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Graphical abstract

The graphical abstract illustrates the creation of drug-loaded nanofib-
ers emphasizing the impact of process, solution, and environmental 
parameters on nanofiber formation. These nanofibers, known for their 
extensive surface area, are applied in tissue engineering, cancer 
therapy, wound healing, antiviral treatments, and transdermal drug 
delivery. The release of drugs from the nanofibers occurs through 
mechanisms like erosion and diffusion, highlighting their potential in 
advanced medical applications.
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Introduction

Various drug delivery systems have been 
documented for administration via enteral 
routes, including granules, tablets, and 
capsules, as well as via parenteral routes, 
such as intravenous, intra-arterial, intra-
muscular, and subcutaneous delivery. 
These drug delivery systems have several 
disadvantages, including the possibility of 
first-pass metabolism, which can decrease 
the drug’s bioavailability, and the potential 
for discomfort or pain during administra-
tion [1]. To address the constraints of con-
ventional immediate-release formulations, 
a range of novel drug delivery systems 
have been created, such as microspheres, 
microsponges, nanoparticles, nanofib-
ers, and hydrogels [2]. Nanofibers are 
extremely thin fibers, between 1 and 1000 
nanometers in diameter, generated from 
polymers. Through use of polymeric fibers 
and implementation of controlled-release 
administration routes, drugs can be applied 
once or twice daily, thus improving patient 
adherence and avoiding toxic plasma peak 

concentrations that can arise from fre-
quent administration of immediate-release 
formulations [1]. Small nanofibers offer 
advantages including excellent stability, 
targeted delivery, high drug-loading capac-
ity, high surface area, diminished toxic-
ity, improved mechanical properties, and 
suitability for delivery of thermo-sensitive 
drugs [3]. Various techniques can be used 
for the preparation of nanofibers, such as 
emulsion spinning, force spinning, melt 
spinning, and electrospinning [4]. The pur-
pose of this review is to summarize various 
techniques used for fabrication, and factors 
influencing the electrospinning process, 
and to highlight the wide range of applica-
tions of nanofibers.

Nanofiber fabrication 
techniques

Numerous methods have been effec-
tively used for the production of nanofib-
ers, including the self-assembly method, 
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Abstract

Nanotechnology is an emerging field with substantial scientific and economic potential globally. Research-
ers are increasingly focusing on creating nanomaterials for diverse applications. This review explores the 
potential of drug-loaded nanofibers for drug delivery and describes their production methods, including 
centrifugal jet spinning, plasma-induced synthesis, solution blow spinning (SBS), pressure spinning, and 
electrospinning. Nanofibers, owing to their extensive surface area relative to their volume, are believed to 
enhance interactions with target substances and therefore are valuable in numerous applications. This review 
provides a thorough exploration of fabrication techniques, encompassing fundamental concepts, methods, 
and material aspects. Furthermore, it provides perspectives on the variables affecting the production and 
application of nanofibers, such as electrospinning parameters (including electric field intensity, needle size, 
flow rate, and distance between the needle and collector), solution characteristics (such as polymer concen-
tration, solvent type, conductivity, and viscosity), and environmental factors (such as temperature and humid-
ity). Additionally, an extensive compilation of patents related to nanofiber-based drug delivery systems is 
presented, showcasing innovations and advancements in the field. The review also examines current clinical 
trials involving nanofiber technologies, providing insights into their therapeutic potential and translational 
prospects. This review is aimed at presenting an overview of nanofiber drug delivery systems, and identifying 
future opportunities and challenges in their development and application.
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template synthesis, melt-blown method, electrostatic 
spinning method, direct stretching method, wet spinning 
method, plasma-induced synthesis, centrifugal jet spinning 
method, solution blowing spinning, pressurized spinning, 
and many others. Electrospinning, plasma-induced synthe-
sis, pressure spinning, centrifugal jet spinning, and solution 
blow spinning are the most common methods used for the 
fabrication of nanofibers [2]. Table 1 shows various tech-
niques for the fabrication of nanofibers, along with their 
drawbacks.

Centrifugal jet spinning

Centrifugal spinning, alternatively termed rotary jet spinning 
or force spinning, uses centrifugal force to overcome the 
surface tension of a polymer solution, thus producing fibers 
spanning from microns to nanometers in diameter. The cen-
trifugal spinning apparatus comprises several components, 
including a motor, a shaft, a spinneret, and a collector. To 
initiate the production of nanofibers, the process commences 
by injecting polymer solution into the spinneret and subse-
quently subjecting it to rapid rotation [5]. The spinning head 
holding the polymer solution or melt experiences a surge in 
centrifugal force as its rotational speed increases, and ulti-
mately exceeds the counteracting force of surface tension. 
Consequently, a liquid jet is ejected from the nozzle tip, 
experiences elongation, and is laid down on the collector as 
nanofibers, with solvent evaporation occurring throughout 
the stretching process [2]. Figure 1 illustrates the setup of 
centrifugal jet spinning. This method is ideal for commer-
cial production, because it is more efficient than other tech-
niques and does not require high pressure [5]. The primary 
limitation of this method is that both the quality of the fibers 
and the rate of production are markedly affected by the prop-
erties of the materials and the design of the spinneret [2]. 
Unlike traditional electrospinning, forcespinning uses cen-
trifugal force instead of an electric field, thus overcoming 
the limitations associated with electrospinning, such as high 

production costs, conductivity issues, low productivity, and 
high electric field requirements [5].

