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Nanofibrous scaffolds in biomedical applications
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Abstract

Nanofibrous scaffolds are artificial extracellular matrices which provide natural environment for tissue formation. In
comparison to other forms of scaffolds, the nanofibrous scaffolds promote cell adhesion, proliferation and differentiation
more efficiently due to having high surface to volume ratio. Although scaffolds for tissue engineering have been
fabricated by various techniques but electrospun nanofibrous scaffolds have shown great potential in the fields of
tissue engineering and regeneration. This review highlights the applications and importance of electrospun
nanofibrous scaffolds in various fields of biomedical applications ranging from drug delivery to wound healing.
Attempts have also been made to highlights the advantages and disadvantages of nanofirbous scaffolds fabricated for
biomedical applications using technique of electrospinning. The role of various factors controlling drug distribution in
electrospun nanofibrous scaffolds is also discussed to increase the therapeutic efficiency of nanofibrous scaffolds in
wound healing and drug delivery applications.
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Introduction
Nanofibers have played significant role in various fields of
biomedical research ranging from drug delivery to wound
healing due to having high surface area and opportunities
to tune their properties by varying composition and
fabrication parameters [1,2]. The fabrication of electro-
spun nanofibers using hydrophilic polymers found to
be effective in developing fast dissolving delivery sys-
tems having reduced drug–drug interactions [3-5]. The
nanofibrous scaffolds fabricated with natural and syn-
thetic polymers found to be promising for developing
drug delivery systems by electrospinning of blended
polymers or through coaxial spinning of two different
polymers along with drugs and active agents [6,7]. The
technique of electrospinning has produced nanofibrous
scaffolds that not only reduced the bulk release of en-
capsulated drugs but also found useful in developing
dual degree delivery systems for post operative surgical
treatment of the patients [8]. Recently a variety of tech-
niques has been evolved to fabricate nanofibrous scaffolds
for biomedical applications such as techniques of phase
separation [9], self-assembly [10], melt-blowing [11],
and templating system [12]. However, the technique of
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electrospinning found to be useful to produce nanofibrous
scaffolds [2,13,14] for various biomedical applications.
Although nanofibrous scaffolds are potentially useful
in various fields but this review focuses on applications
of electrospun nanofibrous scaffolds for biomedical ap-
plications such as drug delivery [15-17], wound healing
[18-25], and delivery of bioactive molecules [26] in tissue
engineering.
Review
This review provides briefly the state of art of elctros-
pinning for nanofibrous scaffolds and highlights the recent
developments in applications of nanofibrous scaffolds in
various fields of biomedical research.
Nanofibrous scaffolds by electrospinning technique
The electrospinning has been known since 1897 based
on the principle of Rayleigh [27]. Electrospinning process
utilizes the electrostatic forces to draw the fibers from the
droplet formed at the tip of spinneret. The applications of
electrospinning technique have been explored in various
fields [16,19,22,26] and several studies have been conducted
to analyze the controlling parameters of electrospinning
process [28-38].
In principle, the electrospinning needs three basic

components such as, a high voltage DC supply, grounded
collector, and syringe pump (Figure 1). On application of
td. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,

mailto:kcgptfcy@iitr.ac.in
mailto:ikkang@knu.ac.kr
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Power supply
Figure 1 An electrospinning setup showing the arrangement for syringe, precursor solution, needle, liquid jet, collector, and
power supply.
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voltage, charge is induced in the solution and a Taylor
cone [36] is formed by the balance of electrical force and
surface tension of the solution. After Taylor cone forma-
tion, a charged fiber jet is produced, which moves toward
grounded collector when applied potential overcomes the
surface tension of the solution in Taylor cone. The forma-
tion of nanofibers is influenced by various parameters,
which are mainly grouped in following three categories
(A, B, and C);

A: Solution parameters, which include conductivity,
surface tension, and viscosity of solution.

B: Process parameters, which include applied voltage,
distance between tip to collector, flow rate, and
electric field induced by the collector.

C: Ambient parameters, which include temperature
and humidity.

The electrospinning technique is capable of producing
continuous fibers using wide range of material such as
polymers and their composites with ceramics. It is an
effective means to produce non-woven membranes of
nanofibers ranging from micron to nanosized diameter
[38-42]. The electrospun nanofibers possess high surface
to volume ratio, which is responsible for their importance
in various applications such as tissue engineering [43-46],
drug delivery [47-49], and other bio [50], energy related
applications [51-57]. The effect of different surfactants on
diameter of poly(lactic acid) (PLA) electrospun fibers has
been studied by Zeng et al. [58] and addition of triethylben-
zyl ammonium chloride (TEBAC) has significantly reduced
the diameter of electrospun nanofibers due to increased
conductivity and polarizibility of solution in comparison to
solution without surfactant. The addition of non ionic
surfactant such as poly(propylene oxide-ethylene oxide)
ether (PPO-PEO) (AEO10) has produced uniform fibers,
whereas, addition of anionic surfactants such as sodium
dodecyl sulfate (SDS) has shown manifold increase in
diameter of electrospun nanofibers than electrospun
nanofibers produced in presence of cationic and non-ionic
surfactants. These investigations have clearly indicated that
properties of electrospun nanofibers could be controlled
using different additives and solvents.

Electrospun nanofiberous scaffolds in biomedical
applications
Over the last 30 years extensive work has been carried
for developing electrospun nanofibrous scaffolds for the
promotion of bone tissue formation and to assist in
wound healing [18-20]. Recent advancements have led
to the development of composite scaffolds, consisting
of materials that help in tissue engineering and delivery
of drugs [18-21], and growth factors [26]. To control
the release profile of encapsulated drugs, various tech-
niques have been applied using polymers of optimal
degradation and erosion. The electrospun nanofibrous
scaffolds have shown significant control on drug release
kinetics and great potential in maintaining therapeutic
doses for longer period in comparison to other drug re-
leasing scaffolds.

Electrospun nanofibrous scaffolds in drug delivery systems
The electrospun nanofibrous scaffolds found to be useful
in drug delivery systems [59] due to high surface to
volume ratio and high pore connectivity [60]. The poly-
mer based electrospun nanofibrous scaffolds are able to
provide useful way out to develop drug delivery systems
for a number of recently-developed water insoluble drugs.
The electrospun nanofiber technique is also found to be
helpful in providing a novel approach for dissolving and
releasing of even very poorly soluble drugs. The poly(vinyl
pyrrolidone) (PVP) based electrospun fibers found to be
potentially useful in improving the solubility of poorly
water soluble drugs as PVP based nanofibers are able to
provide better dispersal for poorly water soluble drugs
[61]. The electrospun nanofibrous scaffolds based drug
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delivery systems (DDS) have shown great potential in
providing better control on drug dosages in comparison
to other methods of drug delivery systems [62]. The
itraconazole is widely used for the treatment of Tinea
Pedis and other fungal infections; hence electrospun
nanofibrous scaffolds based drug delivery systems have
been developed and analyzed for drug release kinetics
[63]. The itraconazole release from electrospun nanofi-
brous scaffolds has shown linear dependence to the
square root of release time, which clearly indicated that
itraconazole has followed a Fickian release kinetics. The
mefoxin loaded poly(D, L-lactic acid) (PDLLA) electro-
spun nanofibrous scaffolds have shown complete release
of mefoxin within 24 h with a bulk release within initial
3 h due to aggregation of large number of mefoxin mol-
ecules at the surface of nanofibrous scaffolds [63]. These
investigations have clearly suggested that surface depos-
ition and drug aggregation has significant influence on
drug release behavior of electrospun nanofibrous scaf-
folds. The electrospun nanofibrous scaffolds from poly
(ethylene-co-vinyl acetate) (PEVA) and PLA blends con-
taining tetracycline hydrochloride have been used suc-
cessfully for the treatment of periodontal diseases in
comparison to other scaffolds [24]. The PEVA based elec-
trospun nanofibrous scaffolds have shown high release
rate than 1:1 ratios of PLA/PEVA or nanofibrous scaffolds
obtained from pure PLA. The PEVA based electrospun
nanofibrous scaffolds have released 65% of loaded
tetracycline hydrochloride within 120 h [64,65]. The
composition, morphology and structures of electrospun
nanofibers for drug delivery systems have been controlled
easily using emulsion electrospinning techniques [66,67].
The electrospun nanofibrous scaffolds have also been used
successfully in controlled delivery of genes [68], proteins
[69-71], and enzymes [72]. The scaffolds having electro-
spun nanofibers with low diameters was found to be more
effective in dual drug delivery [15-17], and applications in
post-surgical treatment of Glioma cells [73]. The elec-
trospun nanofibers for drug delivery systems are gener-
ally produced either by blend electrospinning [60], or
by coaxial electrospinning methods [6,7,68,74]. In blend
electrospinning technique, the drug is mixed with polymer
solution prior to electrospinning process, whereas in
coaxial electrospun technique [6,7], the nanofibers are
produced with core-sheath structures having drug distri-
bution in the core of the fibers [66,67]. The electrospun
nanofibrous scaffolds have been fabricated successfully by
blending drugs in polymer solution before electrospinning
fibers. Lu et al. [75] have prepared successfully, the elec-
trospun nanofibers for sustained release of plasmid DNA
using synthetic biodegradable polymers, such as PLA,
poly(glycolic acid) (PGA), and amphiphilic block copol-
ymers of PLA and poly(ethylene glycol) (PEG). Since
plasmid DNA was not compatible with studied polymer
systems; hence plasmid DNA was localized more at the
surface of nanofibers and shown enhanced bulk release of
plasmid DNA from electrospun nanofibrous scaffolds.
The coaxial electrospinning technique is found to be

