Polymer Bulletin (2023) 80:1215-1242
https://doi.org/10.1007/500289-022-04153-x

REVIEW PAPER

®

Check for
updates

Recent advancements of electrospun nanofibers for cancer
therapy

Ekta Jagtiani' - Anagha S. Sabnis’

Received: 14 July 2021 / Revised: 8 February 2022 / Accepted: 12 February 2022 /
Published online: 7 March 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Nanotechnology is a rapidly increasing scientific field due to its immense potential
for developing new materials with exceptional structure-dependant characteristics
through electrospinning as a feasible technique for producing nanofibers having a
wide range of potential applications in cancer detection and diagnostics. Cancer is
one of the most deadly diseases that has been afflicting humans for many decades.
When dealing with cancer, a regulated and continuous drug release is much desired
and effective, because such drugs can cause damage to normal cells. Owing to the
high-dose requirements for general anticancer drugs utilized during chemotherapy,
they have serious side effects. Anticancer drug-laden nanofibers have been accom-
plished using nanotechnology for treating cancer, requiring less drug because the
drug is stored in these nanofibers for an extended period of time with a tunable
drug release profile. Due to the fact that electrospun nanofibers are one of the most
advantageous and rapidly evolving products of modern technology, they are promis-
ing candidates for cancer therapy. Although numerous research reports have been
published on the application of nanofibers, few have focused exclusively on the use
of nanofibers in cancer care. Thus, this analysis not only provides a fundamental
understanding of the mechanism of electrospinning process and the properties of
nanostructured fibrous materials, but also highlights the electrospinning technique’s
potential as a promising tool for fabricating polymeric nanofibers used for cancer
therapy.
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Electrospinning process

Electrospinning is a method of forming nano- and micro-sized continuous fibres
from materials in solution after the drying of electrically charged jets [1]. Electro-
spinning is distinguished from various other types of spinning (e.g. melt, dry spin-
ning, etc.) by the electrostatic force stretching the polymer which is solubilized as
it drops, causing the solvent to evaporate [2—4]. One of these process’s advantages
is its technological simplicity and adaptability. This procedure is applicable to both
melt and solution polymers. Electrospun fibres have a good, large surface area,
impressive surface modification, controllable surface conformation, consistent size,
high biocompatibility, and complex pore structure that traditional fibre spinning
techniques cannot achieve. This broadens the application of fibres to a variety of
fields, including agriculture, tissue engineering, wound dressing, gas sensing, elec-
tronic devices, energy storage devices and materials, biomedical applications, drug
delivery, catalysis, and defence set-ups, among others.
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Set-up and mechanism

It is made up of four main components: a glass or plastic syringe [5—10] filled with
polymer solution, a high-voltage power supply, a spinneret (a metallic needle), and
a metallic collector (grounded and of variable morphology). Electrospinning uti-
lizes direct current (DC) control, although it is also possible to use alternating cur-
rent (AC) potentials. The polymer solution, also known as the melt, is fed into the
syringe, which is then attached to the spinneret. The syringe pump enables a con-
tinuous, normal, and controllable rate of solution flow through the spinneret. When
a high-voltage supply, typically between 1 and 30 kV is applied, the polymer solu-
tion becomes unstable due to the charges induced on the polymer droplet [5—7]. The
solution at the spinneret’s nozzle gets highly electrified, allowing the charges that
are induced to be dispersed uniformly over the surface. This causes two forms of
electrostatic forces to act on the drop: electrostatic repulsion between the charges on
the surface and the Coulombic force applied by the external field. The charges gen-
erate a repulsion force that opposes the surface tension, causing the polymer solu-
tion to flow in the direction of the external electric field. These electrostatic inter-
actions result in the distortion of the liquid drop into a conical object known as a
Taylor cone [11]. The electrostatic forces will surpass the polymer arrangement’s
surface tension when the electrical field strength exceeds a particular threshold
value [12—-14]. At that point, the electrified jet is stretched and whipped in the direc-
tion of the collector, forming long and thin threads. Only if the polymer solution
contains adequate cohesive forces will a stable jet shape be obtained [4, 15]. Due
to the continuous stretching and sliding of the polymer chains, its diameter can be
reduced significantly from hundreds of micrometres to as little as tens of nanometres
following solvent evaporation. After that, the charged fibre is drawn in and deposited
by the ground collector located underneath the needle [15-17].

Fundamental parameters of electrospinning

The properties of electrospun nanofibers are determined by a variety of bounda-
ries. These divisions are usually classified into three categories. The first category
contains parameters relating to the method, which are, applied voltage, distance
between capillary and collector, and the polymer flow rate. The second group, solu-
tion parameters, contains the solution concentration, the solution conductivity, the
solution volatility, and the solvent’s solubility. Thirdly, ambient conditions such as
humidity and temperature have an effect on the polymer fibres’ final morphology.

Properties of electrospun nanofibers
Unlike 1D nanostructures, nanofibers exhibit a variety of remarkable properties,
including the ability to regulate their trajectory after being expelled from the nozzle

by applying an external electric field. The following are only a few of the extraordi-
nary characteristics that set them apart.
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Extraordinarily long length

The continuous synthesis of nanofibers results in the creation of nanofibers with
a length of several kilometres [17—19]. Due to their permeability, these extremely
long fibres can also be assembled into three-dimensional nonwoven mats that can be
used for a variety of applications. This may be a result of the spinning jet bending
instability. Pawlowski et al. electrospun polymer nanofibers onto a wing frame on
investigating lightweight wing skins for a miniature air vehicle [20]. Using metallic
tweezers as a guide, Xia and Li demonstrated that single strands ranging in length
from a few millimetres to centimetres could be operated independently using a col-
lector with a void [21]. Since the collector is a macroscopic structure, it is possible
to monitor individual nanofibers without using a microscope.

High surface area and a complex pore structure

Electrospun fibres, in general, have small diameters and a high surface-to-volume
ratio. The strands of electrospun fibres begin to entangle, resulting in a dense net-
work of pores. Kim and colleagues concluded that the Brunauer—Emmett—Teller
(BET) surface spaces of electrospun mats varied between 9 and 51 m2 g1, the poros-
ity varied between 25 and 80%, and the pore size varied between 2.737 and 0.167 Im
[20, 22]. Despite the fact that electrospun fibres have a lower specific surface area
than mesoporous materials such as molecular sieves, their pores are larger and more
linked, forming a three-dimensional network. As a result, chemical species have full
access to the entire surface.

Molecular arrangement

During the electrospinning phase, the polymer chains are subjected to a strong shear
force due to two main factors: the rapid elongation of an electrified jet and evaporation
of the solvent. The polymer chains are then unable to unwind back to their equilib-
rium configurations because of the shear force and rapid hardening. As a consequence,
the crystallinity and chain configuration of the polymer nanofibres generated should
be unique. Foster and collaborators, for example, determined that the polymer chains
in electrospun poly(ferrocenyldimethyl-silane) were aligned and extended parallel to
the fibre axis using a technique called electron diffraction analysis [23]. Rabolt and
colleagues discovered that electrospinning Nylon-6 resulted in the formation of the
c-structure, rather than the a-structure seen in solution-cast films [22, 23]. Stephens 18
Using optical and nuclear power microscopy, Vancso and colleagues investigated the
structure and alignment of electrospun PEO nanofibers and concluded that the fibre
strands had a surface layer of strongly ordered polymer chains [24]. Pedicini and Far-
ris investigated the stress—strain behaviour of electrospun poly(urethane) (PU) filament
mats and concluded that the mats exhibited an essentially unique stress—strain reaction
bend in uniaxial elastic studies [25]. Additionally, Martin and Lin reported that the
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orientation of electrospun fibres made of poly(hexyl isocyanate), a fluid glasslike poly-
mer, was dependent on the fibre diameter [23-25].

