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A Review: Electrospinning of Biopolymer Nanofibers
and their Applications

JESSICA D. SCHIFFMAN AND CAROLINE L. SCHAUER

Department of Materials Science and Engineering, Drexel University,

Philadelphia, PA

Electrospinning is a fabrication technique, which can be used to create nanofibrous
non-wovens from a variety of starting materials. The structure, chemical and mechan-
ical stability, functionality, and other properties of the mats can be modified to match
end applications. In this review, an introduction to biopolymers and the electrospin-
ning process, as well as an overview of applications of nanofibrous biopolymer mats
created by the electrospinning process will be discussed. Biopolymers will include
polysaccharides (cellulose, chitin, chitosan, dextrose), proteins (collagen, gelatin,
silk, etc.), DNA, as well as some biopolymer derivatives and composites.

Keywords biopolymers, electrospinning, nano-effects, nanofibers, non-wovens,
polysaccharides

1 Introduction

1.1 Biopolymers

Innovative technologies focused around bio-based materials are currently of high urgency

as they can decrease dependencies on fossil fuel.1 Biopolymers are derived from naturally

occurring matter such as: crustacean shells, mushrooms, or wood. While some appli-

cations look towards the use of biopolymers for their sustainability, eco-efficiency, indus-

trial ecology, and renewable nature, the rationale for using biopolymers in this review is

predominantly based on their inherent properties. Biopolymers are renewable resources,2

but also intrinsically exhibit antibacterial activity, biodegradability, and biocompatibility.3

Therefore, they are ideal for use in a wide variety of industries such as ophthalmology,

medicine, agriculture, textiles, paper coatings, and automotive.4–9 Non-woven electro-

spun fibrous mats composed of biopolymers could offer specific applications including

air filtration, protective clothing, substitutes for agricultural pesticides, and nanocompo-

sites.10 More discussion about the applications of nanofibrous mats is found in Section 3.

It is important to note that working with biopolymers can be challenging. For

example, chitin can be extracted from, crustacean shells,4,11 insect cuticles,12 or fungal

biomass.13–15 Based on the source, it will vary in molecular weight (MW), degree of dea-

cetylation (DD), purity, distribution of charged groups16,17 and crystallinity.18,19 This
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variation holds true for all biopolymers. As a result of material inconsistency, each bulk

material requires unique processing conditions, which complicates controlled manufactur-

ing.20 Despite the aforementioned challenges, the intrinsic benefits cannot be overlooked;

it is for this reason that macrofibers containing biopolymers such as chitosan,21–27

alginate,28–30 cellulose/chitin,31 alginate/carboxymethyl (CM) chitosan,32 collagen/
poly(lactide-co-glycolide) (PLGA),33 and alginate/soy34 have previously been fabricated

utilizing traditional fiber processing techniques. Research on macro-scale biopolymer and

biopolymer composite fibers is ongoing. Constructing nano-scale biopolymer fibers are of

additional interest, as will be discussed in Section 2.3 and throughout this review.

1.2 Nanofibers

While there are a few different methods to produce nanofibers including: phase separ-

ation,35 island in the sea,36 drawing,37 template synthesis,38–40 and self assembly,41–45

an additional unique synthetic method, electrospinning, has received much attention

lately. As can be seen in Fig. 1(a), there has been a significant upsurge in the annual

number of scientific publications on electrospinning since 1994, the year that the term

‘‘electrospinning’’ was coined. Prior to this, it was known as “electro static

spinning,”46 and was patented 60 years earlier by Formhals.47 Figure 1(b) displays the

recent rise in the number of articles regarding biopolymer electrospun papers since

1997, when DNA48 was first electrospun. The authors found that conducting a SciFinders

scholar search including terms such as “electrospinning” and “biopolymer” was too

limiting since a search of this nature misses many references. Therefore, Fig. 1(b)

includes the articles reviewed in this work as the authors significantly tried to include

all available articles concerning biopolymer-containing electrospun fibers. Since the stat-

istics in Figs. 1(a) and 1(b) have different origins, the histograms are intended to demon-

strate the trends in electrospinning research, rather than exact numbers.

One reason for the upsurge in nanofibers fabrication research in the 1990s, was due to

new found interest in producing polymeric nanofibers under laboratory conditions.49

Moreover, improved analytical tools now allowed for the produced fibers to be better

Figure 1. (a) Comparison of the annual number of scientific publications since 1994, when the term

‘‘electrospinning’’ was introduced. Data analysis completed using SciFinder Scholar search system

with the term ‘‘electrospinning’’ on November 19, 2007. (b) All scientific journal publications on

electrospun biopolymers found, accessed, and noted in this review.
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observed and characterized. The electrospinning process became and remains attractive

since it is a cost-effective method of producing nanofibers from a large variety of bulk

starting materials in a moderately easy, repeatable, and simple fashion.50,51 This review

will focus on biopolymer and biopolymer-containing fibrous mats fabricated by the elec-

trospinning process.

2 Electrospinning

2.1 Processing

As displayed in Fig. 2, the basic requirements of an electrospinning apparatus, include: (1)

a capillary tube with a needle or pipette, (2) a high power voltage supply, and (3) a

collector or target.10 Electrical wires connect the high power supply to the capillary

tube, which contains a polymeric solution, as well as to the target. The capillary tube

and target are held at a relatively short distance from each other. Copper plates,52,53

aluminum foil or plates,54–57 rotating drums,58–60 and human hands61 have been

utilized as targets to collect fibers during the electrospinning process.

The polymer solution is forced through the syringe pump to the needle, either

by gravity or by an advancement pump. Initially, as a result of surface tension,

pendant droplets of the solution are held in place. A conical protrusion,62 known as a

Taylor cone,63 is formed when a critical voltage is applied to the system. For a few

centimeters, an approximately straight jet emerges from the cone; however, this

straight segment cannot hold for long. The jet therefore emerges into a diaphanous

and conical shape, within which exists the complicated path taken by the jet.64

Bending instabilities are experienced by the conically moving jet and its field is

directed towards the collector, which has the opposite electrical charge. In the time it

takes the jet to reach the collector, the solvent evaporates and dry polymer fibers are

deposited.5

2.2 As-spun Nanofibers

Electrospinning produces seemingly endless ultra-fine fibers, which have been theoreti-

cally and experimentally proven to be continuous.46,64 When the described electro-

spinning apparatus is utilized, fibers collect as a non-woven mat on the target. A

recent review (2007) by Greiner and Wendorff49 discussed the polymer, polymer

Figure 2. Schematic of a typical electrospinning apparatus, including: (1) syringe needle, (2) vol-

tage supply, and (3) collector.
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solution, and other properties that influence the ability to electrospin a solution as well as

the morphology of the as-spun fibrous mats. These parameters are summarized in

Table 1.

For many applications it is desirable to have aligned or a specific arrangement of accu-

mulated nanofibers. By using patterned electrodes,65 conductive substrates separated by a

nonconductive gap,66 disc collectors,67 or other methods as outlined by Teo and

Ramakrishna68 (2006), varying degrees of fiber alignment can be achieved. While

strides have been taken towards achieving aligned nanofibers,66,69,70 it remains a

challenge to align a substantial thickness of fibers. In some instances alignment would

be beneficial. For example, cell elongation and proliferation have been demonstrated to

occur along the direction of the nanofibers,68 which, could improve tissue engineering

applications. In terms of up-scaling and increasing the production rate of the electrospin-

ning process, some challenges do exist, but can be overcome,71 for example, using

multiple jet electrospinning.72–74

2.3 Nano-effects

Specific surface area increases as dimensions decrease, and this is especially true when

nano-scale dimensions are obtained; specifically, in this review, we are interested in the

decrease of fiber diameters. Increasing the surface area means that a higher proportion

of atoms are on the surface and thus, enhanced properties occur, which can be thought

of as nano-effects.75 Some of these nano-effects include: increased quantum efficiency,

unusually high surface energy, raised surface reactivity, elevated thermal and electrical

conductivity, high strength-to-weight ratios, and superparamagnetism.76 Simply put,

nano-effects are any behaviors that are observed on the nano-scale, which the bulk form

of the same material do not display.75

3 Applications

The ability for natural polymers to match the demands of specialty markets creates a

growing niche for them because the ability to tailor a product towards a particular

consumer application is more important than the need for multimillion pound-per-year-

sales.20 Therefore, when the intrinsic properties of biopolymers are combined with the

exciting nano-effects that nanofibrous mats have to offer, enhanced products can be

manufactured.

