tissue regeneration [65].

Antimicrobial Properties

Electrospun nanofibers have gained significant attention in the field of wound healing
due to their unique properties, such as high surface area, porosity, and biocompatibility.
These properties make them ideal for mimicking the extracellular matrix, offering structural
support for cell attachment, migration, and proliferation, all of which are essential for tissue
regeneration [21]. One of the most promising approaches in wound healing involves
integrating natural antimicrobial agents into electrospun nanofibers, enhancing both their
therapeutic and protective properties. Several studies have explored this strategy, creating
multifunctional nanofiber-based wound dressings that promote healing while preventing
infection, a common barrier in chronic wounds [5].

In one study of Khan et al. (2023) [66], electrospun PVA/MMT nanofibers were
loaded with the root extract of Berberis lycium Royle, a plant known for its antimicrobial
and wound-healing properties. The nanofibers, made from polyvinyl alcohol (PVA) and
montmorillonite (MMT) clay, provided a strong mechanical structure while allowing for
the controlled release of the antimicrobial extract. The researchers demonstrated that the
nanofibers effectively inhibited bacterial growth while also supporting cell proliferation,
suggesting that these nanofibers could serve as a promising dual-function wound dressing
for both infection prevention and tissue regeneration.

Another study explored the integration of Chelidonium majus L. (greater celandine)
extract into emulsion electrospun nanofibers composed of polycaprolactone (PCL), PVA,
and polyethylene glycol (PEC). The study showed that the nanofibers not only exhibited
significant antimicrobial activity against common wound pathogens but also promoted
wound healing by reducing inflammation. The electrospun mesh demonstrated both
antimicrobial and anti-inflammatory effects, making it an excellent candidate for wound
dressings [67].

In another investigation, co-electrospinning was used to create nanofibrous mats
loaded with Momordica charantia Descourt. (bitter gourd) extract, which is rich in antioxi-
dants, anti-inflammatory, and antibacterial compounds. The PVA and PCL blend allowed
for the even distribution of the bitter gourd extract, which enhanced the antimicrobial activ-
ity of the nanofibers. The researchers conducted both in vitro and in vivo studies, showing
that the nanofibers significantly reduced bacterial load on wound sites and accelerated
wound closure. These results confirm the potential of bitter gourd-loaded nanofibers as a
highly effective treatment for chronic wounds, especially those prone to infection [68].
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Another promising approach by Barzegar et al. (2021) [69] involved the development
of core—shell nanofibers made from chitosan and PVA that were loaded with essential oils
from Satureja mutica Fisch. and C.A.Mey. and Oliveria decumbens Vent. These essential oils
have strong antimicrobial properties and were encapsulated in the core of the nanofibers,
allowing for controlled release. The outer shell provided structural integrity and stability.
The study showed that the nanofibers had significant antimicrobial activity against Staphy-
lococcus aureus and Pseudomonas aeruginosa and were effective in reducing wound infection
while promoting cell growth and tissue regeneration.

The integration of marine-derived compounds into electrospun nanofibers has also
been explored. One study focused on gelatin nanofibers loaded with extract from Phaeodacty-
lum tricornutum, a marine microalga with antimicrobial properties [16]. These nanofibrous
mats were developed for applications in wound healing and antibacterial action. The
nanofibers, fabricated via electrospinning, exhibited a structure suitable for promoting
tissue regeneration, creating an optimal environment for wound repair. The P. tricornutum
extract, rich in bioactive compounds, endowed the nanofibers with effective antimicrobial
activity against pathogens such as Staphylococcus aureus and Escherichia coli. Addition-
ally, the controlled release of the extract ensured prolonged protection against infections,
contributing to a faster and safer healing process. This innovative approach combines
antibacterial and regenerative properties, making it a promising solution for advanced
wound dressings [16].

Antioxidant Properties

Oxidative stress significantly impairs the healing process by damaging cells and de-
laying tissue repair. Antioxidants incorporated into electrospun nanofibers can reduce
oxidative damage and support faster healing. Curcumin-loaded PCL/PVA nanofibers
and silk fibroin nanofibers loaded with Periplaneta americana extract have shown strong
antioxidant properties, protecting cells at the wound site and promoting tissue regener-
ation. The studies explored the application of nanofibers in advanced wound dressings,
combining wound healing properties with antioxidant activity, utilizing the electrospinning
technique [70].