Smart properties

Electrospun nanofibers have been endowed with “smart” properties that make them
extremely useful in a myriad of applications for decades. Stimuli-responsive nanofib-
ers fall under the broad category of smart nanofibers as they are capable of undergoing
conformational, that is, volume-related, chemical, or wettability changes in response to
an external stimulus. Shape-memory nanofibers, a type of stimuli sensitive nanofiber,
are capable of assuming different shapes in response to an external stimulus by trans-
forming from a deformed or temporary state to the original or permanent state [24, 25].

Manipulation of the structure and chemical composition of the polymer nanofib-
ers may result in the creation of a self-cleaning surface. A self-cleaning surface can be
formed by modifying the nanofibers’ chemical composition and structure, thus altering
the nanofiber composites’ surface wettability. Additionally, electrospun nanofibers may
be used to deliver healing agents for the purpose of fabricating self-healing materials
by simulating the natural healing process of human skin. This helps them to self-repair
losses, restoring their pristine properties in the process. “Living” nanofibers can also
be produced during electrospinning by inculcating live microorganisms like microbes,
cells. Additionally, nanofibers can be adjusted with special materials to detect envi-
ronmental changes. To further distinguish them, these electrospun nanofibers are then
combined with additional outstanding properties such as a wide specific surface area,
durability, high porosity, portability, and low cost [25].

Why are nanofibers used in cancer treatment?

After the tumour cells are removed during surgery, they retain the potential to recur,
making chemotherapy a critical component of resolving this problem. Due to the poor
specificity of the drugs, they must also solve the obstacle of not killing normal cells
when attacking the cancer cells. To ensure that the toxicity does not affect normal cells,
the local area following surgery is maintained at an appropriate concentration of anti-
cancer medication. Thus, the nanofibers loaded with anticancer drugs are designed to
deliver the drug in a sustained manner at local sites, making them an ideal candidate for
implantation into solid tumour cells. They not only decrease the risk of local recurrence
of cancer following the surgery [26], but can also be directed directly at the tumour site
[15,27-30].

Applications in cancer therapy
Numerous polymers have been shown to entrap and deliver anticancer drugs to spe-

cific locations with a specific drug release profile. When handling cancer cells, it is
critical to remember the polymer, fabrication process, and the drug along with its
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post-modification. The following are the most recent developments and advances in
the various polymers-based nanofibers used in cancer therapy systems.

Synthetic polymers
Polylactic acid (PLA)

PLA, as a biopolymer, has found several applications in the medical field due to its
non-toxicity and marvellous properties [31]. Compatibility with the polymer solu-
tion is a critical factor in ensuring effective drug delivery and release kinetics in the
treatment of cancer. PLA degrades to lactic acid, and this property, combined with
its potency, increases its suitability for medical applications [32]. As PLA nanofib-
ers are electrospun, their core becomes amorphous and the sheaths become semi-
crystalline. Furthermore, after collecting the aligned nanofibers on a rotating col-
lector, they exhibited smoother morphology than randomly oriented PLA nanofibers
which were collected on a grounded plate collector [33]. As a result, the amorphous
core aided in drug diffusion from PLA nanofibers.

Zeng et al. [34] investigated the kinetics of drug release from electrospun PLA
nanofibers loaded with paclitaxel, doxorubicin, and doxorubicin hydrochloride.
The initial burst release of doxorubicin hydrochloride was observed in doxoru-
bicin hydrochloride stacked PLA, but not in paclitaxel and doxorubicin. This was
because doxorubicin was incompatible with the hydrophobic PLA Biopolymer due
to its hydrophilic nature, whereas paclitaxel and doxorubicin fit seamlessly into the
PLA arrangement due to their hydrophobic nature. Paclitaxel and doxorubicin, both
hydrophobic drugs, exhibited zero-order kinetics of drug release due to their com-
patibility with PLA, which decreased the initial burst release. This aspect made it
easier to tailor a drug’s release from PLA fibres to be more attractive and maintained
by selecting the drug to be loaded [34].

Curcumin-loaded PLA electrospun fibres were confirmed to have an inhibitory
effect on rat C6 glioma cells, with up to 60-80% viability after 72 h. Curcumin dem-
onstrated possible anticancer activity without cytotoxicity to normal cells, with the
exception of a minor inhibitory effect on the normal cell line used, NIH 3T3 fibro-
blasts [35].

Xu et al. [36] also used rat glioma C6 cancer cells to investigate PLA—PEG elec-
trospun fibres filled with the anticancer drug BCNU (1,3-bis(2-chloroethyl)-1-nitro-
sourea). At 48 h, 89% of cell growth was inhibited with a 20% drug loading. At 72 h,
there was an increase in the restriction against glioma C6 cells from 89 to 93% using
the original 20% drug loading. At 48 h, the virgin drug inhibited cell growth by
90%, but by 72 h, the inhibitory effect on glioma C6 cells had decreased to just 62%
due to the drug’s instability.

Chen et al. [37] demonstrated that smooth PLA nanofibres induced with a maxi-
mum of 15% titanocene dichloride had antitumour activity in vitro. The fibres were
measured against human spca-1 lung cancer cells having real drug concentrations of
40, 80, 160, and 240 mg/l from both the fibre mats and the virgin drug. Both fibre
mats and virgin medication inhibited cancer cell development by 68.20 and 73.10%,
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respectively. Initially, a burst release was observed, followed by a long period of
slow and regulated release, which is beneficial. In vivo and in vitro, multilayer
PLA nanofiber structures filled with oxaliplatin and dichloroacetate demonstrated
enhanced cancer cell death. These PLA-based multilayer nanofibers could be con-
veniently applied to a surgically removed tumour site [38].

Qiu et al. [39] prepared mesoporous Silica nanoparticles with an average diam-
eter of 119 nm using a surfactant which is neutral or charged via template method.
He then filled these mesoporous silica nanoparticles with the anticancer agent doxo-
rubicin hydrochloride (DOX) and used them to treat HeLa cells. When the concen-
tration of drug-loaded silica nanoparticles in PLA nanofibres was increased from 5
to 15%, the mechanical properties of nanofibers, such as tensile strength, Young’s
modulus, and elongation decreased. PLA nanofibers demonstrated an initial drug
burst followed by sustained release for up to 808 h. The disadvantage was that, while
these composite nanofibers of PLA exhibited less cytotoxicity with drug concentra-
tions up to 25 g/ml when compared to free DOX, they exhibited a strong inhibitory
effect on cell growth at 50 g/ml when compared to free DOX.

Ignatova et al. [40] electrospun poly(L-lactide-co-D, L-lactide) (coPLA) fibres
loaded with quaternized chitosan in combination with DOX against HeLa cells and
concluded [40, 41] that these fibres inhibited HeLa cells more effectively for the
initial 6 h than pristine DOX. Additionally, Ignatova et al. [41] demonstrated the
efficacy of coPLA electrospun fibres filled with quaternized chitosan in combina-
tion with DOX in the treatment of human breast carcinoma cell lines. Significant
anti-proliferation activity was demonstrated by the drug-loaded quaternized chitosan
fibres against carcinoma cells, indicating that the electrospun mats could be used to
treat cancer carcinoma cells.