Table 1

Parameters that effect the morphology of the electrospun fibers49

Polymer properties Solution properties Other properties

Molecular weight Viscosity Substrate properties

Molecular-weight distribution Viscoelasticity Solution feed rate

Glass-transition temperature Concentration Field strength

Solubility Surface tension Geometry of electrode(s)

Electrical conductivity Vapor pressure of the solvent

Relative humidity
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Biopolymer nanofibers could be used as particle filters in vivo, nanocomposite

reinforcing fibers for nanotechnology, sutures,77 filters for metal recovery,78 as

templates,79–81 and in chemically and biologically protective clothing.82 The porosity

of electrospun fibers can be altered83–85 and effects such as the number of anchoring points

for cells, wetting-properties, and degradation rates can all be varied. Thus, medical

textiles, chemical filtration, fuel cell membranes, catalysis, electrochemical cells, and

nanoreinforcements would benefit from using a nanofibrous mat with increased

porosity.49,86

Biopolymer nanofibrous mats have shown potential for applications within the

medical field due to the aforementioned intrinsic properties of these renewable

materials. For this reason, we will go into more depth regarding these applications.

Medical and pharmaceutical fields could use nanofibers to fabricate wound

dressings,87,88 tissue engineering scaffolds for drug delivery,89–93 or other medical

devices. The success rate of artificially recreating the extracellular matrix and other

tissue engineering applications, depends on the properties of the scaffolds, such as their

biocompatibility, osteoconductivity, degradability, high surface-area-to-volume ratios,

and mechanical properties.89,93,94 Cellular and enzymatic behavior is influenced by the

size of the substrate;95,96 when the diameters of fibrous scaffolds are smaller than the

diameter of a cell, it is theorized that cells can attach and organize around those fibers.

This is desirable as it results in increased amounts of cell proliferation when compared

to the behavior of cells when they are on larger diameter fibers. Additionally, by electro-

spinning fibrous mats, a three-dimension malleable97 scaffold is fabricated. Thus, it could

be molded around, spun directly onto, or into the pores of whatever size substrate that

needs cell seeding.

Mechanical properties, degradation rate, as well as pore size, shape, and distribution

of the tissue engineering scaffold must match the needs of the tissue of interest.98 Non-

woven fibrous mats could conceivably resemble the extracellular matrix; however, it is

also necessary that the effects that an artificial matrix have on cell growth, proliferation,

and differentiation be thoroughly investigated. The geometrical and physicochemical

properties of electrospun mats and their influence on cell attachment kinetics as well as

the expression of binding and matrix proteins need to be better understood.99 In many

of the reports to follow, the particular application of interest noted in the articles will

be highlighted.

4 Biopolymers Electrospun

4.1 Polysaccharides

Complications arise when working with polysaccharides because our theoretical under-

standing of charged biopolymers such as DNA, RNA, and polysaccharides100 is rather

limited compared to that of neutral polymers; consequently, so is our understanding of

polyelectrolyte system properties.100–102 Unlike neutral polymers, these materials experi-

ence both long-range electrostatic interactions and the presence of counter ions.103,104 Of

the biopolymers discussed below, chitosan is cationic in solution, while hyaluronic acid

and alginic acid are anionic polyelectrolytes.

4.1.1A Cellulose. The most abundant natural, renewable, biodegradable polymer is

cellulose. Cellulose is one of the longest studied polymers and is a polydispersed linear

biopolymer of poly-b(1,4)-D-glucose units with asyndiotatic configuration. Despite
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hardships with processing, cellulose has been found in textile, paper, plastic, food

additives, and propellant applications.105 Due to strong inter- and intra- molecular

hydrogen bonds, cellulose does not dissolve in common solvents; it does dissolve in

dimethylsulfoxide/paraformaldehyde106 or sulfur dioxide.107 However, these solvents

were not suitable for electrospinning.108 Due to the problems associated with dissolving

cellulose, it is common to use cellulose derivatives, which do dissolve in common

solvents. In some cases, the disadvantage of cellulose derivatives, is the reduced

stability and degradation of the cellulose structure.109

In the first patent dealing with electrospinning, Formhals47 spun two derivatives of

cellulose, cellulose acetate and propionyl cellulose. The solution used was comprised of

equal parts, 44 g of chemically pure acetone and alcohol, and 1 g of softening agent

(Solactol and Palatinol). However, it was not until many years later that cellulose,

cellulose-derivatives, or cellulose-containing fibers were spun again. In the remainder

of this section, as well as in Table 2, many of the documented cases of those systems

are described.

Commercial cellulose fibers have previously been fabricated110 using the dry-jet wet

spinning process with N-methylmorpholine oxide (NMMO)/water (H2O) (known as the

Lyocell process).111 Kang et al.,112 used NMMO to electrospin cellulose, and then,

utilizing nitrogen dioxide and perfluorocarbon, oxidized the mats to prevent the adhesion

of human tissues. Also utilizing NMMO as a solvent, cellulose was electrospun by

Kulpinski108 in 2005. Fibers were electrospun from 2% mercerized cellulose at 90–958C
and raw cellulose at 95–1008C. Most had diameters between 200–400 nm; however,

some fibers were up to 700 nm in diameter. In the same year, Frey et al.113 additionally elec-

trospun celluloses; however, they utilized lithium chloride (LiCl) and N, N-dimethylaceta-

mide (DMAc) as the solvent system. Lithium was used to overcome the electrostatic

interactions between cellulose and DMAc. This study determined that dry and stable

cellulose fibers could be spun from 3% cellulose solutions by using a water coagulation

bath (for removal of LiCl) and heated collectors (for solvent removal). Frey et al. suggest

that cellulose nanofibers have promise for filtration applications.

As noted in the paragraph above, two solvent systems have been used to electrospin

cellulose and each has various advantages and disadvantages. LiCl/DMAc dissolves cel-

luloses from different origins, at various concentrations, and notably does so without side

reactions; however, solution preparation can be challenging. NMMO/H2O solutions

require elevated temperatures and have a limited range appropriate for spinning;

however, this solvent system is simpler than the first.109,114–118 Kim et al.119 reiterated

that both solvent systems produced cellulose fibers; however, the as-spun fibers differed

structurally. Fibers from LiCl/DMAc were found to be amorphous while those from

NMMO/H2O had varying amounts of crystallinity. Additionally, using nitric acid

(HNO3)/phosphoric acid (H3PO4) and sodium nitrite (NaNO2), Kim et al. oxidized the

as-spun fibers and explored the degradation characteristics under a physiological environ-

ment. Oxidized cellulose is of interest because it degrades under physiological conditions

and is bioresorbable; it has been used as a resorbable homeostatic dressing, in cosmetic

preparations, fibrin formation catalysis-agents, and adhesion barriers.120–122

4.1.1B Cellulose Acetate. A derivative of cellulose, cellulose acetate, has common

applications in the fabrication of semi-permeable membranes for dialysis, ultrafiltration,

and reverse osmosis.123 Cellulose acetate has been electrospun as outlined in Table 2.

In 1998, Jaeger et al.124 electrospun cellulose acetate/acetone solutions resulting in

fibers with “beads on the string” morphology. Possibly this was a result of the gelation
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of the polymer, low viscosity solutions, or due to the low boiling point of acetone. Based

on the inconsistent fiber morphology previously reported, Liu and Hsieh (2002)125 inves-

tigated using acetone, acetic acid (AA), and dimethylacetamide as the solvent since

cellulose acetate only dissolves in liquids with a Hildebrand solubility parameter

between 9.5 and 12.5 (cal/cm3)1/2. Utilizing the solvent system acetone/dimethylaceta-

mide yielded the most consistent fibers with diameters ranging from 100 nm to 1 mm.

Various collectors, wetting properties, and adsorption behavior of the non-wovens were

also evaluated.

Table 2
Table displays all known electrospinning of cellulose and cellulose-derivative solutions.

