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Figure 8. (A) Macroscopic image of chitosan fibre and (B) fibrous mat; (C) Morphology of fibre evaluated
by SEM and atomic force microscopy of 0.1% genipin crosslinked and 1% HA loaded; (D) 7% chitosan
fibres, typical morphology seen inset images [143]; (Adapted with permission of publisher).

4.3. Drug Delivery

Although CH is primarily used as quaternized form to deliver drugs to the implantation sites,
the use of fibrous CH scaffolds as delivery media for various drugs has also been reported [160–162].
For instance, electrospun PCL/CH fibres can be used to deliver growth factors for bone
regeneration [158,159]. CH fibrous mats impregnated with heparin-bound fibroblast growth factor-2
(FGF-2) stimulated cellular activities of sheep mesenchymal cells indicating a possible mechanism
to deliver drugs [163]. Gentamicin immobilized on liposome can be released from CH fibres and
has exhibited antimicrobial activity for up to 24 h against Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus aureus [164] indicating its potential for wound healing applications. Carbon-based drug
carriers such as nano graphene-oxide have also been electrospun along with CH-PEO to produce
scaffolds that can release doxorubicin. The primary amino group of CH facilitates cross-linking and
ligand attachment for targeted drug delivery. Nanoparticles are negatively charged, and CH is cationic
hence promoting electrostatic interaction [132].

4.4. Wound Dressings

Considering the excellent porosity and drug-carrying ability of CH fibres, another major application
is production of wound dressings [165]. CH can be electrospun along with synthetic and natural
polymers such as PVA, silk fibroin and PLLA to produce dressings [100,165,166]. Antimicrobial
enzyme lysozyme can be added to CH-PVA fibrous membranes to prevent wound infections [167].
In addition to drugs, nanoparticles can also be co-electrospun with CH. A dual layered membrane of
electrospun CH and adipose-derived human extracellular membrane containing nano-titania (TiO2)
particles exhibits higher healing properties in rats [167]. Similarly, nano-silver particles incorporated
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into electrospun CH/PEO fibres exhibited antibacterial activity against S. aureus and E. coli, which
are both organisms implicated in wound infections [168]. More recently, electrospun CH/arginine
fibres exhibited faster wound healing and anti-bacterial properties [169]. Moreover, CH-PVA fibres
containing mafenide acetate have shown antibacterial activity against S. aureus and P. aeruginosa [170].

4.5. Anti-Carious Mucoadhesive Mats

Recently, anti-carious mats constructed from electrospun CH fibres containing antimicrobial
agents have been studied for anti-cariogenic potential. CH/thiolated CH mats blended with PVA can
be used to deliver anti-caries agents such as Garcinia mangostana extract in form of mucoadhesive mats
which can be used by patients who may be unable to administer conventional oral hygiene measures
to prevent dental caries [171,172].

4.6. Other Applications

The diversity of electrospun CH fibres have led to their use as templates for hepatocyte, chondrogenic
and myogenic differentiation. Feng et al. reported CH nano-fibre mesh liver TE applications and tested
the biocompatibility using hepatocytes [173]. In another study by Noriega et al. CH nano-fibres were
used for culturing chondrocytes. Reported results were suggestive that the matrix geometry was able
to regulate and promote the retention of the chondrocyte genotype [174]. A number of investigations
have been conducted to study cellular interactions and stem cell fate [147,175,176]. Newman et al.
studied the effect of topography by synthesizing aligned and randomly oriented fibres on cell shape
and cell differentiation towards osteogenic and myogenic lineages [177].

5. Conclusions and Future Aspects

The present review shows that there is a wealth of scientific evidence available in support of the
favourable properties and biocompatibility of chitosan electrospun composite biomaterials for a range
of TE and regenerative medicine applications. However, further research including in vivo studies are
required to translate these materials from laboratory to clinical applications. Although investigators
have been able to alter the instrumentation and solution parameters to mimic natural tissue structure
and morphology, the continual process of reporting various possibilities needs further characterisation
and clinical trials before their applications for treating medical diseases with predictability. Using
electrospinning and augmenting this technique with additives, manufacturers can have further control
of the final template. Moreover, clinicians and bioengineers, whilst working together, can solve
unexplored regenerative therapies by harnessing the fibre diameter, size, morphology and orientations
according to the desired clinical applications. Mimicking structural and functional aspects of natural
tissues will have a significant impact on the future of electrospinning of these materials.
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Abbreviations

CH Chitosan
DMSO Dimethyl Sulphoxide
Hap Hydroxyapatite
ES Electrospinning
nm Nanometres
PLA Poly lactic acid
PLGA Poly lactide co-glycolide
PU Polyurethane
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PS Polystyrene
PVA Poly vinyl alcohol
SF Silk fibroin
TE Tissue Engineering
TFA Triflouro acetic acid
PEO Polyethylene oxide
TPP Tripolyphosphate
CC Collagen chitosan
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