Toshkova et al. [42] defined an effective method for treating Graffi myeloid
tumour cells with coPLA electrospun strands having quaternized chitosan and DOX.
At 24 h, the cytotoxicity of electrospun filaments and free DOX was similar to that
of tumour cells. With increasing concentrations of quaternized chitosan, an inhibi-
tory effect was observed on the cell growth. Chitosan also killed Graffi apoptotic
cells at a 100% rate, which may have inhibited its development through apoptotic
changes, as Hasegawa et al. described against bladder tumour cells [43].

After coating the Fe;0, NPs-loaded PLA electrospun fibres with tetrahepty-
lammonium particles and daunorubicin (DNR) compound, it was confirmed to be
effective against K562 leukaemia cancer cell lines [24]. Fe;0, nanoparticles when
combined with PLA nanofibers also enhanced the drug’s cellular absorption. Due to
the drug’s positive nature, an improvement in DNR activity was accounted for. Fol-
lowing this, the negative charge of the PLA nanofibers caused DNR to accumulate
on their surface, thereby leading to an increase in the absorption and bioactivity of
DNR by tumour cells.

A reservoir-type anticancer drug delivery system was formulated using electro-
spun PLA-PEG fibres. Xu et al. [44] accomplished these results by emulsion elec-
trospinning, in which DOX-loaded PLA-PEG electrospun fibres were emulsified
with sodium dodecyl sulphate as a surfactant. He found that with an increase in the
hydrophilic drug DOX concentration in the emulsion, there was an increase in the
thickness of the sheath as well, yet the centre became thinner. Interestingly, the first
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and second stages of the drug release followed Fick’s Law, owing to the reservoir-
type scheme. According to Fick’s law of diffusion, the flux moves from regions of
higher concentration to regions of lower concentration, and it was stated that the
earlier stage of drug release was less than the later stage.

Luo et al. [45] investigated the anticancer activity of electrospun PEG-PLA
nanofibers, known as PELA, containing hydroxycamptothecin (HCPT) against
mouse Hepatoma H22 cancer cells. Initially, the fibres demonstrated burst release of
HCPT accompanied by sustained in vitro release. Several primary findings included
the following: up to 90% of the HCPT drug was released after 20 days of incuba-
tion, the degradation rate of the PELA fibres accelerated when the HCPT drug was
added, and the drug was highly sensitive due to the existence of the lactone ring.
When the fibres were tested in vitro for cytotoxicity, they demonstrated an inhibitory
effect of 20-fold against HepG2 cancer cell lines when compared to HCPT, and their
in vivo activity against H22 cancer cells in mice was meaningful.

Zhang et al. [46] sought to fabricate a heart/shell structure using electrospinning
and thermoresponsive pNIPAM as the shell and polylactic acid PLA as the core. In
the presence of a tubulin polymer known as combretastatin A4 (CA4), the PLA NFs
were created.

The PLA Nanofibers were synthesized in the presence of combretastatin A4
(CA4), a tubulin polymerization inhibitor and model compound, as well as the
cross-linker (V,N'-methylenebisacrylamide). The in vitro drug release was found to
vary with decreasing critical solution temperature. The pNIPAM shell was effec-
tive at limiting the rate of CA4 release below the lower critical solution temperature
(LCST), but greatly increased the rate of drug release above the lower critical solu-
tion temperature. Cicotte et al. investigated the reversible attachment of pNIPAM
mats seeded with mammalian cells using two kinds of cells. They used both regular
(MC3T3-E1) and cancerous (EMT6) cell lines. He discovered that pNIPAM mats
made of small and dense fibres derived from high molecular weight pNIPAM poly-
mers exhibited a rapid release process.

Similarly, Jing electrospun hydrophobic drug PTX and hydrophilic drug DOX
into poly(ethylene glycol)—poly(l-lactic acid) (PEG-PLA) to achieve rapid and sus-
tained release of DOX and PTX. Not only did sequential transmission from the dual
system result in increased apoptosis and inhibition of rat glioma C6 cells, but it also
resulted in increased antitumour efficacy. For instance, sequential administration of
combretastatin A4, a vascular disrupting agent, and hydroxycamptothecin, a chemo-
therapeutic drug, sequentially killed endothelial and tumour cells, destroying tumour
vasculature and resulting in limited tumour metastasis to the lung [47].

Using the property of randomly oriented nanofibers to successfully mimic
the ECM architecture of tumour tissue, Mo and coworkers designed electrospun
nanofiber scaffolds as 3D cancer models. They proved that L-929 cells permeated
and multiplied within the 3D scaffolds, showing a side to side asymmetry.

Hingtgen engineered stem cells that secrete tumour necrosis factor-related apop-
tosis-inducing ligand (TRAIL) on electrospun PLA nanofiber implants. When the
NFs released the antitumour protein TRAIL, a successful inhibition of residual glio-
blastoma regrowth was observed, as well as a longer median survival period in mice
following their implantation into the surgical cavity [48].
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The conclusion reached was that PLA could be a viable option for extending the
period of drug release up to 90 days. Additionally, depending on the type of drug
used or the molecular mass of PLA, PLA nanofibers demonstrated a mixture of ini-
tial and sustained burst release, demonstrating their efficacy in destroying various
cancer cell lines. While establishing a connection between in vitro and in vivo stud-
ies can prove difficult due to the large molecular diversity of PLAs, their interaction
with drugs, and the changing biological climate.

Poly(L-Lactide)/PLLA

Paclitaxel (PTX) was incorporated into poly(L-lactic acid-co-caprolactone), in the
ratio of 75:25 of PLLA-CL NFs. The injector was composed of a coaxial needle
with an inner chamber filled with paclitaxel (PTX) solution and an outer chamber
filled with the polymer [37]. Paclitaxel is a chemotherapeutic agent that is widely
used to treat cancers of the breast, lung, ovary, prostate, and bladder. PTX was
employed and dissolved it in 2,2,2-trifluoroethanol. Following that, he electrospun
the PTX solution directly into a polymeric P(LLA-CL) shell. They synthesized a
variety of cone/shell NFs with variable diameters that varied according to the poly-
mer concentration and flow rate between the two solutions. After closely monitor-
ing the drug delivery through the arrangement, it was determined that a brief burst
of PTX occurred within the first 24 h, followed by a very slow release for the next
60 days. Without a doubt, the PTX-IN-P(LLA-CL) nanofibers, too, inhibited HeLa
cell operation [37].

Lovastatin was fully dissolved in a solution of PLLA and hexafluoro-isopropanol
as the solvent [49]. In PLLA, lovastatin was used at weight percentages of 0, 5, and
10%. At lovastatin concentrations of 5 or 10%, an improvement in the NFs prop-
erties was observed, not only in terms of alignment but also in terms of surface
smoothness and diameter. Lovastatin encapsulated in PLLA Nanofibres demon-
strated a high drug entrapment efficiency of 72-82% and also demonstrated a two-
stage in vitro drug release behaviour. Initially, a rapid release was observed during
the primary day, followed by a slower release that reached a steady level after 7
days.

Qiu et al. [50] formulated a drug-loaded implantable device to treat a tissue defect
after tumour resection. UV spectroscopy was used to incorporate Mesoporous Silica
Nanoparticles (MSNs) loaded with DOX into electrospun PLLA NFs, and then a
few nanocomposite frameworks containing various MSNs and DOX material were
developed. They discovered high DOX-loading capacities when they examined the
in vitro antitumour viability against HeLa cells. Not only was the drug released con-
tinuously, but its in vitro antitumour efficacy was also higher as compared to free
MSN particles. In this way, these composite nanofibers mats are extremely encour-
aging as a possible postsurgical malignancy treatment device.