Contains information regarding polymer, solvent(s), and reference (Ref)

Polymer(s) Solvent(s) Ref

Cellulose NMMO 112

a-cellulose (mercerized cellulose

pulp)

1/1 NMMO/H2O 108

a-cellulose (spruce cellulose pulp)

Cellulose (S) cellulose (S 470

cotton linter paper)

8 wt% LiCl/DMAc 113

Cellulose (surgical cotton batting)

Fibrous cellulose 8% LiCl/DMAc 113, 119

Cellulose (surgical cotton batting) 1/1 NMMO/H2O

Cellulose acetate 1/1 Acetone/alcoholþ
softening agent

47

Cellulose acetate Acetone 124

Propionyl cellulose

Cellulose acetate 2/1 Acetone/DMAc 125

3/1 Acetic acid/DMAc

3/1 Acetic acid/acetone
Cellulose acetate 1/9-3/17, 4/1 Acetone/H2O 126–127, 132

Cellulose acetate 3/1/1 Acetone/DMF/
trifluoroethylene

133

Cellulose acetate 2:1 Acetone/DMAc 135,138

Cellulose acetate 17/3 Acetone/H2O 134

Cellulose acetate/PVA 2:1 Acetone/DMAc 73

Ethyl–cyanoethyl cellulose THF 139

Ethyl cellulose 100/0-1/4 THF/DMAc 141

CM cellulosea MeOH/H2O 267

CM cellulose sodium salt/PEO H2O 153

Hydroxypropyl cellulose Anhydrous ethanol or anhy-

drous 2-propanol

143

Hydroxypropyl methylcellulose 1/1 H2O/Ethanol 153

Methylcellulose 1/1 H2O/Ethanol
Enzymatically treated cellulose 8% LiCl/DMAc

Cellulose acetate/hydroxyapatite Acetone or 1/1 acetone/AA 165

aElectrosprayed.

Electrospun Biopolymer Nanofibers 323



Son et al.126 tried a new solvent system, acetone/H2O, and found increased success of

electrospinning cellulose acetate under basic pH conditions. The as-spun fibers were then

deacetylated into cellulose fibers with an activation energy of 10.3 kcal/mol; they retained

their non-woven morphology. The same year, Son et al.127 oxidized their previously dea-

cetylated cellulose acetate mats126 utilizing a mixture of HNO3/H3PO4-NaNO2 as pre-

viously demonstrated by Banker and Kumar.128 The oxidized cellulose nanofibers

displayed a lower crystallinity than cellulose fibers and the carboxyl content increased

as the amount of NaNO2 increased.

Electrospun polyacrylonitrile containing silver nanoparticles were prepared129 and

are of interest due to the antimicrobial properties that the silver nanoparticles might

provide to the fibers.130,131 In their third report on the subject, Son et al.132 added and

proceeded to electrospin 0.01–0.5 wt% silver nitrate (AgNO3) to 10 wt% cellulose

acetate in 4/1 acetone/H2O solution; the as-spun fibers were then photoreduced. The

cellulose acetate fibers with 0.0, 0.05, 0.3, and 0.5 wt% AgNO3 had average diameters of

1910, 680, 640, and 610 nm, respectively. When the cellulose acetate non-wovens with

0.05 wt% AgNO3 were tested against S. aureus, E. coli, K. pneumoniae, and P. aeruginosa,

all bacteria were reduced 99.9% post-incubation.

Ma, et al.133 also electrospun cellulose acetate in 2005. Structural and mechanical

improvements were determined to have occurred with 1 h heat treatment, while alkaline

treatment served to regenerate cellulose. The mats, which consisted of fibers ranging

from 200 nm to 1 mm, could be used to specifically capture bovine serum albumin or

bilirium after Cibacron Blue F3GA was covalently bonded to the mats.

Frey et al.134 electrospun cellulose acetate citing important factors, which differed

from the previous method.125 They utilized a mixed solvent system of acetone/H2O

and the polymeric solution was cooled to 58C. The as-spun fibers were deacetylated

into cellulose fibers whose absorbency of dyes and liquids and degree of hydrophilicity

were compared to both electrospun and conventional fabrics.

Supaphol et al.135 in 2007, electrospun 16 w/v% cellulose acetate containing 0.5 wt%

vitamin A (retinoic acid) or 5.0 wt% vitamin E (a-tocopherol) for cosmetic applications.

Vitamin A has been proven to reduce wrinkles, normalize keratinization, lighten brown

spots, and smooth skin, while vitamin E is an antioxidant that provides photoprotec-

tion.136,137 The as-spun fibers had average fiber diameters between 247 and 265 nm.

Over the testing period, a gradual and monotonous increase in the release of vitamins

was mainly observed. Supaphol et al.138 also electrospun 16 w/v% cellulose acetate

and functionalized the mats for topical drug delivery. They incorporated 20 wt% (based

on the weight of the cellulose acetate powder) four non-steroidal anti-inflammatory

drugs: naproxen, indomethacin, ibuprofen, and sulindac. The drugs were well-

incorporated into the 263–297 nm fibers. Drug-loaded fibers showed enhanced swelling

over the pure-cellulose acetate fibers and it was determined that the fibers loaded with

naproxen released the most drug. In both of these studies,135,138 the fibers were

compared to films containing the vitamins or drugs respectively.

4.1.1C Other Cellulose Derivatives. In 2004, Zhao et al.139 first prepared ethyl–cya-

noethyl cellulose from ethyl-cellulose and acrylonitrile as previously described.140 The

ethyl–cyanoethyl cellulose was then dissolved in tetrahydrofuran (THF) and successfully

electrospun into porous fibers. As the applied voltage was increased, the as-spun fibers

were more crystalline; however, at higher voltages, the crystallinity again decreased.

Ethyl cellulose has good thermostability as well as electric properties. In 2005, Wu

et al.141 electrospun the cellulose ether in a solvent system of THF/DMAc and tested
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the effects of various solvent ratios. It was determined that the solvent composition

influenced the fiber size distribution and diameter. Higher concentration ranges of

polymer were spun upon the addition of DMAc.

Another derivative of cellulose is hydroxypropyl cellulose, which is used in the pro-

duction of nanocrystalline ceramic oxide powders as steric stabilizers.142 In 2005, Shukla

et al.143 demonstrated that hydroxypropyl cellulose could be electrospun utilizing two

different solvents at a variety of applied voltages and two different tip-to-collector

distances (10 and 15 cm). Interestingly, as-spun fibrous mats were appropriate for use

as templates for producing tin oxide nano and macro porous fiber networks on microelec-

tromechanical system (MEMS) devices.

Poly(ethylene oxide) (PEO), is a biocompatible polymer144 that has been used as

a wound dressing145 and as injectable cartiledge.146 PEO has been electrospun

solo62,147–150 and can be added to facilitate electrospinning.151,152 In 2007, PEO was

used as a carrier polymer by Fretnot et al.153 to spin a number of cellulose derivatives:

hydroxypropyl methylcellulose (HPMC), methylcellulose, 3% enzymatically treated

cellulose (supplier: Tampere University of Technology (TUT), Finland), and CM

cellulose sodium salt. They were able to later extract the PEO from the fibers.

The cellulose derivatives were investigated to identify the role that MW, degree of

substitution, and substitution pattern have on microstructure, which was observed using

a scanning electron microscope (SEM). It was determined that MW and degree of

substitution did not significantly affect the electrospinning of HPMC and CM cellulose

fibers. Upon PEO extraction from all of the cellulose derivatives, SEM displayed that

the fibers differed as a result of various substitution patterns.

4.1.1D Cellulose Composites. In addition to PEO, another polymer, poly(vinyl alcohol)

(PVA), is also commonly used to facilitate electrospinning or provide different chemical and

mechanical properties of the as-spun composite. It has been electrospun solo numerous

times without difficulty,154–156 and has good fiber-forming capabilities.157–160 PVA is a

biocompatible, non-toxic, and chemically resistant polymer, which has been utilized in

biomedical applications such as contact lenses,161,162 implants,163 and artificial organs.164

In 2004, Ding et al.73 fabricated non-wovens composed of cellulose acetate/PVA by

multi-jet electrospinning, potentially for filters and biomedical applications. These mats

were found to have a uniform dispersion purely by blending the polymers, i.e., there were

no chemical interactions. Changing the cellulose acetate/PVA ratio altered the

mechanical properties of the fibers. Cellulose acetate/hydroxyapatite (HA) fibers, as well

as cellulose acetate/polyvinylpyrolidone (PVP) fibers were electrospun by Bishop

et al.165 Studies demonstrated that the cellulose acetate was better than PVP for dispersing

the HA. Various amounts of the solvents, acetone and AA, yielded different HA dispersions

and the cellulose acetate/HA mats have potential use as advanced biocompatible

prosthetics.