In the first study by Saeed et al. (2017) [71], multilayered structures were developed
using a combination of PCL (polycaprolactone) and PVA (polyvinyl alcohol) loaded with
curcumin, a compound known for its anti-inflammatory and antioxidant properties. The
electrospinning process enabled the fabrication of individual layers with distinct functions:
the PCL layer provided mechanical durability and biocompatibility, while the PVA layer
incorporated with curcumin offered controlled release of the bioactive compound. The re-
sulting structure effectively promoted tissue repair, mitigated inflammation, and protected
against oxidative stress.

In the second study, silk fibroin was used as the base material to produce nanofibers
incorporating Periplaneta americana extract. The electrospinning technique allowed for
the creation of a homogeneous matrix that retained and gradually released the bioactive
extract. The resulting material demonstrated potent antioxidant activity, neutralizing reac-
tive oxygen species (ROS) and creating an environment conducive to tissue regeneration.
Additionally, the natural properties of silk fibroin contributed to excellent biocompatibility
and mechanical performance of the dressing [70]. Both studies exemplify the innovative
use of electrospinning in creating multifunctional dressings, combining controlled release
of bioactive compounds, support for wound healing, and protection against oxidative
damage. These advancements highlight the potential of the technique in the development
of advanced therapeutic solutions.
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2.2.3. Tissue Engineering

Tissue regeneration is a crucial component of tissue engineering, an interdisciplinary
field that integrates biology, engineering, and medicine to restore or enhance the function
of damaged or lost tissues. The goal is to develop innovative methods using a combination
of cells, biomaterials, and bioactive factors for effective tissue regeneration.

Tissue regeneration has diverse medical applications, including skin, bone, cartilage,
blood vessels, and internal organs. For example, nanofiber scaffolds loaded with natural
extracts have demonstrated promising results in diabetic wound healing. In bone regenera-
tion, bioactive materials like calcium phosphate scaffolds are employed to promote new
bone tissue formation. For cartilage regeneration, hydrogels and composite biomaterials
are utilized. In cardiovascular tissue engineering, the formation of new blood vessels is of
paramount importance [72].

Several recent studies have explored the potential of electrospinning in tissue engineer-
ing, focusing on the development of nanofibrous scaffolds for regenerative applications.
One such study investigated Aloe vera gel-blended PHBV nanofibrous scaffolds for bone
tissue engineering. The study highlighted the scaffold’s potential to mimic natural bone
architecture, providing an ideal environment for bone cell growth and improving healing
processes [11]. Another significant study assessed Spirulina-PCL nanofibers for regen-
erating dermal fibroblast layers. The results indicated that Spirulina-infused nanofibers
could enhance fibroblast proliferation, showing promise for wound healing and skin re-
generation applications [73]. Additionally, Sadia et al. (2023) [74] studied a Moringa oleifera
Lam infused biodegradable polycaprolactone (PCL) nanofiber for their hemocompatibility
improvement, which is crucial for biomedical applications involving blood contact, such as
vascular implants.

Furthermore, the development of Emu oil-loaded PCL/ collagen bioactive nanofibers
has shown potential in promoting the proliferation and stemness preservation of hu-
man adipose-derived stem cells. This is particularly relevant for regenerative medicine,
where maintaining stem cell functionality is vital for tissue regeneration [75]. In a similar
vein, PCL-based nanofibers loaded with extracts from Arrabidaea chica Verlot and Pterodon
pubescens Benth demonstrated a synergistic effect in fibroblast formation, further support-
ing their use in skin tissue engineering [10]. Other notable studies have focused on the
enhancement of skin regeneration using herbal extract-coated poly-L-lactic acid (PLLA)
nanofibrous scaffolds. The incorporation of grape seed extract into silk fibroin nanofibers
has shown excellent cytocompatibility and antioxidant properties, further enhancing their
potential in skin tissue regeneration [71]. Hybrid PCL/chitosan-PEO scaffolds incorporated
with A. euchroma extract were also developed for skin tissue engineering, demonstrating
their ability to support cell growth and promote healing [76].