more useful in loading of various drugs [6,7], and bio-
active agents in polymers [76], which are forced through
a coaxial capillary channel for electrospinning in pres-
ence of applied potential. Investigations have indicated
that the coaxial technique of drug delivery systems is
particularly useful to protect the drugs, which are easily
denatured or decomposed during electrospinning of
nanofibrous scaffolds. Therefore, coaxial electrospin-
ning technique has been used successfully in fabrica-
tion of nanofibrous scaffolds loaded with liposomes
without decomposition and denaturization [77]. The
loading and drug release in electrospun nanofibrous scaf-
folds was found to be dependent on molecular weight of
the drugs, and drug release behavior has varied with the
increase in molecular weight of loaded drugs in poly(vinyl
alcohol) (PVA) based electrospun nanofibrous scaffolds
[78]. The bulk release problem of electrospun nanofi-
bers has been controlled using cross-linkers, which
controlled the diffusivity of encapsulated drugs from
the nanofibrous scaffolds. The gelatin cross-linked poly
(lactic acid-co-glycolic acid) (PLGA) nanofibers based
scaffolds have shown significant reduction in the bulk
release of encapsulated fenbufen [79,80], and similar trends
are found with PVA cross-linked electrospun nanofibrous
scaffolds [72]. Although in the beginning, it was thought
that electrospinning causes the denature of loaded drug,
subsequent studies have clearly demonstrated that the
condition of electrospinning could be carefully tuned to
maintain the chemical integrity of loaded drug [78]. The
PLGA based electrospun nanofibrous scaffolds have been
used successfully in sustained release of anti-cancer drug
for in vitro treatment of C6 Glioma cells [79]. The differ-
ential scanning calorimetric (DSC) studies have indicated
that loaded drugs are able to form solid solution in the
polymers by reducing drug-drug interactions [3-5]. The
electrospun nanofibrous scaffolds have shown a sustained
release of paclitaxel for more than 60 days comparable
to commercially paclitaxel formulation-Taxol [79]. The
water soluble polymers have been used successfully in
the fabrication of electrospun nanofibrous scaffolds for
the delivery of water insoluble drugs, such as intraconazole,
which found to be dispersed homogeneously in amorphous
polymers [62]. Zeng et al. [58] have used PLLA containing
rifamin and paclitaxel to produce uniform ultrafine
nanofibrous scaffolds for the treatment of tuberculosis
and cancer. The analysis of nanofibers by optical and
electron microscopy has precluded the formation of
rifamin crystals at the surface of nanofibers and drug
release found to be constant in presence of enzyme. In
these investigations, the bulk release was absent, which
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was a clear indication for the homogeneous distribution of
loaded drug in the nanofibers, and drug release has mainly
taken placed through enzymatic degradation of PLLA and
insignificant drug release has taken place through dif-
fusion or solvent penetration in the nanofibers. Since
rifamin and paclitaxel are the lipophilic drugs; hence
they were solubilized easily in PLLA but doxorubdin
hydrochloride found to be on the surface of the nanofibers
as it was not soluble in the nanofibers, which clearly indi-
cated that the solubility of drugs has played a significant
role in drug distribution and release profile from the elec-
trospun nanofibrous scaffolds. The technique of coaxial
electrospinning has been used for the delivery of plasmid
DNA and non-viral gene system, and the monitoring of
gene delivery vector for about 60 days found to be consis-
tant [68]. The properties of gene delivery vector have been
controlled by using different amount of vector and core
polymers of different molecular weights. The core-sheath
electrospun nanofibrous scaffolds have shown great po-
tential in the delivery of bovine serum protein from poly
(ε-caprolactam) (PCL) based nanofibrous scaffolds. The
protein was distributed homogeneously in the cores of the
fibers; hence nanofibrous scaffolds have shown better
release of loaded protein [68]. The water in oil emulsion
has been used to fabricate coaxial electrospun nanofibers.
The aqueous phase was having poly(ethylene oxide)
(PEO) and chloroform was containing amphiphilic poly
(ethylene oxide)-poly(L-lactic acid) diblock copolymer
[80]. The coaxial electrospun nanofibers for the delivery
of protein containing PEO in the core has protected
75% of initial activity of the protein [69]. The coaxial
electrospun nanofibers have shown better control on the
bulk release of core encapsulated growth factor, which is
reduced to 17.4% in comparison to blended nanofibers,
which shown a bulk release of 43.8% within initial
period of 6 h [72]. Further control in initial bulk release
of drugs from electrospun PCL nanofibers is made using
0–50 wt% of poly(glycerol monostearate-co-ε-caprolac-
tone) (PGC-C18) hydrophobic agent, which has reduced
initial burst release and prolonged the sustain release of
encapsulated model bioactive agent SN-38 (7-ethyl-10-
hydroxycampthothecin) [81]. The addition of PGC-C18
hydrophobic agent in PCL electrospun nanofibers has
shown a maximum bulk release of 10% of campthothecin-
11 (CPT-11) within a period of 9 weeks but without PGC-
C18 hydrophobic agent, the initial bulk release was 60%
within a few days [82]. The hydrophobicity of electrospun
nanofibers has been controlled by the entrapment of air,
which prevented the penetration of water and hydrolysis
of polymer; hence nanofibers were able to show reduced
initial bulk release and prolonged sustained release of
loaded drugs. However, air trapped electrospun nanofibers
have shown a poor distribution of the drugs. To overcome
the problem of drug interactions and drug release from
the electrospun nanofibers loaded with dual or multiple
drugs, the fabrication of particle/polymer electrospun
composites in the drug delivery system is becoming a
topic of current interest [80,83-85]. In this technique,
the nanoparticles prepared separately have been used
in emulsion electrospining [81-84]. To prevent the in-
teractions with hydrophobic rhodamine-B (RHB) and
hydrophilic fluorescein (FLU) in PLGA electrospun fibers,
the mesoporous silica nanoparticles have been loaded to-
gether with a solution containing PLGA and drugs before
electrospinning. The particles were distributed homoge-
neously and were successful in preventing the interactions
between RHB and FLU [81]. To prevent the fast release
of FLU from nanofibers, the RHB and FLU were loaded
separately on mesoporous silica particles before mixing
with PLGA solution and electrospinning the nanofibers.
This strategy has reduced the released rate of FLU from
the nanofibers, and has shown prolonged release of FLU
[82]. The cellulose acetate phthalate (CAP) based elec-
trospun nanofibers containing antiviral drugs have been
electrospun successfully to inhibit HIV infection from man
to women during sexual intercourse without impeding the
proliferation of vaginal microflora [86]. Currently the colon
drug delivery system has attracted the attention of people
both in pharmaceutical industry and academia to develop a
delivery system for the treatment of diseases associated
with colon such as colon cancer, ulcerative colitis and
diarrhea. Colon is a suitable site for the delivery of poorly
adsorbed drugs due to its long retention time. The nanofi-
bers based colon delivery systems was found to be useful
substitutes for large delivery systems and electrospun
nanofibers loaded with mixture of ERS and ES in ethanol
have been fabricated containing colon specific indometh-
acin [87]. To ascertain the homogeneous distribution of
indomethacin in the nanofibers, the nanofibers were
analyzed by differential scanning calorimetry [3-6]. The
absence of drug-polymer interactions has been supported
by FT-IR analysis. The nanofibers were electrospun using
appropriate polymer-drug ratios and optimizing the
viscosity of polymer solution and type of solvents. The
drug release profile of diclofenac sodium from electrospun
nanofibers found to be pH dependent and exhibited better
drug release in colon than that of a physical mixture of
diclofenac sodium and Eudragit L 100–55 polymer [88].
Although electrospun nanofibers are excellent drug
carriers but there are still some issues that need to be
addressed. One challenge is to control the bulk release
of drugs that arises due to surface adsorption and ag-
gregation of drugs at the surface of electrospun fibers
[89], especially when drug loading is higher. However,
coaxial and emulsion methods of electrospinning have
produced nanofibers with significant reduction in initial
bulk release [90,91]. Other challenges are to retain the
bioactivity or functional efficiency of loaded drugs in the



