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Abstract: Electrospun hybrid nanofibers, based on functional agents immobilized in polymeric
matrix, possess a unique combination of collective properties. These are beneficial for a wide range
of applications, which include theranostics, filtration, catalysis, and tissue engineering, among others.
The combination of functional agents in a nanofiber matrix offer accessibility to multifunctional
nanocompartments with significantly improved mechanical, electrical, and chemical properties, along
with better biocompatibility and biodegradability. This review summarizes recent work performed
for the fabrication, characterization, and optimization of different hybrid nanofibers containing
varieties of functional agents, such as laser ablated inorganic nanoparticles (NPs), which include,
for instance, gold nanoparticles (Au NPs) and titanium nitride nanoparticles (TiNPs), perovskites,
drugs, growth factors, and smart, inorganic polymers. Biocompatible and biodegradable polymers
such as chitosan, cellulose, and polycaprolactone are very promising macromolecules as a nanofiber
matrix for immobilizing such functional agents. The assimilation of such polymeric matrices with
functional agents that possess wide varieties of characteristics require a modified approach towards
electrospinning techniques such as coelectrospinning and template spinning. Additional focus within
this review is devoted to the state of the art for the implementations of these approaches as viable
options for the achievement of multifunctional hybrid nanofibers. Finally, recent advances and
challenges, in particular, mass fabrication and prospects of hybrid nanofibers for tissue engineering
and biomedical applications have been summarized.

Keywords: hybrid nanofibers; electrospinning; nanoparticles; functional agents; tissue engineering;
nanomedicine; drug delivery; bone regeneration

1. Introduction

Electrospinning has emerged as a principal technique for the fabrication of 3D nanofibers.
This technique has seen enormous growth in the last decade, leading to a generation
of comprehensive research, demonstrating effective implementation of electrospinning
(Figure 1) to fabricate nanofibers [1–5]. Recently, this technique has garnered attention for
the fabrication of nanocompartments from a wide variety of materials, with a focus on
the development of substitute materials capable of supporting tissue regeneration, wound
dressing, support bone regeneration, and filtration, among others [6–11]. While the possibil-
ity of supporting an extensive range of applications presents electrospinning as an attractive
tool, increasingly restrictive physiological and structural requirements for biological ap-
plications has led to the development of constraints. For instance, electrospun nanofibers
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must possess characteristics such as porosity, conformity, and interconnected architecture,
and mechanical, thermal, and electrical properties [5,12]. Additionally, biocompatibility
and biodegradability are other important characteristics, which play significant roles in
biomedical applications. Here, these properties can influence cell proliferation, adhesion,
toxicity, and growth behavior while minimizing a negative effect on cell growth [13–19].
Therefore, effectively capturing those physiological and structural requirements requires
optimization of a range of complex electrospinning parameters and demand the use of
materials with tailored properties [20–22].
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1.1. Coelectrospinning to Improve Electrospinnability

The fabrication of nanofibers using electrospinning requires the fulfilling of certain
conditions. Significantly, it requires the processability of the polymers, including their
stability in commonly used solvents, molecular weight etc. [23,24]. These properties are
relatively easy to compensate in traditional synthetic polymers, which possess very long
polymer chains and the ability to form relatively stable solutions in a wide range of solvents,
making them ideal for electrospinning. Applications such as sensors, stimuli response, air
purification, water filtration, catalysis, energy harvesting, and electronics have benefitted
substantially from nanofibers fabricated using those polymers [24,25]. However, polymers
that are ideal for overcoming restrictive requirements of biomedical applications generally
have poor electrospinnability [26]. For instance, naturally occurring polymers such as
collagen, gelatin, chitosan, fibrinogen, and silk fibroins exhibit a weak electrospinning
ability. They have poor mechanical stability, high degradability, low solubility, and tend
to form gel at high concentrations [26–29]. Nonetheless, by blending these polymers with
synthetic or other natural biopolymers, it is possible to overcome their electrospinning
drawbacks. This process of blending two polymers has often been referred to as coelec-
trospinning. It allows for the improvement of the electrospinnability of one polymer by
the introduction of assisting polymers, generally with very high molecular weights, better
mechanical properties, solubility, and viscosity [30,31]. Here, coelectrospinning provides
the possibility of incorporating dissimilar materials and the fine-tuning of unique char-
acteristics in fabricated nanofibers, while increasing the processability of a wide range
of biocompatible polymers. It results in the fabrication of nanofibers as nanostructured
scaffolds mimicking microporosity, intricate morphology of extracellular matrix (ECM),
and the possession of beneficial characteristics for tissue healing, tissue growth, disease
theranostics, etc. [32–37]. Numerous scaffolds made of synthetic/natural polymers and
their hybrids have been developed for these applications. For application in biological
systems, these scaffolds provide structural and chemical moieties mitigating many issues
encountered while using traditional materials. Further, blending and coelectrospinning ap-
proaches allow fine-tuning of structural, mechanical, and biological properties of materials.
It provides the possibility of obtaining nanofibers from naturally occurring biodegradable
polymers such as chitosan, lignin, and silk fibroin which can support cell growth and
adhesion and minimize biocompatibility issues [10,38,39]. However, the fabrication of
nanofibers from naturally occurring polymers remains a huge challenge, and the blending
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of these naturally occurring polymers with synthetic polymers often tends to dilute the
advantages [40–42].

1.2. Multifunctional Coelectrospun Nanofibers via Immobilization of Functional Agents

The characteristics of nanocompartments obtained simply from polymer blends are
still restrictive, and there is a lot to be desired when it comes to their mechanical, electrical,
or optical properties. The improvement of these properties through the immobilization
of various functional agents could provide a multifunctional characteristic to nanofibers.
These functional agents come in many forms and include inorganic/organic nanoparticles
(NPs), drug molecules, perovskites, biomolecules such as proteins, dendrimers, carbo-
hydrates, lipids, growth factors, and hormones, among others [24,43–45]. For instance,
coelectrospinning allows for the inclusion of naturally occurring minerals, such as hydrox-
yapatite, playing an important role in the development of scaffolds for bone regeneration.
The possibility of including functional agents in nanofiber matrices offers an improve-
ment in both structural and biological capabilities, which is vital for tissue-engineering
applications [46–48]. Undoubtedly, the immobilization of diverse functional moieties in
coelectrospun nanofiber matrices provides huge improvements in both mechanical and
physiochemical properties.

1.3. Functionalization Using NPs

The immobilization of nanoparticles is one of the most promising methods to provide
nanofibers additional functionality and improved mechanical and physicochemical proper-
ties [49–55]. A remarkable amount of research has already established the advantages of
nanoparticles as advanced materials with unique characteristics such as a plasmonic effect,
superparamagnetic effect, and photochromatic effect, among others [56–60]. NPs have been
used to enhance efficiency and specificity in drug delivery, imaging, labelling, and sensing
applications. In addition to improving physicochemical properties of nanofibers, NPs also
play a significant role in cell adhesion, proliferation, and growth behavior [61–63]. For
instance, titanium dioxide NPs have been used to decorate organic nanofibers to achieve
a unique, hybrid nanofiber [64,65]. This unique combination provided an organic part
acting as an electron-rich domain as a donor, whereas inorganic TiO2 accepts electrons and
facilitates their transfer across the membrane (Figure 2).

Additionally, nanofibers with various functional agents have the advantage of pos-
sessing selectivity, which is useful for identifying single or various filtrates from a source of
pollutants. Therefore, it could be highly effective for sensing and filtration. Especially in
case of filtration, nanofiber filters are a huge step forward from traditional filters, owing
to the presence of a large number of nanosized pores and their capacity to filter out even
microbes with a high efficiency. These nanofiber filters have been shown to function opti-
mally while mitigating issues such as high pressure drops, large pore sizes, and charging
effects. Moreover, nanofiber filters have been used to replace reverse osmosis membranes,
thereby lowering the amount of energy required during the filtration process [66–69]. The
immobilization of functional agents, such as AuNPs, for optical sensing applications can
provide a quick and effective method of portable and efficient sensors. Furthermore, it is
possible to include both a sensing and filtering capability by inducing multiple functional
agents [70]. Co-electrospinning also offers the possibility of supplementing nanofibers
made from synthetic polymers such as nylon and polyacrylonitrile (PAN) with antimi-
crobial agents, reducing the accumulation of harmful microbes and providing additional
protection [71,72]. NPs such as Ag and Cu have shown promising results as antimicrobial
agents for applications such as wound dressing or face masks [73–77]. Superparamagnetic
iron oxide (SPIONs) NPs have been immobilized in nanofibers to develop a platform for
cancer-cell hyperthermia, bioimaging markers, and drug carriers [78–81]. AuNPs, owing to
their plasmonic, antimicrobial effect and low bio-toxicity, have assumed prominent roles
in biomedical applications such as biosensors and drug-delivery agents, as well as in pho-
tothermal therapy and imaging [40,82,83]. As mentioned earlier, hydroxyapatite is another
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example of functional NPs which has been shown to induce osteoblastic differentiation in
cells and improve structural and chemical properties of nanofibers [48,84]. Si nanoparticles
are significant bioactive functional agents immobilized on nanofibers. Si nanoparticles
have been shown to be biocompatible and biodegradable with a potential to be used in a
theranostics modality [40,85,86].
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Pulsed Laser Ablation—Clean Alternative for Synthesis of NPs as Functional Agents

The functionalization of nanofibers, especially using chemically synthesized NPs,
presents a huge challenge in terms of biotoxicity due to the presence of impurities or
unreacted chemicals, ligands, or stabilizing agents. These impurities can interfere with
characteristics of functional agents and are toxic for biomedical applications [87–89]. Tradi-
tional synthesis routes require surface modifiers (ligands) to control the size, morphology,
and stability of NPs. These ligands can interfere with hormonal and signal mechanisms
with adverse effects. Additionally, processing steps are always required for purification
and for organic solvents which are cytotoxic, restricting the transition to NPs despite their
novel properties [87]. Laser ablation has emerged as an alternative method to overcome
these issues [90–92]. Pulsed laser ablation in liquids (PLAL) utilizes pulsed laser radiation
to ablate a solid target in liquid. Briefly, a highly energized, pulsed femtosecond (fs) laser
is directed toward a target which is either the bulk material or in powdered form. The
laser is focused via a lens on the top of the target, generating an ionized species inside a
liquid medium, eventually forming nanoclusters and leading to the formation of a colloidal
nanoparticle solution [90,93–95]. NPs formed by this method have a unique chemistry,
resulting from the bare surface of those particles, and it is easier to isolate them. Here,
nanoparticles remain stable in the absence of ligands or general stabilizing (CTAB) agents,
which common in chemical synthesis routes. PLAL utilizes a medium such as deionized
water, excluding chances of contamination, and leads to the formation of highly stable,
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low size-dispersed NPs. Therefore, PLAL has emerged as an effective alternative for the
fabrication of NPs used as functional agents in nanofibers [82,96–102].