Plasma-induced synthesis

Creating nanofibers through plasma-induced synthesis 
involves five key stages: (1) radicals forcefully striking 
the electrode surface, (2) deposition of atomic vapor, (3) 
plasma expansion, (4) solution medium condensation, and 
(5) nanofiber growth through an in situ reaction with oxy-
gen [6]. Figure 2 illustrates the setup for plasma-induced 
synthesis of nanofibers. Electrical energy is used to generate 
plasma, thereby facilitating the gradual enlargement of pre-
cursor atoms into fiber-like structures. To generate plasma 
in the solution, the precursor material is used to create the 
electrode, which is submerged in an electrolyte solution 
and exposed to an electric current. As the plasma expands, 
and the discharge time increases, atoms coalesce into clus-
ters, which are subsequently oxidized and transformed into 
fibers [2].

Pressure spinning

Mahalingam and Edirisinghe developed a new process called 
pressurized gyration (PG), also called pressure spinning, 
which combines centrifugal spinning and solution blowing 
to create consistent nanofibers with diameters ranging from 
60 to 1000 nanometers. The PG system is composed of a 
rotating aluminum container with several small openings 
measuring 0.5 millimeters in circumference [7]. The size of 
the vessel and orifices, as well as the number of orifices, can 
be adjusted as necessary. The vessel is equipped with a high-
speed motor at one end, capable of reaching speeds as high 

Table 1  Nanofiber Fabrication Methods and their Drawbacks

Technique   Drawbacks
Melt-blown method   Limited to thermoplastic polymers

Template synthesis   Cannot produce continuous fibers; removing the nanofibers from the template is complicated

Direct stretching method   Manufacturing fibers with a diameter below 100 nm poses challenges; slow production process

Self-assembly   Materials used should be amphiphilic and are costly to produce

Figure 1  Centrifugal jet spinning setup. Figure 2  Plasma-induced synthesis of nanofibers.
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as 36,000 rpm [8]. At the top of the vessel, a link to a com-
pressed gas cylinder allows for the generation of pressures 
reaching 0.3 megapascals (MPa) [7]. The high-speed spin-
ning of the vessel creates a polymer stream, which is then 
drawn out into fibers via an opening. Injecting gas into the 
vessel can enhance this stretching process. An aluminum foil 
collector is placed around the spinning vessel to gather the 
polymer fibers [8]. The PG process involves three primary 
stages of fiber formation. Figure 3 depicts the setup for pres-
surized gyration. First, a polymer stream is ejected from the 
vessel’s opening and starts to elongate. Second, rapid solvent 
evaporation occurs, causing the fibers to become even thin-
ner. Ultimately, the fibers solidify through evaporation, thus 
resulting in the creation of delicate and slender fibers. Fiber 
formation through this method is caused by Rayleigh-Taylor 
instability, which disturbs the polymer solution jet as it exits 
the orifice of the PG vessel [7].

Solution blow spinning

Solution blow spinning (SBS), initially presented by 
Medeiros et al. in 2009 and also known as air-jet spinning, 
is a straightforward nanofiber production method that can 
be easily scaled up. A typical SBS arrangement includes a 

regulated source of compressed gas, a syringe and pump for 
delivering the solution to be spun, and a spraying device 
(Figure 4). In SBS, pressurized gas is used to create 
nanofibers from a polymer solution. This approach uses a 
concentric nozzle to deliver the polymer solution and pres-
surized gas in parallel streams, thus ultimately producing 
nanofibers [9]. A specialized nozzle with two circular com-
partments is used in this process. The internal compartment 
acts as a container for the polymer solution, whereas the 
external compartment accommodates pressurized gas. The 
polymer solution is propelled from the nozzle tip by a mix 
of pressure variance and shear stress at the gas-liquid inter-
face, and the jet is elongated toward the collector. This pro-
cess results in fiber creation as the solvent evaporates [2]. 
SBS has emerged as a solution to address several limitations 
of conventional electrospinning. For instance, SBS enables 
the in situ synthesis of nanofibers, which is challenging to 
achieve through electrospinning. Additionally, SBS does 
not require high electrical potential or conducting targets 
[6]. Despite the advantages of SBS, the solvents used in 
its production process can pose certain challenges, such as 
being toxic, expensive to manufacture, and unsuitable for 
large-scale production [2].

Electrospinning

Electrospinning is a quick and flexible method that uses 
electrostatic forces to generate extremely delicate polymer 
fibers that range in size from submicron to nanoscale. By 
subjecting the polymer liquid (in solution or melt form) to 
a high-voltage electric field, electrospinning prompts a con-
tinuous jet strand to emerge from the dispensing nozzle and 
accelerate toward the oppositely charged grounded collec-
tor [10]. The electrospinning method has several distinctive 
properties, including affordability, simplicity, high porosity 
and well distributed pore size, and the ability to yield contin-
uous fibers. This method allows for the use of a wide range 
of biomaterials to produce nanofibers and requires only min-
imal amounts of initial solution [11]. Despite its advantages, 
electrospinning technology requires a strong electric field 
to produce uniform fibers, thus limiting its efficiency and 
scalability. Additionally, combining the resulting fibers into 
an extensive 3D network can be challenging, thus further Figure 3  Pressurized gyration method of nanofiber preparation.