The use of curcumin-loaded electrospun filaments has also been investigated for soft
tissue repair applications, highlighting curcumin’s anti-inflammatory and antioxidant prop-
erties in enhancing tissue healing [77-79]. Similarly, Lycium barbarum Mill. polysaccharides
encapsulated in polylactic-co-glycolic acid (PLGA) nanofibers have been proposed as a
cost-effective herbal medicine for peripheral nerve tissue engineering, showing potential in
nerve regeneration [80]. Finally, the development of a multicompartment vascular implant
using electrospun wintergreen oil (Gaultheria procumbens L.)/polycaprolactone fibers coated
with poly(ethylene oxide) has been explored by Eldurini et al. (2020) [81], showing promise
in improving vascular tissue regeneration. The preparation of PLA/curcumin composite
membranes further exemplifies the versatility of electrospun materials in supporting tissue
engineering applications, providing not only structural support but also bioactive prop-
erties for enhanced healing. These studies demonstrate the vast potential of electrospun
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nanofibers in tissue engineering, offering versatile and biocompatible scaffolds that can
promote cell growth, tissue regeneration, and overall healing across a range of applications.

2.2.4. Miscellaneous Applications

Plasma-modified PLA electrospun membranes were used by Scafaro et al. (2017) [82]
to optimize the production of the antibiotic by Streptomyces coelicolor in the microbial
cultivation environment. The modified membranes provided a stable platform for microbial
growth and continuous antibiotic production, increasing antibiotic yield by 5 to 10-fold,
highlighting the potential of electrospun materials in enhancing microbial production of
bioactive secondary metabolites and improving bioprocesses.

2.2.5. Bioavailability of Natural Compounds in Nanofibers

The therapeutic potential of natural compounds is often limited by their poor bioavail-
ability, characterized by low solubility, rapid degradation, and limited permeability. Nan-
otechnology, particularly the use of electrospun nanofibers, has emerged as a promising
strategy to overcome these limitations by providing controlled release and targeted delivery.
This section will explore the mechanisms by which nanofibers enhance bioavailability, the
critical factors influencing this process, and specific examples of successful applications [83].

The bioavailability of natural compounds incorporated into electrospun nanofibers
is a key factor in their pharmacological effectiveness, directly influencing the stability,
controlled release, and absorption of bioactive substances by the body. The choice of
polymers and solvents used in the electrospinning process plays a crucial role in the
formulation of these nanofibers, as it can modify the interaction between active compounds
and the biological environment, affecting solubility, diffusion, and biocompatibility [84].

Electrospun nanofibers improve the bioavailability of natural compounds through
several key mechanisms. The nanofiber matrix acts as a protective barrier, shielding the
encapsulated compounds from enzymatic degradation, pH variations, and oxidation. This
is particularly important for labile molecules. By manipulating polymer selection, solvent
systems, and fiber morphology, researchers can control the release kinetics of encapsulated
compounds [85]. Biodegradable polymers, such as polycaprolactone (PCL), allow for
sustained release, while water-soluble polymers, like polyvinyl alcohol (PVA), enable rapid
release. Additionally, the high surface area and small size of nanofibers promote interaction
with biological tissues, enhancing the permeation of compounds through barriers like the
skin and intestinal epithelium. Nanofiber encapsulation can also improve the dispersion of
hydrophobic compounds, increasing their solubility in aqueous media and, consequently;,
their absorption [86].

Functionalization with ligands enables targeted delivery to specific tissues or cells,
thereby enhancing therapeutic efficacy. To fully assess how nanofibers impact bioavail-
ability, it is crucial to conduct comprehensive physicochemical and biological analyses (as
shown in Table 2).