1.4. Biofunctionalization of Nanofibers

Other than NPs, functional agents such as inorganic polymers and biomolecules
have been used to improve characteristics of nanofibers. Biofunctionalization refers to
the immobilization of such biomolecules or biomass in nanofibers’ matrix. Nanofibers
have been biofunctionalized to include agents which are antioxidants, anti-inflammatory,
antibacterial, antifungal, vitamins, etc. [103–105]. Moreover, biofunctionalization can
also improve biocompatibility and bioactivity of nanofibers. Nanofiber scaffolds used
for tissue regeneration can be modified to provide the capability of offering nutrition,
antimicrobial activity, and structural support [106–110]. Drug molecules are another class
of functional agents, which have been added to nanofibers through co-electrospinning.
These nanofibers are vital in the development of efficient drug-delivery systems (DDS).
Such systems have the benefit of modulating the release of the drugs, and possess selectivity
by targeting a desired area with efficiency. DDS promises to harmonise the drug-delivery
mechanism while reducing potential side effects [111,112]. The separation of biomolecules
can be performed efficiently by tapping on the surface properties of nanofibers and by
immobilizing the molecules, which selectively bind to ligands. Through selective chemical
interaction with target molecules, these co-electrospun hybrid nanofibers can isolate them
effectively [113,114].

1.5. Perovskites as Functional Agents

Perovskites have been attracting a lot of interest as another vital mineral functional
agent in nanofibers. Primarily, this mineral is in demand for solar cell technology due its
electrical, magnetic, and tunable luminescent properties [115–118]. Recently, they have been
included as functional agents in nanofibers for antibacterial and biomedical applications.
Gora et al. has shown a successful modification of perovskites with Ag to obtain NPs, which
they have immobilized in nanofibers. The resulting nanofibers possessed effective antimi-
crobial properties and improvements in diameter and tensile strength [119]. Nanofibers
that have been fabricated with modified or unmodified perovskites immobilized in their
matrix provide a new class of luminescent nanomaterials. Their promising applications can
be found through the modulation of emissive properties, stability against UV radiation, use
as a stretchable/bendable optically active material, and biosensing applications, among
others [120].

Here, some of the latest achievements based on remarkable improvements and new
developments in electrospinning are presented from recent publications (Figure 3). Ad-
ditionally, we have provided an overview of their prospective applications in the field of
tissue engineering and drug delivery and biosensing with some observations on prospects.
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2. Electrospinning of Polymers with Limited Spinnability by Templating
and Functionalization

One of the advantages of electrospinning is that it allows a wide of range of polymers
to be fabricated into nanofibers. It is possible to obtain, from the literature, a comprehen-
sive list of synthetic and natural polymers which have been electrospun for a variety of
applications [121]. Generally, synthetic polymers have good electrospinnability, specifically
due to their higher molecular weights and dissolution in a wide range of solvents. Nat-
urally occurring polymers used as green alternatives for electrospinning bring excellent
biocompatibility and degradability, but present many challenges during electrospinning.
Chitosan is one of such biopolymers, a biodegradable polymer derived from shells of
arthropods, such as crustaceans and insects. Until recently, it was often a by-product with
low economic value. However, there has been a rise in the development of the product,
especially in biomedicine where chitosan or its derivatives have been used [122,123]. Chi-
tosan has many attractive properties such as biocompatibility, dissolution in water, and
antimicrobial and antifungal properties which support its use in the development of new
biomaterials [124–126]. However, difficult processability, lower molecular weight, and a
tendency to form gel at higher concentrations make it unsuitable for electrospinning [127].
Chitosan dissolubility could be improved in dilute organic acid (formic acid/acetic acid)
solutions, either in aqueous or organic solvents, including ethanol, methanol, and ace-
tone. Even then, it has the tendency to form a 3D-intranetwork due to strong hydrogen
bonds, and possesses poor stretchability under an electric field [128]. Therefore, it is of-
ten co-blended with another polymer to improve electrospinnability [40]. The resulting
co-blended nanofibers display an improvement in physicochemical, mechanical, and bi-
ological properties. Adeli et al. has demonstrated that blending chitosan with polyvinyl
alcohol (PVA) and starch improved its electrospinnability. Here, PVA acted as a co-spinning
agent while the presence of starch improved the water absorption capacity of nanofibers.
The stability of nanofibers in an aqueous solution was further improved by cross-linking
using glutaraldehyde. Nanofiber mats obtained through this process were effective against
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both gram-negative and gram-positive bacteria. Moreover, it provided a porous surface for
wound breathing and captured exuded material [129]. In another study, Yang et al. used
similar a principle to obtain nanofibers from chitosan. The group utilized polyethylene
oxide (PEO), which is a biodegradable and biocompatible polymer, easily dissolved in polar
and nonpolar solvents alike [130]. An equivalent weight ratio of polymers was dissolved
in dilute acetic acid solution and electrospun. Uniform, bead-free nanofibers were ob-
tained as a result, which were then processed and grated with poly(glycidyl methacrylate)
(PGMA) and polyethyleneimine (PEI) to improve the metal-ion-adsorption capabilities of
nanofibers and stability in an aqueous medium. The selective adsorption of nanofibers
in Cr, Cu, and Co ion mixtures showed that the presence of protonated amine groups on
the surface of nanofibers were effective in removing negatively charged species of metal
ions from the solution. Further, the effectiveness of absorption increased in slightly acidic
environments. Such an approach could provide a platform for environmentally friendly
and effective methods for the filtration of heavy metal ions at water treatment facilities.
However, the optimization of nanofiber yields and homogeneity in nanofiber composition
require further research.

Based on a similar strategy, chitosan-blended nanofibers were fabricated using PEO
with a molecular weight of 300 kDa as a co-spinning agent. PEO is an excellent candidate
for electrospinning due to its high molecular weight, ability to solubilize in a wide range
of solvents, biodegradability, and good biocompatibility [74,131]. Moreover, bare laser
ablated gold nanoparticles (AuNPs) were used as functionalization agents which offered
a unique, ligand-free, and uncontaminated surface. These AuNPs also offer the absence
of interference of stabilizing ligands, possessing excellent surface plasmon, photothermal,
and antimicrobial properties, and can be used for applications such as photothermal
therapy, bioimaging, and biosensors. Bare laser ablated AuNPs were obtained by focusing
a femtosecond laser (Yb:KGW laser, Amplitude Systems, 1025 nm, 480 fs, 1 kHz) on a solid
target in deionized water (as shown in ref. [85,132]).

Further, neutralization strategies to improve the stability of nanofibers in an aqueous
medium were compared (for details, see ref. [132]). Subsequently, pristine nanofibers
were obtained with uniform morphology and absence of beads, possessing an average
diameter of 189 nm ± 100 nm. Functionalized nanofibers showed a cylindrical morphology,
without the presence of beads, and their average diameter was 189 nm ± 86 nm. Thermal
analysis showed that AuNPs in nanofibers appear to act as heating spots, which is favorable
for photothermic applications. Finally, the improvement of the stability of nanofibers in
aqueous solutions was performed by dipping them in 1M K2CO3 in 70% ethanol and
5M NaOH in 70% methanol. Neutralization with 5M NaOH was effective in stabilizing
the nanofibers while preserving their micro- and nanostructure. Whereas neutralization
with 1M K2CO3 gave stable scaffolds, their nanostructure could not be preserved. Further,
EDX analysis of fibers after NaOH treatment confirmed the presence of AuNPs. FTIR
analysis also showed no observable characteristic peaks of PEO in treated nanofibers, while
characteristic peaks of chitosan were still observable. This method proved to be effective
in obtaining stable chitosan nanofibers (Figure 4). However, their effect on the biological
system remains to be seen. Further, the ratio of chitosan should be increased to augment its
effect as a scaffold in a tissue-engineering platform.

Felipe et al. had also electrospun chitosan using PEO as co-spinning agent. The
nanofibers were functionalized with carboxymethyl-hexanoyl chitosan/dodecyl sulphate
nanoparticles loaded with pyrazoline H3TMO4 for skin cancer treatment [133]. Polymers
were dissolved in an aqueous solution, limiting the toxicity effect, which might have
occurred due to the use of organic solvents. The group successfully obtained nanofibers
with a narrow diameter dispersion and a homogeneous distribution of functional agents.
Moreover, an in vitro study by the group showed that the encapsulation of the drug in
nanofibers promoted their slow and sustained release, with cytotoxic behavior towards
mouse melanoma cell lines. Here, the group not only successfully electrospun chitosan but
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also demonstrated the effectivity of electrospun nanofibers as drug-delivery models for
localized cancer treatment.
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Figure 4. SEM micrograph of AuNPs-functionalized Chitosan (PEO) nanofibers neutralized: (a) with
1M K2CO3 in 70% ethanol; (b) with 5M NaOH in methanol; (c) corresponding EDX spectroscopy
graph showing presence of AuNPs after neutralizing with NaOH method; (d) FTIR spectra of
nanofibers functionalized with AuNPs before neutralization (Ch-Au) and after neutralization with
K2CO3 (Ch-Au/K2CO3) or NaOH (Ch-Au/NaOH). Adapted from Ref. [132].

Similarly, inorganic polymers, which are an interesting class of materials containing
highly electronegative domains such iron, phosphorous, and boron in their backbone, can be
spun into nanofibers by co-electrospinning [134]. The presence of these domains provides
inorganic polymers with unique properties such as conductivity, the ability to organize
in a systematic manner for use in optoelectronic devices, high thermal stability, and good
solubility [135–137]. The manifestation of these polymers as nanofibers would amplify their
characteristics and provide a large surface area for their activation and activity. Therefore,
poly(ferrocenylmethylphosphinoborane) Fe A and poly(ferrocenylphosphinoborane) Fe B,
which possess these domains in their backbone which is valence–isoelectronic with a C-C
backbone found in general organic polymers, were chosen to be subjected to coelectrospin-
ning into nanofibers [138]. Possessing such attractive properties could open a wide avenue
of applications for these polymers, including catalysis as charge transferring modalities and
thermally stable materials in the form of hybrid nanofibers. However, the low molecular
weight of these polymers hinders their electrospinnability. PEO and polystyrene (PS) were
excellent polymers with a high molecular weight and electrospinnability in compatible
solvents and were ideal to be used as co-spinning agents.

Using the co-spinning method, long, cylindrical, homogeneous nanofibers without
beads were fabricated from blends on smart, inorganic polymers Fe A, Fe B, and PEO/PS.
Nanofibers exhibited an average diameter ranging from 623 nm to 478 nm for Fe A/PS
and Fe B/PS blends, respectively. The average diameter of nanofibers, prepared from the
solution blended with PEO, had an average diameter of 525 nm and 491 nm for Fe A/PEO
and Fe B/PEO blends, respectively [139]. Thermal analysis using TGA showed that pristine
inorganic polymers had remarkable thermal stability, especially for nanofibers containing
Fe A/PS and Fe B/PS blends.

These studies demonstrate the effectivity of co-electrospinning approach to obtain
nanofibers from highly desirable polymers such as chitosan, which inherently have low
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electrospinnability. Using the co-electrospinning approach has resulted in the fabrication
of environmentally sustainable nanofibers with good biocompatibility for applications
such as wound dressing materials with hydrophilicity, water retention, and antimicrobial
capabilities. Additionally, it has established nanofibers as a platform for modulated drug-
delivery systems, localized cancer treatment, photothermal therapy, catalysis, and sensors,
among others.

3. Fabrication of Inorganic NPs Functionalized Nanofibers

Nanofibers functionalized with inorganic nanoparticles provide a combination of
unique properties with a very large surface area to volume ratio. The immobilization of
nanoparticles on nanofibers can be achieved by either solubilizing the nanoparticles directly
in an electrospinning solution [140,141], reducing the precursor for nanoparticles in situ,
growing them on nanofibers [142,143], or by electrospraying/spin coating nanoparticles on
fibers’ surfaces [144,145].