Figure 4  Solution blow spinning technique for nanofiber formation.
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limiting the popularity and practical applications of this 
technology [2].

Principle of electrospinning

Electrospinning, originating from “electrostatic yarn,” uses 
electrostatic forces to create fine fibers, typically ranging 
from 10 to 100 micrometers and 10 to 100 nanometers in 
diameter, from a polymer solution or molten polymer [1]. 
A typical electrospinning setup comprises essential com-
ponents including a spinneret (or needle), a high-voltage 
power supply with a broad voltage range, a glass syringe 
with a fine needle, and a metal collector (Figure 5) [11, 12]. 
Electrospinning devices use two main configurations: hori-
zontal and vertical setups [13]. During the electrospinning 
process, high voltage is applied to the syringe to generate 
an electric field between the syringe needle and the collec-
tor, thus facilitating the flow of the spinning fluid [14]. The 
application of high voltage to the polymer solution induces 
the polymer solution to accumulate electric charges on its 
surface. The accumulated charges push against each other 
until the electric field surpasses the surface tension of the 
solution. This process leads to the formation of a conical 
shape known as a Taylor cone. A charged jet is emitted from 
the top of this cone, and is elongated and stretched under the 

electric field [12]. As the fiber jets travel through the atmos-
phere, the solvent contained within them undergoes evapora-
tion, thus resulting in deposition of the solid polymer fibers 
onto the metal collector [15].

The electrospinning process can generally be categorized 
into four sequential stages:
(i)	 A charged liquid droplet results in the development of a 

conical jet known as a Taylor cone.
(ii)	 The charged jet undergoes elongation, stretching out in 

a straight line from the Taylor cone.
(iii)	 Under the influence of the electric field, the jet’s thick-

ness decreases, thereby playing a role in the creation of 
more delicate fibers.

(iv)	 While progressing toward the grounded collector, the 
electrospinning jet experiences solvent evaporation and 
solidifies into thin fibers. These fibers are then attracted 
to the grounded collector and collect on its surface [16].

Materials or nanofiber 
fabrication

Nanofiber production uses a diverse range of polymers, each 
selected for its unique characteristics. For drug delivery pur-
poses, a solution of polymer using an appropriate solvent is 
prepared. An exact amount of drug is added to the polymer 
solution, thus creating a consistent solution or suspension, 
depending on the drug’s solubility in the polymer solution. 
This mixture is then subjected to electrospinning to gener-
ate nanofibers composed of a stable polymer-drug complex, 
and the solvent is eliminated through evaporation during 
the process [17]. The fundamental building blocks of elec-
trospun nanofibers include natural or synthetic materials, 
such as polymers, ceramics, and composites [18]. Targeted 
drug delivery can be achieved by using drug delivery matri-
ces made of either biodegradable or non-degradable poly-
mers. The selection of polymers determines how drugs are 
released: non-degradable polymers release drugs solely via 
diffusion, whereas biodegradable polymers involve both 
matrix erosion and diffusion. Through selection of the appro-
priate polymers for an electrospun matrix, the rate of drug 
delivery can be controlled [10]. Table 2 presents polymers 

Table 2  Polymers and Solvents Used for Preparation of Therapeutic Nanofibers

Drug   Polymer/carrier   Solvents   Drug Release Characteristics   Reference
Vancomycin   Chitosan, gelatin   Water, glacial acetic acid   Sustained drug release   [30]

Tetracycline hydrochloride   PVA, chitosan   Acetic acid solution, water   Initial burst release followed 
by sustained release

  [31]

Ciprofloxacin   PLA/GE   Hexafluoro-2-propanol   Initial burst release followed 
by sustained release

  [32]

Curcumin   PCL   DCM/ethanol   Slow drug release   [33]

Diclofenac sodium   Poly(3-hydroxybu-
tyrate-co-3-hydroxy-
valerate) (PHBV)

  Hexafluoroisopropanol   Initial burst release followed 
by controlled release

  [34]

Progesterone   CMC, PEO   Ethanol   Zero-order drug release   [35]

Aspirin   Eudragit (ES100)   Ethanol and N,N-dimethylacetamide   Extended drug release   [36]

Rosuvastatin   Chitosan, PCL   Acetic acid   pH-responsive drug release   [37]

Figure 5  Basic setup of electrospinning device.
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and solvents used for the preparation of nanofibers. An ideal 
biomaterial should exhibit properties such as biocompatibil-
ity, ability to undergo natural degradation, absence of tox-
icity, moderate water-attracting properties, and appropriate 
mechanical strength [19].

Polymer

Nanofibers acquire distinct attributes as a result of their nano-
scale size. Theoretically, a range of polymers can be used to 
fabricate nanofibers. Table 3 shows various polymers used 
for the fabrication of nanofibers. Nevertheless, during the 
development of nanofibers, considering the characteristics 
of the polymer is essential, because they determine diverse 
mechanical properties, rate of degradation, and interactions 
with cellular materials [19].