Gupta et al. Biomaterials Research 2014, 18:5 Page 5 of 11
http://www.biomaterialsres.com/content/18/1/5
fibers on application of high voltage and ultrasonication
during blending of drugs in the polymer solution [92].
The distribution of loaded drugs has also shown signifi-
cant influence on their activities in the nanofibers such as
surface deposition of DNA in chitosan nanofibers has
shown different activity then its homogeneous distribution
in the fibers [93].

Electrospun nanofibrous scaffolds in wound healings
The polymer-based of electrospun nanofibrous scaffolds
play significant role in wound healings; hence, selection
of appropriate polymer is very important to obtain nano-
fibrous scaffolds that would match the required proper-
ties of wound healing materials. Polysaccharides such as
chitosan, cellulose, and hyaluronic acid (HA) as well as
proteins, such as collagen and silk have been electrospun
for localized drug delivery applications [94]. Many of these
polymers have specific properties that promote wound
healing. For instance, chitosan exhibits both antibacterial
and hemostatic activities. The HA has been used as bio-
material in various fields of biomedical research such as,
dermal filler scaffolds for tissue engineering and drug
delivery devices [95]. The physical and biological activities
of 1,4-butanedioldiglycidyl ether cross-linked HA has
been evaluated recently, which clearly indicated that
HA particles were having excellent biocompatibility;
hence might be useful in fabrication of wound healing
nanofibrous scaffolds. Similarly recent studies on carboxy-
methyl cellulose (CMC) hydrogels have indicated that
CMC gels could be used in drug delivery systems and
wound healing applications [96]. Synthetic polymers
which are commonly used for wound healing applications
include PEO [97-99], PLA [75,100-103], PCL [104], and
PVA [105]. Electrospun nanofibrous scaffolds of these
polymers have displayed high mechanical strength in
comparison to natural polymers. Additionally, synthetic
polymers were found to be soluble in a wider range of
solvents, which facilitated their electrospinning process
[106]. Often wound healing scaffolds from biopolymers
are electrospun in conjunction with a synthetic polymer
in order to fine-tune the mechanical, degradation, and/or
morphological features of the porous membranes to ac-
complish the needs of individual patient. To accelerate the
wound healings and to reduce the postsurgical infections,
the release of two or more different drugs at proper time
and appropriate doses, has been achieved with the help
of electrospun fibers [107,108]. After surgical operations,
usually the infection and pain occurs frequently; hence,
sustained release of antibiotics and analgesics from elec-
trospun fibers has been found useful to overcome the
post-surgical complications. The PLLA, poly(orthoester)
(POE), and PLGA [108] nanofibers loaded with drugs
have been used in sustained and controlled release ap-
plications. The implants used in wound dressings must
have optimal mechanical strength to support the healing
process [109]. The poly(ethylene-co-vinyl alcohol) (EVOH)
electrospun nanofibrous scaffolds loaded with Ag nanopar-
ticles have been used as dressing material in skin wound
healings to prevent the inflammation by controlled release
of Ag nanoparticles [110]. The nanofibers based dressing
materials have shown better clinical properties in skin
wound treatment as compared to existing woven and non-
woven materials. The anti-bacterial properties of electro-
spun nanofibers have been evaluated with staphylococcus
aureus, which is one of the main pathogenic bacteria
found on the surfaces of skin burns. To assess the
pathogen-restraining ability of Ag encapsulating naofibers
four samples with different amount of Ag nanoparticles
were prepared ranging from 0.03-0.15 g in 10 mL 80:20
mixture of 2-propanol and water. A linearly increasing
effectiveness is found with highest Ag concentration yield-
ing in the biggest loop for the same area of the fiber
patches, clearly indicated a stronger pathogen-restraining
effect but no bacteriostatic loop was observed for pure
EVOH fibers without Ag.

Electrospun nanofibrous scaffolds in delivery of biogenic
molecules
The development of tissue-engineered organs requires
the maintenance of cell viability and differentiated func-
tion, encouragement of cell adhesion, cell proliferation,
and modulation of direction and speed of the cell migra-
tion. The cell activities are controlled by the delivery of
various growth factors such as, transforming growth
factor-β1 (TGF-β1) to induce osteogenesis and chondro-
genesis from bone marrow–derived mesenchymal stem
cells. Also, brain derived neurotrophic factor (BDNF) is
able to enhance regeneration of spinal cord injury. The
presence of hydroxybutylate or β-mercaptoethanol can
help the differentiation of bone marrow-derived mesechy-
mal stem cells to neuronal cells. The release of these bio-
molecules from electrospun nanofibrous scaffolds is useful
to control and regeneration of diseased organs. The easiest
method for the delivery of bioactive molecules is the injec-
tion near the site of proliferating and differentiating cells,
but direct injection of biomolecules is difficult due to their
short life time, high molecular weight and size of the
growth factors. The growth factors are soluble signaling
proteins capable of instructing specific cellular responses
for cell proliferation, migration and differentiation [111].
However, due to short biological stability, the direct deliv-
ery to the site is difficult. The fabrication of nanofibrous
scaffolds loaded with growth factors is found to be an
useful strategy for control release of growth factors in
biological systems. The growth factors have low tissue
penetration and their toxicity is another problem, which
needs to be considered during their applications [112].
Therefore, locally controlled release of bioactive molecules
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is possible by impregnating fibrous scaffolds, which would
control the structures and release profile of bioactive mol-
ecules. The activity of bioactive molecules depends on the
type of material and methods of their conjugation with
scaffolds. The tethering of insulin and transferring on the
surface of poly(methyl methacrylate) has shown different
activity in the growth of fibroblast as compared to dis-
persed or physically adsorbed molecules of the protein
[113]. Electrospun nanofibers have been found useful in
site specific delivery of various biogenic molecules and for
the treatment of various infections and cancers. The
loaded biogenic molecules are released in therapeutic
dosage from the electrospun nanofibrous scaffolds. The
inherent high porosity of electrospun nanofibers is
responsible for their precise degradation and release of
loaded drugs. PLGA and PLA–PEG block copolymer-
based nanofibrous scaffolds have been used successfully
for the delivery of plasmid [114]. The delivery of biogenic
molecules can be controlled by tuning the composition of
fibers and their morphology. The angiogenic factors, such
as androgen play critical roles in proliferation and migra-
tion of keratinocytes, fibroblasts, and endothelial cells
to promote angiogenesis and wound healings [115].
The delivery of growth factors by electrospun nanofibers
remains a challenge as the growth factors could lose their
bioactivity during the harsh process of nanofiber formation
[116]. The collagen-PCL electrospun nanofibers loaded
with synthetic anti-androgen receptor [5-hydroxy-1,7-bis
(3,4-dimethoxyphenyl)-1, 4, 6-heptatrien-3-one] have been
fabricated and evaluated for their activity [117]. The
bioactive molecules loaded nanofibers have facilitated,
cells migration, cells growth, and differentiation in wound
healing and skin regeneration.