While designing biomaterials for biomedical applications, there are many structural,
physical, chemical, and biological challenges to be overcome. The engineering and growth
of tissues require a complex environment difficult to emulate [146–148]. Hybrid nanofibers
encapsulating nanoparticles is one way of improving the properties of scaffolds. By solu-
bilizing the nanoparticles directly in an electrospinning solution approach, Leones et al.
fabricated nanofibers using polycaprolactone (PCL) as a matrix immobilized with various
inorganic/organic nanoparticles. They managed to obtain stabilized electrospinning con-
taining Ag, SiO2, cellulose nanocrystals, and hydroxyapatite at 1% (w/v) with respect to
the polymer [149]. The resultant nanofibers showed properties vastly improved compared
to bulk materials. In the mechanical analysis, the flexibility of materials increased with
an increasing diameter and by the addition of nanoparticles. In another study, Yang et al.
had obtained AgNPs and ciprofloxacin immobilized janus nanofibers with two matrices,
poly(vinyl pyridine) and ethyl cellulose, for wound dressing application. With the objective
of combining the hybrid antibacterial effect of AgNPs and the drug ciprofloxacin in the
same material, the group had modified their approach by solubilizing the nanoparticles
in their respective matrices. Using the acentric type of spinneret, hybrid janus nanofibers
were electrospun. This type of set-up provided a dual mechanism to the nanofibers where
the drug was effective for quick action with 90% of the drug being released in 30 min, while
the presence of AgNPs provided a sustained antimicrobial effect [150]. This approach offers
a solution for applications where a hybrid two-step drug release is required. Similarly,
the development of separators, especially for lithium ions batteries, have benefitted from
the use of nanofibers containing inorganic functionalizing agents. While the polymer
matrix could help isolate electrolytes and prevent electrical short-circuits, the inorganic
part could sustain the charge transfer in addition to providing thermal/mechanical stability.
Additionally, the presence of inorganic nanoparticles can improve electrochemical stabil-
ity [151]. Jaritphun et al. had recently demonstrated the benefits of using such structures as
separators. They had achieved this by the fabrication of hybrid nanofibers with inorganic
nanoparticles sandwiched between two layers. Here, immobilization of nanoparticles on
the surface of a nanofiber was performed by electrospraying [152]. Additionally, hybrid
nanofibers contained a layer of SiO2 and Al2O3. These hybrid nanofibers had higher ther-
mal stability and demonstrated improved cycling performance. Moreover, the presence of
inorganics enhanced the mechanical properties of fibers as a scaffold and their wettability,
leading to efficient performance.

Recently, an effective immobilization of inorganic (titanium nitride) nanoparticles in a
PCL matrix was demonstrated (Figure 5). Here, laser ablated ligand-free titanium nitride
nanoparticles (TiN NPs) were used as functional agents. The NPs have emerged as an
excellent modality for applications such as photohyperthermia, as their absorption spectra
lie in the range of 640–720 nm (biological transparent window). Still, thanks to the laser
ablation methods, their unique surface chemistry promises an unhindered photothermal
effect [99,153]. To mitigate biocompatibility and biodegradability issues, PCL was a natural
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choice of polymer for the fabrications of scaffolds supporting cell growth. PCL provided
easy processability along with favorable biocompatibility and is already being used in
various biomedical devices approved by the FDA [154–156].
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Figure 5. Ligand-free TiN NPs-functionalized PCL (20% w/v) nanofibers with various concentrations
of TiN NPs in electrospinning solutions: (a) 1 mL (0.15 mg L−1), T20_1N1; (b) 2 mL (0.15 mg L−1),
T20_0N2; (c) 2 mL (0.45 mg L−1), T20_0N6; (d) statistical analysis of nanofibers’ diameter measured
using ImageJ. Adapted from Ref. [157].

After the optimization of electrospinning parameters, functionalized nanofibers were
obtained, as shown in [157], containing TiNPs fabricated using the laser ablation procedure
described [99]. A high concentration of 20% (w/v) PCL in dichloromethane/acetone (3:2)
(v/v) provided bead-free and smooth nanofibers (400 nm to around 1 micron). The presence
of TiN NPs in the nanofibers’ matrix led to a slight decrease in both the degradation
initiation temperature and the temperature at which the maximum mass loss takes place.
Similar behavior was observed in DSC where pristine PCL nanofibers had a slightly lower
temperature corresponding to the melting temperature of nanofibers (Tm). TiN NPs seemed
to act as heating spots in the nanofibers. However, no drastic changes were observed with
a changing concentration of TiN NPs themselves in a nanofiber matrix [157]. Finally,
biological compatibility tests were performed to test cytotoxicity, adhesion, and metabolic
activity using mouse 3T3 fibroblasts as a standard cell line, as shown in Figure 1. At day 15,
higher absorbance directly related to metabolic activity was observed. The proliferation of
cells observed through the amount of dsDNA, after remaining stable until day 10, increased
significantly on day 15 for all samples. Cells showed a good adhesion to scaffolds; however,
there are still further improvements required in nanofibers’ surfaces (Figure 6) [157]. In
the end, the viability of cells measured through live/dead staining showed no statistical
difference. Further long-term in vitro tests using better-developed nanofibers would be
needed to better understand the behavior of cells with PCL nanofibers functionalized with
TiN NPs.
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Figure 6. Biocompatible assays carried out on 3T3 fibroblasts immobilized on pristine PCL and TiN
NPs-functionalized PCL scaffolds at various concentrations of NPs: (a) metabolic activity measured
using the MTS assay; (b) proliferation using dsDNA assay; and (c) viability using live/dead assay.
Tissue culture plastic (TCP) was chosen as a reference to provide the highest absorbance in MTS test.
* refers to the statistical difference related to all other samples. No significant differences among
scaffolds were observed in both cell proliferation and cell viability tests. In the statistics in (a), T8
and T10 in the above columns display statistical differences between groups T20_1N1 or T20_0N6,
respectively. All assays show results as a mean and standard deviation. Reproduced from Ref. [157].

The presented studies have shown the immobilization of inorganic nanoparticles in
nanofibers to fabricate hybrid materials provided a bouquet of unique properties. These
characteristics could potentially be used in biomedical applications such as wound dress-
ing, stent coating, cosmetics, nerve guide conduits, drug delivery, etc., with improved
antibacterial and mechanical properties. Further, such hybrid structures could be use-
ful for providing a plasmonic effect, photothermal therapy, and improved stability and
electrochemical behavior of separators used in batteries.

4. Potential Applications of Hybrid Multifunctional Nanofibers
4.1. Nanofiber Application as a Tissue-Engineering Platform

Tissue-engineering approaches appear highly promising for the regeneration of in-
jured tissues [158]. In dentistry, we are looking forward to the technology that allows for
the regeneration of tissues such as the periodontal ligament, enamel, dentin, and alveolar
bone [159,160]. Tissue engineering combines three critical components: scaffolds, mes-
enchymal stem cells (MSCs), and growth factors, and seems to be an auspicious approach
in dentistry [158,161]. In tissue engineering, scaffolds are used as substitutes for dam-
aged tissue and act as a support for stem cell migration, proliferation, and differentiation.
A scaffold must be designed with appropriate biocompatibility, biodegradability, archi-
tecture, and mechanical properties to promote the formation of a natural, extracellular
matrix [158,161,162]. Recently, hybrid nanofibers, including coated nanofibers, have at-
tracted the attention of investigators since they have shown to promote stem cells’ adhesion,
growth, and differentiation into functional cells [160–162]. However, in vitro and in vivo
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experimental studies which described the biological effect of the nanofibrous scaffold
with loaded MSCs in bone-tissue engineering are limited [163–165]. The use of human
dental pulp stem cells (hDPSCs)-derived exosomes encapsulated in triblock poly(lactic-co-
glycolic acid) (PLGA), poly(ethylene glycol) (PEG), and PLGA-PEG-PLGA microspheres
incorporated into a nanofibrous poly-L-lactide acid (PLLA) scaffold in bone repair defect
was proven to be an effective agent in alveolar bone defect regeneration [163]. PLLA
combined with hDPSCs induced new bone formation and angiogenesis, leading to bone-
tissue regeneration. Scaffolds containing exosomes from mineralizing DPSCs showed
high collagen l-rich matrix, new bone tissue, and integration with the host tissue [163].
Interesting results were reported by Malek-Khatabi et al. [164], who evaluated the effects
of the microfluidic-assisted synthesis of plasmid DNA (pDNA) encoding human bone
morphogenic protein-2 (BMP-2)-based chitosan nanocomplex platforms for bone-tissue
engineering. The nanocomplexes were immobilized on a nanofibrous PCL scaffold func-
tionalized with metalloprotease-sensitive peptides. The implantation of MSCs loaded on
PCL membranes in a rat calvarial defect model demonstrated a significant increase in
the regenerated bone volume. It was found that this composite induced the formation of
more dense, bone-like structures [164]. Additionally, Wang et al. [165] developed a hybrid
nanofibrous scaffold with poly(lactide-co-ε-caprolactone) (PLCL) modified by silk fibroin.
Silk fibroin/PLCL nanofibrous scaffold facilitated the human adipose-derived stem cells
(hADSCs) proliferation and osteogenic differentiation. Silk fibroin/PLCL scaffold loaded
by hADSCs was implanted in a rat model with critical-sized calvarial defects. The results
showed that scaffold with loaded hADSCs enhanced bone regeneration, increased new
bone areas, and improved bone mineral density [165]. The authors postulated that the
SF/PLCL nanofibrous scaffold holds great potential in bone-tissue regeneration [165].

Recently, gene therapy using nanofibers as a drug-delivery system was reported
by Qi et al. Hybrid PLGA/gelatin nanofibers loaded with microRNA-181a/b, induced
osteogenic differentiation of adipose-tissue derived MSCs in vitro [166]. The functionaliza-
tion of nanofibers can be performed on the surface, using adhesion of bioactive molecules
or platelets [167] and liposomes [168], which can be incorporated either in the core of
core/shell fibers, or in the blend composite material (e.g., PVA). Organic solvents may neg-
atively influence bioactivity of bioactive substances; therefore, core-shell electrospinning
where hydrophilic polymers such as PVA is in the core is preferred [168,169]. However,
other methods, e.g., needleless electrospinning, can also lead to the production of core-shell
nanofibers when using an emulsion system for the preparation of nanofibers [169–171]. On
the other hand, water soluble polymers, e.g., PVA, PEO, PEG, gelatine, hyaluronic acid,
and collagen are often used as blends or in composite scaffolds [172–175]. Bovine serum
albumin (BSA)-BMP-2/dexamethasone-loaded core/shell poly(l-lactide-co-caprolactone)
(PLLACL) and PLLACL/collagen nanofibers showed an improved osteogenic differenti-
ation of human mesenchymal stromal cells which was accompanied with the controlled
release of both BSA-BMP-2 and dexamethasone, while blend nanofibers showed a burst
release of dexamethasone [172–174]. In addition, PLLA nanofibers loaded with BMP-2,
which were prepared from emulsion using electrospinning, stimulated osteogenic differ-
entiation of MSCs in vitro [176–178]. Collagen nanofibers with HA nanoparticles loaded
with vancomycin or gentamicin released higher concentrations of antibiotics for 21 days
compared to collagen. Moreover, the degradation of vancomycin was slowed down [179].
PVA nanofibers loaded with platelet lysate showed stimulation of growth of fibroblasts,
keratinocytes, endothelial cells, or maturation of keratinocytes [172]. Interestingly, we
have observed that 3D PCL microfibers prepared by centrifugal spinning showed a bet-
ter proliferation of fibroblasts while 2D core/shell nanofibers prepared by needleless
emulsion electrospinning showed a higher proliferation of keratinocytes [169]. Polycapro-
lactone/gelatin/hyaluronic acid nanofibers were developed to mimic a glioblastoma tumor
extracellular matrix [152]. In another study, electrospun PCL membranes blended with
hydroxyapatite (HA) were developed, and its potential in differentiating inflamed dental
pulp stem/progenitor cells (IDPSCs) into odontoblasts was evaluated [180]. The results
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showed that fluorapatite coating on the electrospun PCL nanofiber surface facilitated adhe-
sion, proliferation, and differentiation of DPSCs to odontoblasts and might be used as a tool
in the therapy of bone damage [180]. Another artificial biomaterial, polyhydroxybutyrate
(PHB)/chitosan/nanobioglass (nBG) nanofiber scaffold with seeded human exfoliated
deciduous stem cells (SHEDs), has been tested in regenerative dentistry [181]. It was found
that nanofibrous scaffold promote SHEDs proliferation and differentiate into odontoblast-
like cells [181]. The study revealed that genes’ expression of dentin sialophosphoprotein
(DSPP), collagen type I, alkaline phosphatase (ALP), and BMP-2 significantly increased
compared to the scaffold as the control group. The results indicated that this scaffold
can be used as a suitable substrate to apply in dentin tissue engineering [181]. Most of
the existing studies concerning the development of novel therapeutic approaches showed
that combining stem cells with biomaterial scaffolds serves as a promising strategy for
engineering tissue.