By integrating data from these analyses, researchers can optimize nanofiber design to
maximize the bioavailability of natural compounds. This includes selecting the appropriate
polymer, controlling fiber morphology, achieving high encapsulation efficiency, optimiz-
ing release kinetics, and ensuring biocompatibility. Studies have shown that different
polymers impart specific characteristics to nanofibers, modulating the release of bioactive
compounds. Poly(e-caprolactone) (PCL), for instance, is widely used due to its biocompati-
bility, biodegradability, and ability to form porous structures that enable sustained drug
release over time. De Figueiredo et al. (2022) [62] reported that incorporating propolis into
PCL nanofibers resulted in a sustained release profile, increasing the bioactive’s contact
time with the target tissue and optimizing its therapeutic effect. Furthermore, polymers
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such as poly(lactic-co-glycolic acid) (PLGA) and polyvinylpyrrolidone (PVP) have also
been explored due to their ability to form hydrophilic or hydrophobic polymer matrices,
modulating interactions with natural compounds of varying polarities.

Table 2. Physicochemical and biological analyses.

Category Type of Analysis Analysis

Scanning Electron Microscopy (SEM): Provides high-resolution images of the
nanofiber surface, assessing fiber diameter, uniformity, and morphology (e.g.,

Mogil;?lzil cal smooth, porous, beaded). Transmission Electron Microscopy (TEM): Offers higher
y resolution for imaging internal structures of nanofibers, including the distribution
of encapsulated compounds within the matrix.
Fourier Transform Infrared Spectroscopy (FTIR): Identifies chemical bonds within
Polymer the polymer and detects interactions between the polymer and the encapsulated
Characterization compound. X-Ray Diffraction (XRD): Determines the crystallinity of the polymer
Physicochemical and any changes due to the presence of the bioactive compound.
Analysis Encapsulation Spectrophotometry or Chromatography (e.g., HPLC): Quantifies the amount of
Efficiency bioactive compound successfully loaded into the nanofibers.
L In Vitro Release Assay: Measures the release of the bioactive compound from the
Release Kinetics . L . . . o
nanofibers over time, in relevant media, at physiological conditions.
Surface Area and Brunauer-Emmett-Teller (BET) Analysis: Measures the surface area and pore size
Porosity distribution of the nanofibers.
Mecham.cal Tensile Testing: Evaluates the mechanical strength and elasticity of nanofiber mats.
Properties
Cytotoxicity Assays (e.g., MTT, Alamar Blue): Evaluates the biocompatibility of
In Vitro the nanofibers and the encapsulated compound by measuring cell viability or
Biological proliferation. Cellular Uptake Studies: Measures the uptake of the bioactive
Evaluation compound or nanofibers by cells. Functional Assays: Tests the biological activity
of the encapsulated compound.
Biological Pharmacokinetic Studies (PK): Evaluates the absorption, distribution, metabolism,
1;0 olglc.a In Vivo and excretion (ADME) of the bioactive compound in animal models.
nalysts Biological Pharmacodynamic Studies (PD): Evaluates the therapeutic efficacy of the
Evaluation encapsulated compound by measuring relevant biomarkers or clinical outcomes.
Histological Analysis: Examines tissue sections after in vivo administration.
Toxicity Studies: Evaluates potential adverse effects of the nanofibers and
Safety Studies encapsulated compounds in animal models. Immunogenicity Studies: Evaluates

immune responses of the nanofiber system.

The choice of solvent directly influences fiber morphology and the efficiency of bioac-
tive incorporation. Solvents such as acetic acid, dimethylformamide (DMF), chloroform,
and ethanol are frequently used, depending on their compatibility with both the polymer
and the bioactive compound. Mirbehbahani et al. (2020) [57] demonstrated that fiber
morphology can be significantly altered by the type of solvent used, which directly affects
degradation rates and drug release profiles. Additionally, polymer blending allows for the
creation of hybrid structures, as observed by Hussein et al. (2021) [29], who used PVA and
chitosan nanofibers enriched with gold nanoparticles and Punica granatum extract, result-
ing in a formulation with enhanced antimicrobial properties and superior biocompatibility.

A study by Aman et al. (2020) [12] evaluated topical formulations based on clove essen-
tial oil (CEO), including nanoemulsions (NEG) and nanofibers (NFs), focusing on physico-
chemical characterization, skin permeation, anti-inflammatory efficacy, and bioavailability.
Structural analyses (TEM, FT-IR, and DSC) confirmed homogeneous dispersion and stabil-
ity of the components. Ex vivo skin permeation tests showed that the CEO-NE-based NEG
had the highest efficiency, followed by the CEO-NE-based NFs, while pure CEO exhibited
the lowest absorption. In vivo studies using a croton oil-induced skin inflammation model
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demonstrated that the CEO-NE-based NEG (two applications) and CEO-NE-based NFs
(one application) significantly reduced inflammation and COX-2 expression, confirming
their anti-inflammatory efficacy. The formulations remained stable for six months under
refrigeration, with CEO-NE-based NFs retaining 97.74% of the drug. Skin irritation tests
indicated safety for topical use.