4.1.2 Chitin. After cellulose, chitin is the most abundant organic material produced by

biosynthesis. However, use of chitin in many applications has been limited due to its inso-

lubility in most organic solvents. The neutrally charged biopolymer is soluble in

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), hexafluoroacetone, chloroalcohols in conjunc-

tion with aqueous (aq) solutions of mineral acids, and DMAc containing 5% LiCl.4

Table 3 displays the only known instances of electrospun chitin, which all utilized

HFIP as the solvent. The process parameters for the electrospinning of chitin and

chitin-containing solutions, including: MW, degree of deceleration (DD), solvent used,
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special polymer processing, electrospinning parameters (including: applied voltage (kV),

separation distance between needle and collector (cm), and advancement speed of solution

(mL/h), and reference (Ref) are given in Table 3. In some instances, the information might

not have been provided in the original article.

Park et al.166 utilized irradiation to facilitate the dissolution of chitin since the as-is solu-

bility of chitin is only approximately 65% in HFIP. However, upon doing so, there was a

decrease in the MW of the polymer. The chitin fibers were analyzed utilizing an SEM

custom code image analysis program and they had a maximum and minimum fiber diameter

of 460 and 50 nm respectively with an average diameter of 163 nm. Deacetylation of the

fiber mats transformed them into chitosan fibers, as confirmed by Fourier transform infrared

spectroscopy (FTIR) and x-ray diffraction (XRD). Park et al.167 then compared the degradation

behavior of their 163 nm diameter electrospun chitin fibers to 8.77 mm diameter commercial

chitin macrofibers both in vitro and in vivo. Since the electrospun fibers have an increased

surface area-to-volume ratio, they promoted cell attachment and the spreading of normal

human fibroblasts and keratinocytes better than the commercial fibers. Therefore, Park et al.

suggested that tissue scaffolding or wound dressings could be fabricated from the mats.

Schiffman et al.,168 electrospun practical grade chitin (Sigma-Aldrich) using HFIP as

the solvent. Figure 3(a) contains a histogram that displays the as-spun practical grade chitin

fiber diameter distribution. Using a Zeiss Supra 50/VP field emission scanning electron

microscope (FESEM) to average fifty random fiber diameters, the maximum and

minimum fiber diameter observed were 41 nm and 391 nm respectively. The average

fiber diameter was 152+ 70 nm, which is within standard deviation with the findings of

Park et al.166 Figure 3(b) contains an SEM micrograph displaying cylindrical fibers of

practical grade chitin, 1 mm marker displayed. Analysis regarding how the crystallinity

of bulk chitin changes during the electrospinning process and the mechanical properties

of the fibers were evaluated. According to the authors, this information is needed for

electrospun non-wovens to be used in technical medical and environmental applications.

Table 3
Table displays all known electrospinning of chitin and chitin-containing solutions.

Contains information regarding molecular weight (MW), degree of deacetylation (DD),

solvent, special processing requirements, electrospinning conditions (including: applied

voltage, separation distance, advancement speed of solution), and reference (Ref)

Polymer(s) MW DD Solvent Processing Conditions Ref

Chitin 910 k 8% HFIP Chitin irradiated

mixed 3 days

15 kV, 7 cm 166

Chitin 920 k 8% HFIP Chitin irradiated

mixed 20 days

17 kV, 7 cm 167

Practical grade

chitin

9% HFIP Mixed 3–4 days 24 kV, 6 cm,

1.2 mL/h
168

Chitin/PGA 91 k 8% HFIP Chitin irradiated 17 kV, 7 cm,

4 mL/h
169

Chitin/SF 91 k 8% HFIP Chitin irradiated

silk dissolved in

CaCl2/EtOH/H2O

17 kV, 7vm,

4 mL/h
170

PGA – poly(glycolic acid); SF – silk fibroin.
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With respect to the chitin-component fibrous mats, Park et al. have two cited works

(see Table 3) in which they mimicked the extracellular matrix. Since poly(glycolic

acid) (PGA) is both biocompatible and biodegradable, chitin/PGA fibers169 were fabri-

cated. The blended fibers degraded faster than pure PGA fibers; in vitro degradation

studies were conducted in phosphate buffered saline, pH 7.2. Chitin/silk fibroin (SF)170

fibers were also electrospun. It was thus determined by cell studies that fibrous mats

composed of 25% PGA or SF and 75% chitin experienced the most attachment and pro-

liferation of normal human epidermal fibroblasts (NHEF).169,170 Based upon this behavior,

the chitin/PGA fibers, which had a bovine serum albumin coating might be a good

candidate for tissue engineering scaffolds. The highest spreading of NHEF and normal

human epidermal keratinocytes (NHEK) were observed on the chitin/SF non-wovens;

these scaffolds might be suitable for wound healing and skin regeneration purposes.

Derived from the shells of Penaeus merguiensis shrimps, a-chitin whiskers were

utilized in a nanocomposite fibrous mat of electrospun PVA by Junkasem et al.

(2006).171 When the chitin whisker to PVA ratio was approximately 5.1%, a maximum

tensile strength value of 5.7+ 0.6 MPa was obtained; however, increasing the chitin

content after this point decreased the strength of the fibrous mats. PVA/H2O had pre-

viously been electrospun155 and nanocomposites containing a-chitin whiskers within a

chitin/PVA film had been previously fabricated.172,173

4.1.3A Chitosan. The N-deacetylated derivative of chitin is chitosan, though a sharp

nomenclature difference between the two biopolymers based on the degree of N-deacety-

lation has never been precisely defined. Typically, commercial chitosan is approximately

85% deacetylated, which leads to a –NH2 functionality on the C-2 of the D-glucosamine

repeat unit.3,4 As a result of this process, chitosan is soluble in aq acidic solvents that chitin

is not soluble in, such as AA, formic acid (FA), malic acid (MA), and others.

The capability to electrospin a polymer is dependent upon finding the optimal solvent

system, among optimizing many other parameters. Chitosan intrinsically has a larger

solvent choice for electrospinning than chitin since it is soluble in more solvents.

Despite this, after protonation, chitosan changes into a polyelectrolyte in acidic

solutions; thus becoming the only pseudonatural cationic polymer.3 There are only a

few reports on ionic polymers or polyelectrolytes that have successfully been electro-

spun.174 Min et al.166 theorized that due to the high electrical force applied during electro-

spinning, repulsive forces between ionic groups within the polymer backbone arise and

often produce particles since the formation of continuous fibers is restricted. Work

towards developing an empirical equation for fiber diameter, which includes the effects

that polyelectrolytes have on electrospinning have been conducted by Mckee et al.175,176

Figure 3. (a) Histogram displaying the as-spun practical grade chitin fiber diameter distribution. (b)

SEM micrograph of as-spun practical grade chitin nanofibers, 1 mmmarker displayed. (Unpublished

images, experiment performed by Jessica D. Schiffman)
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Chitosan has successfully been electrospun using trifluoroacetic acid (TFA) and AA.

Table 4 contains information on chitosan, chitosan-containing, or chitosan derivatives that

have been electrospun. The table includes the polymer, MW and DD of the polymer,

solvent system used, electrospinning conditions (such as applied voltage (kV), separation

distance (cm), and advancement speed of the pump), and reference number (ref).

Homogenous bead-free fibers from chitosan10 (Wako Pure Chemical Industries, Ltd.,

Japan) were electrospun by Ohkawa et al. (2004)177 using a solution of 70/30 TFA/
dichloromethane (MC). Utilizing 8 wt% chitosan10 solutions yielded fibers with a

minimum and maximum fiber diameter of 210 and 650 nm respectively and an average

diameter of 330 nm. Electrospinning utilizing 0.2 M AA, 0.1 M hydrochloric

acid (HCl), neat FA, dichloroacetic acid, and mixtures with methanol, ethanol, and

1,4-dioxane, MC as well as with aprotic solvents N,N-dimethylformamide and dimethyl-

sulfoxide were also attempted but failed. It has been proposed that solutions primarily

containing TFA facilitate the electrospinning of chitosan because

1. the amino groups of the chitosan can form salts178 thus destroying the rigid interactions

between the chitosan molecules and because

2. the electrified polymer jet can be solidified as a result of the high volatility of the

solvent.

In an effort to decrease the average fiber diameter, in 2006, Ohkawa179 focused on

idealizing the viscosity of their solutions.46,180 It was determined that there was a linear

increase of fiber diameter as the concentration of chitosan in solution decreased, thus

fiber diameter and polymer concentration had an inverse relationship.