Electrospun nanofibrous scaffolds in delivery of catalysts
The polystyrene electrospun nanofibrous scaffolds have
been used for the delivery of α-chymotripsin and cata-
lytic activity in biotransformation [118]. The nanofibrous
delivery of α-chymotripsin has shown enhanced hydrolytic
activity (65%) in comparison to direct applications. The
PVA electrospun nanofibers have been used to study
the releases kinetics of protein and its bioactivity in
Figure 2 SEM micrographs of electrospun nanofibrous scaffolds using
(c) 70/30 (adapted from reference [127]).
physiological conditions [119]. The nanofibrous scaffolds
were able to release protein in a controlled and sustained
manner without altering the bioactivity of released
protein.

Electrospun nanofibrous scaffolds in tissue engineering
Amongst the various types of scaffolds, the electrospun
nanofibrous scaffolds have attracted great attention in
tissue engineering due to high surface to volume ratio
and due to various possibilities to control their proper-
ties and applications [120-123]. The electrospun nanofi-
brous scaffolds are cost effective and able to act as extra
cellular material to provide cell adhesion, proliferation
and differentiation. The electrospun nanofibers for bone
tissue culturing and regeneration utilize a range of
biopolymers with synthetic origin, which include poly
(α-hydroxyl acid) and poly(hydroxyalkanoate), such as
poly(hydroxybutyrate) (PHB). The natural polymers such
as collagen, gelatin, silk, and chitosan are also considered
useful for bone tissue regeneration. The PCL has long
been studied as a degradable nanofiber matrix for bone re-
generation [124] and Rat bone marrow has demonstrated
the secretion of type I collagen and calcium mineralization
within 4 weeks of culturing. The PLA nanofibers have also
shown good response toward MC3T3-E1 bone cells [125].
The PHB and poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV) electrospun nanofibers have shown enhanced
osteoblastic activity equivalent to flat membrane scaffolds
[126]. The gelatin has been used as a tissue engineering
material by blending with PHBV, due to its low cost and
hydrophilicity. The PHBV/gelatin nanofibrous scaffolds
were obtained by co-electrospinning a transparent poly-
mer solution of gelatin and PHBV in 2,2,2-trifluoroetha-
nol (TFE) at a volume ratio of 50/50 [127]. The effect of
gelatin on the morphology of nanofibrous scaffolds was
examined using different ratios of PHBV and gelatin
(Figure 2).
A smooth and uniform electrospun nanofibrous scaf-

folds were obtained by varying the weight percent from
2-8% in the solvent (Figure 3).
The PHBV and collagen (Col) nanocomposite in

1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP) has also
a PHBV/gelatin solution at TFE 6 wt%; (a) 30/70, (b) 50/50, and



Figure 3 SEM micrographs of electrospun nanofibrous scaffolds using TFE solutions with different amount of PHBV/gelatin (50/50);
(a) 2 wt%, (b) 4 wt%, (c) 6 wt%, and (d) 8 wt% (adapted from reference [127]).
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been used successfully for electrospinning of nanofibers
for tissue engineering [128] at different weight ratios of
PHBV and collagen and using spinning parameters as
shown in Table 1.
On acceleration of solution jet toward grounded collector,

the solvent evaporated and a charged polymer nanofiber
was deposited on grounded collector as nanofiber web.
The electrospinning of nanofibrous scaffolds was done at
different weight ratios of PHBV and collagen (7:3, 5:5, and
3:7), which produced nanofibrous scaffolds with smooth
morphology. The addition of PHBV in collagen has pro-
duced nanofibrous scaffolds with heterogeneous surfaces,
which enhanced the application of electrospun nanofibers
in tissue engineering (Figure 4). The synthetic polymers
after blending with natural polymers have been used
successfully in tissue engineering. The electrospun nanofi-
brous scaffolds obtained from the gelatin blends with
Table 1 Electrospinning conditions for various amounts
of polymer solution

Concentration
(wt%)

Voltage
(kV)

Distance*
(cm)

Flow rate
(mL/h)

PHBV 2 7 15 1.5

PHBV-Col 2 12 22 1.0

Collagen 2 20 15 1.5

*Distance is from the spinneret to grounded collector (adapted from
reference [128]).
PCL and PLA have shown better proliferation and ex-
pression for osteoblastic cells in comparison to pure
PCL and PLA [129,130]. The blending of collagen with
PCL has proved to be useful in improving the mechan-
ical properties of electrospun fibers as percent elong-
ation has increased significantly on addition of collagen
in PCL without altering the tensile strength of original
PCL [131].
The electrospun nanofibrous scaffolds fabricated from

PEO blended silk and loaded with BMP-2 have shown
higher osteogenic differentiation and calcification as
compared to nanofibrous scaffolds obtained without
BMP–2 [132].

Electrospun nanofibrous scaffolds in vascular graft
applications
The electrospinning technique has also been found useful
in fabrication of nanofibrous scaffolds for cardiovascular
tissue engineering and small-caliber vascular grafts using
solution of PLA or PCL in methylene chloride. The so-
lution of PLA or PCL in methylene chloride was loaded
into 1 mL syringe containing blunt 18 gauge needle at a
voltage ranging from 10–15 kV and circular cylindrical
counter electrode was used to produce tube like struc-
tures. A tube like vascular graft has been also been devel-
oped using solution of PLA and water soluble elastin in
presence of triethylamine [133]. These investigations have



a

b

Figure 4 AFM phase images of nanofibrous scaffold surface; (a) PHBV and (b) PHBV–Col (Adapted from reference [128]).
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clearly indicated that electrospinning could also be used
in fabrication of vascular grafts and scaffolds for biomed-
ical applications.

Conclusions
The various studies reported on applications of nanofibrous
scaffolds have clearly indicated that the technique of elec-
trospinning is of great significance and useful in fabrication
of nanofibrous scaffolds for biomedical applications using
biodegradable synthetic and natural polymers. Though
the technique of electrospinning is quite old but it is
able to produce micro to nanometer sized fibers for tissue
engineering, delivery of regenerative medicines and wound
healing applications. The onsite delivery of catalysts and
bioactive molecules could be achieved with the help of
electrospun nanofibers without any loss in their activities
and structures. The electrospinning is emerging as an
interdisciplinary area of research and possess tremendous
scope for its improvements by using suitable biomaterials
and controlling fabrication parameters. The techniques of
coaxial and emulsion electrospinning are the areas of
current interest and could be used in fabrication of drug
loaded nanofibers for biomedical applications. Tissue
engineering is an interdisciplinary approach for tissue
regeneration through integration of specific cells with
electrospun nanofibers. Similarly wound healing using
nanofibrous scaffolds is an ideal therapeutic option for
the treatment of the burns and defected tissues. The
electrospun nanofibrous scaffolds could be a suitable
substitute for invasive bone transplantation by modifying
their properties with biomolecules and bone morphogenic
proteins like BMP-2.