Zhang et al. [35] used the ability of carbon nanotubes to absorb near infrared radi-
ation to consolidate DOX and multi-walled carbon nanotubes (MWCNTS) in a meth-
anol/chloroform solution dispersed with PLLA in CHCI3 to create nanofibers. With-
out the methanol/chloroform solution, the DOX release was extremely restricted in
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the PLLA. Nevertheless, when NIR light (2 W/cm2) was added to DOX-stacked
MWCNTs in PLLA, burst arrival of the stacked DOX occurred in 2 h with 20%
rate during the 30 min illumination cycle. It was concluded that the NIR radiation
increased the temperature of the tumour area in contact with the Nanofibers.

Due to the tumour tissue’s acidic microenvironment, the pH-dependent kinetics
of drug release is accounted for, ranging from 7.4 (typical tissue) to 6.8 (tumour tis-
sue) (harmful tissue). Cui and his colleagues demonstrated this by electrospinning
poly(I-lactic) (PLLA) strands with CaCO;-coated DOX-mesoporous silica nanopar-
ticles (MSN) [51]. CaCo; interacts with the H+ions produced by the tumour cells’
acids and produces CO,, thus increasing the penetration of water into the PLLA
strands, assisting release of the drug.

Controlling adverse effects that can be fatal to nontumourigenic sound proliferat-
ing cells is one of the most difficult aspects of cancer therapy. Wu et al. also elec-
trospun PLLA nanofibers as a carrier for titanocene dichloride against lung tumour
cells, achieving inhibition rates of 11.2, 22.1, 44.2, and 68.2% with drug concentra-
tions of 40, 80, 160, and 240 mg/L, respectively [35].

Jing developed doxorubicin-stacked PLLA electrospun nanofibers to inhibit
incurable liver cancer and to prevent tumour recurrence following surgery. In doing
so, he observed an improvement in the median survival time of mice carrying auxil-
iary hepatic carcinoma from 14 to 38 days.

Xu et al. [52] used an emulsion electrospinning process to build anticancer
nanofiber layouts from composites of polyethylene glycol and poly(L-Lactic corro-
sive) diblock copolymer with paclitaxel and doxorubicin. Due to paclitaxel’s hydro-
phobic nature, its doxorubicin release was found to be slower than that of the scaf-
fold. Additionally, it was demonstrated that the combination therapy for cancer drug
delivery using rat glioma C6 cells delivered more drug than the single-loaded drug
system [52].

Poly(lactic-co-glycolic acid)/PLGA

Xie et al. synthesized the antitumour drug paclitaxel in PLGA electrospun nanofiber
mats [53, 54]. The drug’s release was studied in vitro using C6 glioma cells. He was
able to monitor the diameter of the polymer fibres by studying their behaviour in
presence of various polymer concentrations and quantities of an organic salt called
tetrabutylammonium tetraphenylborate (TATPB) [53]. The diameter of the NFs was
reduced from approximately 10 mm to 30 nm following the addition of salts [54].
There was a 99% encapsulation efficiency for PTX-IN-PLGA NFs, confirming a
continuous drug release for up to 60 days. Ranganath et al. [5S5] have demonstrated
that these submicron/nanoscale intracranial implants have promising paclitaxel
pharmacokinetics within the brain or tumour with substantial tumour inhibition
when used to treat malignant glioblastoma in mice.

Wei et al. [56] defined a method for incorporating nano- and microparticles into
electrospun PLGA and gelatin fibres enveloped with ZnO nanoparticles. These were
equipped with both the hydrophobic anticancer agent camptothecin (CPT) and the
hydrophilic anticancer agent doxorubicin (DOX). This hybrid system demonstrated
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a low rate of DOX release. CPT, on the other hand, demonstrated a rapid release
rate during in vitro research. Additionally, adding gelatin improved the mechanical
properties of the fibres, resulting in a decrease in drug burst release. The composite
fibres demonstrated a high level of antitumour activity against HepG-2 cancer cell
lines.

Vashisth et al. [52] investigated the treatment of Hep G2 cancer cell lines using
PLGA/PEO electrospun fibres filled with ferulic acid (FA). Scanning electron
microscope revealed the smooth surface of PLGA/PEO fibres loaded with FA with
an average diameter of about 150 nm. In vitro, these fibres exhibited a high level of
cytotoxicity against Hep G2 cells. The produced fibres outperformed isolated FA
due to the prolonged release effect of FA. While isolated FA inhibited cancer cell
growth by 51.90%, PLGA/PEO nanofibers loaded with FA inhibited growth by up to
71.30%, owing to FA’s sustained release.

To low-water-soluble molecules such as PTX, a hydrophilic anti-toxin drug called
MefoxinR was electrospun into polymeric NFs using PLGA. A blend of PLGA/
PEG-b-PLA/PLA was formed in the ratio 80:15:5, respectively [57]. The density
and morphology of the nanofibers were observed to be dependent on the drug and
ionic salt concentrations. After one hour of dosage administration, they acquired
intriguing antimicrobial effects on Staphylococcus aureus cultures [57].

In the electrospun PLGA/gelatin NFs configuration, the PLGA MSNs increased
the hydrophobicity of the electrospun NFs, while gelatin increased the mechanical
properties. These nanoformulations with a final size of approximately 267 nm pro-
vided an optimal microenvironment for stem cell adhesion, development, and migra-
tion during nervous tissue regeneration [58, 59].

Additionally, Qi et al. [60] observed that the integration of MWCNTs, filled with
DOX, into PLGA NFs increased their mechanical properties and investigated the
in vitro viability of these composite nanofibers using 1929 cells. Not only did the
dispersing DOX-loaded MWCNTs in PLGA cause reduction in burst release, but it
also allowed sustained DOX release for more than 42 days. Additionally, Yu et al.
used this CNTs-in-NFs method to electrospray DOX HCL. Although the amount
of carbon nanotubes in the final mixture was altered, its in vitro antitumour efficacy
against HeLa cells demonstrated a sustained, prolonged DOX release effectively
inhibiting HeLa cell formation.

Sasikala et al. [61] developed an implantable hybrid NFs system with two impor-
tant applications: magnetic hyperthermia in response to an AMF and a drug release
specific to cancer cells, facilitating synergistic cancer therapy. Bortezomib (BTZ), a
borate-containing anticancer drug and protease inhibitor, was used to achieve this. A
mixture of Fe;O, NPs dispersion, PIGA solution, and a polydopamine shell was fab-
ricated using blend electrospinning. Polydopamine was used as a shell-mimicking
mussel adhesive, causing several catechol moieties to bind to it and release an anti-
cancer drug containing borate. The hybrid NFs demonstrated strong fibre morphol-
ogy and some Fe;O, aggregation within them. After three cycles of hyperthermia,
PLGA nanofibers loaded with BTZ in Fe;O, demonstrated increased antitumour
efficacy in murine breast cancer cell lines (4T1).

A synergistic therapy was needed that could inhibit cancer cell proliferation,
angiogenesis, and invasion simultaneously. Wang accomplished this by combining
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RNA interference with chemotherapy for brain tumour treatment, with each drug
performing a unique role. To inhibit tumour cell proliferation, the anticancer drug
PTX was used, and MMP-2 RNAi plasmids were used to inhibit cancer cell inva-
sion and angiogenesis [62]. The benefit of this method was evaluated in an in vivo
analysis using a mixture of PLGA, PTX, and PEG solution to create an intracranial
xenograft tumour model in BALB/c strain of nude mice.