Regarding bioavailability, the CEO-NE-based NEG showed higher skin penetration
efficiency due to its polymeric gel matrix, while the CEO-NE-based NFs provided sustained
drug release, maintaining effective concentrations for a longer duration. Kinetic analysis
revealed that the CEO-NE-based NEG followed a super case II transport mechanism,
associated with polymeric matrix swelling and controlled release, whereas the CEO-NE-
based NFs followed a Fickian diffusion model, ensuring gradual and sustained absorption.
These formulations enhanced the bioavailability of CEO in the skin, optimizing its anti-
inflammatory action with fewer applications, making them promising alternatives for
controlled drug delivery systems.

Another study investigated hybrid nanofibrous scaffolds of PCL/chitosan-PEO in-
corporated with A. euchroma extract for skin tissue engineering. SEM characterization
indicated uniform fiber distribution and homogeneous extract incorporation. Contact angle
analysis revealed that increasing A. euchroma concentration reduced scaffold hydrophilic-
ity due to its hydrophobic nature. Mechanical properties showed a decrease in stiffness
and strength with extract addition, though they remained suitable for tissue regeneration
applications. Swelling tests indicated that formulations with up to 15% A. euchroma ex-
hibited good exudate absorption capacity, whereas higher concentrations reduced this
property. Water vapor permeability remained stable, ensuring a moist environment for
wound healing. Biodegradation was accelerated in scaffolds with higher extract content,
suggesting interaction with lysozyme and rapid degradation [76]. Biocompatibility was
confirmed through cytotoxicity assays, demonstrating safety and fibroblast proliferation
stimulation, particularly at 15% and 20% A. euchroma concentrations. The extract con-
tributed to cell adhesion and extracellular matrix formation, promoting wound healing
through anti-inflammatory and angiogenic effects. The in vitro release study showed an
initial rapid release followed by controlled extract release over 96 h, influenced by the
hydrophobic nature of the compound.

Antibacterial activity was significant against E. coli and S. aureus, with higher efficacy
against E. coli. Microscopy revealed bacterial morphology alterations after exposure to
the scaffolds, indicating potential applications in antimicrobial wound dressings. Thus,
the PCL/Cs-PEO/A. euchroma hybrid scaffolds demonstrated promising properties for
skin regeneration, combining biocompatibility, controlled drug release, and antimicrobial
activity [84].

The study by M. Luo et al. (2018) [8] investigated the local delivery of equisetin (EQ),
derived from the marine fungus Fusarium sp. 152, encapsulated in polyvinylpyrrolidone
(PVP) nanofibers for anti-MRSA activity. The study showed that EQ/NPs nanofibers exhib-
ited strong anti-MRSA activity and accelerated wound healing in rats infected with MRSA.
This study highlights the potential of marine-derived natural compounds in developing
new strategies against hospital-acquired MRSA infections.

Based on this evidence, the bioavailability of natural compounds in electrospun
nanofibers must be considered a fundamental aspect in the development of new phar-
maceutical formulations. Optimizing electrospinning parameters, along with selecting
appropriate polymers and solvents, can enhance the therapeutic effects of bioactive com-
pounds, ensuring their efficient and safe release.
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2.2.6. Challenges in Electrospinning: Standardization and Scalability

Despite advances in the application of electrospun nanofibers for incorporating nat-
ural compounds, transitioning this process from laboratory research to industrial-scale
production still faces significant challenges. The reproducibility of the technique and the
standardization of electrospinning conditions are critical factors influencing the final quality
of nanofibers and their viability for biomedical applications [87].

One of the main challenges lies in the need for precise adjustments in operational pa-
rameters such as applied voltage, solution flow rate, and needle-to-collector distance. Small
variations in these parameters can lead to substantial changes in fiber morphology and
mechanical properties, directly impacting their functionality. Additionally, environmental
factors such as humidity and temperature also play a crucial role in fiber formation and
must be strictly controlled to ensure product consistency [88].