Solvent

After a suitable polymer with favorable attributes is chosen, 
the subsequent stage involves creating a polymer dispersion. 
For successful nanofiber production, the solvent must effec-
tively solubilize the polymer at a concentration suitable for 
electrospinning. Moreover, the solvents must not undergo 

any chemical interactions with the dissolved polymer. Water 
is the preferred solvent, because of its safe and biocompat-
ible nature, but is suitable for only hydrophilic polymers. 
However, using water as a solvent has several drawbacks. 
Polymers often exhibit low solubility in water, and the 
resulting solutions often become thick and viscous at low 
concentration. Organic solvents, such as acetone, trifluo-
roethanol, ethyl acetate, acetic acid, ethanol, dichlorometh-
ane, tetrahydrofuran, formic acid, dimethylformamide, and 
methanol are more commonly used in electrospinning [19]. 
Another important criterion for the selection of solvent is 
an intermediate boiling point. Volatile solvents are often 
preferred for electrospinning, because their rapid evapora-
tion rate allows for efficient removal of the solvent from the 
nanofibers as they travel from the needle tip to the collector. 
For electrospinning, volatile solvents are usually preferred, 
but solvents with extremely low boiling points should be 
avoided. These highly volatile solvents evaporate too rap-
idly, thereby leading to premature drying of the polymer 
solution at the needle tip before proper electrospinning into 
nanofibers can occur. Likewise, solvents with high boiling 
points should also be avoided. These solvents evaporate too 
slowly, thus causing the solvent to remain in the nanofibers 
as they land on the collector and potentially leading to the 
development of pearl-like structures on the nanofiber sur-
face [20].

Table 3  Various Polymers Used for Fabrication of Nanofibers

Polymer   Properties
Natural

  Chitosan   • Isolated from chitin
• Non-toxic, biodegradable, biocompatible, and non-antigenic
• �Difficulties in electrospinning due to the ionic characteristics of the polymer and its ability to form a 

three-dimensional network through hydrogen bonding
• Not prone to erosion when exposed to water
• Anti-microbial
• Mucoadhesive properties
• Anti-inflammatory

  Alginate   • Polysaccharide obtained from seaweed
• �Alginate nanofibers tend to exhibit weak cell adhesion, have limited mechanical strength, and rapid 

degradation within the body
• Cannot be electrospun alone

  Hyaluronic acid   • Straight-chain, polyanionic glycosaminoglycan
• Keeps tissues hydrated; promotes cell growth, migration, and development of new blood vessels
• �HA nanofibers tend to exhibit weak cell adhesion, limited mechanical strength, and rapid degradation 

within the body

  Gelatin   • Polypeptide derived from collagen through partial hydrolysis
• Other synthetic linear polymers
• �Polymer dissolves in water and requires chemical crosslinking with glutaraldehyde to achieve stability 

of gelatin nanofibers in aqueous environments

Synthetic polymers

  Polyvinyl alcohol   • Biocompatible polymer with hydrophilic properties that easily dissolves in water
• Excellent stability in both chemical and thermal environments; non-toxic
• Combined with other polymers

  Polyglycolic acid   • Synthetic thermoplastic polymer
• Effective biodegradation and absorbability
• Used for synthesizing controlled release nanofibers

 � Poly(lactic-co-glycolic acid) 
and polylactic acid

  • Resistant to degradation or decomposition in water
• Controls the speed of drug release

  Poly(ε-caprolactone)  

• Synthetic thermoplastic polymer
• Stable in aqueous environments
• �Synthetic polymer of choice because of its favorable spinnability, mechanical properties, compatibility 

with other polymers when blended, and slow rate of degradation
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Mechanism of drug release

The polymeric network enables drug release via swelling, 
diffusion, or degradation mechanisms. Factors including the 
drug properties, polymer composition, interactions, release 
environment, and preparation method influence drug release 
from nanofibers [21, 22]. Table 4 outlines the mechanisms 
of drug release investigated for various polymers.

Scientists have used various mathematical models to assess 
drug release mechanisms and predict overall release patterns 
[22]. Various mathematical models have been suggested to 
explain the kinetics of drug release, including first-order 
models, the Higuchi model, the Korsmeyer-Peppas model, 
and the Hixson-Crowell model [23].

Zero-order kinetics

Zero-order release describes the dissolution pattern of a drug 
from a dosage form in which the drug remains intact and is 
released gradually. In this mechanism, drug release occurs at 
a constant rate and is not influenced by the drug concentra-
tion within the polymer matrix.

	 t o oQ Q K t= − � (1)

where Q
o
 is the initial amount of drug, Q

t
 is the cumulative 

amount of drug remaining to be released at time “t,” K
o
 is the 

zero-order release constant, and t is time in hours.
The graphical depiction of the proportion of dissolved 

drugs over time exhibits a linear relationship. The steepness 
of the line indicates the magnitude of the constant “K” in 
zero-order release kinetics [22, 24–26].

First-order drug release

A first-order drug release model is used to explain how cer-
tain drugs are absorbed or eliminated; the rate at which their 
concentration changes is directly proportional to the change 
in time, and depends on the drug concentration within the 
polymer matrix [22].
	 dC/dt Kt= − � (2)

	 t olog Q log Q Kt/2.303= − � (3)

where Q
o
 is the initial amount of drug, Q

t
 is the quantity of 

drug yet to be released at a given time “t,” K is the first-order 
release constant, and t is the time in hours [26].

When the logarithm of the cumulative percentage of drug 
remaining is plotted against time, a straight line with a slope 
of −K/2.303 is obtained.

Higuchi model

Higuchi introduced a mathematical model in 1971 to describe 
drug dissolution from polymer matrices, primarily for planar 
systems. This model has since been adapted and modified to 
accommodate various geometrical systems. The most basic 
form of the Higuchi model relates drug concentrations to the 
square root of time [22].