A recent experimental study showed that a hydrolytically modified poly(L-lactide-co-
caprolactone) (PLCL) electrospun scaffold revealed suitable parameters for human dental
pulp stem cells (hDPSCs) growth and differentiation towards osteoblasts [182]. It was
found that the porosity and nanofibers’ size were appropriate for hDPSCs proliferation
and osteogenic differentiation. It was observed that the loss of mass fibers and increased
surface roughness could be beneficial for the biological behavior of hDPSCs. As presented in
Figure 7a, hDPSCs grown onto a PLCL scaffold stained by PKH26 Red lipophilic membrane
dye showed high proliferation activity and osteogenic potential confirmed by Alizarin Red
S staining (Figure 7b).
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Figure 7. (a) Images of hDPSCs grown onto nanofiber scaffold for seven days demonstrate
live hDPSCs forming colonies on PLCL surface confirmed by PKH26 red and DAPI staining
(magnification ×400); (b) osteogenic differentiation of hDPSCs grown on PLCL stained by Alizarin
Red S confirmed mineral deposits on PLCL fibers (Scale bar = 50 µm).

Advances in tissue engineering need to focus on combinations of dental stem cells with
nanofibrous scaffolds, which will induce the appropriate microenvironment and enhance
the regenerative potential of dental stem cells.

4.2. Nanofibers for Drug-Delivery Applications

Manufacturing of medical devices is a very promising application of composite
nanofibers. Their main functions are drug delivery, used to manufacture a controlled
drug-release system, bone regeneration, wound healing, and for antibacterial and anti-
tumor applications. Ideal drug-delivery systems (DDS) should release drugs through a
specified time frame [183–185], not exceeding the toxic concentration of the drug. When the
drug concentration is lower than the therapeutic limit, the DDS function is ceased. The main
advantage of the DDS is releasing the drug precisely in the place where it is needed, saving
the whole body from side effects. This lowers the amount of the drug necessary in DDS by
two to three orders of magnitude, which is especially useful for expensive and/or toxic
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drugs. The main disadvantage of the DDS is the necessity of their implantation and the very
low drug load in the system. Only potent therapeutic molecules can be loaded in DDS. The
use of inexpensive, anti-inflammatory substances in such forms seems disputable. Different
methods of the manufacturing of medical devices based on nanofibers are applied, usually
involving nanofibrous mats postprocessing [186,187]. Due to the facility of incorporation of
therapeutics in the different forms, e.g., hybrid materials, it grabs the fast-growing attention
of medical researchers seeking to find commercializable platforms for on-demand drug
delivery. Such a system owning the possibility to perform a drug burst release initiated by
a specific signal was proposed by Singh et al. [188]. The authors electrospun a solution of
poly(N-isopropylacrylamide) (PNIPAM) hydrogels containing gold nanorods and the anti-
cancer drug known as camptothecin (Figure 8). The authors used a glycidyl derivative of
oligomeric silsesquioxane for thermal cross-linking to render the polymer water-insoluble.
After water swelling, the polymer mats were tested on brain cancer; specifically, on U-87
MG cell lines. A near-infrared light signal triggered drug expulsion from the mats. Pulsed
drug elution, its anticancer cells activity, and swelling–deswelling behavior were evaluated.
Pulsed drug release due to sequential laser impulses, nontoxicity of the nanofibers, and
infrared light to cells were also proven.
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of the whole nanofiber containing GNRs as a function of cycles of temperature alternation upon the
NIR irradiation. (d) Digital images of the area of the whole nanofiber without GNRs in the presence
and absence of NIR light irradiation. Reproduced from Ref. [188].

Zhong et al. [189] prepared an adenosine-loaded nanofibrous mat in vivo to assess its
utility in bone regeneration in a critical-sized rabbit cranial defect. Electrospun nanofibers
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with adenosine particles showed great
tissue biocompatibility and osteogenic potential leading to successful bone regeneration. It
was far more pronounced than in a biocomposite of bone marrow stem cells seeded on the
nanofibers with no adenosine added. Fu et al. [190] used a poly(D,L-lactide) nanofibrous
mat containing amorphous calcium phosphate nanoparticles. The bovine serum albumin
served as a protein drug-like substance and lecithin as a biocompatible surfactant. Such
produced systems showed fast mineralization in simulated body-fluid acellular conditions.
Nanoparticles seeded mineralization and helped to sustain the model drug release. The mat
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was highly cytocompatible when seeded with osteoblast-like (MG63) cells. This composite
nanofibrous drug-delivery system was aimed at bone-tissue engineering. A new bone
regeneration scaffold was produced from two polymers—chitosan and collagen—and three
types of nanoparticles—graphene, graphene oxide, and hydroxyapatite [191]. The material
showed specific bovine serum albumin adsorption and strong antibacterial properties
against E. coli and S. aureus. The biocide effect was most pronounced on composites based
on graphene oxide, less on graphene composites, and not present on gelatin and chitosan
fibers containing only hydroxyapatite. Nanofiber mats electrospun from polyethersulphone
containing hydroxyapatite nanoparticles were evaluated acellularly, in vitro on osteoblast
(MG-63) cells and in vivo on rabbits’ tibia [192]. The authors found that the presence of
nanoparticles increased bioactivity in simulated body fluid. Additionally, cell adhesion and
proliferation were found to increase in cellular studies. Nanoparticles caused a decrease
in bovine serum albumin absorption and blood coagulation rate. In vivo experiments
showed an intense inflammatory response from the nanocomposite. Huang et al. [193]
used bone-marrow-derived mesenchymal stem cells to check cellular biocompatibility and
MXene titanium carbide (Ti3C2) activity. Composite nanofibers were produced from a
mixture of poly(L-lactide), other polyhydroxyalkanoate, and MXene nanoparticles. The
nanocomposite enhanced cells’ differentiation to osteoblasts.

Haidar et al. [194] used chitosan nanoparticles loaded with atorvastatin suspended in
a solution of poly(L-lactide-co-glycolide) (PLGA) that contained α-lipoic acid to produce a
dual therapeutic system based on electrospun nanofibers for peripheral nerve-injury treat-
ment. The rat’s sciatic nerve injury model was assessed with motoric functions recovery and
ultrastructural and biochemical analyses of regenerated nerve tissue. The system produced
proved to be effective when applied immediately after injury. Zhao et al. [195] manufactured
a series of vancomycin-containing PCL nanofibrous membranes covering metallic implants
for postoperative protection. The materials were evaluated on a rabbit model of a tracheal
implant. The drug release was sustained during in vitro tests and proved efficient against
methicillin-resistant S. aureus. and S. pneumoniae. The comparison of a proposed implant
covering with a commercially available pellosil matrix showed less granulation tissue and
less expression of inflammatory reaction markers. Multiwalled carbon nanotubes and tetra-
cycline hydrochloride were embedded onto poly(lactide)/polyvinylpyrrolidone nanofibers
by Bulbul et al. [196]. Such prepared composite nanofibers were evaluated as potential DDS.
Surprisingly, the authors found no side effects of carbon nanotubes on a culture of human
umbilical vein endothelial cells. The authors assessed the tetracycline hydrochloride release
profile and found carbon nanotubes to lower burst release. A composite of core-shell
nanofibers containing salicylic acid was proposed as a drug-delivery system [197]. The
ratio of core fluid—poly(ethylene oxide)/salicylic acid solution to shell fluid—polylactide
solution was optimized. A dichloromethane/dimethylacetamide solvent mixture used to
prepare both solutions gave porous fibers, while a chloroform/dimethylacetamide mixture
gave nonporous fibers, as shown on the SEM images. Porous nanofibers showed stable,
sustained drug release higher than nonporous nonwovens. Drug release from porous
mats during five days followed the Fickian diffusion mechanism. Cells of 3T3-L1 and
CCD-986sk lines were properly attached and spread on porous, hybrid materials, proving
their good biocompatibility. Poly(vinyl pyrrolidone) nanofibers containing ursolic acid
were proposed as a fast-dissolving drug-delivery system [198]. Solubility tests showed
that electrospun composites had the fastest dissolution rate when compared with a pure
drug and its mixture with the polymer, proving the potential for the proposed applica-
tion. Polycaprolactone nanofibers containing multiwalled carbon nanotubes and green tea
polyphenols were proposed as an antitumor DDS [199]. The drug release from the com-
posite nanomaterial was assessed via in vitro tests. Cytotoxic activity was tested in vivo
on normal osteoblast cells and tumor cells: A549 and PHep G2. Due to cytotoxic and
antiproliferative properties against the tumor cells, the composite was a good candidate
for anticancer therapy. A composite, nanofibrous system to fight tumor cells circulating
in the organism was proposed by Wang et al. [200]. The authors produced a system with
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doxorubicin connected to gold nanoparticles via acid cleavable linker activated by a higher
pH caused by the tumor cells’ metabolism. The nanoparticles were mixed with poly [2-
(dimethylamino)ethyl] methacrylate solution and electrospun. Tumor-specific antibodies
(anti-EpCAM) were attached to the mat afterward to capture circulating tumor cells on the
therapeutic system.