The scalability of electrospinning for large-scale production remains limited by process-
ing time constraints and the cost of materials used. High-purity biodegradable polymers,
such as PCL and PLGA, have high costs, making the process economically unfeasible for
some applications. Furthermore, commonly used electrospinning solvents, such as DMF
and chloroform, are toxic and environmentally restricted, necessitating the search for safer
and more sustainable alternatives. Hussein et al. (2021) [29] highlighted that replacing toxic
solvents with aqueous systems could be a viable solution for making the electrospinning
process safer and more environmentally friendly.

Another fundamental aspect for the commercial feasibility of electrospun nanofibers is
regulatory approval and acceptance by agencies such as the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA). Most electrospun nanofiber studies
remain in the preclinical phase, with limited progress in clinical trials to confirm their safety
and efficacy for human use. The approval of new materials for medical applications requires
rigorous studies on biocompatibility, long-term stability, and potential adverse effects,
making the regulatory process one of the main challenges for the industrial implementation
of electrospinning [89].

Therefore, for electrospinning to become a viable technology for producing pharma-
ceutical and biomedical systemes, it is essential to invest in research focused on process
standardization, material optimization, and evaluation of economic and regulatory feasi-
bility. Collaboration among researchers in materials engineering, biotechnology, and the
pharmaceutical industry can significantly contribute to overcoming these challenges and
enable the widespread application of electrospun nanofibers in regenerative medicine and
the development of new controlled drug delivery systems.

3. Potential of Electrospinning for Cosmetic Applications

Electrospinning is widely studied for biomedical applications, but its use in the cos-
metics industry remains underexplored. During the literature review, only one article
addressing this application was identified, suggesting a significant gap in the development
of cosmetic products based on nanofibers. However, considering the advances in incor-
porating bioactive natural compounds into electrospun systems, this technology could
represent an innovation in the sector, offering new approaches for cosmetic formulations
with controlled release of active ingredients.

The use of electrospun nanofibers in cosmetics could bring benefits such as increased
stability of sensitive compounds, controlled release of active ingredients, and better adhe-
sion to the skin. Liu et al. (2023) [51] demonstrated that incorporating Ganoderma lucidum
into pullulan nanofibers resulted in a formulation with high antioxidant activity, suggesting
its potential for anti-aging products and protection against oxidative skin damage. Like-
wise, bioactives commonly used in the cosmetics industry, such as polyphenols, flavonoids,
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and terpenes, could be incorporated into nanofibers to enhance their effects and ensure
longer action on the skin.

However, the adoption of electrospinning in the cosmetics industry still faces chal-
lenges related to regulation and production costs. Unlike pharmaceutical applications,
where controlled drug release is a critical factor, the cosmetics industry seeks formulations
with pleasant textures and easy application. Integrating electrospinning with other tech-
nologies, such as nanoencapsulation and hybrid release systems, could be an alternative to
enable the use of nanofibers in cosmetics.

Considering the potential of electrospun systems to optimize the absorption and ef-
fectiveness of natural actives, more research is needed to assess the applicability of this
technology in the cosmetics industry. Expanding studies in this field could open new op-
portunities for the development of innovative products, offering benefits to both consumers
and the industry by enabling more stable, efficient, and sustainable formulations.

4. Marine Natural Compound Exploration

A particularly underexplored area in the electrospinning field is the incorporation of
marine-derived natural compounds, which represent a vast and largely untapped resource
of bioactive molecules with unique properties. Marine organisms, such as algae, sponges,
and marine fungi, produce bioactive compounds with antimicrobial, antioxidant, anticancer,
and anti-inflammatory properties that could be highly beneficial for biomedical applications.
Luo et al. (2018) [8] investigated the incorporation of equisetin, a secondary metabolite
derived from deep-sea fungi, into PVP-based nanofibers and demonstrated significant
antibacterial activity against MRSA strains, suggesting its potential for treating resistant
infections. Similarly, Kikionis et al. (2023) [15] explored the development of electrospun
nanofibers loaded with Echinochrome A, a marine-derived bioactive pigment, highlighting
its potential for alternative drug administration routes.