Hou et al. embedded novelcro chips in PLGA nanofibers and conjugated anti-
bodies known as anti-CD146 which are specific to melanoma. This procedure was
used to isolate individual circulating melanoma cells [62]. Electrospinning was used
to encapsulate low molecular weight PLGA copolymers with curcumin, resulting
in smooth nanofibers. Additionally, no aggregations were found on the soil. A sus-
tained release of curcumin was seen in the in vitro experiments, as well as a cyto-
toxic effect on the A431 squamous carcinoma cell line.

Lee et al. used PLGA fibres sheets to deliver epigallocatechin-3-O-gallate to the
damaged abdominal aorta in order to minimize intimal hyperplasia (EGCG). For
24 h, a burst release of EGCG was observed from the EGCG-loaded sheets. They
exhibited continuous release in phosphate buffer for the next 30 days and longer.
In vivo experiments with these EGCG-loaded fibres demonstrated that they were
effective against intimal hyperplasia. To create an ideal implant carrier for radio-
therapy with minimal side effects, Nie et al. [63] used electrospun PLGA ultrafine
fibrous membranes and surface-modified them to stably bind radionuclide 90Y. The
labelled nanofibrous membrane functioned as a novel radio-medical appliance, kill-
ing cancerous cells locally. It could be customized not only to the tumour’s size but
also quantitatively surface-modified with 90Y to meet the tumour’s needs.

Koyakutty and coworkers employed a temozolomide-loaded poly(lactic-co-gly-
colic acid) (PLGA)/PLA/ PCL electrospun mat for the treatment of recurrent glioma
[61, 62, 64].

Cellulose acetate

CA is formed when cellulose reacts with acetic anhydride and acetic acid in pres-
ence of sulphuric acid [62, 65]. To shape fibres, cellulose acetate in solution with
an ideal degree of substitution (DS), typically between 2 and 2.5, is needed. CA is
readily soluble in a variety of solvents, including acetone, methyl acetate, and diox-
ane, within this class of degree of substitution. CA is, however, soluble in dichlo-
romethane if degree of substitution is greater than 2.5 [66, 67], almost completely
(90-95%) when immersed in the solution. The electrospun CA fibres containing cur-
cumin were found to be non-toxic to human dermal fibroblasts.

Poly(hydroxyalkanoate)/PHA

Polyhydroxyalkanoates (PHAs) fall under the category of green materials which are
biocompatible and biodegradable and are formed by a variety of microorganisms
[68, 69]. PHAs have been shown to be both healthy and effective for tissue regen-
eration and cell proliferation without causing tumours [70]. While PHA nanofibers
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were less crystalline than bulk film, they had a greater contact angle (130° for PHA
versus 77° for bulk film), which could be attributed to the increased surface rough-
ness of these fibres [71, 72]. Being a product of microorganism synthesis, commer-
cialization of these polymers is a significant challenge due to the high cost of purity.

Researchers have found that the anticancer efficacy of cationic peptides has been
increased when cationic peptides are conjugated to the depolymerized PHAs form-
ing (R)-3-hydroxidecanic acid (R10). Conjugated or conjoint peptides are cytotoxic
to a greater extent than in vitro non-conjugated peptides to colorectal cancer (HT-
29), lung carcinoma (A549), T-celled leukaemia, human glioma (SNB-19), breast
carcinoma (MDA-MB-231) and human pancreatic carcinoma (MiaPaCa) cell lines
[71, 72].

Poly(styrene)/PS

Polystyrene (PS) is a man-made polymer with a very low biodegradation rate. These
nanofibers have been successfully used for magnetic hyperthermia treatment of
cancer cells when loaded with iron oxide nanoparticles (IONPs) [73]. Hyperther-
mia therapy works by killing cancer cells by applying heat to a targeted region. On
exposing it to an alternative magnetic field, the iron oxide nanoparticles-loaded-PS
nanofibers produce heat. Additionally, coating these PS nanofibers with collagen
improved cancer cell adhesion to the nanofibers. Within ten minutes, they eliminate
all human ovarian cancer cells, SKOV- 3, attached to its surface.

Daunorubicin, an anticancer drug, was stated to form electrospun fibres when
loaded in poly(N-iso-propylacrylamide)-co-polystyrene. These fibres effectively
treated and decreased multiple drug resistance (MDR) of leukaemia 562 cancer
cell lines, which resulted in increased drug absorption [74]. When MDR leukaemia
562 cells were treated with nanofibers, the cells displayed increased fluorescence,
indicating that the nanofibers had an effect on P-glycoprotein, a multi-drug-resist-
ant protein. The MDR-protein, in its purest form, repels the drug. When the drug
is loaded into the nanofibers, the cancer cells’ MDR-protein does not detect it and
the drug becomes bound to the nanofibers. Thus, there is a release of daunorubicin
from nanofibers, efficiently penetrating cancer cells and resulting in increased fluo-
rescence [73, 74].

Huang et al. dispersed and ultrasonicated [75] 50 mm Fe;O, NPs in THF and then
used blend electrospinning to form a mixture of PS solution. Due to the fibres” high
loading ability, the hybrid Fe;O,-in-PS NFs device underwent a significant heating
process following AMF application. Additionally, collagen could be functionalized
on the surface of the hybrid NFs to promote cell attachment. This technique has two
critical advantages: The fibres can be filled in a safe and controlled manner with
magnetic nanoparticles and magnet resonance imaging (MRI) can locate the com-
posite fibres in the body [75].

Metalloproteinase 9 is a promising and recognized candidate for diagnostic can-
cer owing to its widespread upregulation in malignant tissues. This was detected
by Koh and Han through the combination of a hydrogel-framed electrospun poly-
styrene/poly(styrene-alt-maleic anhydride (PS/PSMA) nanofiber with a microfluidic
device. Additionally, they discovered that they can also facilitate the handling and
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integration into microfluidic systems with the incorporation of hydrogel micropat-
terns into the electrospun matrix [75, 76].

Poly(vinyl alcohol)/PVA

PVA is a biodegradable and biocompatible polymer that has been used as a cap-
ping agent in drug delivery applications [77]. Detection of cancer at an early stage
is proven to be extremely helpful. Zhao et al. [78] used electrospun PVA and poly-
ethyleneimine (PEI) nanofibers with a diameter of approximately 460 nm to detect
and capture CD44 cancer cells in their early stages. The nanofibers developed were
smooth and exhibited high haemocompatibility and cytocompatibility [78, 79].
Additionally, Fan et al. [79] immobilized folic acid on PVA/PEI nanofibers in order
to detect and diagnose early-stage cancer using folic acid receptors.

The ability of PVA nanofibers loaded with Pt (iv) micelles and Dichloroace-
tate (DCA) to treat cancer cells with less systemic toxicity and increased antican-
cer system efficacy has been documented. DOX-loaded PVA-with chitosan-loaded
core—sheath nanofibers are also well-known for their ability to treat SKOV3 ovarian
cancer cells with tunable DOX release. Singh et al. sought to avoid extravasation,
inflammation, and other adverse effects associated with chemotherapy while treat-
ing oral cancer. He electrospun Docetaxel (DOC) into polyvinyl alcohol (PVA) fibre
to create a mucoadhesive nanocarrier DOC-PVA. It demonstrated that anticancer
drugs can be successfully administered locally using polymeric NF in in vitro stud-
ies [79-81].