4.3. Biosensing Applications of Nanofibers

Nowadays, there is a huge focus on reducing the footprint of the biosensors used for
health monitoring purposes. The idea is to develop flexible sensors, which conform to move-
ments of the user with minimal invasiveness. Here, electrospinning has emerged as an ideal
platform for the development of such sensors, as they provide a large surface area to vol-
ume ratio for sensing activity and the possibility of the inclusion of molecules promoting
selectivity, response time, visual cues (colorimeter), and sensitivity along with flexibil-
ity/stretchability [201]. For instance, Rani et al. developed a flexible carbon nanofiber
membrane decorated with NiMoO4 nanoparticles for efficient glucose sensing applications.
They obtained carbon nanofibers (CNF) using a two-step process, initially electrospinning
polyacrylonitrile (PAN) and then carbonizing scaffold at a high temperature under nitro-
gen. The immobilization of nanoparticles was performed by in situ growth of NiMoO4
on a CNF surface. The resulting nanofibers showed good sensing response in a wide
range of glucose concentrations (0.0003–4.5 mM) at a very low limit of detection (LOD)
(50 nM) and high sensitivity (301.77 µA mM−1 cm−2). Nanofibers were also analyzed to
characterize their real-life response where their recovery rate was between 97.5–103.2%,
similar to commercial glucometers [202]. Another biochemical sensor for the detection
of glucose was developed from coelectrospinning of graphene oxide nanofibers blended
with polyvinyl alcohol (PVA) by Baek et el. To realize the sensing of glucose, nanofibers
were functionalized by AuNP’s coating and modified with Cu nanoflower by using 1%
Nafion (sulfonated tetrafluoroethylene-based fluoropolymer-copolymer) in 2-propanol as a
binding agent. The group reported a good linear range of glucose detections between the
concentrations of 0.001–0.1 mM at LOD of 0.018 µM [203].

Ozoemena et al. presented a sensor for the detection of dopamine using nanofibers
made from onion, such as carbon (OLC) blended with PAN, to enhance electrospinnability.
The resulting nanofibers were carbonized to obtain pristine OLC nanofibers. Here, OLC
nanofibers displayed the best surface area and pore size during morphology analysis.
OLC nanofibers were effective in dopamine sensing with 1.42 µM LOD and 0.31 µA µM
sensitivity [204]. These examples show the effectivity of nanofibers for sensing applica-
tion. Moreover, it highlights the versatility of electrospinning, allowing the processing of
diverse materials by blending with polymers with better electrospinnability. Highlights of
nanofibers systems with remarkable characteristics and applications are summarized in
Table 1.

Table 1. Summarized nanofiber systems with remarkable characteristics and applications.

Nanofiber Matrix Functional Materials Application

Poly(ε-caprolactone) (PCL) Poly(ethylene glycol) modified with
carboxylic acid spiropyran

Sensors: Detections of metal ions such as Mg2+, Ca2+,
Zn2+, Cd2+, La3+, and Er3+. Nanofibers with metals ions

absorbed demonstrated orange fluorescence when
exposed to UV rays [25].

Fibrinogen:
poly(ε-caprolactone) (PCL) Fibrinogen

Wound dressing: Biocompatible nanofibers with
improved morphology and mechanical properties for

creating organoids or dressings, and drug delivery [28].

Elastin: poly-lactic-co-glycolic
acid (PLGA) Elastin

Tissue engineering: Facilitation of epithelial cell
self-organization into cell clusters. Useful for

regenerative therapies for salivary glands and other
epithelial organs [30].
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Table 1. Cont.

Nanofiber Matrix Functional Materials Application

Silk fibroin: poly(L-lactic acid-
co-ε-caprolactone) (PLCL) Silk fibroin

Tissue engineering: Proliferation and culture of rabbit
conjunctival epithelial cells with reduced expression of

inflammatory mediators. Scaffolds for conjunctival
reconstruction [31].

Hyaluronic acid (HA):
poly(vinyl alcohol) (PVA) Naproxen

Drug delivery: Controlled drug-delivery agents with
stabilized release profile maintained over several days;

stable HA nanofiber structure [33].

Hydroxypropyl-beta-
cyclodextrin Ibuprofen Drug delivery: Fast-action oral drug-delivery systems,

water soluble. Polymer-free electrospinning system [34].

Poly(e-caprolactone) (PCL):
poly(3-hydroxybutyric

acid) (PHB)

Hydroxybenzo[a]phenazine
pyrazol-5(4H)-one

Drug delivery: Excellent cyotoxicity against MCF-7 and
Hep-2 cancerous cell lines. Induction of apoptosis and

suppression of proliferation of cancerous cells [36].

Poly(butylene adipate-co-
terephthalate) (PBAT) Nano-hydroxyapatite (nHAp)

Tissue engineering: Biocompatible scaffolds for
improving bone volume, stiffness, and promoting

bone repair [46].

Polyvinyl pyrrolidone
(PVP)/tetrabutyl

titanate (TBT)

TiO2 nanoparticles and upconverted
NaYF4:Yb/Tm@NaYF4 nanoparticles

Catalysis: Excellent photocatalytic activity, enhanced UV
emission under irradiation of Near IR light [53].

Polyurethane (PU) Superparamagnetic iron oxide
nanoparticles (SPIONs)

Therapy: Nanofibers show progressive heat-generation
capacity with increasing magnetic nanoparticle

concentrations. Heat-generating substrate for localized
hyperthermia cancer therapy [56].

Polyvinyl-alcohol(PVA) Titanium dioxide (TiO2) Solar cells: Light-scattering layer, increase in power
conversion, and charge-collection efficiency [64].

Poly(ethylene
terephthalate) (PET) -

Filters: Nanofiber filtration membrane with 98%
efficiency trapping particles with a size of up to 120 nm

and water permeation capacity of 94% [66].

Poly(vinylidene fluoride)
(PVDF):poly(methyl

methacrylate-random-
perfluorodecyl methacrylate),

P(MMA-r-FDMA)

Perfluorodecyl methacrylate
Filters: Nanofiber with excellent mechanical strength

suitable for separation of oil and water. Fouling resistant,
hydrophobic, and superoleophilic membrane [68].

Poly(L-lactide-co-
glycolide) (PLGA) Metal Halide Perovskites

Tissue engineering: Perovskite-based nanofibers
mimicking mechanical properties of skin. Promotes

proliferation of human dermal
fibroblasts; antimicrobial [119].

Polyacrylonitrile Graphene quantum dots Sensors: Fluorescence sensors for free
chlorine‘detection [205].

Poly(e-caprolactone) (PCL) Bone morphogenic protein-2 (BMP-2),
heparin (Hep)

Tissue engineering: Scaffolds with enhanced
osteogenicity and proliferation for ligament

regeneration and bone integration [159].

Poly(L-lactic acid) (PLLA) Stem cell-derived exosomes
microspheres

Tissue engineering: Controlled delivery of the exosomes
to stimulate bone tissue neogenesis [163]

Poly (lactic-co-glycolic
acid) (PLGA) MicroRNAs

Tissue engineering: Using gene therapy with scaffolds
promoting osteogenic differentiation capacity of the

human (adipose-derived mesenchymal stem
cells) AT-MSCs [166].

Poly(e-caprolactone) (PCL) Hydroxyapatite
Tissue engineering: Promoting cell adhesion and

odontogenic differentiation of inflamed dental pulp
stem cells (IDPSCs) [180].
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Table 1. Cont.

Nanofiber Matrix Functional Materials Application

Polyhydroxybutyrate
(PHB):Chitosan Nano-bioglass (nBG)

Tissue engineering: Promoting proliferation and
differentiation of stem cells obtained into

odontoblast-like cells. Substrate for dentin tissue
engineering [181].

Poly (N-
isopropylacrylamide) (PNIPAM) Gold nanorods

Drug-delivery system: Light-sensitive, on-demand
drug-delivery system, capable of targeted drug

delivery [188].

Poly lactic-co-glycolic
acid (PLGA) Atorvastatin loaded chitosan NPs.

Drug-delivery system: Enhance recovery and
regeneration capacity of neural sensory and motor

system through controlled and fast-action
drug release [194].

Poly(e-caprolactone) (PCL) Vancomycin
Drug delivery system: PCL/VA film-coated metallic

stent antimicrobial activity, drug carrying capacity, and
structural support [195].

Poly (lactic acid)
(PLA):polyvinylpyrrolidone

(PVP):carbon nanotubes
Tetracycline hydrochloride

Drug-delivery system: Cytocompatible nanofibers with
improved mechanical properties, controlled drug

release-profile [196].

Carbon nanofiber NiMoO4 NPs Sensors: High-performance glucose sensors [202].

Graphene oxide: poly(vinyl
alcohol) (PVA)

Copper-nanoflower decorated
gold NPs Sensors: Monitor glucose levels in biofluids [203].

Polyacrylonitrile
(PAN): Carbon Onion-like carbon composites Sensors: Biosensors for detection of dopamine [204].

5. Prospects and Challenges

Nanofiber systems are revolutionizing and advancing in every possible domain. Nev-
ertheless, there are several reservations when it comes to real life applications of nanofibers.
Several challenges are holding back the potential of nanofibers, including yield, cost effec-
tiveness, reproducibility, and inconsistent quality, especially at the commercial scale. Fortu-
nately, many researchers are working in conjunction with industries to tackle some of these
challenges. For instance, by applying new approaches for large-scale fabrication and pro-
viding novel nanofibers systems, the upscalability of nanofiber production has improved.
Emerging production techniques of nanofibers offer a promising potential for obtaining
consistently significant yields. The standard needle-based spinning techniques enable the
production of only ~0.2 g h−1. However, there are several innovative principles for improv-
ing yield: (i.) multineedle electrospinning utilizes a high number of needle-based emitters
arranged into arrays; (ii.) needleless electrospinning utilizes special emitters enabling the
self-arrangement of multiple fiber jets on their surface (Figure 9) [206–208]. Needleless
electrospinning was also shown to produce drug-delivery nanofiber systems [169–171] and
nanoparticle-loaded nanofibers [209]. In addition, the surface of needleless, electrospun
nanofibers were shown to be functional with antibodies. Needleless electrospinning pro-
duced PVA nanofibers, which were functionalized by PEG-biotin linkers and subsequently
functionalized by antibodies and enzymes [210]. The system showed functional proteins
on the surface and controlled degradation based on functionalization degree. Similarly,
chitosan nanofibers prepared by needleless spinning were functionalized by anti-CD44
antibodies, resulting in enhanced osteogenesis in vivo [211]. Thus, needleless electrospin-
ning can produce nanofibers on an industrial scale, and helps with the translation of the
functionalization system to clinical practice.
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6. Conclusions

Advances in the fabrication of hybrid nanofibers open new avenues for the next
generation of multifunctional nanocompartments via utilization of novel combinations of
functional nanomoieties. In this review, the fabrication, characterization, and optimization
of nanofibers containing unique modalities, such as naturally occurring biocompatible
and biodegradable polymers, are shown to present their own challenges. Combining vani-
ties of polymers along with functional agents to form multifunctional nanocompartments
demand new strategies. Herein, multiple such hybrid nanofibers have been presented,
where the combination of a polymeric matrix and functional agents are utilized to generate
multifunctional nanocompartments with unique collective properties. Co-electrospinning
and template spinning approaches are merging polymers which possess excellent elec-
trospinnability, higher processability, and immobilization with functional agents, such as
laser ablated NPs, providing exceptional surface properties. The review presents these
strategies which allow for the fabrication of stable, functional hybrid nanofibers. The
generated nanofibers possess unique collective properties and facilitate a platform for a
wide range of applications, such as biosensors, drug delivery, theranostics, tissue engineer-
ing. For instance, the immobilization of TiNPs within PCL nanofibers provide a potential
platform for cancer cell theranostics and tissue engineering. These applications demand
the implementation of novel combinations of hybrid nanocompartments, leading to further
development and optimization of electrospun, hybrid nanofiber techniques. Such hybrid
nanofiber systems comprising functional agents such as drugs, growth hormones, nutrients,
nanoparticles, perovskites, etc., can be employed for tissue engineering and biomedical
applications, among others, even though the fabrication of these hybrid nanofibers at the
industrial scale is still at a very basic juncture. With extensive research, the potential of
hybrid, multifunctional nanocompartments will be realized sooner than predicted.
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Zajíčková, L.; Solovieva, A.; Manakhov, A. Plasma-coated polycaprolactone nanofibers with covalently bonded platelet-rich
plasma enhance adhesion and growth of human fibroblasts. Nanomaterials 2019, 9, 637. [CrossRef]