	
1/2

t HQ K t= � (4)

where Q
t
 is the amount of drug remaining to be released at 

time “t,” and K
H
 is the Higuchi dissolution constant.

Plotting the drug release amount against the square root of 
time reveals the Higuchi dissolution constant, indicated by 
the slope of the graph.

This model is applicable only in certain situations, 
including when (i) the drug concentration exceeds its sol-
ubility, (ii) minimal edge effects are present, thus ensur-
ing unidirectional diffusion, (iii) the medium thickness 
exceeds the drug particle size, (iv) the polymer matrix 
exhibits minimal swelling or dissolution, (v) the drug dif-
fusion rate remains consistent across the polymer matrix, 
and (vi) the release environment maintains perfect sink 
conditions [22].

Hixson-Crowell kinetics model

The Hixson-Crowell model, proposed in 1931, elucidates the 
relationship between a particle’s surface area and the cube 
root of its volume [24, 25]. This model is particularly useful 
for situations in which drug release is affected by changes in 
particle size and surface area [24].

	 3 3
0 t HCQ Q K t− = � (5)

where Q
0
 is the initial amount of drug, Q

t
 is the amount of 

drug remained to be released at time “t,” K
HC

 is the Hixson-
Crowell release constant, and t is the time in hours.

The Hixson-Crowell model proposes that plotting the 
cubic root of the initial drug concentration minus the cubic 
root of the remaining percentage shows a linear relationship 

Table 4  Mechanisms of Drug Release Through Nanofibers

Polymer   Solvent   Drug   Mechanism of 
Drug Release

  References

Polyurethane   Dimethyl formamide   Nigella sativa seed oil   Korsmeyer-Peppas   [38]

Polyvinylpyrrolidone   Ethanol   Ciprofloxacin   Korsmeyer-Peppas   [39]

Eudragit L100–55, Eudragit S100, and  
Kollicoat MAE100–55

  Ethanol   Methylprednisolone   Weibull model   [40]

Cellulose acetate, poly e-caprolactone   Acetone, dichloromethane, ethanol   Vitamin D3   Zero-order release   [41]

Poly (e-caprolactone), chitosan   Chloroform, methanol, acetic acid, 
DMSO

  Rhodamine B and 
naproxen

  Higuchi model   [42]

Polycaprolactone, collagen   Acetic acid   Artemisinin   Korsmeyer-Peppas   [43]
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over time, thus indicating that the drug release rate is influ-
enced by the surface area of the drug particles [25].

Korsmeyer-peppas model

Korsemeyer and Peppas developed a model in 1983 to study 
drug release from polymer matrices, including nanofibers. 
The model presented in this study provides an equation 
for analyzing release behavior and distinguishing between 
Fickian and non-Fickian release mechanisms, which are 
applicable to both swelling and non-swelling polymer matri-
ces. This model uses the initial 60% of the release data to 
pinpoint and analyze the drug release mechanism [22].

	 n
tM /M Kt∞ = � (6)

where M
t
/M

∞
 is the portion of the drug that has been released 

at a given time “t,” K is the rate constant, and n is the diffu-
sion or release exponent.

The diffusional exponent “n” serves to identify and 
explain the diverse mechanisms governing drug release as 
interpreted in Table 5 [26].

Weibull model

To explain the dissolution and drug release phenomena 
observed in polymeric networks, Weibull developed an 
empirical equation in 1951.

	
batt%R

(1 e )
%Rmax

−= − � (7)

where %R
t
 is the proportion of drug released at a particu-

lar time point, denoted t, %Rmax is the highest percentage 
released at a specific time point, t, and a and b are the con-
stants characterizing the rate at which drugs are released 
from their carriers [22].

Peppas-Sahlin model

Peppas and Sahlin developed a new equation in 1989 to 
measure and describe how drugs are released from polymer 
matrices. This equation incorporates the swelling capacity 
of the matrix along with two primary factors that govern the 
release process [22].

	 m 2m
t 1 2M /M K t K t∞ = + � (8)

where K
1
 is the Fickian kinetic constant, and K

2
 is the ero-

sion rate constant.

Factors affecting the production 
and morphology of electrospun 
nanofibers

The electrospinning process is affected by various factors, 
which can be broadly classified into three main groups: solu-
tion characteristics, process conditions, and environmental 
variables [12–14, 27]. Table 6 summarizes the process para-
meters for nanofiber preparation.

Solution parameters

Effect of molecular weight

The polymer’s molecular weight directly correlates with solu-
tion viscosity, rheology, flexibility, and degree of chain entan-
glement, and is inversely proportional to chain entanglement 
[12]. As the polymer solution moves from the needle tip to 
the collector during the electrospinning process, it undergoes 
a stretching phenomenon. The entangled network of polymer 
chains prevents the fragmentation of the electrically charged 
jet, thus enabling uninterrupted flow of the solution [28]. 
A greater degree of entanglement results in increased drag 
and intermolecular attraction [21]. Higher molecular weight 
decreases the tendency of polymer solutions to form beads 
and causes an enlargement of pore size, thus resulting in the 
formation of a consistently meshed structure [27].