Abbreviations
PLA: Poly (lactic acid); PVP: Poly (vinyl pyrrolidone); PEVA: Poly (ethylene-co-vinyl
acetate); PGA: Poly (glycolic acid); PEG: Poly (ethylene glycol); PVA: Poly (vinyl
alcohol); PLGA: Poly (lactic acid-co-glycolic acid); PLLA: Poly (L-lactic acid);
PCL: Poly (ε-caprolactam); PEO: Poly (ethylene oxide); PGC-C18: Poly (glycerol
monostearate-co-ε-caprolactone); CMC: Carboxymethyl cellulose; PHB: Poly
(hydroxybutyrate); PHVB: Poly (hydroxybutyrate-co-hydroxyvalerate).

Competing interests
KCG contributed towards writing and editing the manuscript. YC
contributed towards reviewing the application of nanofibrous scaffolds in
biomedical fields. AH and IKK critically evaluated the manuscript for
publication. All authors read and approved the final manuscript.

Authors’ contributions
KCG has contributed substantially by collecting relevant references and
writing all sections of review article. AH has contributed significantly by



Gupta et al. Biomaterials Research 2014, 18:5 Page 9 of 11
http://www.biomaterialsres.com/content/18/1/5
suggesting changes in Figure 1 and has finally checked the manuscript for
grammatical and spelling mistakes. YC participated in discussions on
nanofibrous scaffolds for biomedical applications. IK has provided guide lines
and given final touch for the manuscript for publishing in biomaterial
research. His expertise and active involvement in preparation of manuscript
has been found useful to bring the review article in present form. All authors
read and approved the final manuscript.

Acknowledgements
One of the authors Prof. Kailash Chandra Gupta is thankful to KOFST Seoul
for providing an opportunity to work with Prof. Inn-Kyu Kang, Kyungpook
National University Deagu, Korea under Brain Pool Program (131S-2-3-05630)
for overseas scientists. This research is partially supported by General
Research Program (2013 RIA 2005148) by the Ministry of Education, Science
and Technology of Korea.

Received: 22 February 2014 Accepted: 4 June 2014
Published: 13 June 2014

References
1. Rošic R, Kocbek P, Pelipenko J, Kristl J, Baumgartner S: Nanofibers and their

biomedical use. Acta Pharma 2013, 63:295.
2. Haider A, Gupta KC, Kang IK: Morphological effects of HA on the cell

compatibility of electrospun HA/PLGA composite nanofiber scaffolds.
BioMed Res Int 2014. http://dx.doi.org/10.1155/2014/308306.

3. Li X, Kanjwal MA, Lin L, Chronakis IS: Electrospun polyvinyl-alcohol
nanofibers as oral fast-dissolving delivery system of caffeine and
riboflavin. Colloids Surf B Biointerf 2013, 103:1828.

4. Illangakoon UE, Nazir T, Williams GR, Chatterton NP: Mebeverine-loaded
electrospun nanofibers: physicochemical characterization and
dissolution studies. J Pharma Sci 2014, 103:283.

5. Karthikeyan K, Guhathakarta S, Rajaram R, Korrapati PS: Electrospun
zein/eudragit nanofibers based dual drug delivery system for the
simultaneous delivery of aceclofenac and pantoprazole. Int J Pharm 2012,
438:17.

6. Qian W, Yu DG, Li Y, Liao YZ, Wang X, Wang L: Dual drug release
electrospun core-shell nanofibers with tunable dose in the second
phase. International J Mol Sci 2014, 15:774.

7. Li XY, Li YC, Yu DG, Liao YZ, Wang X: Fast disintegrating quercetin-loaded
drug delivery systems fabricated using coaxial electrospinning. Int J Mol
Sci 2013, 14:21647.

8. Su Y, Su Q, Liu W, Lim M, Venugopal JR, Mo X, Ramakrishna S, Al-Deyab SS,
El-Newehy M: Controlled release of bone morphogenetic protein and
dexamethasone loaded in core–shell PLLACL– collagen fibers for use in
bone tissue engineering. Acta Biomater 2012, 1:763.

9. Anthony A, Lanza RP: Methods of tissue engineering. London: Academic;
2001.

10. Hartgerink JD, Beniash E, Stupp SI: Self-assembly and mineralization of
peptide-amphiphile nanofibers”. Science 2001, 294:1684.

11. Gu B, Badding JV, Sen A: A new approach in melt-blown technique for
fabrication of polymer nanofibers”. Polym Prepr 2003, 44:142.

12. Feng L, Li S, Li H, Zhai J, Song Y, Jiang L, Zhu D: Super-hydrophobic
surface of aligned poly(acrylonitrile) nanofibers. Angew Chem Int Edit
2002, 41:1221.

13. Williams GR, Chatterton NP, Nazir T, Yu DG, Zhu LM, Branford-White CJ:
Electrospun nanofibers in drug delivery: recent developments and
perspectives. Ther Deliv 2012, 3:515.

14. Caracciolo PC, Tornello PC, Ballarin FM, Abraham GA: Development of
electrospun nanofibers for biomedical applications: state of the art in
Latin America. J Biomater Tissue Eng 2013, 3:39.

15. Song B, Wu C, Chang J: Dual drug release from electrospun
poly(lactic-co-glycolic acid)/mesoporous silica nanoparticles composite
mats with distinct release profiles. Acta Biomater 2012, 8:1901.

16. Xiang Q, Ma YM, Yu DG, Jin M, Williams GR: Electrospinning using a
teflon-coated spinneret. Appl Surf Sci 2013, 284:889.

17. Joung YK, Heo JH, Park KM, Park KD: Controlled release of growth factors
from core-shell structured PLGS microfibers for tissue engineering.
Biomaterial Research 2011, 15:78.

18. Zahedi P, Rezaeian I, Ranaei-Siadat SO, Jafari SH, Supaphol P: A review on
wound dressings with an emphasis on electrospun nanofibrous
polymeric bandages. Polym Adv Technol 2010, 21:77.
19. Uppal R, Ramaswamy GN, Arnold C, Goodband R, Wang Y: Hyaluronic acid
nanofiber wound dressing-production, characterization, and in vivo
behaviour. J Biomed Mater Res B: Appl Biomaterials 2011, 97B:20.

20. Kenawy ER, Layman JM, Watkins JR, Bowlin GL, Matthews JA, Simpson DG,
Wnek GE: Electrospinning of poly(ethylene-covinyl alcohol) fibers.
Biomaterials 2003, 24:907.

21. Balaji S, Vaikunth SV, Lang SA, Sheikh AQ, Lim FY, Cromleholme TM,
Narmoneva DA: Tissue-engineered provisional matrix as a novel
approach to enhance diabetic wound healing. Wound Repair Regeneration
2012, 20:15.

22. Wu XM, Branford-White C, Zhu LM, Chatterton N, Yu DG: Ester prodrug-loaded
electrospun cellulose acetate fiber mats as transdermal drug delivery
systems. J Mater Sci 2010, 21:2403.

23. Heunis TDJ, Dicks LMT: Nanofibers offer alternative ways to the treatment
of skin infections. J Biomed Biotechnol 2010, 2010:1.

24. Zamani M, Morshed M, Varshosaz J, Jannesari M: Controlled release of
metronidazole benzoate from poly(ε-caprolactone) electrospun
nanofibers for periodontal diseases. Eur J Pharm Biopharm 2010, 75:179.

25. Jiang YN, MoD HY, Yu G: Electrospun drug-loaded core-sheath PVP/zein
nanofibers for biphasic drug release. Int J Pharm 2012, 438:232.

26. Xu W, Atala A, Yoo JJ, Lee SJ: Controllable dual protein delivery through
electrospun fibrous scaffolds with different hydrophilicities. Biomed Mater
2013, 8(8pp):014104. doi:10.1088/1748-6041/8/1/014104.

27. Last I, Levy Y, Jortner J: Beyond the Rayleigh instability limit for
multicharged finite systems: from fission to Coulomb explosion. PNAS 2002,
99:9107.

28. Baumgarten PK: Electrostatic spinning of acrylic microfibers. J Colloid and
Interf Sci 1971, 36:71.

29. Annis D, Bornat A, Edwards RO, Higham A, Loveday B, Wilson J: An elastomeric
vascular prosthesis. Trans Am Soc Artif Intern Organs 1978, 71:209.