18. Sharma, J.; Lizu, M.; Stewart, M.; Zygula, K.; Lu, Y.; Chauhan, R.; Yan, X.; Guo, Z.; Wujcik, E.K.; Wei, S. Multifunctional nanofibers
towards active biomedical therapeutics. Polymers 2015, 7, 186–219. [CrossRef]

19. Wang, A.; Liu, Z.; Hu, M.; Wang, C.; Zhang, X.; Shi, B.; Fan, Y.; Cui, Y.; Li, Z.; Ren, K. Piezoelectric nanofibrous scaffolds as in vivo
energy harvesters for modifying fibroblast alignment and proliferation in wound healing. Nano Energy 2018, 43, 63–71. [CrossRef]

20. Keirouz, A.; Chung, M.; Kwon, J.; Fortunato, G.; Radacsi, N. 2D and 3D electrospinning technologies for the fabrication of
nanofibrous scaffolds for skin tissue engineering: A review. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2020, 12, e1626.
[CrossRef]

21. Migliorini, F.L.; Teodoro, K.B.R.; Scagion, V.P.; dos Santos, D.M.; Fonseca, F.J.; Mattoso, L.H.C.; Correa, D.S. Tuning the electrical
properties of electrospun nanofibers with hybrid nanomaterials for detecting isoborneol in water using an electronic tongue.
Surfaces 2019, 2, 432–443. [CrossRef]

22. Restivo, J.; Soares, O.S.G.S.; Pereira, M.F.R. Processing Methods Used in the Fabrication of Macrostructures Containing 1D Carbon
Nanomaterials for Catalysis. Processes 2020, 8, 1329. [CrossRef]

23. Agarwal, S.; Burgard, M.F.; Greiner, A.; Wendorff, J. Electrospinning A Practical Guide to Nanofibers; Walter de Gruyter GmbH & Co
KG: Berlin, Germany, 2016; ISBN 978-3-11-033351-0.

24. Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019,
119, 5298–5415. [CrossRef]

25. Machado, R.C.L.; Alexis, F.; De Sousa, F.B. Nanostructured and photochromic material for environmental detection of metal ions.
Molecules 2019, 24, 4243. [CrossRef] [PubMed]

http://doi.org/10.1007/s12221-016-6045-3
http://doi.org/10.3390/fib6030045
http://doi.org/10.1002/cplu.201900281
http://www.ncbi.nlm.nih.gov/pubmed/31943926
http://doi.org/10.1016/j.apsusc.2017.06.116
http://doi.org/10.1002/jbm.a.36124
http://www.ncbi.nlm.nih.gov/pubmed/28556551
http://doi.org/10.3390/ma12162643
http://doi.org/10.1039/C6EN00696E
http://doi.org/10.1016/j.cej.2018.10.117
http://doi.org/10.1007/s42765-019-00026-7
http://doi.org/10.2147/IJN.S167793
http://doi.org/10.1186/s11671-018-2733-9
http://www.ncbi.nlm.nih.gov/pubmed/30284048
http://doi.org/10.1016/j.msec.2020.110670
http://www.ncbi.nlm.nih.gov/pubmed/32204098
http://doi.org/10.3390/nano8040259
http://www.ncbi.nlm.nih.gov/pubmed/29677145
http://doi.org/10.1039/C4CS00226A
http://doi.org/10.1016/j.msec.2017.02.152
http://www.ncbi.nlm.nih.gov/pubmed/28482462
http://doi.org/10.1007/s10570-020-02999-w
http://doi.org/10.3390/nano9040637
http://doi.org/10.3390/polym7020186
http://doi.org/10.1016/j.nanoen.2017.11.023
http://doi.org/10.1002/wnan.1626
http://doi.org/10.3390/surfaces2020031
http://doi.org/10.3390/pr8111329
http://doi.org/10.1021/acs.chemrev.8b00593
http://doi.org/10.3390/molecules24234243
http://www.ncbi.nlm.nih.gov/pubmed/31766481


Nanomaterials 2022, 12, 1829 21 of 28

26. Bombin, A.D.J.; Dunne, N.J.; McCarthy, H.O. Electrospinning of natural polymers for the production of nanofibres for wound
healing applications. Mater. Sci. Eng. C 2020, 114, 110994. [CrossRef] [PubMed]

27. Mele, E. Electrospinning of natural polymers for advanced wound care: Towards responsive and adaptive dressings. J. Mater.
Chem. B 2016, 4, 4801–4812. [CrossRef]

28. Sharpe, J.M.; Lee, H.; Hall, A.R.; Bonin, K.; Guthold, M. Mechanical properties of electrospun, blended fibrinogen: PCL nanofibers.
Nanomaterials 2020, 10, 1843. [CrossRef]

29. Baker, S.; Sigley, J.; Helms, C.C.; Stitzel, J.; Berry, J.; Bonin, K.; Guthold, M. The mechanical properties of dry, electrospun
fibrinogen fibers. Mater. Sci. Eng. C 2012, 32, 215–221. [CrossRef]

30. Foraida, Z.I.; Kamaldinov, T.; Nelson, D.A.; Larsen, M.; Castracane, J. Elastin-PLGA hybrid electrospun nanofiber scaffolds for
salivary epithelial cell self-organization and polarization. Acta Biomater. 2017, 62, 116–127. [CrossRef]

31. Yao, Q.; Hu, Y.; Yu, F.; Zhang, W.; Fu, Y. A novel application of electrospun silk fibroin/poly(l-lactic acid-: Co -ε-caprolactone)
scaffolds for conjunctiva reconstruction. RSC Adv. 2018, 8, 18372–18380. [CrossRef]

32. Rahmati, M.; Mills, D.K.; Urbanska, A.M.; Saeb, M.R.; Venugopal, J.R.; Ramakrishna, S.; Mozafari, M. Electrospinning for tissue
engineering applications. Prog. Mater. Sci. 2021, 117, 100721. [CrossRef]

33. Séon-Lutz, M.; Couffin, A.C.; Vignoud, S.; Schlatter, G.; Hébraud, A. Electrospinning in water and in situ crosslinking of
hyaluronic acid / cyclodextrin nanofibers: Towards wound dressing with controlled drug release. Carbohydr. Polym. 2019, 207,
276–287. [CrossRef] [PubMed]

34. Celebioglu, A.; Uyar, T. Fast dissolving oral drug delivery system based on electrospun nanofibrous webs of cyclodex-
trin/ibuprofen inclusion complex nanofibers. Mol. Pharm. 2019, 16, 4387–4398. [CrossRef] [PubMed]

35. Topuz, F.; Uyar, T. Electrospinning of cyclodextrin functional nanofibers for drug delivery applications. Pharmaceutics 2019, 11, 6.
[CrossRef]

36. Kandhasamy, S.; Ramanathan, G.; Muthukumar, T.; Thyagarajan, S.; Umamaheshwari, N.; Santhanakrishnan, V.P.; Sivagnanam,
U.T.; Perumal, P.T. Nanofibrous matrixes with biologically active hydroxybenzophenazine pyrazolone compound for cancer
theranostics. Mater. Sci. Eng. C 2017, 74, 70–85. [CrossRef]

37. Dziemidowicz, K.; Sang, Q.; Wu, J.; Zhang, Z.; Zhou, F.; Lagaron, J.M.; Mo, X.; Parker, G.J.M.; Yu, D.-G.; Zhu, L.-M. Electrospinning
for healthcare: Recent advancements. J. Mater. Chem. B 2021, 9, 939–951. [CrossRef]

38. Lee, E.-S.; Kim, Y.-O.; Ha, Y.-M.; Lim, D.; Hwang, J.Y.; Kim, J.; Park, M.; Cho, J.W.; Jung, Y.C. Antimicrobial properties of
lignin-decorated thin multi-walled carbon nanotubes in poly (vinyl alcohol) nanocomposites. Eur. Polym. J. 2018, 105, 79–84.
[CrossRef]

39. Muxika, A.; Etxabide, A.; Uranga, J.; Guerrero, P.; de la Caba, K. Chitosan as a bioactive polymer: Processing, properties and
applications. Int. J. Biol. Macromol. 2017, 105, 1358–1368. [CrossRef]

40. Al-Kattan, A.; Nirwan, V.P.; Munnier, E.; Chourpa, I.; Fahmi, A.; Kabashin, A.V. Toward multifunctional hybrid platforms for
tissue engineering based on chitosan(PEO) nanofibers functionalized by bare laser-synthesized Au and Si nanoparticles. RSC Adv.
2017, 7, 31759–31766. [CrossRef]

41. Zhang, L.; Zhao, D.; Feng, M.; He, B.; Chen, X.; Wei, L.; Zhai, S.-R.; An, Q.-D.; Sun, J. Hydrogen bond promoted lignin
solubilization and electrospinning in low cost protic ionic liquids. ACS Sustain. Chem. Eng. 2019, 7, 18593–18602. [CrossRef]

42. Lemma, S.M.; Bossard, F.; Rinaudo, M. Preparation of pure and stable chitosan nanofibers by electrospinning in the presence of
poly(ethylene oxide). Int. J. Mol. Sci. 2016, 17, 1790. [CrossRef] [PubMed]

43. Kharaghani, D.; Gitigard, P.; Ohtani, H.; Kim, K.O.; Ullah, S.; Saito, Y.; Khan, M.Q.; Kim, I.S. Design and characterization of dual
drug delivery based on in-situ assembled PVA/PAN core-shell nanofibers for wound dressing application. Sci. Rep. 2019, 9, 1–11.
[CrossRef] [PubMed]

44. Pant, B.; Park, M.; Ojha, G.P.; Kim, D.U.; Kim, H.Y.; Park, S.J. Electrospun salicylic acid/polyurethane composite nanofibers for
biomedical applications. Int. J. Polym. Mater. Polym. Biomater. 2017, 67, 739–744. [CrossRef]

45. Pant, B.; Park, M.; Park, S.J. One-Step Synthesis of Silver Nanoparticles Embedded Polyurethane Nano-Fiber/Net Structured
Membrane as an Effective Antibacterial Medium. Polymers 2019, 11, 1185. [CrossRef]

46. dos Santos Silva, A.; Rodrigues, B.V.M.; Oliveira, F.C.; Carvalho, J.O.; de Vasconcellos, L.M.R.; de Araújo, J.C.R.; Marciano, F.R.;
Lobo, A.O. Characterization and in vitro and in vivo assessment of poly (butylene adipate-co-terephthalate)/nano-hydroxyapatite
composites as scaffolds for bone tissue engineering. J. Polym. Res. 2019, 26, 53. [CrossRef]

47. Zhang, H.; Fu, Q.-W.; Sun, T.-W.; Chen, F.; Qi, C.; Wu, J.; Cai, Z.-Y.; Qian, Q.-R.; Zhu, Y.-J. Amorphous calcium phosphate,
hydroxyapatite and poly (D, L-lactic acid) composite nanofibers: Electrospinning preparation, mineralization and in vivo bone
defect repair. Colloids Surf. B Biointerfaces 2015, 136, 27–36. [CrossRef]