Effect of solution viscosity

A clear correlation exists between the viscosity of the polymer 
solution and the polymer concentration [12]. To create poly-
mer fibers with larger diameters, viscosity can be increased 
by raising either the polymer concentration or its molecular 
weight [27]. Increased solution viscosity also leads to increased 
entanglement among polymer chains. Because of entangle-
ment, the beads transform from spherical to spindle-shaped 
structures and ultimately develop into smooth fibers [13]. In 
contrast, when a polymer solution exhibits excessively high 
viscosity, jet formation becomes difficult, because the flow of 
polymer at the needle tip is obstructed [27]. The ideal viscos-
ity range for spinning is typically between 1 and 200 poise. 
However, uniform nanofibers can be produced specifically at 
viscosities ranging from 1 to 20 [13].

Effects of polymer concentration

For chain entanglement to occur in the polymer solution, 
the polymer concentration must be maintained within a 

Table 5  Interpretation of Diffusion Release Mechanisms

Release Exponent (n)   Drug Transport Mechanism   Drug Release Mechanism
n < 0.5   Quasi-Fickian diffusion   Matrix that does not undergo swelling and exhibits diffusion

0.5   Fickian diffusion   Matrix that does not undergo swelling and exhibits diffusion

0.5 < n < 1.0   Anomalous (non-Fickian transport)   Diffusion (passive movement) and relaxation/erosion (active breaking down)

1.0   Case II transport   Concentration-independent drug release

> 1.0   Super case II transport   Matrix erosion-driven drug delivery
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specific range that is neither too dilute nor too concentrated. 
Achieving continuous fiber production substantially relies 
on the appropriate selection of polymer concentration, tak-
ing into account factors such as viscosity and surface ten-
sion [27]. Thus, the polymer solution should not be too 
diluted, the viscosity is decreased, and the surface tension is 
increased. Subsequently, a loss of intermolecular attractions 
within the charged jets causes them to break into individual 
droplets as they emerge from the Taylor cone [13]. Similarly, 
excessive concentrations, which would prevent the forma-
tion of fibers altogether, must be avoided [3].

Effects of surface tension

Surface tension decreases the surface area per unit mass of 
a fluid [28]. Overcoming this surface tension is essential to 
start the electrospinning process by using the given solution 
[13]. Free solvent molecules present in high concentrations 
tend to aggregate and form spheres because of surface ten-
sion [28]. Decreased surface tension promotes greater inter-
action among the solvent molecules and polymers. This 
enhanced interaction allows the solvent molecules to evenly 
disperse across the entwined polymer molecules and leads to 
the formation of smooth fibers without beads [13]. Surface-
active agents can be used to manipulate surface tension. 
However, lowering surface tension alone is not sufficient to 
address the issues that arise from using a polymer with low 
molecular weight [19].

Effects of solution conductivity

Electrospinning is a process involving the stretching of a 
solution, because of the repulsion between charges on its 
surface. Consequently, increasing the solution’s conductivity 
enables the electrospinning jet to carry a greater number of 
charges [28]. The conductivity of the electrospinning solu-
tion is influenced by several factors, such as the type of poly-
mer, the solvent used, and the presence of ionic salts. Higher 
solution conductivity leads to the formation of thinner fibers, 
whereas lower conductivity results in thicker fibers. Polymer 
solutions with high conductivity exhibit instability under 
strong electric fields, thus leading to the occurrence of bend-
ing instability [12]. The addition of salt results in the pro-
duction of finer and more uniform fibers, and simultaneously 
decreases bead formation. The increased elongation and die-
lectric stresses experienced by the polymer jet experiences 
are attributable to a rise in charge density. Consequently, 
thinner fibers are formed [27].

Effects of solvent volatility

For effective electrospinning, the solvent should completely 
dissolve the polymer and form a uniform solution. The sol-
vent should also exhibit moderate volatility, characterized by 
a moderate boiling point. Solvents with high volatility and 
low boiling points are not recommended for electrospinning, 
because of their tendency to evaporate quickly at the needle 

tip, thus leading to blockages and hindering the electrospin-
ning process. Similarly, avoiding non-volatile solvents is also 
important, because they prevent the nanofibers from drying 
fully when they reach the collector, thus causing bead for-
mation [12]. Before solid fibers form on the collector plate, 
phase separation occurs as the fiber jet is released from the 
capillary tube. The extent of this separation is largely influ-
enced by the solvent’s volatility [3].

Effect of the dielectric constant of the 
solvent

Electrospinning with solutions having higher dielectric 
constants results in greater bending instability, which in 
turn contributes to the formation of thinner nanofibers and 
suppresses bead formation. Additionally, an increased area 
of deposition results [21]. Solvents with higher dielec-
tric constants typically exhibit higher net charge density. 
Therefore, in the electrospinning process, these solvents 
apply increased elongation forces to the charged jet, thereby 
leading to decreased bead formation and thinner fiber diam-
eters. To enhance the dielectric properties of the electros-
pinning solution, various solvents such as toluene, ethanol, 
acetone, m-cresol, acetic acid, dimethylformamide, chloro-
form, tetrahydrofuran, acetonitrile, dichloromethane, and 
ethyl acetate can be used [13].