In 2007, Schiffman and Schauer52 electrospun, utilizing TFA as the solvent, four bulk

chitosans as supplied from Sigma-Aldrich without further purification. They were low,

medium, and high MW as well as practical grade chitosan and resulted in fibrous mats con-

taining an average fiber diameter of 74+ 28 nm, 77+ 29 nm, 108+ 42 nm, and

58+ 20 nm, respectively. Foreign contaminants are often contained within the practical

grade of chitosan, thus, the spinnablity of this poorly characterized system, which was

not purified in any manner, is of great interest. Practical grade chitosan fibers displayed

comparable properties to the better purified chitosans. Hence, this implies that

discarded waste products of the seafood and other industries could be easily be recycled

into useable materials. Figure 4(a) is an SEM micrograph of as-spun practical grade

chitosan nanofibers. These fibers appeared similar in morphology to the low, medium,

and high MW chitosan fibers spun. A 500 nm marker is displayed. Figure 4(b) is a

histogram displaying the as-spun practical grade chitosan fiber diameter distribution.

However, prior to their use in applications, the chemical stability of the chitosan fibers

needs to be improved. A two-step process was implemented to crosslink the fibers; first,

the chitosan solutions were spun into fibers, and second, a vapor-phase glutaraldehyde

(GA) was exposed to the as-spun fiber mats overnight while in a vaporization chamber.

Figure 4(c) displays an SEM micrograph of these two-step crosslinked practical grade

chitosan nanofibers with a 4 mm marker displayed. It is evident that upon crosslinking

the continuous and cylindrical fiber morphology is retained. This is true for the low,

medium, and high MW fibers as well. Figure 4(d) displays a histogram of the diameters

of the two-step crosslinked practical grade chitosan fibers. The average diameters for

the two-step crosslinked low MW, medium MW, high MW, and practical grade were

387+ 183 nm, 172+ 75 nm, 137+ 59 nm, and 261+ 160 nm, respectively. SEM

micrographs supported uniaxial tensile testing proving that crosslinking caused all the
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Table 4
Table displays all known electrospinning of chitosan and chitosan-containing solutions.

Contains information regarding molecular weight (MW), degree of deacetylation (DD),

solvent, electrospinning conditions (including: applied voltage, separation distance,

advancement speed), and reference (Ref)

Polymer(s) MW DD Solvent Conditions Ref

Chitosan 10 þ3210 k 78% TFA/MC 15 kV, 15 cm 177

Chitosan 10 þ210 k 78% TFA 15 kV, 15 cm, 179

Chitosan 100 þ1310 k 77% No pump

pressure

Chitosan 500 þ1580 k

Chitosan 1000 þ1800 k

Low MW chitosan 70 k 74% TFA 26 kV, 6.4 cm,

1.2 mL/h
52

Medium MW chitosan 190–310 k 83%

High MW chitosan 500–700 k 72%

Practical grade chitosan 190–375 k 75%

Chitosan 190–310 k 83% TFA/GA 26 kV, 6.4 cm,

1.2 mL/h
53

Chitosan 210 k 91% TFA/MC 25 kV, 15 cm,

2 mL/h
182

Chitosan 95% TFA/MC 25 kV, 20 cm 181

Chitosan 106 k 54% aq AA 3–5 kV, 20

mL/min

183

Chitosan 190–310 k 75–

85%

aq AA 20 kV, 10 cm,

0.3 mL/h
184

Chitosan 10/PVA þ210 k 78% 15 kV, 15 cm 177

Chitosan 100/PVA þ1300 k 77%

Low MW chitosan/PVA 75–

85%

aq AA 22 kV, 15 cm,

0.6 mL/h
191

Chitosan/PVA 1600 k 82.5% aq AA 18 kV, 25 cm 157

Chitosan/PVA 165 k 90% aq AA 10, 15 cm,

10–20 kV,

185

0.06–0.24 mL/h
Chitosan/PVA 78% aq AA 15 cm, 15 kV 158

Chitosan/PVA 120 k 82.5% aq AcrA 15–30 kV,

13 cm

160

Chitosan/PVA 120 k 82.5% aq AcrA 22 kV, 12 cm 159

Chitosan/PEO aq AA 15 kV, 20 cm,

0.1 mL/h
174

High chitosan/PEO aq AA 10–28.5 kV,

10 cm

193

Chitosan/PEO 190 k 85% aq AA 20–25 kV,

17–20 cm

194

Pharmaceutical grade 90% aq AA 20 kV, 15 cm 195

(continued )
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chitosan fiber mats to decrease in elasticity, Young’s modulus, and ultimate tensile

strength.

Schiffman and Schauer53 also fabricated a crosslinked chitosan fibrous mat utilizing a

one-step process. Here, the solution to be electrospun was combined with 1 mL of GA

liquid prior to the electrospinning; the resultant non-wovens were insoluble in acidic,

basic, and aq solutions for at least 72 h. An average diameter of 77+ 29 nm was

observed for medium MW chitosan fibers, which was less than the 172+ 75 nm

evaluated for the two-step crosslinked fibers fabricated from the same chitosan.52 It was

therefore concluded that one-step electrospinning could produce finer crosslinked

chitosan fibers faster and with theoretically improved mechanical properties than the

two-step method.

An alternative method of crosslinking or neutralizing chitosan nanofibers was

reported by Sangsanoh and Supaphol181 after they noted that electrospun non-woven

mats, prepared by Ohkawa et al.’s method177 dissolved when exposed to sterilized 70%

ethanol solutions or phosphate buffer saline. To remedy this, they submerged the

fibrous mats in 5 M aq sodium carbonate (Na2CO3) solutions for 3 h to neutralize the

remnant TFA. Schwann cells were able to attach to the mats after this neutralization.

Matsuda et al.182 reported that chitosan non-wovens also became neutralized and

insoluble in water after immersing them in 28% aq ammonium solution.

In addition to utilizing TFA as a solvent, strong aq AA can sometimes be used to elec-

trospin chitosan. Geng et al.,183 attempted to electrospun three kinds of demineralized and

deproteinized chitosan powders. However, uniform fibers were only generated from a 7%

solution of the chitosan that had a MW of 106,000 and a DD of 54% in 90% AA. Other

chitosans, which had a MW and DD of 30,000, 56% and 398,000, 65% respectively, did

not form fibers. Surface tension and charge density were theorized to be the key factors in

Table 4

Continued

Polymer(s) MW DD Solvent Conditions Ref

Chitosan/PEO
Chitosan/PET 85% TFA/HFIP 12–20 kV,

10–15 cm,

200

0.3–0.7 mL/h
Chitosan/collagen 1000 k TFA/HFIP 20 kV, 130 cm,

0.8 mL/h
243

Chitosan/collagen TFA/HFIP 260

Chitosan/silk fibroin 220 k 86% FA 16 kV, 8 cm,

1.0 mL/h
255

Hexanoyl chitosan 576 k 88% Chloroform 8–18 kV, 12 cm 211

CE chitosan/PVA 390 k H2O
�1.6 kV/cm,

7.5 cm

212, 213

Q chitosan/PVA 400 k 80% H2O
�1.5–3.5 kV/cm 214

CM chitosan/PEO H2O 20 kV, 20 cm,

0.1 mL/h
195

þIndicates viscosity average MW.
�Indicates applied field strength (AFS).
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determining the spinnability of the system. In a feasibility study conducted by De Vrieze

et al.184 it was determined that chitosan could be electrospun in strong AA solutions but

not in FA, lactic acid or HCl. In the future, chitosan fibrous mats might aide in wound or

other medical applications, or the removal of metals from solutions for environmental

applications.

Notably, electrospinning of chitosan in AA solutions was unsuccessful for Sangsanoh

and Supaphol,181 Li and Hsieh,157 as well as previous attempts in 200454 and current

attempts by the author of this section in 2007. Possibly, this is because inappropriate

MWs of chitosan were tested.181,183

4.1.3B Chitosan/PVA. Ohkawa et al.177 electrospun chitosan10/PVA and chitosan100/
PVA at the same time that they spun pure chitosan10. With a 30/70 chitosan10/PVA ratio,

fibers with an average diameter of 120 nm were fabricated; thicker fibers were observed

when higher ratios were employed. As a comparison, PVA/deionized H2O electrospun

without additional polymers had an average diameter of 470 nm. By adding PVA to

chitosan, Li and Hsieh (2006)157 increased entanglements and decreased the repelling inter-

actions of the polycationic chitosan molecules. Also, 25/75 chitosan/PVA nanofibers

ranging from 20–100 nm were electrospun in 2% aq AA solutions. Zhang et al.