48. Malysheva, K.; Kwaśniak, K.; Gnilitskyi, I.; Barylyak, A.; Zinchenko, V.; Fahmi, A.; Korchynskyi, O.; Bobitski, Y. Functionalization
of Polycaprolactone Electrospun Osteoplastic Scaffolds with Fluorapatite and Hydroxyapatite Nanoparticles: Biocompatibility
Comparison of Human Versus Mouse Mesenchymal Stem Cells. Materials 2021, 14, 1333. [CrossRef]

49. Villarreal-Gómez, L.J.; Cornejo-Bravo, J.M.; Vera-Graziano, R.; Grande, D. Electrospinning as a powerful technique for biomedical
applications: A critically selected survey. J. Biomater. Sci. Polym. Ed. 2016, 27, 157–176. [CrossRef]

50. Burke, L.; Mortimer, C.J.; Curtis, D.J.; Lewis, A.R.; Williams, R.; Hawkins, K.; Maffeis, T.G.G.; Wright, C.J. In-situ synthesis of
magnetic iron-oxide nanoparticle-nanofibre composites using electrospinning. Mater. Sci. Eng. C 2017, 70, 512–519. [CrossRef]

http://doi.org/10.1016/j.msec.2020.110994
http://www.ncbi.nlm.nih.gov/pubmed/32993991
http://doi.org/10.1039/C6TB00804F
http://doi.org/10.3390/nano10091843
http://doi.org/10.1016/j.msec.2011.10.021
http://doi.org/10.1016/j.actbio.2017.08.009
http://doi.org/10.1039/C7RA13551C
http://doi.org/10.1016/j.pmatsci.2020.100721
http://doi.org/10.1016/j.carbpol.2018.11.085
http://www.ncbi.nlm.nih.gov/pubmed/30600010
http://doi.org/10.1021/acs.molpharmaceut.9b00798
http://www.ncbi.nlm.nih.gov/pubmed/31436100
http://doi.org/10.3390/pharmaceutics11010006
http://doi.org/10.1016/j.msec.2017.01.001
http://doi.org/10.1039/D0TB02124E
http://doi.org/10.1016/j.eurpolymj.2018.05.014
http://doi.org/10.1016/j.ijbiomac.2017.07.087
http://doi.org/10.1039/C7RA02255G
http://doi.org/10.1021/acssuschemeng.9b04907
http://doi.org/10.3390/ijms17111790
http://www.ncbi.nlm.nih.gov/pubmed/27792192
http://doi.org/10.1038/s41598-019-49132-x
http://www.ncbi.nlm.nih.gov/pubmed/31477774
http://doi.org/10.1080/00914037.2017.1376200
http://doi.org/10.3390/polym11071185
http://doi.org/10.1007/s10965-019-1706-8
http://doi.org/10.1016/j.colsurfb.2015.08.015
http://doi.org/10.3390/ma14061333
http://doi.org/10.1080/09205063.2015.1116885
http://doi.org/10.1016/j.msec.2016.09.014


Nanomaterials 2022, 12, 1829 22 of 28

51. Zhang, M.; Zhao, X.; Zhang, G.; Wei, G.; Su, Z. Electrospinning design of functional nanostructures for biosensor applications. J.
Mater. Chem. B 2017, 5, 1699–1711. [CrossRef]

52. Prabu, G.T.V.; Dhurai, B. A novel profiled multi-pin electrospinning system for nanofiber production and encapsulation of
nanoparticles into nanofibers. Sci. Rep. 2020, 10, 4302. [CrossRef] [PubMed]

53. Zhang, F.; Zhang, C.; Peng, H.; Cong, H.; Qian, H. Near-infrared photocatalytic upconversion nanoparticles/TiO2 nanofibers
assembled in large scale by electrospinning. Part. Part. Syst. Charact. 2016, 33, 248–253. [CrossRef]

54. Lan, T.; Shao, Z.; Wang, J.; Gu, M. Fabrication of hydroxyapatite nanoparticles decorated cellulose triacetate nanofibers for protein
adsorption by coaxial electrospinning. Chem. Eng. J. 2015, 260, 818–825. [CrossRef]

55. Castro-Mayorga, J.L.; Fabra, M.J.; Cabedo, L.; Lagaron, J.M. On the use of the electrospinning coating technique to produce an-
timicrobial polyhydroxyalkanoate materials containing in situ-stabilized silver nanoparticles. Nanomaterials 2017, 7, 4. [CrossRef]
[PubMed]

56. Amarjargal, A.; Tijing, L.D.; Park, C.H.; Im, I.T.; Kim, C.S. Controlled assembly of superparamagnetic iron oxide nanoparticles on
electrospun PU nanofibrous membrane: A novel heat-generating substrate for magnetic hyperthermia application. Eur. Polym. J.
2013, 49, 3796–3805. [CrossRef]

57. Uskokovic, V. Nanotechnologies in Preventive and Regenerative Medicine; Elsevier: Amsterdam, The Netherlands, 2018;
ISBN 9780323480635.

58. Lyu, J.; Wang, X.; Liu, L.; Kim, Y.; Tanyi, E.K.; Chi, H.; Feng, W.; Xu, L.; Li, T.; Noginov, M.A.; et al. High Strength Conductive
Composites with Plasmonic Nanoparticles Aligned on Aramid Nanofibers. Adv. Funct. Mater. 2016, 26, 8435–8445. [CrossRef]

59. Li, K.; Nejadnik, H.; Daldrup-Link, H.E. Next-generation superparamagnetic iron oxide nanoparticles for cancer theranostics.
Drug Discov. Today 2017, 22, 1421–1429. [CrossRef]

60. Pinto, T.V.; Costa, P.; Sousa, C.M.; Sousa, C.A.D.; Pereira, C.; Silva, C.J.S.M.; Pereira, M.F.R.; Coelho, P.J.; Freire, C. Screen-printed
photochromic textiles through new inks based on SiO2@ naphthopyran nanoparticles. ACS Appl. Mater. Interfaces 2016, 8,
28935–28945. [CrossRef]

61. Hickey, D.J.; Ercan, B.; Sun, L.; Webster, T.J. Adding MgO nanoparticles to hydroxyapatite–PLLA nanocomposites for improved
bone tissue engineering applications. Acta Biomater. 2015, 14, 175–184. [CrossRef]

62. Tang, J.; Li, J.; Vlassak, J.J.; Suo, Z. Adhesion between highly stretchable materials. Soft Matter 2016, 12, 1093–1099. [CrossRef]
63. Huang, L.; Zhao, S.; Wang, Z.; Wu, J.; Wang, J.; Wang, S. In situ immobilization of silver nanoparticles for improving permeability,

antifouling and anti-bacterial properties of ultrafiltration membrane. J. Memb. Sci. 2016, 499, 269–281. [CrossRef]
64. Mustafa, M.N.; Shafie, S.; Wahid, M.H.; Sulaiman, Y. Light scattering effect of polyvinyl-alcohol/titanium dioxide nanofibers in

the dye-sensitized solar cell. Sci. Rep. 2019, 9, 1–8. [CrossRef] [PubMed]
65. Yarmohamadi-Vasel, M.; Modarresi-Alam, A.R.; Noroozifar, M.; Hadavi, M.S. An investigation into the photovoltaic activity of a

new nanocomposite of (polyaniline nanofibers)/(titanium dioxide nanoparticles) with different architectures. Synth. Met. 2019,
252, 50–61. [CrossRef]

66. Šišková, A.O.; Frajová, J.; Nosko, M. Recycling of poly(ethylene terephthalate) by electrospinning to enhanced the filtration
efficiency. Mater. Lett. 2020, 278, 128426. [CrossRef]

67. Zulfi, A.; Hapidin, D.A.; Saputra, C.; Mustika, W.S.; Munir, M.M.; Khairurrijal, K. The synthesis of fiber membranes from
High-Impact Polystyrene (HIPS) Waste using needleless electrospinning as air filtration media. Mater. Today Proc. 2019, 13,
154–159. [CrossRef]

68. Sadeghi, I.; Govinna, N.; Cebe, P.; Asatekin, A. Superoleophilic, Mechanically Strong Electrospun Membranes for Fast and
Efficient Gravity-Driven Oil/Water Separation. ACS Appl. Polym. Mater. 2019, 1, 765–776. [CrossRef]

69. Barhoum, A.; Pal, K.; Rahier, H.; Uludag, H.; Kim, I.S.; Bechelany, M. Nanofibers as new-generation materials: From spinning and
nano-spinning fabrication techniques to emerging applications. Appl. Mater. Today 2019, 17, 1–35. [CrossRef]

70. Venkatesan, M.; Veeramuthu, L.; Liang, F.-C.; Chen, W.-C.; Cho, C.-J.; Chen, C.-W.; Chen, J.-Y.; Yan, Y.; Chang, S.-H.; Kuo, C.-C.
Evolution of electrospun nanofibers fluorescent and colorimetric sensors for environmental toxicants, pH, temperature, and
cancer cells–A review with insights on applications. Chem. Eng. J. 2020, 397, 125431. [CrossRef]

71. Hussain, N.; Ullah, S.; Sarwar, M.N.; Hashmi, M.; Khatri, M.; Yamaguchi, T.; Khatri, Z.; Kim, I.S. Fabrication and Characterization
of Novel Antibacterial Ultrafine Nylon-6 Nanofibers Impregnated by Garlic Sour. Fibers Polym. 2020, 21, 2780–2787.

72. Bortolassi, A.C.C.; Nagarajan, S.; de Araújo Lima, B.; Guerra, V.G.; Aguiar, M.L.; Huon, V.; Soussan, L.; Cornu, D.; Miele, P.;
Bechelany, M. Efficient nanoparticles removal and bactericidal action of electrospun nanofibers membranes for air filtration.
Mater. Sci. Eng. C 2019, 102, 718–729. [CrossRef]

73. Sridhar, R.; Sundarrajan, S.; Venugopal, J.R.; Ravichandran, R.; Ramakrishna, S. Electrospun inorganic and polymer composite
nanofibers for biomedical applications. J. Biomater. Sci. Polym. Ed. 2013, 24, 365–385. [PubMed]

74. Hassiba, A.J.; El Zowalaty, M.E.; Webster, T.J.; Abdullah, A.M.; Nasrallah, G.K.; Khalil, K.A.; Luyt, A.S.; Elzatahry, A.A. Synthesis,
characterization, and antimicrobial properties of novel double layer nanocomposite electrospun fibers for wound dressing
applications. Int. J. Nanomed. 2017, 12, 2205–2213.