Core—sheath structured nanofibers were developed using blend electrospinning
with PVA, active-targeting micelles, being the core component and cross-connected
gelatin as the layer of sheath. The micelle-in-nanofiber system implantable DOX-
loaded device has the potential to significantly reduce drug administration frequency,
adverse effects, and dosage while remaining very effective against an artificial solid
tumour [81, 82]. Although achieving uniform micelle dispersion in the polymer
solution is a significant challenge, encapsulating micelles in electrospun nanofibers
will improve micelle stability and provide a longer time of sustained release.

Malhotra and colleagues synthesized a paper-based conducive framework using
electrospun poly(3,4-ethylenedioxythiophene) and poly(4-styrene-sulfonate)/PVA,
that is, (PEDOT:PSS/PVA) fibres. Monoclonal anti-carcinoembryonic antibodies
were physically absorbed onto the system of nanofibers to ensure the identification
of cancer biomarkers [80—82]. With a linear detection range of 0.2 to 25 ng/mL, a
higher sensitivity of 14.2 A ng/mL cm?, and a shelf-life of 22 days, this paper bio-
sensor has shown improved sensing efficiency for the detection of the cancer bio-
marker carcinoembryonic antigen.

Thundat exploited cancer cells’ ability to absorb glucose and excrete lactate to
deposit pH-sensitive PVA/PAA electrospun nanofibers. This was accomplished
successfully on a light-addressable potentiometric sensor surface to measure or
quantify the cancer cell acidification. It aided them in noninvasively comprehend-
ing not only their metabolic activities, but also their response to chemotherapies.
Regulated, controlled release for about 24 h, combined with a decline in the viability
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of basal-cell (BCC) cell line was observed in the in vitro and ex vitro drug release
profile of 5-fluorouracil-chitosan and polyvinyl alcohol (PVA) mixtures. The combi-
nation of photothermal-induced hyperthermia and pharmaceutical supply has shown
increased cytotoxicity in vitro and in vivo in Hela cancer cells. By electrospinning,
Barzegar et al. [83, 84] introduced graphene into PVA NFs to generate hybrid NFs
of graphene/PVA.

Polyvinyl pyrrolidone (PVP)

Electrospinning resulted in smooth and homogeneous curcumin-loaded polyvi-
nyl pyrrolidone (PVP) nanofibers. Curcumin-loaded PVP nanofibers demonstrated
enhanced anticancer activity when tested in vitro against the B16 murine melanoma
cell line. Additionally, they demonstrated an enhanced tumour inhibitory effect
when tested in vivo on C57BL/6 mice [83, 84].

Zhang and colleagues used a series of steps to isolate cancer cells from synthetic
circulating tumour cells blood samples using a sequence of steps. To begin, a TiO,
nanofiber substrate was created by calcining titanium n-butoxide (TBT) by elec-
trospinning it with polyvinylpyrrolidone (PVP) fibres [85]. Then, using N-hydrox-
ysuccinimide (NHS)/maleimide chemistry, streptavidin (SA) was introduced onto
the surface of TiO, nanofiber coated with N-maleimidobutyryloxy succinimide
ester (GMBS). Finally, biotinylated epithelial cell adhesion molecule antibody
(anti-EpCAM) was combined with substrates coated with SA. Additionally, in vitro
examinations demonstrated the capability of the NF system to capture whole blood
samples from patients with gastric and colorectal cancer.

Polyacrylonitrile (PAN)

Using a radiotherapeutic method, radioactive holmium-166 (166Ho) was used
to create a bandage by inserting it into electrospun PAN nanofibers. To begin, the
bandage was fused with nonradioactive holmium-165 (165Ho) iron garnet nanopar-
ticles. Following that, neutron activation was used to generate 166Ho, which not
only provided stable bandages but also avoided any significant leakage, meeting the
safety requirements for treatment of skin cancer lesions without harming healthy
cells. Additionally, photothermal therapy (PTT) has been used by photothermal
agents such as gold nanostructures and graphene oxide to transform near infrared
(NIR) light into heat, thus ablating tumours [85-87].

Additionally, self-immolating polymer (SIP)/polyacrylonitrile (PAN) fibres [88]
were used to fabricate stimuli-responsive NFs for antitumour drug delivery. When
exposed to an external stimulus, these NFs rapidly depolymerize, resulting in instan-
taneously releasing transported molecules at the specified time.

Feng et al. [63] employed blend electrospinning to fabricate a mixture of Fe;O,
NP and functionalized graphene oxide sheets, which were then introduced into
PAN to form nanofiber films. These hybrid films showed strong magnetic proper-
ties after being dispersed in tertbutanol solution. Additionally, the external graphene
oxide (GO) on the surface of the fibres facilitated cell membrane protein adhesion,
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resulting in a high degree of biocompatibility. Due to these properties, breast cancer
cells were captured on the surface of these Short-Fibres.

Polycaprolactone (PCL)

In vitro-cytosis of human breast cancer cells, MCF7 and lung cancer, A459, cell
lines as opposed to 1% of PCL nanofibers loaded with cis-platinum cells (on com-
mercial grading) after 24 h of incubation has been demonstrated in the presence of
curcumin and natural extract-laden PCL nanofibres [89]. The mechanical character-
istics of PCL nanofibers were enhanced by the adding of aloe vera. On the other
hand, turmeric and neem extract had a negative effect on their mechanical character-
istics. However, in comparison with commercially available PCL-loaded cis-platin
fibres, the fibres produced superior inhibition of growth against the tested cancer
cell lines [89].

Yohe et al. [90] investigated how air trapped inside nanofibers could be used
to enhance the stability of PCL electrospun fibres encapsulated in a hydrophobic
poly(glycerol monostearate-co-caprolactone) (PGC-C18) polymer. This was vali-
dated using two different forms of anticancer medications. When the nanofibers
were tested against human colorectal cancer cells, it was discovered that they were
cytotoxic for above 90 days and that adding PGC-C18 conferred superhydropho-
bicity on the fibres. Additionally, adding PFG-C18 raised the water contact angle
from 121 to 143°, but resulted in a slower and more prolonged drug release. On the
whole, the super-hydrophobic nature and the entrapped air resulted in less hydroly-
sis and longer-lasting drug release [90, 91].

Chen et al. developed a formulation of indomethacin (MC) using PCL and gela-
tin fibres. He then combined this structure with DOX-loaded nanoparticles of the
core—shell form. This device was tested against mouse tumour cells and demon-
strated sustained drug release and 96% inhibition of cancer cells [92].

Green tea phenols were loaded into PCL and multiwall carbon nanotubes (MWC-
NTs) by Shao et al. [93]. These nanofibers were then screened for treatment of can-
cer hepatoma, Hep G2 and human epithelial, A549 cancer cells. It was observed
that the green tea phenol-loaded nanofibers had a greater antitumour efficacy against
Hep G2 cells than A549 cells during in vitro study. Using PCL electrospun nanofib-
ers coated with polydopamine, Xie et al. fabricated a pH-responsive drug delivery
system. The polydopamine coating was used because it was permeable to charged
molecules at a wide range of pH values. DOX drug release was also observed in
acidic instead of neutral or basic aqueous solutions, drastically to decrease cancer
cell viability [94].

Hadjiargyrou electrospun PCL nanofibers with plasmid DNA encoding small/
short hairpin RNA (shRNA) directed against the cell cycle-specific protein Cdk2.
The electrospun nanofiber scaffolds filled with DNAs were observed to be capable
of delivering bioactive and intact plasmid DNA for more than 21 days, resulting in
reducing the proliferation of MCF-7 breast cancer cells by 40%.