30. Larrondo L, Manley R, St John R: Electrostatic fiber spinning from polymer
melts. II. Examination of the flow field in an electrically driven jet.
J Polym Sci 1981, 19:921.

31. Das S, Wajid AS, Bhattacharia SK, Wilting MD, Rivero IV, Green MJ:
Electrospinning of polymer nanofibers loaded with noncovalently
functionalized grapheme. J Appl Polym Sci 2013, 128:4040.

32. Reneker D, Chun I: Nanometre diameter fibres of polymer, produced by
electrospinning. Nanotechnology 1996, 7:216.

33. Till TJ, von Recum HA: Electrospinning: applications in drug delivery and
tissue engineering. Biomaterials 2008, 29:1986.

34. Frenot A, Chronakis IS: Polymer nanofibers assembled by electrospinning.
Curr Opin Int 2003, 8:64.

35. Kumbar SG, James R, Nukavarapu SP, Laurencin CT: Electrospun nanofiber
scaffolds: engineering soft tissues. Biomed Mater 2008, 3:1.

36. Barnes C, Sell S, Boland E, Simpson D, Bowling G: Nanofibers technology:
designing the next generation of tissue engineering scaffolds. Adv Drug
Deliv Rev 2007, 59:1413.

37. Taylor GI: Electrically driven jets. Proc R Soc London, Ser A 1969, 313:453.
38. Yu J, Qiu YJ, Zha XX, Yu M, Rafique J, Yin J: Production of aligned helical

polymer nanofibers by electrospinning. Eur Polym J 2008, 44:2838.
39. Zhang Y, Li J, Li Q, Zhu L, Liu X, Zhong X, Meng J, Cao X: Preparation of

CeO2– ZrO2 ceramic fibers by electrospinning. J Colloid Interf Sci 2007, 307:567.
40. Nirmala R, Kalpana D, Jeong JW, Oh HJ, Lee JH, Navamathavan R, Lee YS,

Kim HY: Multifunctional baicale in blended poly(vinyl alcohol) composite
nanofibers via electrospinning. Colloids Surface A 2011, 384:605.

41. Cao H, Chen X, Yao J, Shao Z: Fabrication of an alternative regenerated
silk fibroin nanofiber and carbonated hydroxyapatite multilayered
composite via layer-by-layer. J Mater Sci 2013, 48:150.

42. Wu H, Pan W, Lin D, Li H: Electrospinning of ceramic nanofibers:
fabrication, assembly and applications. J Adv Ceramics 2012, 1:2.

43. Wang CY, Zhang KH, Fan CY, Mo XM, Ruan HJ, Li FF: Aligned natural-synthetic
polyblend nanofibers for peripheral nerve regeneration. Acta Biomater 2011,
7:634.

44. Brun P, Ghezzo F, Roso M, Danesin R, Palu` A, Bagno G, Modesti M,
Castagliuolo I, Dettin M: Electrospun scaffolds of self-assembling peptides
with poly(ethylene oxide) for bone tissue engineering. Acta Biomater
2011, 7:2526.

45. Pant HR, Neupane MP, Pant B, Panthi G, Oh HJ, Lee MH, Kim HY:
Fabrication of highly porous poly (ε − caprolactone) fibers for novel
tissue scaffold via water-bath electrospinning. Colloids and Surfaces B
Biointerf 2011, 88:587.



Gupta et al. Biomaterials Research 2014, 18:5 Page 10 of 11
http://www.biomaterialsres.com/content/18/1/5
46. Anuradha S, Uma Maheswari K, Swaminathan S: Fabrication of uniaxially
aligned 3D electrospun scaffolds for neural regeneration. Biomed Mater
2011, 6(2):025004. doi:10.1088/1748-6041/6/2/025004. Epub 2011 Feb 7.

47. Moreno I, Gonza´lez-Gonza´lez V, Romero-Garcı´a J: Electrospun core-shell
nanofibers for drug encapsulation and sustained release. Eur Polym J
2011, 47:1264.

48. Shao S, Li L, Yang G, Li J, Luo C, Gong T, Zhou S: Controlled green tea
polyphenols release from electrospun PCL/MWCNTs composite
nanofibers. Int J Pharm 2011, 421:310.

49. Soletti L, Nieponice A, Hong Y, Ye SH, Stankus JJ, Wagner WR, Vorp DA: In vivo
performance of a phospholipid-coated bioerodable elastomeric graft for
small- diameter vascular applications. J Biomed Mat Res-A 2011, 96A:436.

50. Luo Y, Nartker S, Miller H, Hochhalter D, Wiederoder M, Wiederoder S,
Setterington E, Drzal LT, Alocilja EC: Surface functionalization of
electrospun nanofibers for detecting E. coli O157:H7 and BVDV cells in a
direct-charge transfer. Biosens Bioelectron 2010, 26:1612.

51. Zheng Y, Wang J, Yao P: Formaldehyde sensing properties of electrospun
NiO-doped SnO2 nanofibers. Sensors Actuators B Chem 2011, 156:723.

52. Shabani I, Hasani-Sadrabadi MM, Haddadi-Asl V, Soleimani M: Nanofiber-based
poly (electrolytes) as novel membranes for fuel cell applications.
J Membrane Sci 2011, 368:233.

53. Nair AS, Jose R, Shengyuan Y, Ramakrishna S: A simple recipe for an efficient
TiO2 nanofiber-based dye-sensitized solar cell. J Colloid Interf Sci 2011, 353:39.

54. Wang L, Yu Y, Chen PC, Zhang DW, Chen CH: Electrospinning synthesis of
C/Fe3O4 composite nanofibers and their application for high performance
lithium-ion batteries. J Power Sources 2008, 183:717.

55. Camposeo A, Persano L, Pisignano D: Light-emitting electrospun nanofibers
for nanophotonics and optoelectronics. Macromol Mater Eng 2013, 298:487.

56. Yun S, Lim S: Improved conversion efficiency in dye-sensitized solar cells
based on electrospun Al-doped ZnO nanofiber electrodes prepared by
seed layer treatment. J Solid State Chem 2011, 184:273.

57. Yaakob Z, Jafar Khadem D, Shahgaldi S, Wan Daud WR, Tasirin SM: The role
of Al and Mg in the hydrogen storage of electrospun ZnO nanofibers. Int
J Hydrogen Energ 2012, 37:8388.

58. Zeng J, Xu X, Chen X, Liang Q, Bian X, Yang L, Jing X: Biodegradable
electrospun fibers for drug delivery. J Control Rel 2003, 92:227.

59. Langer R: Drug delivery and targeting. Nature 1998, 5(6679, Suppl):5.
60. Tunngprapa S, Jungchud I, Supapol P: Release characteristics of four

model drugs from drug loaded electrospun cellulose acetate fiber mats.
Polymer 2007, 48:5030.

61. Quan J, Yu Y, Branford-White C, Williams GR, Yu DG, Nie W, Zhu LM: Preparation
of ultrafine fast-dissolving Feruloyl-oleyl-glycerol-loaded polyvinylpyrrolidone
fiber mats via electrospinning. Colloid Surface B 2011, 88:304.

62. Verreck G, Chun I, Peter J, Rasen B, Brewster ME: Preparation and
characterization of nanofibers containing amorphous drug dispersion
generated by electrostatic spinning. Pharm Res 2003, 20:810.

63. Zong X, Kim K, Fang D, Ran S, Hsiao BS, Chu B: Structure and process
relationship of electrospun bioabsorbable nanofiber membranes. Polymer
2002, 43:4403.

64. Goodson JM, Holborow DW, Dunn RL, Hogan PE, Dunham SL: Monolithic
tetracycline-containing fibers for cotrolled delivery to periodontal
pocket. J Periodontal 1983, 54:575.

65. Kenawy ER, Bowlin GL, Mansfield K, Layman J, Simpson DG, Sanders EH, Wnek
GE: Release of tetracycline hydrochloride from electrospun poly(ethylene-
co-vinylacetate), poly(lactic acid), and a blend. J Control Rel 2002, 81:57.