Processing parameters

Effects of voltage

A voltage of appropriate magnitude is necessary to initiate 
jet formation, primarily according to the characteristics of 
the solution, such surface tension and viscosity. An ade-
quate voltage level is required to initiate jet formation, and is 
largely influenced by solution characteristics including vis-
cosity and surface tension. Insufficient voltage fails to gen-
erate the necessary electrostatic forces to overcome droplet 
surface tension. Consequently, the jet fails to stretch out, thus 
leading to the formation of droplets instead. Elevating the 
voltage beyond a specific threshold initiates the formation 
of the jet, and causes heightened whipping and instability 
in the fibers. Consequently, the fiber jet undergoes elonga-
tion [14]. Researchers are in disagreement regarding the 
influence of applied voltage on the diameter of electrospun 
fibers. Although some studies have suggested that the fiber 
diameter increases as the applied voltage rises, others have 
concluded that the effect of applied voltage on electrospun 
fiber diameter is negligible. Interestingly, several research 
groups have even documented the decrease in fiber diameter 
as the applied voltage is raised. These seemingly contradic-
tory findings can be clarified by considering the following. 
When the voltage increases in electrospinning, two effects 
on fiber diameter are observed. First, higher voltage ejects 
more polymer solution, thereby forming an initial jet with 
a larger diameter and consequently promoting the genera-
tion of fibers with greater diameter. In contrast, applying a 
higher voltage amplifies the density of surface charges on the 

BIOI  2024
R

eview



10� N. Kalayil et al.: DOI: 10.15212/bioi-2024-0023

initial jet, thus causing the jet to divide into smaller jets, and 
yielding fibers with smaller diameters. Both these effects 
can occur simultaneously. When the first effect is dominant, 
thicker fibers are produced. In contrast, when the second 
effect takes precedence, thinner fibers are produced [28].

Effects of flow rate

Fiber size, porousness, and organization are affected by the 
rate at which the polymer solution flows. Higher flow rates 
result in larger fiber diameters. In contrast, using a slower 
flow rate allows for the creation of thinner fibers, which are 
desirable because they provide adequate time for solvent 
evaporation. However, beading occurs in the fibers at higher 
flow rates, because of rapid solvent evaporation [27].

Separation between the needle tip and the 
collector

To achieve the desired morphology and dimensions of elec-
trospun nanofibers, adjusting the distance between the needle 
tip and the collector is essential [17]. The optimal distance 
between the collector plate and the needle tip is essential, 
because a decrease in this distance results in a shorter flight 
time. That is, insufficient time for solvent evaporation may 
occur and potentially lead to bead defects [3].

Needle diameter

The diameter and structure of the resulting nanofibers are 
substantially influenced by the internal diameter of the needle 
used during electrospinning [12]. When the orifice diameter 
decreases, the resulting fibers also have a smaller diameter, 
because of the limited solution accumulation at the end of the 
capillary tube caused by the decreased orifice size [3].

Effects of the collector

The choice of collector material substantially influences the 
electrospinning process, because it serves as the conductive 

surface that attracts and collects the charged nanofibers. 
Although aluminum foil is frequently used as a collector, 
detaching electrospun nanofibers from it can be challeng-
ing. Additionally, alternative electrodes, such as conduc-
tive cloth, gridded bar, mesh, pin, parallel or paper, rotating 
wheel, and rotating rod electrodes, are occasionally devised 
to facilitate the production of aligned fibers [12]. When a 
non-conductive collector is used, the similar charges on the 
fibers repel each other, thus decreasing deposition and occa-
sionally leading to the formation of three-dimensional fibers. 
A porous collector accelerates solvent evaporation, whereas 
a patterned collector alters the texture of the fiber mat. In 
contrast, a rotating collector provides an enhanced morphol-
ogy by allowing more time for solvent evaporation [21].

Environmental parameters

Despite advancements in electrospinning technology, the 
influence of ambient conditions on the process has not 
been thoroughly investigated. These conditions include the 
following:

Humidity

Humidity influences the structure of fibers and leads to pore 
formation on the surfaces of the fibers as humidity rises. 
By manipulating the humidity levels, modified electrospun 
nanofibers can be created [12]. This phenomenon occurs 
because water droplets generated during electrospinning 
condense on the polymer’s surface and subsequently form 
pores as they dry [21]. In conditions with very low humidity, 
the rapid evaporation of solvents can disrupt the electrospin-
ning process and potentially cause needle tip blockage [12].

Temperature

The speed of solvent evaporation and the viscosity of a 
polymer solution or melt are affected by the ambient tem-
perature. Higher ambient temperatures lead to faster solvent 
evaporation and cause the formation of thicker nanofibers. 
In contrast, lower environmental temperature decreases the 

Table 6  Process Parameters for Nanofiber Preparation

Category   Requirements   Details
Solution 
parameters

  Polymer concentration   Optimal concentration to ensure proper viscosity and surface tension for fiber formation 
(typically 5–20 wt%)

  Solution viscosity   Affects fiber diameter and morphology; usually in the range of 100–2000 cP

  Solution conductivity   Influences the electrospinning process; can be modified by adding salts or ionic compounds

Process 
parameters

  Voltage   Applied voltage between the needle and collector (typically 10–30 kV)

  Flow rate   Rate at which the polymer solution is fed through the needle (typically 0.5–3 mL/h)

  Needle-collector distance   Distance between the needle and the collector (typically 10–20 cm)

  Collector type   Type of collector used (e.g., stationary, rotating drum, or rotating disc) affecting fiber 
alignment and morphology

Environmental 
conditions

  Humidity   Relative humidity affecting fiber morphology and pore structure (usually 30–50%)

  Temperature   Ambient temperature influencing solution properties and fiber formation (usually 20–30°C)
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solvent evaporation rate and leads to formation of thinner 
nanofibers [19]. When the ambient temperature is elevated, 
the polymer jet’s splaying and elongation process can-
not be fully accomplished, because of faster solidification 
rates [28]. Moreover, as the polymer solution’s viscosity 
decreases, a greater degree of fiber stretching occurs. This 
increased stretching results in thinner fibers [13]. Using ele-
vated temperatures leads to loss of functionality in biopoly-
mers such as proteins and enzymes [21].