(2007)185 also spun 40/60 chitosan/PVA fibers in 2% AA solutions. Transmission

electron microscopy (TEM) and energy dispersive spectroscopy (EDS) identified that the

as-spun fibers and beads both contained chitosan. They believe that chitosan/PVA non-

wovens might be suitable for wound dressings based on their high water up-take capabilities.

In 2006, Zhou et al. electrospun fibers from chitosan/PVA in aq acrylic acid (AcrA)

solutions160 and later thermally crosslinked the fibrous mats using triethylene glycol dimeth-

crylate (TEGDMA) for 2 h at 808C in 2007.159 Zhou et al. spun up to 90/10 chitosan/PVA

Figure 4. (a) SEM micrograph of as-spun practical grade chitosan nanofibers, 500 nm marker dis-

played. (b) Histogram displaying the as-spun practical grade chitosan fiber diameter distribution. (c)

SEM micrograph of two-step crosslinked practical grade chitosan nanofibers, 4 mm marker dis-

played. (d) Histogram displaying the two-step crosslinked practical grade chitosan fiber diameter

distribution. (Unpublished images, experiment performed by Jessica D. Schiffman)
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solutions in as high as a 90% AcrA; neat AcrA did not allow for spinning. It was noted that

some chitosan remained undissolved.160

Due to the polyelectrolytic nature of chitosan, it has a high viscosity in dilute aq

solutions. Therefore, it can be desirable to use chitosan as a thickener, especially since

it is compatible with other biocompatible polymers such as PVA186,187 and PEO.188

Sometimes beads are observed when electrospinning. To counter this, additives such as

salts150 or surfactants189 can be used. Similarly, cationic and anionic polyelectrolytes190

could increase the conductivity of a solution and thus decrease fiber diameter. In 2006,

Lin et al.191 electrospun a combination of 1% chitosan with 5-8% PVA. The addition of

chitosan was observed to reduce fiber diameter and yielded thinner, uniform, bead free

fibers as noted by Lin et al. and Jia et al.158,191 In 2007, Jia et al.,158 and others,149,192

additionally noted that electrospinning restricts the formation of a crystalline microstruc-

ture due to (1) the rapid solidification of the stretched molecular chains and (2) high

elongation rates.

4.1.3C Chitosan/PEO. Duan et al.174 noted that with a mass ratio of chitosan/PEO of

1/2 or 1/1, conductivity, surface tension, and solution viscosity enhanced electrospinning.
FTIR, x-ray photoelectron spectroscopy (XPS), and differential scanning calorimetry

(DSC) determined that the smaller fibers were primarily composed of chitosan while

larger fibers were mainly composed of PEO. Around the same time, Spasova et al.193

published the successful electrospinning of chitosan/PEO when the mass ratios were

equal to or less than one. With increased amounts of chitosan, the fiber diameter

increased, just as Duan174 observed. Spasova et al.193 also tested the effect of incorporating

the broad-spectrum antimicrobial and antimycotic agent, potassium 5-nitro-8-quinolino-

late (K5N8Q) against Gram negative and positive bacteria E. coli and S. aureus and the

fungus C. albicans. Sterile zones were observed for the electrospun mats with K5N8Q,

however no zones were observed for control samples.

Instead of adding chitosan as a thickener, Bhattrai et al. (2005)194 added PEO to

reduce the viscosity of chitosan solutions, therefore a higher polymer concentration

would be spinnable. Chitosan/PEO mats (9/1) retained structural integrity in H2O and

promoted good adhesion of chondrocyte and osteoblast cells, and might be appropriate

for bone tissue engineering. Bhattrai et al. noted that the solubility of PEO in water is

desirable when fast degradation times are needed, such as for controlled drug release.

Alternatively, when mechanical stability is necessary, like for tissue repair and remodel-

ing, where cell attachment, differentiation, and growth are needed, a scaffold primarily

composed of chitosan is more suitable. Vondran195 has also electrospun mats of

chitosan/PEO and evaluated the mechanical properties of as-spun and GA-vapor cross-

linked52 mats. Uniaxial tensile tests, nanoindentation, solubility studies, SEM studies,

and FTIR analysis were conducted.

4.1.3D Chitosan/PET. Poly(ethylene terephthalate) (PET) is common in the textile and

plastic industry due to its antibacterial properties,196,197 mechanical properties, and fair

biocompatibility. It has been used in cardiovascular implants such as artificial blood

vessels and artificial heart sewing rings.198 PET has also been electrospun solo.199 In

2007, Jung et al.200 fabricated chitosan/PET mats for medical applications.

Using TFA/HFIP as the solvent, chitosan/PET, and chitin/PET were electrospun and

antibacterial activity experiments were conducted. The mats that contained chitosan

inhibited the growth much more effectively than both the pure PET and the chitin/PET
non-wovens.
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4.1.3E Chitosan Tri-component Systems. In 2004, Jiang et al.201 spun ibuprofen-loaded

PLGA/poly(ethylene glycol) (PEG)-g-chitosan mats appropriate for atrial fibrillation

based on their ultrafine fibers, high porosity, and capability to conform to

movements.202 Fast degradation rates of the mats helped to prevent accumulation of

byproducts on the delivery site. The ibuprofen was incorporated using two different

methods

1. electrostatically conjugated during the electrospinning process; and

2. covalently conjugated to the PEG-g-chitosan prior to spinning.

Crosslinking was not necessary since the tri-component system was soluble in organic

solvents, while being insoluble in neutral pH H2O.
203 Within the system, the hydrophili-

city, membrane shrinkage, and rate of drug release could be controlled.

Utilizing two syringes, Duan et al.204 (2006) simultaneously electrospun PLGA for

mechanical properties and chitosan/PVA for bioactivity onto a rotating drum. The as-

spun fibers were crosslinked with 25% GA-vapor for 4 h at 378C, and then the

remainder of the exposed aldehyde groups were blocked by 0.1M glycine solution.33

These systems have a potential in skin tissue engineering since they promoted fibroblast

attachment and proliferation. Their fiber morphology, shrinkage, absorption in

phosphate buffered solution, and mechanical properties were investigated. In 2007,

Duan et al.205 conducted a 10 wk in vitro degradation investigation in phosphate

buffered solution, to determine the mechanical properties and functionality of the mats

as a scaffold for human embryo skin fibroblasts (hESFs). More cells were on the

composite mats than the pure PLGA scaffolds. Cellular penetration into the pores on

the mats were observed after several days of culture.206,207

4.1.3F Chitosan Derivatives. A derivative of chitosan, hexanoyl chitosan is anti-

thrombogenic and resistant to hydrolysis by lysosome,208 therefore could be useful for

medical applications.209 Hexanoyl chitosan210 was electrospun by Neamnark et al.211

As-spun fibers had a ribbon-like morphology with diameters ranging from 0.64 to

3.93 mm. Rashkov et al. electrospun and crosslinked N-carboxyethyl (CE) chitosan/
PVA212,213 as well as quaternized (Q) chitosan/PVA214 fiber mats. Both CE and Q

chitosan fibrous mats show potential for tissue engineering applications.

CM chitosan is a functional derivative of the glucoasmine subunit of chitosan and has

high moisture retention, gel-forming capability, antibacterial function, and lack of cyto-

toxicity.215,216 CM chitosan is soluble in water217,218 when prepared with reaction temp-

eratures between 0 and 108C. In 2007, Vondran195 electrospun 3 wt% 1/1 CM chitosan/
PEO in H2O. Some beading was observed; the average fiber diameter was

118.19+ 40.48 nm. SEM, FTIR, DSC, and solvatochromatic fluorescent dye studies

were conducted.

4.1.4 Alginate and Hyaluronic Acid. It has been theorized that alginic acid (alginate)

cannot be electrospun due to the repulsive forces that exists because of the polyelectrolyte

character of alginate219–221 and that solution viscosity is not the limiting factor.219 To

date, researchers have been unsuccessful in electrospinning the anionic biopolyelectrolyte,

alginate. However, electrospinning of alginate fibers was successful when a carrier

polymer was utilized. In 2006, after blending with PEO, Lu et al.219 and Bhattarai

et al.222 as well as Safi et al.220 in 2007 electrospun fibers containing alginate. The

repulsive forces among the polyanionic molecules were reduced due to the blending
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of solutions, as evident by conductivity changes and FTIR.219 Also, the viscosity was

reduced, and there was an increase in intermolecular interactions of the co-polymer

through hydrogen bonding.220 Bhattarai et al. utilized XRD to observe an increase in crys-

tallinity that was most likely a result of the alginate chains realigning during the electro-

spinning process. The peaks noted were only those of the PEO.222 Safi et al.220 also

demonstrated that blending with PVA had the same effects as PEO.