66. Maretschek S, Greinerb A, Kissel T: Electrospun biodegradable naofiber
nanowoven for controlled release of protein. J Control Rel 2008, 127:180.

67. Xu X, Zhuang X, Chen X, Wang X, Yang L, Xing X: Preparation of core-sheath
composites nanofibers by emulsion electrospining. Macromol Rapid
Commun 2006, 27:1637.

68. Saraf A, Baggett LS, Raphael RM, Kasper FK, Mikos AG: Regulated non-viral
gene delivery from coaxial electrospun fiber mesh scaffolds. J Control Rel
2010, 143:95.

69. Ji W, Yang F, van den Beucken JJJP, Bian Z, Fan M, Chen Z, Jansen JA:
Fibrous scaffolds loaded with protein prepared by blend or coaxial
electrospinning. Acta Biomater 2010, 6:4199.

70. Meng ZX, Xu XX, Zheng W, Zhou HM, Li L, Zheng YF, Lou X: Preparation
and characterization of electrospun PLGA/gelatin nanofibers as a
potential drug delivery system. Colloid Surface B: Biointerfaces 2011, 84:97.

71. Noh HK, Lee SW, Kim JM, Oh JE, Kim KH, Chung CP, Choi SC, Park WH, Min
BM: Electrospinning of chitin nanofibers: degradation behavior and
cellular response to normal human keratinocytes and fibroblasts.
Biomaterials 2006, 27:3934.

72. Maleki M, Latifi M, Amani-Tehran M, Mathur S: Electrospun core–shell
nanofibers for drug encapsulation and sustained release. Polym Eng & Sci
2013, 53:1770.

73. Ranganath SH, Wang CH: Biodegradable post-surgical chemotherapy
against malignant Glioma. Biomaterials 2008, 29:2996.

74. Yan J, Yu DG: Smoothening electrospinning and obtaining high quality
cellulose acetate nanofibers using a modified coaxial process. J Mater Sci
2012, 47:7138.

75. Luu YK, Kim K, Hsiao BS, Chu B: Development of a nanostructured DNA
delivery scaffold via electrospinning of PLGA and PLA–PEG block
copolymers. J Control Rel 2003, 89:341.

76. Huang ZM, He CL, Yang A, Zhang Y, Han XJ, Yin J, Wu Q: Encapsulating
drugs in biodegradable ultrafine fibers through coaxial electrospining.
J Biomat Mat Res 2006, 77A:169.

77. Mickova A, Buzgo M, Benada O, Rampichova M, Fisar Z, Filova E, Tesarova
M, Lukas D, Amler E: Core/shell nanofibers with embedded liposomes as
a drug delivery system. Biomacromolecules 2012, 13:952.

78. Taepaibon P, Rungsardthang V, Supapol P: Drug loaded electrospun mats
of poly(vinyl alcohol) fiber and their release characteristics of four model
drugs. Nanotechnology 2006, 17:2317.

79. Xie J, Wang CH: Electrospun micro and nanofibers for sustained delivery
of paclitaxel to treat C6 glioma In Vitro. Pharma Res 2006, 23:1817.

80. Xu X, Chen X, Wang Z, Jing X: Ultrafine, PEG-PLA fiber loaded with both
paclitaxel and doxorubicin hydrochloride and their In Vitro cytotoxicity.
Eur J Pham Biopharm 2009, 72:18.

81. Yohe ST, Colson YL, Grinstaff MW: Superhydrophobic materials for tunable
drug release: using displacement of air to control delivery rates. J Am
Chem Soc 2012, 134:2016.

82. Yohe ST, Herrera VL, Colson YL, Grinstaff MW: 3D superhydrophobic
electrospun meshes as reinforcement materials for sustained local drug
delivery against colorectal cancer cells. Control Rel 2012, 162:92.

83. Beck-Broichsitter M, Thieme M, Nguyen J, Schmehl T, Gessler T, Seeger W,
Agarwal S, Greiner A, Kissel T: Novel 'nano in nano' composites for
sustained drug delivery: biodegradable nanoparticles encapsulated into
nanofiber non-wovens. Macromol Biosci 2010, 19:1527.

84. Xu J, Jiao Y, Shao X, Zhou C: Controlled dual release of hydrophobic and
hydrophilic drugs from electrospun poly (L-lactic acid) fiber mats loaded
with chitosan microspheres. Mater Lett 2011, 65:2800.

85. Yan S, Xiaoqiang L, Shuiping L, Xiumei M, Ramakrishna S: Controlled
release of dual drugs from emulsion electrospun nanofibrous mats.
Colloids Surf B Biointerf 2009, 73:376.

86. Huang C, Soenen SJ, van Gulck E, Vanham G, Rejman J, Van Calenbergh S,
Vervaet C, Coenye T, Verstraelen H, Temmerman M, Demeester J, De Smedt
SC: Electrospun cellulose acetate phthalate fibers for semen induced
anti-HIV vaginal drug delivery. Biomaterials 2012, 33:962.

87. Akhgari A, Heshmati Z, Sharif Makhmalzadeh B: Indomethacin electrospun
nanofibers for colonic drug delivery: preparation and characterization.
Adv Pharma Bulletin 2013, 3:85.

88. Shen X, Yu D, Zhu L, Branford-White C, White K, Chatterton NP: Electrospun
diclofenac sodium loaded Eudragit® L 100–55 nanofibers for
colon-targeted drug delivery. Int J Pharm 2011, 408:200.

89. Weldon CB, Tsui JH, Shankarappa SA, Nguyen VT, Ma M, Anderson DG,
Kohane DS: Electrospun drug-eluting sutures for local anesthesia.
J Control Rel 2012, 161:903.

90. Jiang H, Hu Y, Li Y, Zhao P, Zhu K, Chen W: A facile technique to prepare
biodegradable coaxial electrospun nanofibers for controlled release of
bioactive agents. J Control Rel 2005, 108:237.

91. Xu XL, Yang LX, Xu XY, Wang X, Chen XS, Liang QZ, Zeng J, Jing XB:
Ultrafine medicated fibers electrospun from W/O emulsions. J Control Rel
2005, 108:33.

92. Yang Y, Li X, Cui W, Zhou S, Tan R, Wang C: Electrospun core-shell nanofibers for
drug encapsulation and sustained release. J Biomed Mater Res A 2008, 86:374.

93. Park HS, Kim AR, Noh I: Physical and biological evaluation of cross-linked
hyaluronic acid film. Biomaterial Research 2013, 17:153.

94. Kim AR, Park HS, Kim SS, Noh I: Biological evaluation of cellulose hydrogel
with temperature responsive particles. Biomateial Research 2013, 17:181.

95. Nie H, Wang CH: Fabrication and characterization of PLGA/HAp
composite scaffolds for delivery of BMP-2 plasmid DNA. J Control Rel
2007, 120:111.



Gupta et al. Biomaterials Research 2014, 18:5 Page 11 of 11
http://www.biomaterialsres.com/content/18/1/5
96. Gombotz WR, Pettit DK: Biodegradable polymers for protein and peptide
drug delivery. Bioconjugate Chem 1995, 6:332.

97. Casper CL, Yamaguchi N, Kiick KL, Rabolt JF: Functionalizing electrospun fibers
with biologically relevant macromolecules. Biomacromolecules 2009, 6:1998.

98. Ojha SS, Stevens DR, Hoffman TJ, Stano K, Klossner R, Scott MC, Krause W,
Clarke LI, Gorga RE: Fabrication and characterization of electrospun
chitosan nanofibers formed via templating with polyethylene oxide.
Biomacromolecules 2009, 9:2523.

99. Deitzel JM, Kleinmeyer JD, Hirvonen JK, Tan NCB: Controlled deposition of
electrospun poly (ethylene oxide) fibers. Polymer 2001, 42:8163.