Lannutti and colleagues developed core/shell structured fibres and an oxy-
gen-sensitive probe using PCL as the shell. To detect oxygen, it also contained
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platinum-octaethylporphyrin (PtOEP) and tris(4,7-diphenyl-1,10-phenanthroline)
ruthenium (II) (Ru(dpp)) with polydimethylsiloxane (PDMS) as the nucleus. The
sensor responded rapidly in a span of 0.5 s, owing to the porosity of the structure
and the high oxygen permeability of PDMS for cancer detection [95].

Viapiano examined the migratory ability of metastatic cancer cells using
closely aligned PCL nanofibers. The alignment of glioma cells on aligned
nanofibers activated STAT3, also known as the transcription factor, which is a
critical regulator of tumour metastasis and progression in solid cancers [96].

The effect of an electrospun nanofibre substrate on chemoresistance was exam-
ined by Kmiec as a critical factor in the failure of current chemotherapy treat-
ments. He studied the activity of highly chemotherapy-resistant breast cancer
stem-like cells (BCSCs) that develop on PCL/chitosan nanofibers and found that
BCSCs increased mammary cell markers and increased their potential to form
spheres [97].

Bellamkonda developed a novel anticancer therapeutic method and termed it as
the “tumour guide” unit, which used aligned PCL nanofibers as a guide. The intrigu-
ing property of these NFs is that they structurally resemble blood vessels and white
matter tracts, allowing invasive tumour cells to migrate away from the tumour site
and into the extracortical space. In vitro analysis revealed that the glioblastoma
cells- US7MG-eGFP were elongated on the aligned fibres, in contrast to the polygo-
nal form on the smooth film. Additionally, over a 10-day period, the cells migrated
4-4.5 mm along the aligned nanofiber but only 1.5 mm along the smooth films. The
glioblastoma cells’ movement along the aligned nanofibers not only reduced the
total tumour volume significantly, but also moved and inhibited the growth of pri-
mary tumours [98].

Hartman et al. electrospun perlecan domain IV (PInDIV) peptide with 3D PCL/
gelatin nanofiber scaffolds and demonstrated that these scaffolds aided C4-2B can-
cer cell proliferation, survival, and migration [99].

Holzapfel combined tubular PCL scaffolds with human mesenchymal cells and
rhBMP-7 to create a humanized bone organ using melt electrospinning. The result-
ing framework stimulated the proliferation of human prostate cancer cells and
resulted in the creation of macro-metastases [100].

Zhang et al. [95] synthesized a triblock copolymer system from poly(L-glutamic
acid)-b-poly-(propylene oxide)-b-poly(L-glutamic acid). Since the micelles were
capable of delivering drugs with a low water solubility, such as PTX, at clinically
appropriate concentrations, they could be used as drug-loaded nanocarriers. They
were then electrospun onto NFs scaffolds composed of (poly(L-lactide-co-caprolac-
tone) (PLCL):fibrinogen; 2:1 (w/w)).

Yang et al. suggested coaxial electrospinning to incorporate DOX into the PCL-
PEG copolymer. Following their incorporation into a PVA solution dissolved in dis-
tilled water, the micelles were functionalized with folic acid targeting the tumour
cells directly. The outer shell layer of the NFs is made of cross-linked gelatin. The
drug release findings aided to conclude that the implantable system significantly
decreased the dosage of the chemotherapeutic drug, the frequency with which it
was administered, and its side effects while remaining highly effective against solid
tumours.
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Curcumin and neem have also been loaded, through electrospinning, into nanofibers
containing polycaprolactone (PCL) [101]. After 72 h of treatment with dual drug sys-
tem, enhanced anticancer activity against A431 cancer cells with no registry of toxicity
to HaCaT skin cells [101].

The PCL nanofibers were also filled with the imiquimod anticancer medication drug
in one of these experiments, which resulted in two main findings: sustained, contin-
ued in vitro drug release and 50% decrease in melanoma cell viability. It was therefore
concluded that nanofibers filled with imiquimod are possible and ideal for treatment of
melanomas and basal-cell carcinomas [102, 103].

The antibiotic doxycycline was electrospun into PCL/gelatin nanofibers and this
hybrid nanocomposite also contained hydroxyapatite nanoparticles. On comparing it
with 4T1 and CACO-2 cancer cell lines, the matrix of nanofibres demonstrated the
greatest antitumour activity against the A431 epidermoid carcinoma cell line. Thus,
it was concluded that nanofibers are feasible and appropriate for treating skin cancer
[104].

PCL and Chitosan were also combined to form core/shell electrospun nanofibers
with a core of 5-fluorouracil (5-FU) and PVP. This system of fabricated nanofibers
exhibited remarkable properties, including high mechanical power, high drug encapsu-
lation ability, and inhibitory activity against the melanoma cell line- B16F10, as indi-
cated by a rise in the number of early apoptotic cells [105].

Additionally, PCL nanofibers have been used to treat skin cancer using molybdenum
(MOL) nanoparticles [106]. Molybdenum has been shown to be important in shield-
ing the skin from cancer [107]. The findings demonstrated that Mo-loaded nanofibers
significantly decreased the viability of cancer cells in the in vivo skin cancer model
induced in zebra fish. Covering tumour sites with PCL-Mo resulted in a substantial
reduction in cancer development, rehabilitating them for delivery of the drug [106,
107].

Wang et al. demonstrated that membranes built from electrospinning bifunctional
PCL nanofiber composites containing uniformly distributed Cu,S nanoparticles as a
localized photothermal agent, responded well to NIR irradiation. This increased the
death rate of A375 and B16F10 skin cancer cells in vitro and in vivo, establishing it as
a photothermal sensitive anticancer platform [108, 109].

Copper silicate hollow microspheres (CSO HMSs) were synthesized in conjunction
with SiO, as a sacrificing template for the synthesis of a novel dual purpose scaffold.

Additionally, after hydrothermally loading trametinib (Tra) into these hollow micro-
spheres, they were electrospun into a PCL/PLA (PP) matrix, forming Tra-CSO-PP
scaffolds. These nanofiber composites exhibited excellent photothermal properties,
enhancing the in vitro and in vivo synergistic therapeutic activity against skin cancer
[109, 110].
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Natural polymers
Chitosan

Chitosan (CS) is one of the most researched natural polymers for drug delivery, tis-
sue engineering, and various other medical applications due to its well-established
anticancer properties [64, 110, 111]. The only disadvantage of Chitosan is that it
does not provide continuous release for an extended period of time, as Chitosan is
hydrophilic and its swelling behaviour permits for fast drug diffusion from fibres.
Additionally, it is well recognized that Chitosan cannot be easily electrospun with-
out the assistance of supporting polymers, like PVA or PEO, majority of which are
hydrophilic. As a result, achieving sustained anticancer drug release for an extended
period of time (weeks) is comparatively difficult.

Ma et al. [112] electrospun nanofibers which were highly porous, using a mix-
ture of CS and PEO. Its porous nature was achieved by removing PEO from fibrous
material through a post-spinning water treatment. Rather than having the drug incor-
porated into the spinning solution, he soaked the porous Chitosan nanofibers in
paclitaxel solution and then cross-linked them with hyaluronic acid (HA) solution.
Initially, they demonstrated a rapid burst release accompanied by a sustained release
after 48 h of incubation. These nanofibers have been shown to inhibit cell growth in
DU145 prostate cancer cells, HeLa breast cancer cell lines, and myeloid cells [38,
39].