The study by Akpan et al. (2020) [44] investigated the development of electrospun
nanofiber scaffolds loaded with prodigiosin for the localized treatment of triple-negative
breast cancer. Prodigiosin is a bioactive compound that has shown potential in cancer
treatments due to its cytotoxic and antitumor properties.

While the study does not focus directly on “marine origin” materials, it is important
to note that prodigiosin, the compound used in this study, is of marine origin. Prodigiosin
is a natural molecule produced by certain marine bacteria, such as Serratia marcescens.
This compound has shown effectiveness in combating cancer cells, and its integration into
controlled release systems like electrospun nanofibers can enhance its targeted delivery
and therapeutic efficacy.

In the context of study, the use of electrospun nanofibers made from polyesters (such
as PCL, PLGA, and others) allows prodigiosin to be released in a controlled manner at
the tumor site, increasing the treatment’s efficacy by directly targeting cancer cells. The
electrospinning method enables the creation of nanofibers with large surface areas and very
small dimensions, which are advantageous for enhancing interaction with tumor cells and
improving permeation.

This study reinforces the idea that natural compounds from marine sources, like
prodigiosin, can be enhanced by technologies such as electrospinning, providing the
advantage of enabling more targeted and less invasive treatments. Thus, combining
prodigiosin with controlled-release systems made from nanofibers offers a promising
approach for treating cancer, particularly aggressive types like triple-negative breast cancer.

Given these findings, optimizing the bioavailability of natural compounds in electro-
spun nanofibers requires careful selection of polymer type, solvent system, and processing
parameters. The ability to modulate degradation rates, enhance solubility, and achieve
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controlled release kinetics through nanofiber engineering highlights the versatility of elec-
trospinning as a platform for improving the therapeutic efficacy of natural compounds.
Further research into polymer-drug interactions, in vitro and in vivo bioavailability studies,
and clinical translation efforts will be essential to fully realize the potential of electro-
spun nanofibers in pharmaceutical and biomedical applications. Expanding the inves-
tigation of marine-derived bioactives within electrospun systems represents an exciting
frontier with potential applications in wound healing, antimicrobial therapies, and drug
delivery systems.

5. Materials and Methods
5.1. Selection and Exclusion Criteria

Eligible studies included those investigating the incorporation of natural bioactive
compounds into nanofibers produced through the electrospinning technique, intended for
pharmacological applications. The search was limited to English articles published between
1 January 2013 and 10 December 2023 and available online. Review articles, clinical studies,
and any form of gray literature (such as unpublished, non-peer-reviewed journals, theses,
and industry data) were excluded from the analysis.

5.2. Databases

The databases of the indexers PubMed (https://pubmed.ncbi.nlm.nih.gov, accessed
on 30 November 2024), Scopus (https:/ /scopus.com), Web of Science, Google Scholar (https:
/ /scholar.google.com), and Springer Link (https:/ /link.springer.com /) were accessed for
article retrieval between November 2022 and May 2023.

5.2.1. Keywords

The electronic search was conducted using the following search terms: “electrospin-

", 4

ning” AND “natural products” AND “drug applications”; “electrospinning” AND “Bioac-

", o

tive extract” AND “drug application”; “electrospinning” AND “marine natural compound”
AND “drug application”; “electrospinning” AND “marine bioactive compound” AND
“drug application”. Additionally, the following terms were applied to refine the search:
NOT “food applications”, NOT “engineering applications”, NOT “biomedical”. Once the
electrospinning technique can also be called electrospun, the same keywords as before were

used, only changing “electrospinning” to “electrospun”.

5.2.2. Selection of Articles and Application of Inclusion and Exclusion Criteria

This study employs inclusion and exclusion criteria to ensure the relevance, quality,
and consistency of the analyzed studies. Inclusion criteria were based on the analysis
of titles, keywords, and the topics covered in the research articles. Exclusion criteria
involved titles and keywords related to areas such as food, engineering, and chemistry,
as the focus was on the use of electrospinning for incorporating natural substances with
pharmacological properties into polymers. Additionally, reviews, books, undergraduate
theses, dissertations, and doctoral theses were also excluded.