100. Ignatova M, Manolova N, Markova N, Rashkov I: Electrospun non-woven
nanofibrous hybrid mats based on chitosan and PLA for wound-dressing
applications. Macromol Bioscience 2009, 9:102.

101. Said SS, El-Halfawy OM, El-Gowelli HM, Aloufy AK, Boraei NA, El- Khordagui
LK: Bioburden-responsive antimicrobial PLGA ultrafine fibers for wound
healing. Eur J Pharm Biopharm 2012, 80:85.

102. Yang F, Murugan R, Wang S, Ramakrishna S: Electrospinning of nano/micro
scale poly (L-lactic acid) aligned fibers and their potential in neural
tissue engineering. Biomaterials 2005, 26:2603.

103. Karami Z, Rezaeian I, Zahe P: Preparation and performance evaluations of
electrospun poly(ε-caprolactone), poly(lactic acid), and their hybrid (50/50)
nanofibrous mats containing thymol as an herbal drug for effective wound
healing. J Appl Polym Sci 2013, 129:756.

104. Gümüşderelioğlu M, Dalkıranoğlu S, Aydın RST, Cakmak S: A novel dermal
substitute based on biofunctionalized electrospun PCL nanofibrous
matrix. J Biomed Mater Res, Part A 2011, 98:461.

105. Jannesari M, Varshosaz J, Morshed M, Zamani M: Composite poly (vinyl
alcohol)/poly (vinyl acetate) electrospun nanofibrous mats as novel wound
dressing matrix for controlled release of drugs. Int J Nanomed 2011, 6:993.

106. Zhang Y, Ouyang H, Lim CT, Ramakrishna S, Huang Z-M: Electrospinning of
gelatin fibers and gelatin/PCL composite fibrous scaffolds. J Biomed Mater
Res, Part B 2005, 72:156.

107. Konishi M, Tabata Y, Kariya M, Hosseinkhani H, Suzuki A, Fukuhara K, Mandai
M, Takakura A, Fujii S: In vivo anti-tumor effect of dual release of cisplatin
and adriamycin from biodegradable gelatin hydrogel. J Control Rel 2005,
103:7.

108. Wei L, Cai CH, Lin JP, Chen T: Dual-drug delivery system based on
hydrogel/micelle composites. Biomaterials 2009, 30:2606.

109. Claes LE: Mechanical characterization of biodegradable implants. Clinical
Mater 1992, 10:416.

110. Xu C, Xu F, Wang B, Lu TJ: Electrospinning of poly(ethylene-co-vinyl
alcohol) nanofibres encapsulated with Ag nanoparticles for skin wound
healing. J Nanomaterials 2011, 2011:7. Article ID 201834. http://dx.doi.org/
10.1155/2011/201834.

111. Yun YR, Kim HW, Jang JH: Application of growth factors in tissue
regeneration. Biomaterial Research 2013, 17:133.

112. Atala A, Lanza R: Principles of regerative medicine. New York: Academic; 2007.
113. Ioannis YV: Regenerative medicine”. New York: Springer Verlag; 2005.
114. Fang X, Reneker DH: DNA fibers by electrospinning. J Macromo Sci Phys B

1997, 36:169.
115. Ashcroft GS, Mills SJ: Androgen receptor-mediated inhibition of cutaneous

wound healing. J Clin Invest 2002, 110:615.
116. Chen RR, Mooney DJ: Polymeric growth factor delivery strategies for

tissue engineering. Pharm Res 2003, 20:1103.
117. Chong C, Wang Y, Maitz PKM, Simanainen U, Li Z: Electrospun scaffold

loaded with anti-androgen receptor compound for accelerating wound
healing. Burns and Trauma 2013, 1:95.

118. Jia H, Zhu G, Vugrinovich B, Kataphinan W, Reneker DH, Wang P:
Enzyme-carrying polymeric nanofibers prepared via electrospinning for
use as unique biocatalysts. Biotechnol Prog 2002, 18:1027.

119. Zeng J, Aigner A, Czubayko F, Kissel T, Wandorff JH, Greiner A: Poly (vinyl
alcohol) nanofibers by electrospinning as a protein delivery system and
the retardation of enzyme release by additional polymer coatings.
Biomacromolecules 2005, 6:1484.

120. Barnes CP, Sell SA, Boland ED, Simpson DG, Bowling GL: Nanofiber
technology: designing the next generation of tissue engineering
scaffolds. Adv Drug Del Rev 2007, 59:1413.

121. Liang D, Hsiao BS, Chu B: Functional electrospun nanofibrous scaffolds for
biomedical applications. Adv Drug Del Rev 2007, 59:1392.

122. Pham QP, Sharma U, Mikos AG: Electrospinning of polymeric nanofibers
for tissue engineering applications: a review. Tissue Eng 2006, 12:1197.
123. Ma Z, Kotaki M, Inai R, Ramakrishna S: Potential of nanofiber matrix as
tissue-engineering scaffolds. Tissue Eng 2005, 11:101.

124. Yoshimoto H, Shin YM, Terai H, Vacanti JP: A biodegradable nanofiber
scaffold by electrospinning and its potential for bone tissue engineering.
Biomaterials 2003, 24:2077.

125. Badami AS, Kreke MR, Thompson MS, Riffle JS, Goldstein AS: Effect of fiber
diameter on spreading, proliferation, and differentiation of osteoblastic
cells on electrospun poly (lactic acid). Biomaterials 2006, 27:596.

126. Sombatmankhong K, Sanchavanakit N, Pavasant P, Supaphol P: Bone
scaffolds from electrospun fiber mats of poly(3-hydroxybutyrate),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and their blend. Polymer
2007, 48:1419.

127. Meng W, Xing ZC, Jung KH, Kim SY, Yuan J, Kang IK, Yoon SC, Shin HI:
Synthesis of gelatin-containing PHBV nanofiber mats for biomedical
application. J Mater Sci Mater Med 2008, 19:2799.

128. Meng W, Kim SY, Yuan J, Kim JC, Kwon OH, Kawazoe N, Chen G, Ito Y, Kang
IK: Electrospun PHBV/collagen composite nanofibrous scaffolds for tissue
engineering. J Biomater Sci Polymer Ed 2007, 18:81.

129. Binulala NS, Amrita N, Menona D, Bhaskaranb VK, Monya U, Naira SV:
PCL–gelatin composite nanofibers electrospun using diluted acetic
acid–ethyl acetate solvent system for stem cell-based bone tissue
engineering. J Biomater Sci, Polym Edi 2014, 25:325.

130. Kim HW, Yu HS, Lee HH: Nanofibrous matrices of poly (lactic acid) and
gelatin polymeric blends for the improvement of cellular responses.
J Biomed Mater Res Part A 2007, 87A:25.

131. Lee J, Yu HS, Hong SJ, Jeong I, Jang JH, Kim HW: Nanofibrous membrane
of collagen-poly(caprolactone) for cell growth and tissue regeneration.
J Mater Sci Mater Med 2009, 9:1927.

132. Li C, Vepari C, Jin HJ, Kim HJ, Kaplan DL: Electrospun silk-BMP-2 scaffolds
for bone tissue engineering. Biomaterials 2006, 27:3115.

133. Kitazono E, Kaneko H, Miyoshi T, Miyamoto K: Tissue engineering using
Nanofiber. J Synth Org Chem Jpn 2004, 62:514.

doi:10.1186/2055-7124-18-5
Cite this article as: Gupta et al.: Nanofibrous scaffolds in biomedical
applications. Biomaterials Research 2014 :5.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Review
	Nanofibrous scaffolds by electrospinning technique
	Electrospun nanofiberous scaffolds in biomedical applications
	Electrospun nanofibrous scaffolds in drug delivery systems
	Electrospun nanofibrous scaffolds in wound healings
	Electrospun nanofibrous scaffolds in delivery of biogenic molecules
	Electrospun nanofibrous scaffolds in delivery of catalysts
	Electrospun nanofibrous scaffolds in tissue engineering
	Electrospun nanofibrous scaffolds in vascular graft applications

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