With some difficulties, nanofibers from an additional anionic biopolyelectrolyte, hya-

luronic acid have been fabricated. Hsiao et al.223,224 modified the electrospinning process

to include an air blowing feature. They called their system an electro-blowing apparatus. It

was theorized223 that electrospinning of this biopolymer is challenging because aq hya-

luronic acid solutions exhibit unusually high surface tension and viscosity. Hsiao

et al.225 were also able to use a traditional electrospinning apparatus to fabricate hyaluro-

nic acid fibers in DMF/H2O. A ratio of 1 or 1.5 generated an average fiber diameter of

200 nm or 250 nm, respectively.

4.1.5 Dextran. A bacterial polysaccharide, dextran consists of a -l,6 linked D-gluco-

pyranose residues with some a-1, 2-, a-1, 3-, or a-1, 4-linked side chains; it has been

explored for the delivery of drugs, proteins, and imaging agents.226,227 Using a solvent

solution of dimethyl sulfoxide (DMSO)/H2O or DMSO/dimethylformamide (DMF)

Hsiao et al.228 electrospun methacrylated dextran229 into mats with bovine serum

albumin or lysozyme.

4.2 Proteins

Nature itself displays protein fibers as the quintessential part of motility, stabilization,

elasticity, scaffolding, protection of cells, tissues, and organisms.230 Despite being a

major category of biopolymers, on which close to a century of research has been

conducted, it is still challenging to process proteins into fibers. Proteins have complex

macromolecular and three-dimensional structures in conjunction with strong inter- and

intra- molecular forces. Despite this, efforts have been renewed due to advances in

protein engineering. There is an increased understanding of how they function in

biology, which has influenced researchers to transform these biopolymers into products

for medical and other technical applications.230,231

4.2.1 Collagen and Gelatin. Collagen is the main structural component of the extra-

cellular matrix of many native tissues.232 In 2001, PEO was added to facilitate collagen

electrospinning.152 Initially, in 2004, Bowlin et al.,232,233 electrospun type I collagen

from calfskin and type III collagen isolated from human placenta with HFIP as the

solvent. Various concentrations, input voltages, air gap separations, delivery rates, and

mandrel motion were evaluated for their impacts on the collection of non-woven fibers.

Pure elastin (bovine ligamentum nuchae), as well as blends of type I and III collagen

with and without elastin were also electrospun since elastin alternates with collagen in

many native tissues.234 Aortic smooth muscle cells and dermal fibroblasts were seeded,

as part of the three-layered vascular construct that Bowlin et al. fabricated. Type II

collagen from lyophilized, chicken sternal cartilage was electrospun utilizing the same

solvent, HFIP that spun types I and III. The mats were crosslinked using 3% vapor-

GA.235 Cell growth was demonstrated to occur, encouraging the use of the mats for the

bioengineering of cartilage.236 In 2007, Bowlin et al.237 determined that crosslinking

J. D. Schiffman and C. L. Schauer334



with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) dissolved in

pure ethanol resulted in superior chemical and mechanical properties than those cross-

linked with GA. Rho et al.238 and Shih et al.239 also electrospun type I collagen,

utilizing vapor-GA and EDC to crosslink their as-spun mats respectively. Rho et al.

experimented with cytocompatibility, cell behavior, cell interactions, and open wound

healing on rats.238 The morphology, growth, adhesion, motility, and osteogenic differen-

tiation of human bone marrow-derived mesenchymal stem cells was studied on the fibrous

mats spun by Shih et al.239

Additionally collagen-composite fibrous mats have been fabricated with PEO,152,240

polycaprolactone (PCL),207,241 chondroitin sulfate,242 and chitosan.243 Kidoaki et al.244

fabricated tri-layered electrospun mats composed of type I collagen (from bovine skin),

ST-gelatin as previously fabricated,245,246 and segmented polyurethane by both multi-

layering and mixed electrospinning. This was conducted as a prototype scaffold for

creating artificial grafts or other tissue engineering applications.

Gelatin has a quite similar composition and biological properties as collagen, from

which it is derived. It is highly polar and therefore has a polyelectrolytic character.

Additionally, while it readily dissolves in H2O, gelatin could not be electrospun

utilizing aq solutions.206,247,248 In 2004, Ramakrishna et al.206,247 electrospun 7.5%

mass concentration gelatin in 2,2,2-trifluoroethanol to produce bead free fibers. The mech-

anical properties at various mass concentrations were tested. In one article206 gelatin/PCL
fibers were also electrospun and cell experimentation conducted, which could lead to

tissue engineering applications. In 2005, gelatin was again electrospun but by utilizing

a ratio of 49/1 FA/H2O as the solvent. However, some degradation of the gelatin was

observed.248 FTIR and circular dichroism (CD) indicated that electrospun fibers had a

random coil and helical conformation as confirmed by XRD and DSC. Li et al.249 deter-

mined that 8% gelatin, 10% collagen, 20% tropoelastin, and 20% elastin in HFIP spun into

bead-free fibers. Crosslinking for 1 h at room temperature was conducted utilizing 10% by

volume 1,6-isocyanatohexane (HMDI) in isopropanol for mats on which cell studies were

conducted; SEM, atomic force microscopy (AFM), and microtensile testing was addition-

ally carried out.

4.2.2 Silk. Silks are spun into fibers by lepidoptera larvae including: silkworms, spiders,

scorpions, mites and flies. Depending upon the source from which they are derived, they

can vary in composition, structure, and properties. For example, the silk of various evolu-

tionarily advanced spiders is comprised of different amino acid compositions and also

have various mechanical properties as required for their particular function. These

functions include lifeline support, web construction, lines for prey capture, etc. Bombyx

mori (B. mori) are the most thoroughly studied silk producers whose silk has been used as

a suture in biomedical applications for centuries250 since it is biocompatible, biodegradable,

has low inflammatory responses, and good oxygen and water vapor permeability.251–253

Interest in using silk is due to its enhanced environmental stability, significant crystallinity,

impressive combination of strength and toughness, high elasticity, and resistance to

failure in compression (even when compared to Kevlar). However, they are insoluble in

common solvents including: H2O, dilute acids, and alkali.250 Silk was first electrospun

and patented by Zarkoob et al.77,254 in 2000. PEOwas added to facilitate the electrospinning

of silk151 in 2002 and silk/chitin170 was electrospun in 2006. Park et al. electrospun

chitosan/SF255 before the solo electrospinning of chitosan was demonstrated (Table 4).

Chitosan/SF (30/70) fibers were created using FA as a solvent and the effects of a
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methanol treatment on the secondary structure of SF versus chitosan/SF fibers was

investigated.

In addition, research regarding the electrospinning of silk and silk-containing

nanofibers is outlined in Tables 5 and 6. Table 5 contains information regarding the

source of the silk electrospun, the solvent used, interesting facts concerning

the research conducted, and the reference (Ref). Table 6 contains other articles where

the mechanical properties of electrospun silk were evaluated, since as noted, silk is

historically known to have impressive strength. The table includes the solvent, post-

electrospinning treatment, Young’s modulus (MPa), elongation (%), tensile modulus

(MPa), and reference (Ref).