The protocol for this systematic review was retrospectively registered in the Open Science
Framework (OSF). The registration can be accessed through the following link and DOI:
10.17605/OSEIO/2X3GE; Short link: https:/ /bit.ly/ElectrospunBioactiveNatural Compounds,
accessed on 30 November 2024.

6. Concluding Remarks

The use of electrospinning to incorporate natural compounds is emerging as a promis-
ing field, particularly in health and biomedical applications. This technology has been
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extensively explored for wound healing and dressing development, offering significant
advantages such as tissue regeneration and protection against infections. Additionally,
electrospinning has proven effective in controlled drug delivery, enabling sustained and
targeted administration of medications, which can enhance therapeutic efficacy and reduce
side effects. Particularly in the field of oncology, the application of electrospinning for the
delivery of antitumor drugs is an innovative strategy with significant potential for further
growth. The ability to incorporate chemotherapeutic agents into nanofibers and release
these substances in a controlled manner has the potential to revolutionize cancer treatment
by improving drug efficacy and minimizing adverse effects.

Despite these promising advancements, the broader application of electrospinning still
faces critical challenges, particularly regarding cost-effectiveness and regulatory approval.
While electrospun nanofibers have demonstrated substantial therapeutic potential, the
transition from laboratory research to large-scale production remains limited due to the
high cost of materials and the need for process standardization. Additionally, regulatory
requirements for the approval of new nanofiber-based pharmaceutical formulations must
be thoroughly addressed to ensure safety, efficacy, and compliance with international
standards. The economic feasibility of electrospun formulations is also highly dependent
on the choice of polymers, solvents, and bioactive compounds, reinforcing the need for
further studies to evaluate the cost-benefit ratio of these materials in real-world applications.

Another significant aspect is the limited exploration of electrospinning in the cosmetic
sector. Although this technique could transform the formulation of cosmetic products by
enabling prolonged release of active ingredients and enhancing the stability of sensitive
components, the scarcity of studies in this area suggests a gap in research and develop-
ment. The incorporation of bioactive compounds into nanofibers could provide innovative
solutions for skincare and dermatological applications, particularly for antioxidants, anti-
inflammatory agents, and natural moisturizers. However, challenges such as regulatory
approval, production costs, and market acceptance still need to be addressed before electro-
spun nanofibers can be widely adopted in the cosmetic industry.

Additionally, this review highlights the underutilization of marine-derived substances
in electrospinning applications. Marine resources provide a rich and diverse source of
bioactive compounds, many of which exhibit cytotoxic, antimicrobial, antioxidant, and
anti-inflammatory properties that could be highly beneficial for biomedical and cosmetic
applications. Despite their potential, only a few studies have explored the incorporation of
marine-derived compounds into electrospun nanofibers. Expanding research into these
bioactive materials could open new frontiers in tissue engineering, regenerative medicine,
and pharmaceutical development, offering novel approaches for treating chronic wounds,
infections, and other medical conditions.

This systematic review on literature concerning the use of electrospinning to incorpo-
rate natural substances highlights how this technology enables the creation of nanofibers
with specific properties tailored for various substances and therapeutic goals. The incor-
poration of natural compounds into nanofibers has been shown to enhance their efficacy
and stability, optimizing their therapeutic and cosmetic benefits. Furthermore, the findings
emphasize the need for further investigation into the scalability of electrospinning, the
cost-effectiveness of formulations, and regulatory considerations.

Future opportunities in this field include the investigation of new natural materials,
particularly those of marine origin, and the development of complementary technologies to
enhance the effectiveness of electrospinning. The interdisciplinary collaboration between
material science, biology, and pharmacology will be crucial for fully exploring the potential
of this technique. Such partnerships can drive innovations in the application of natural
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compounds in medicine, expanding the possibilities of electrospun nanofibers beyond their
current applications.

Looking ahead, research and development in the field of electrospinning and natural
products will likely continue to advance, expanding application possibilities and providing
more effective and sustainable solutions to current challenges in pharmacology and bio-
materials. By addressing existing limitations and fostering interdisciplinary collaboration,
electrospinning technology has the potential to play a transformative role in the future of
drug delivery, wound healing, and beyond.
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