Applications of nanofibers in drug 
delivery
Nanofibers have shown substantial promise in the field of 
drug delivery, because of their unique properties, such as 
high surface area, porosity, and tunable release profiles. 
Table 7 lists the therapeutic applications of nanofibers.

Patent and current clinical trial 
status of nanofibers
Nanofibers have emerged as a promising technology in 
the field of drug delivery systems, and their unique prop-
erties—such as high surface area-to-volume ratio, tunable 
porosity, and the ability to encapsulate a wide range of ther-
apeutic agents—have been leveraged. These characteristics 
make nanofibers highly effective in enhancing drug solubility, 
stability, and controlled release profiles. The patent landscape 
for nanofiber-based drug delivery systems is rapidly evolv-
ing, reflecting growing interest and innovation in this area. 
Table 8 lists patents on nanofibers. Concurrently, clinical tri-
als are underway to evaluate the safety, efficacy, and potential 
applications of these advanced drug delivery platforms in var-
ious therapeutic domains. Nanofiber formulations in clinical 
trials are listed in Table 9. Understanding the current patent 
status and clinical trial progress is crucial for stakeholders 
in the pharmaceutical and medical research fields, to provide 
insights into the technological advancements and regulatory 
milestones influencing the development and commercializa-
tion of nanofiber-based drug delivery systems.

Challenges and future prospects

The development of diverse nanofiber production methods 
has resulted in substantial advancements in creating multi-
ple platforms for drug delivery technologies [14]. Creating 
nanofibers is markedly more expensive than creating tradi-
tional fibers, because of expensive technologies involved and 
lower production rates [3]. Leading research on centrifugal 
spinning, pressure gyration, electrospinning, and solution-
blowing is progressing toward large-volume production. 
Certain systems such as NanoSpinner416n and FibeRio® 
Technology are already being used industrially. These high-
tech systems have shown great promise in the production of 
homogeneous and continuous fibers. However, a challenge 
lies in ensuring that fibers are produced with the required 
morphological, mechanical, and chemical characteristics, A
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particularly during large-volume production [14]. Another 
major obstacle involves achieving efficient production of 
nanofibers that adhere to universally recognized stand-
ards and comply with stringent regulatory requirements. To 
address this concern effectively, various aspects, including 
environmental safety, reproducibility, accuracy, and the abil-
ity to meet market demands through large-scale production, 
must be successfully managed [29]. Comprehensive pre-clin-
ical and clinical assessments are crucial for the successful 
transition of these products from the laboratory to the market 
[14]. These assessments will require the establishment of reg-
ulations and global standards to evaluate the environmental 
impact of both the products and their by-products, as well as 
their in vivo toxicity and biocompatibility [29].

Conclusion

Electrospinning is a straightforward technique used in both 
laboratory and industrial settings to produce nano-scale fib-
ers. Nanofibers, owing to their size, have special physical 
properties that render them appropriate for diverse domains 
and applications. Among the numerous available production 
techniques, electrospinning is an extensively researched and 
widely used technique. This process allows for constructing 
nanofibers from various materials, such as polymers, car-
bon, metal oxides, and composites. These nanofibers have 
unique traits such as a large surface area, surface function-
ality, interconnected pores, and flexibility. Their shape is 
affected by solution properties, manufacturing methods, and 
environmental factors; optimizing these variables yields uni-
form nanofibers. Despite their immense potential, nanofibers 
still encounter limitations in tissue engineering applications. 
Electrospun nanofibrous scaffolds face challenges, including 
that small pore sizes hinder cell growth, and their mechanical 
properties are often unsuitable for hard tissue regeneration. 
Addressing these issues during application and managing in 
vivo degradation pose additional challenges. Nevertheless, 
nanofibers are becoming commonly used for delivering drugs 
because of their special qualities, including precise targeting, 
the ability to hold many drugs, high efficiency in encapsu-
lating drugs, enhanced drug effectiveness, and diminished 
adverse effects. They hold great promise in various biomed-
ical applications, particularly for treating bacterial biofilms 
and infections associated with orthopedic implants, and 
providing tissue scaffolds and wound dressings. To further 
enhance the potential of nanofibers, efforts should focus on 
developing diverse properties and high-throughput manu-
facturing techniques. By addressing these aspects, nanofib-
ers may revolutionize multiple industries and contribute to 
groundbreaking advancements in various fields.

Literature search strategy

A comprehensive literature search was conducted to iden-
tify relevant studies. The following databases were searched: 
PubMed, Scopus, and Google Scholar. The primary databases P
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used for patent searches were Google Patents, Espacenet, 
World Intellectual Property Organization, and the United States 
Patent and Trademark Office (USPTO) database. Clinical trial 
information was sourced from ClinicalTrials.gov. The search 

was performed with the following keywords: “Nanofibers,” 
“Nanofibers for drug delivery,” “Fabrication of Nanofibers,” 
and “applications.” The search was limited to articles published 
in English between May 2010 and April 2024.
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