Ardeshirzadeh et al.[113] loaded fibres made by electrospinning CS/PEO/gra-
phene oxide (GO) with DOX to inhibit A549 cell growth in vitro for 72 h. Though
he recognized that the CS/PEO/GO electrospun fibres were less effective than CS/
PEO drug-loaded fibres due to an interaction between DOX and GO. Finally, the
electrospun fibres composed of CS/PEO/GO demonstrated pH-dependent drug
release and a sustained release at pH 7.4.

Li et al. [91, 114] studied a dual drug delivery strategy involving the use of two
different medications, 5-FU and paenolum. 5-fluorouracil is a hydrophilic chemo-
therapeutic agent that is primarily used to treat colon cancer, while paenolum is
a hydrophobic molecule with anti-inflammatory properties that is used to prevent
blood platelet clotting. The vesicles were synthesized by combining three sur-
factants: didodecyldimethylammonium bromide, cetyl trimethyl ammonium bro-
mide (CTAB), and sodium dodecyl benzene sulfonate (SDBS). He then encapsu-
lated these vesicles in nanocapsules produced by electrospinning a mixture of
chitosan and sodium alginate. The chemotherapeutic drug was combined with vesi-
cle formation and UV-visible spectroscopy. Its drug release exhibited a wide range
of variability depending on the release rate and pH [91, 114].

Additionally, Hu et al. [115] produced colloidal structures for dual drug deliv-
ery using a block copolymer composed of methoxypoly(ethylene glycol)-block-
poly(ethylene glycol) (L-lactide). He introduced two drugs: 5-FU, a water-soluble
chemotherapeutic agent, and cefradine, a lipophilic antibiotic active against Gram-
positive bacteria. A mixture of PEO and chitosan was infused into the exter-
nal layer of the NFs, along with the drugs loaded through blend electrospinning.
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Without micelles, the NFs were uniform and smooth, but after micelles were added,
the surface of the NFs became relatively rough, with diameters ranging from 200
to 800 nm. Additionally, some black spheres were observed having diameters of
approximately 150 nm. After three days of incubation, it was discovered that this
device could significantly cause reduction in the activity of HepG-2 cells while
maintaining cell viability.

Radmansouri et al. [116] used nanofibers loaded with DOX hydrochloride elec-
trospun from chitosan/cobalt ferrite/titanium oxide to concurrently treat melanoma
cells (B16F10) with hyperthermia and chemotherapy. To modulate the temperature
rise, the nanofibers made of chitosan are merged with titanium oxide and cobalt
ferrite nanoparticles. By combining hyperthermia and chemotherapy, a synergistic
effect was achieved, resulting in increased cell death with less side effects.

During the hyperthermic therapy, Fe;O, nanoparticles have additionally been
deposited with Fe*?>/Fe*® on the surface of electrospun Chitosan nanofibers. As a
result of the heat produced by the magnetic composite nanofibers under the influ-
ence of an oscillating magnetic field, cancer cell proliferation was inhibited [117].

Electrospun tripolyphosphate cross-linked adenovirus/chitosan—-PEG nanocom-
plexes were developed [118] for large-scale targeted cancer gene therapy. Although
electrospinning or cross-linking with tripolyphosphate, there was no reduction in the
biological activity or infectivity of adenovirus. The nanocomposite size (140 nm)
was determined to be ideal for cellular absorption, and the zero potential was
also determined to be positive due to the chitosan coating of the adenovirus. Due
to the PEG surface conjugation, the liver absorption of Adenovirus was reduced,
and the prolonged blood bioavailability was controlled. Thus, electrospun Ad/chi-
tosan—PEG-FA nanocomposites are optimal for treating metastatic tumours while
minimizing liver uptake.

Peptides

Peptides are naturally occurring short chain amino acid monomers that are con-
nected by amide bonds. Zhang et al. built a three-dimensional scaffold made of
peptide nanofibers- RADA16-1 for screening anticancer drugs. These nanofibres
provided an excellent site for three distinct ovarian cancer cell lines: embryonic kid-
ney cells- 293 T, liver carcinoma cells- HepG2, and breast cancer cells-MCF-7. He
had difficulties administering these medications orally due to the stomach’s acidic
pH [65]. Thus, the targeted delivery of nanofibers loaded with curcumin with argi-
nine—glycine—aspartic acid motif showed good results since the drug is successfully
targeted to a specific location.

Yang et al. [119] also concluded that the in vivo and in vitro stabilities of D- and
L-peptide nanofibers were different in mice, resulting in altered biodistribution. Col-
lagen peptide was used as a chemosensitivity model for gastric cancer. Choi syn-
thesized three-dimensional electrospun scaffolds from poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) and used a higher concentration of anticancer drugs during the
three-dimensional processing. This was done in order to achieve significant cyto-
toxic effects.
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Additionally, polyhydroxybutyrate-co-valerate (PHBV) and collagen peptide
(CP) were used to shape nanofibers containing five different anticancer drugs. This
mechanism was used to assess the presence of three-dimensional tumours in gastric
MKN?28 cancer cells. The size of drug-loaded nanofibers was seen to decrease to
270 nm on increasing the concentration of CP, compared to the size of pure nanofib-
ers, which were 520 nm. The size of the nanofibers was reduced because the solu-
tion’s viscosity was inversely proportional to the concentration of CP. Additionally,
a 7:3 molecular mass ratio of PHBV and collagen peptide (CP) was stated to exhibit
substantial proliferation when compared to other mass ratios.

Conclusion

Although the present existing techniques for treating cancer cells using nanofibers
are very advantageous compared to traditional chemotherapy, the major downside
is the harmful solvents that may interfere with the drug, destroying the aim, for
which they have been chosen. The solvent residue, if entrapped, will cause harm
to the body (through normal cell damage). The water-soluble polymer is a benefit,
but it also has the major problem about the burst release of the captured drug due
to the hydrophilicity of these polymers [39, 120]. The burst release problem can
be resolved by chemical/physical interlinking but due to the gradual breakdown of
these polymers the release time of drugs cannot be compared with hydrophobic pol-
ymers. A mixed approach of incorporating hydrophobic and hydrophilic medication
in one system can be used to target many kinds of cancer cells from one kind of
drug-laden nanofibres. These nanofibers will also be promising candidates for suc-
cessful cancer therapy with less side effects and greater effectiveness [113, 121].

However, the targeted drug distribution through oral supply of nanofibers is
a problem, as its main application in local areas is limited by a larger volume of
the drug. In addition, treating nanofibre-based metastatic carcinogens is an issue as
those fibres are unable to travel easily as nanoparticles in the bloodstream [101, 114,
122].

The transition of these nanofibers from laboratory to clinic remains an important
task, since most experiments are still conducted exclusively in pre-clinical trials.
The challenge is that vast volumes of these nanofibers would have to be reproduced
in addition to various formulations and approvals before eventually reaching the
market. The outcomes of clinical trials are significant before commercializing these
nanofibers, since no performance or result particularly good in vitro can also be per-
formed similarly in the in vivo or complex biological environments [91, 114, 123].

Nanotechnology has brought research to new horizons each day as targeted and
sustained drug release is a favourable technique for these nanocarriers. In com-
parison to free drugs nanofibres have survived drug release and thus better perform
against different kinds of cancer cells.

In deciding the best combination for continuous drug delivery, the choice of
drugs and polymer is very critical [124]. At this phase, although the nanofibers are
advantageous in the delivery of cancer drugs, commercial products are not success-
fully launched. Study on organic and inorganic drugs alone or in conjunction may be
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further investigated to improve the effectiveness of the mechanism of the system to
launch these nanofibers in the market for the successful treatment of cancer.
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