4.2.3 Other Proteins. In addition to their work on collagen, Bowlin et al.256 electrospun

human and bovine fibrinogen fraction I from plasma in 9/1 HFIP/MEM (10X minimal

essential medium) Earle’s without L-glutamine and sodium bicarbonate at a concentration

Table 5

Contains information regarding electrospun silk, solvent used, research conducted, and

reference (Ref)

Polymer(s) Solvent Research conducted Ref

B. mori N. clavipes

spiders

HFIP 8–1000 nm fiber diameters. stable

under nitrogen: N. clavipes:

280.8ºC, B. mori: 245.8ºC

77, 268

Raw silk fibers 98% FA 50% aq methanol for crystallization:

cell studies

88, 269

Fibroin silk fibers 98–100%

FA

Effect of spinning parameters on fiber

morphology & diameter

270, 271

B. mori/PEO/green
fluorescent protein

H2O Potentially create fibers w/uniform
non-linear optical properties

272

B. mori/PEO/BMP2

B. mori/PEO/
nHAP B. mori/
PEO/BMP2/nHAP

H2O hMSC growth & differentiation

toward osteogenic outcomes high-

est Ca deposition & upregulation

of BMP-2

92

B. mori/PEO H2O Two-fluid e-spinning produced core/
shell fibers

273

B. mori in 9.3M LiBr H2O Use of a concentrated aq solution to

produce silk fibers

274

B. mori silk yarn HFIP Effects of vapor: H2O, methanol,

ethanol, & propanol

275

B. mori 1/1 B. mori/
wool keratose

98% FA Post-spin methanol treatment dis-

played high performance for

removing & recovering heavy

metals ion from water

78

Thai silkworm

Chinese/Japanese
silkworm

85% FA Mouse osteoblast-like cells appeared

to adhere & proliferate possible

bone scaffold

276

Abbreviations used on Table: BMP2 is bone morphogenetic protein 2, nHAP are nanoparticles of
hydroxyapatite, and human bone marrow-derived mesenchymal stem cells is abbreviated hMSCs.
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Table 6

Contains mechanical properties of electrospun silk solutions including solvent, post-electrospinning treatment, Young’s modulus (MPa),

elongation (%), tensile modulus (MPa), and reference (Ref)

Polymer(s) Solvent Treatment

Young’s mod

(MPa)

Elongation

(%)

Tensile

modulus

(MPa) Ref

B. mori Hexa-fluoroacetone None 15 40 277

S. c. ricini 20 40

4/1 B. mori/PEO H2O 9/1 Methanol/H2O 13.6+ 1.4 4.0+ 2.0 624.9+ 0.9 278

B. mori/PEO H2O None �0.75+ 0.06 279

9/1 methanol/H2O
�1.28+ 0.08

H2O extracted �8+ 2.98

B. mori 98-100% FA None 515 3.2 7.25 280

Silk yarn HFIP None 1.3+ 0.2 7.6+ 1.7 17.7+ 6.8 281

H2O-vapor 2.6+ 0.4 8.5+ 2.0 30.4+ 4.4

Methanol 4.6+ 0.5 4.4+ 0.7 104.3+ 13.7

Silk fibers HFIP 9/1 methanol/H2O 498.61+ 15.84 5.54+ 0.25 17.63+ 1.73 282

Silk/1% type I collagen 387 69+ 10.34 6.26+ 0.63 17.85+ 1.54

Silk/1% PLAGA 203.32+ 9.67 9.86+ 0.22 15.13+ 1.4

�Data acquired by AFM.

3
3
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of 0.083 g/mL. SEM revealed an average fiber diameter of 80+ 30 nm. Xie and Hsieh231

electrospun casein, a milk protein with PEO or PVA and crosslinked the fibers with

4,4’-methylenebis(phenyl diisocyanate) (MDI) in THF. Lipase enzyme was successfully

incorporated into PEO and PVA mats and demonstrated an increased catalytic activity

towards hydrolyzing olive oil than cast films.

A wool protein, isolated as S-sulfo-kerateins was combined with PEO257 and electro-

spun. A major protein of corn, zein258 and zein/hyaluronic acid/PVA259 were both

dissolved into 7/3 ethanol/H2O solution, electrospun, and the resultant fibrous mats cross-

linked with hexamethylene diisocyanate (HDI). The goal is to use these materials for

medical and packaging applications. Various polymer and solvent concentrations were

evaluated by SEM and by tensile testing.

4.2.4 Polysaccharide/Protein Composites. In an effort to create a biomimetic of the

extracellular matrix, Chen et al.243 (2007) electrospun chitosan/collagen composite

fibrous mats. At the time of this research both collagen and chitosan had been electro-

spun.52,177,232,235,238 A 90/10 HFIP/TFA solvent mixture produced the best fibers. As

the ratio of chitosan to collagen increased, fiber diameter decreased.

Also in 2007, Mo et al.260 electrospun chitosan/collagen in HFIP/TFA as well as

poly(L-lactid-co-1-caprolactone) (P(LLA-CL)). Smooth muscle cells attached to the

collagen nanofibers remained attached after 30 days of culture. As the chitosan/
collagen ratio was varied, mechanical properties were measured using a Hounsfield

H5K-S Testing system. Based upon the variation of stress-strain properties observed,

theoretically a 50/50 ratio of chitosan/collagen ratio could be considered useful as a

blood vessel scaffold whereas an 80/20 mat might be suitable for applications requiring

flexibility such as skin tissue scaffolding.

4.3 Deoxyribonucleic Acid (DNA)

The only known nucleic acid to be electrospun is DNA, which is known to contain the

genetic specificity of biological development of all living organisms.261 The first known

successful electrospinning of DNA was in 1997 by Fang and Reneker.48 DNA fibers

had previously been fabricated using conventional fiber techniques, such as wet-

spinning.262,263 Reneker electrospun 0.3-1.5% fibrous calf thymus Na-DNA (MW: 109

g/mol) in a mixture of 7/3 H2O/ethanol. As thin as 30 nm fibers were observed, beads

were also present. This was followed by Takahashi et al.264 whom electrospun onto a

mica surface large DNA molecules from a 7/3 H2O/ethanol solutions and examined

them using AFM. They discovered that the fibers had an average height of 1.8 nm and

a length of 1 mm or longer. Hsiao et al.93 in 2003 investigated a block co-polymer of

PLA-b-PEG-b-PLA, in which plasmidic DNA was incorporated and then released struc-

turally intact from the non-woven mat over a twenty day experiment. Craighead

et al.265 (2006) fabricated electrospun mats with stretched and oriented fluorescently

labeled DNAmolecules within PEO fibers. Recently, in 2007Wallace et al.266 electrospun

DNA/PEO fibers ranging from 50 to 250 nm in diameter from an aq solution to study the

conductivity, surface tension, and viscosity of the solutions.

5 Conclusion

Unquestionably, in the area of electrospinning, more progress has been made in the last

decade than ever before, and the advances continue to occur. It has only been within
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the 21st century that researchers have discovered how to successfully electrospin pure

solutions of chitosan, cellulose, hyaluronic acid, etc. However, special processing such

as degumming, irradiation, harsh solvents, elevated temperatures, etc, are often needed

to spin biopolymers such as silk, chitin, and cellulose. However, once the biopolymers

are spinning, they will precede with the same degree of ease. Alternatively, while hyaluro-

nic acid and alginic acid easily dissolve in water, these aqueous solutions fail to electro-

spin. For this reason, blending with water soluble, biocompatible, synthetic polymer such

as PLA or PVA is a good option as they can reduce repulsive forces within the charged

biopolymer solutions and allow fiber spinning. Nonetheless, researchers are continuing

to have a better understanding of what comprises an appropriate solution so that more bio-

polymers can be electrospun.

From this new knowledge, research has moved forward in many preliminary attempts

towards functionalizing the biopolymer fibrous mats, for example, towards creating a

biomimic of the extracellular matrix. However, specifically for this and other biomedical

applications, the scaffolds must match the requirements of the tissues ranging from appro-

priate mechanical properties, degradation rate, optimized drug release profiles, as well as

pore size, shape, and distribution. Once fabricated, all pure-biopolymer and composite

fibrous mats will have unique topological, mechanical, and chemical properties. Addition-

ally, the capability of a cell to adhere and proliferate on these mats will vary. It is important

to remember that anytime something is implanted, a foreign body response is expected.

The as-spun fibrous mats have easily been modified. For example, chitosan has been

crosslinked or neutralized to gain the chemical stability of chitin mats. Vitamins have suc-

cessfully been loaded into cellulose acetate fibers and plasmidic DNA can be incorporated

and then released from PLA-b-PEG-b-PLA non-wovens. However, more analysis and

head-to-head comparison concerning the functionality and biodegradability of these

fibrous mats is necessary. For example, chitosan and alginic acid are known chelators.

However, it is unclear at the present time which is a more effective heavy metal

chelator: a fibrous mat composed purely of chitosan or a composite of alginic acid/
PEO. In terms of effectiveness, many factors must be taken into consideration,

including: detection limits, metal selectivity, chemical and mechanical stability, and

cost effectiveness. Also, an understanding of how to integrate these fibers as a

component of a hierarchical assembly of well assembled nanostructures and devices

that can function as a filter or as advanced coatings, nanofillers, or nanocomposites is

needed.

For large-scale manufacturing of new products containing these biopolymer nanofi-

bers to occur, a few significant challenges also need to be addressed. Methodology to

fabricate reproducible, uniform nanofibers, which have particular morphologies, mechan-

ical and chemical properties, that are oriented for the demands of particular tasks remains a

work in progress. While the advancements in fabricating biopolymer non-wovens are

appreciated, much work still remains.
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