75. Tang, L.; Zhu, L.; Tang, F.; Yao, C.; Wang, J.; Li, L. Mild synthesis of copper nanoparticles with enhanced oxidative stability and
their application in antibacterial films. Langmuir 2018, 34, 14570–14576. [CrossRef] [PubMed]

http://doi.org/10.1039/C6TB03121H
http://doi.org/10.1038/s41598-020-60752-6
http://www.ncbi.nlm.nih.gov/pubmed/32152364
http://doi.org/10.1002/ppsc.201600010
http://doi.org/10.1016/j.cej.2014.09.004
http://doi.org/10.3390/nano7010004
http://www.ncbi.nlm.nih.gov/pubmed/28336838
http://doi.org/10.1016/j.eurpolymj.2013.08.026
http://doi.org/10.1002/adfm.201603230
http://doi.org/10.1016/j.drudis.2017.04.008
http://doi.org/10.1021/acsami.6b06686
http://doi.org/10.1016/j.actbio.2014.12.004
http://doi.org/10.1039/C5SM02305J
http://doi.org/10.1016/j.memsci.2015.10.055
http://doi.org/10.1038/s41598-019-50292-z
http://www.ncbi.nlm.nih.gov/pubmed/31628399
http://doi.org/10.1016/j.synthmet.2019.04.007
http://doi.org/10.1016/j.matlet.2020.128426
http://doi.org/10.1016/j.matpr.2019.03.206
http://doi.org/10.1021/acsapm.8b00279
http://doi.org/10.1016/j.apmt.2019.06.015
http://doi.org/10.1016/j.cej.2020.125431
http://doi.org/10.1016/j.msec.2019.04.094
http://www.ncbi.nlm.nih.gov/pubmed/23565681
http://doi.org/10.1021/acs.langmuir.8b02470
http://www.ncbi.nlm.nih.gov/pubmed/30423251


Nanomaterials 2022, 12, 1829 23 of 28

76. Bhadauriya, P.; Mamtani, H.; Ashfaq, M.; Raghav, A.; Teotia, A.K.; Kumar, A.; Verma, N. Synthesis of yeast-immobilized and
copper nanoparticle-dispersed carbon nanofiber-based diabetic wound dressing material: Simultaneous control of glucose and
bacterial infections. ACS Appl. Bio Mater. 2018, 1, 246–258. [CrossRef]

77. Jayaramudu, T.; Varaprasad, K.; Pyarasani, R.D.; Reddy, K.K.; Kumar, K.D.; Akbari-Fakhrabadi, A.; Mangalaraja, R.V.; Amalraj, J.
Chitosan capped copper oxide/copper nanoparticles encapsulated microbial resistant nanocomposite films. Int. J. Biol. Macromol.
2019, 128, 499–508. [CrossRef]

78. Nirwan, V.P.; Fahmi, A.; Malkoch, M. Electrospinning of hybrid nanofibres elaborated with PEG core dendrimers and SPIONs
synthesized in-situ: As multifunctional material for biomedical applications. In Proceedings of the 2017 IEEE 7th International
Conference Nanomaterials: Application & Properties (NAP), Zatoka, Ukraine, 10–15 September 2017; IEEE: Piscataway, NJ, USA,
2017; Volume 2017, pp. 03NNSA37-1–03NNSA37-5.

79. Lalegül-Ülker, Ö.; Vurat, M.T.; Elçin, A.E.; Elçin, Y.M. Magnetic silk fibroin composite nanofibers for biomedical applications:
Fabrication and evaluation of the chemical, thermal, mechanical, and in vitro biological properties. J. Appl. Polym. Sci. 2019,
136, 48040. [CrossRef]

80. Raju, G.S.R.; Benton, L.; Pavitra, E.; Yu, J.S. Multifunctional nanoparticles: Recent progress in cancer therapeutics. Chem. Commun.
2015, 51, 13248–13259. [CrossRef]

81. Awada, H.; Al Samad, A.; Laurencin, D.; Gilbert, R.; Dumail, X.; El Jundi, A.; Bethry, A.; Pomrenke, R.; Johnson, C.; Lemaire, L.
Controlled Anchoring of Iron Oxide Nanoparticles on Polymeric Nanofibers: Easy Access to Core@ Shell Organic–Inorganic
Nanocomposites for Magneto-Scaffolds. ACS Appl. Mater. Interfaces 2019, 11, 9519–9529. [CrossRef]

82. Maximova, K.; Aristov, A.; Sentis, M.; Kabashin, A.V. Size-controllable synthesis of bare gold nanoparticles by femtosecond laser
fragmentation in water. Nanotechnology 2015, 26, 65601.

83. Contreras-Cáceres, R.; Cabeza, L.; Perazzoli, G.; Díaz, A.; López-Romero, J.M.; Melguizo, C.; Prados, J. Electrospun Nanofibers:
Recent Applications in Drug Delivery and Cancer Therapy. Nanomaterials 2019, 9, 656.

84. Park, M.; Lee, D.; Shin, S.; Hyun, J. Effect of negatively charged cellulose nanofibers on the dispersion of hydroxyapatite
nanoparticles for scaffolds in bone tissue engineering. Colloids Surf. B Biointerfaces 2015, 130, 222–228. [CrossRef] [PubMed]

85. Al-Kattan, A.; Nirwan, V.; Popov, A.; Ryabchikov, Y.; Tselikov, G.; Sentis, M.; Fahmi, A.; Kabashin, A. Recent Advances in
Laser-Ablative Synthesis of Bare Au and Si Nanoparticles and Assessment of Their Prospects for Tissue Engineering Applications.
Int. J. Mol. Sci. 2018, 19, 1563. [CrossRef] [PubMed]

86. Gao, C.; Che, S. Organically functionalized mesoporous silica by co-structure-directing route. Adv. Funct. Mater. 2010, 20,
2750–2768. [CrossRef]

87. Reverberi, A.P.; Kuznetsov, N.T.; Meshalkin, V.P.; Salerno, M.; Fabiano, B. Systematical analysis of chemical methods in metal
nanoparticles synthesis. Theor. Found. Chem. Eng. 2016, 50, 59–66. [CrossRef]

88. De Matteis, V.; Cascione, M.; Toma, C.C.; Leporatti, S. Silver nanoparticles: Synthetic routes, in vitro toxicity and theranostic
applications for cancer disease. Nanomaterials 2018, 8, 319. [CrossRef]

89. Iravani, S. Green synthesis of metal nanoparticles using plants. Green Chem. 2011, 13, 2638–2650. [CrossRef]
90. Sylvestre, J.-P.; Kabashin, A.V.; Sacher, E.; Meunier, M.; Luong, J.H.T. Stabilization and size control of gold nanoparticles during

laser ablation in aqueous cyclodextrins. J. Am. Chem. Soc. 2004, 126, 7176–7177. [CrossRef]
91. Kabashin, A.V.; Singh, A.; Swihart, M.T.; Zavestovskaya, I.N.; Prasad, P.N. Laser-Processed Nanosilicon: A Multifunctional

Nanomaterial for Energy and Healthcare. ACS Nano 2019, 13, 9841–9867. [CrossRef]
92. Kabashin, A.V.; Timoshenko, V.Y. What theranostic applications could ultrapure laser-synthesized Si nanoparticles have in cancer?

Nanomedicine 2016, 11, 2247–2250. [CrossRef]
93. Hebié, S.; Holade, Y.; Maximova, K.; Sentis, M.; Delaporte, P.; Kokoh, K.B.; Napporn, T.W.; Kabashin, A.V. Advanced Electrocata-

lysts on the Basis of Bare Au Nanomaterials for Biofuel Cell Applications. ACS Catal. 2015, 5, 6489–6496. [CrossRef]
94. Povarnitsyn, M.E.; Itina, T.E.; Levashov, P.R.; Khishchenko, K. V Mechanisms of nanoparticle formation by ultra-short laser

ablation of metals in liquid environment. Phys. Chem. Chem. Phys. 2013, 15, 3108–3114. [CrossRef] [PubMed]
95. Kabashin, A.V.; Meunier, M. Synthesis of colloidal nanoparticles during femtosecond laser ablation of gold in water. J. Appl. Phys.

2003, 94, 7941–7943. [CrossRef]
96. Itina, T.E.; Gouriet, K.; Zhigilei, L.V.; Noël, S.; Hermann, J.; Sentis, M. Mechanisms of small clusters production by short and

ultra-short laser ablation. Appl. Surf. Sci. 2007, 253, 7656–7661. [CrossRef]
97. Sajti, C.L.; Sattari, R.; Chichkov, B.N.; Barcikowski, S. Gram scale synthesis of pure ceramic nanoparticles by laser ablation in

liquid. J. Phys. Chem. C 2010, 114, 2421–2427. [CrossRef]
98. Correard, F.; Maximova, K.; Estève, M.A.; Villard, C.; Roy, M.; Al-Kattan, A.; Sentis, M.; Gingras, M.; Kabashin, A.V.; Braguer, D.

Gold nanoparticles prepared by laser ablation in aqueous biocompatible solutions: Assessment of safety and biological identity
for nanomedicine applications. Int. J. Nanomed. 2014, 9, 5415–5430.

99. Popov, A.A.; Tselikov, G.; Dumas, N.; Berard, C.; Metwally, K.; Jones, N.; Al-Kattan, A.; Larrat, B.; Braguer, D.; Mensah, S.; et al.
Laser- synthesized TiN nanoparticles as promising plasmonic alternative for biomedical applications. Sci. Rep. 2019, 9, 1194.
[CrossRef]

100. Baati, T.; Al-Kattan, A.; Esteve, M.A.; Njim, L.; Ryabchikov, Y.; Chaspoul, F.; Hammami, M.; Sentis, M.; Kabashin, A.V.; Braguer, D.
Ultrapure laser-synthesized Si-based nanomaterials for biomedical applications: In vivo assessment of safety and biodistribution.
Sci. Rep. 2016, 6, 25400. [CrossRef]

http://doi.org/10.1021/acsabm.8b00018
http://doi.org/10.1016/j.ijbiomac.2019.01.145
http://doi.org/10.1002/app.48040
http://doi.org/10.1039/C5CC04643B
http://doi.org/10.1021/acsami.8b19099
http://doi.org/10.1016/j.colsurfb.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/25910635
http://doi.org/10.3390/ijms19061563
http://www.ncbi.nlm.nih.gov/pubmed/29794976
http://doi.org/10.1002/adfm.201000074
http://doi.org/10.1134/S0040579516010127
http://doi.org/10.3390/nano8050319
http://doi.org/10.1039/c1gc15386b
http://doi.org/10.1021/ja048678s
http://doi.org/10.1021/acsnano.9b04610
http://doi.org/10.2217/nnm-2016-0228
http://doi.org/10.1021/acscatal.5b01478
http://doi.org/10.1039/c2cp42650a
http://www.ncbi.nlm.nih.gov/pubmed/23319115
http://doi.org/10.1063/1.1626793
http://doi.org/10.1016/j.apsusc.2007.02.034
http://doi.org/10.1021/jp906960g
http://doi.org/10.1038/s41598-018-37519-1
http://doi.org/10.1038/srep25400


Nanomaterials 2022, 12, 1829 24 of 28

101. Gongalsky, M.B.; Osminkina, L.A.; Pereira, A.; Manankov, A.A.; Fedorenko, A.A.; Vasiliev, A.N.; Solovyev, V.V.; Kudryavtsev,
A.A.; Sentis, M.; Kabashin, A.V.; et al. Laser-synthesized oxide-passivated bright Si quantum dots for bioimaging. Sci. Rep. 2016,
6, 24732. [CrossRef]

102. Kögler, M.; Ryabchikov, Y.V.; Uusitalo, S.; Popov, A.; Popov, A.; Tselikov, G.; Välimaa, A.L.; Al-Kattan, A.; Hiltunen, J.;
Laitinen, R.; et al. Bare laser-synthesized Au-based nanoparticles as nondisturbing surface-enhanced Raman scattering probes
for bacteria identification. J. Biophotonics 2018, 11, e201700225. [CrossRef]

103. De Morais, M.G.; Stillings, C.; Dersch, R.; Rudisile, M.; Pranke, P.; Costa, J.A.V.; Wendorff, J. Biofunctionalized nanofibers using
Arthrospira (Spirulina) biomass and biopolymer. Biomed. Res. Int. 2015, 2015, 967814. [CrossRef]

104. Shammas, M.; Zinicovscaia, I.; Humelnicu, D.; Cepoi, L.; Nirwan, V.; Demčák, Š.; Fahmi, A. Bioinspired elelctrospun hybrid
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