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Highly Aligned Polymer Nanofiber Structures:

Fabrication and Applications in Tissue

Engineering

Vince Beachley, Eleni Katsanevakis, Ning Zhang, and Xuejun Wen

Abstract Many types of tissue in the body, such as nerve, muscle, tendon, liga-

ment, bone, and blood vessels, rely on a highly organized microstructure in order to

impart their desired functionality. Cell and extracellular matrix (ECM) alignment in

these tissues allows for increased mechanical strength and cell communication. In

tissue engineering, aligned polymer nanofibers can be used to take on the role of

natural ECM fibers in order to provide mechanical strength, sites for cell attach-

ment, and modulation of cell behavior via morphological cues. A wide variety

of physical and electrostatic techniques are available for assembly of aligned
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nanofiber structures, and many of these structures have been evaluated as tissue

engineering scaffolds. It is widely understood that aligned microstructure induces

an aligned morphology in most cell types, but aligned nanofibrous topography also

influences other cell behaviors such as differentiation, gene expression, and ECM

deposition. With a greater understanding of aligned nanofiber scaffold fabrication

techniques, and cell interactions with these scaffolds, researchers may be able to

overcome current challenges and develop better strategies for regenerating aligned

tissues.
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1 Introduction

Natural tissues have a fibrous extracellular matrix (ECM) component made up

of collagen, elastin, keratin, or other similar types of natural nanofibers. This

nanofibrous ECM provides mechanical strength, storage locations for biomolecules,

and structural support for cell attachment and organization. It also serves as a

template for tissue formation during development, regeneration, and remodeling.

For example, ECM deposition precedes cell migration in embryonic branching

morphogenesis; nerve cells grow along aligned ECM tubes in peripheral nerve

regeneration; and hydroxyapatite calcifies on collagen nanofibers to form bone

during remodeling [1–3]. Polymeric nanofibers have received a great amount of

attention in recent years due to their potential to fill some of the roles of ECM

nanofibers in tissue engineering. Polymeric nanofibers have proven to be excellent

substrates for cell attachment and growth, and the microstructure of polymeric

nanofiber grafts can predictably modulate cell behaviors such as morphology,

differentiation, ECM deposition, and migration [4]. In addition, the bioactivity of

polymer nanofibers can easily be optimized due to a wide variety of available

molecular compositions, methods of biomolecule incorporation, and surface modi-

fication techniques.

Many types of tissue, such as muscle, nerve, blood vessel, and connective tissue,

require a well-aligned cellular and ECM organization for proper tissue function.

Nerves are able to transmit signals throughout the body quickly through long well-

aligned axons, and muscles, blood vessels, bone, tendons, and ligaments are able to

apply and resist loads efficiently due to the aligned organization of cells and ECM

fibers. Cells that are cultured in vitro on aligned nanofibrous scaffolds adopt an

aligned elongated morphology that mimics the natural morphology of cell in

aligned tissues in vivo. In addition to cell shape and organization, aligned nanofiber

substrates have shown the ability to modulate cell behaviors such as differentiation,

migration, and ECM assembly. It is of the highest importance that a tissue engi-

neering scaffold used to mimic aligned tissues is able to impart uniaxial alignment

in its resident cells in order to induce biomimetic organization and desired cellular

responses. Challenges in tissue engineering applications of aligned nanofiber

scaffolds include optimizing substrate topographical cues to promote desired cell

responses and designing scaffolds with architecture conductive to the formation of

tissue-like structures in vitro and in vivo.

Methods associated with many different fiber fabrication techniques are avail-

able for production of aligned nanofibers. However, the vast majority of research in

this field is focused on aligned nanofiber fabrication using electrospinning. An

overview of current aligned fiber fabrication technologies is presented, as well as

a more detailed review of aligned fiber fabrication using the electrospinning tech-

nique. Cell interactions with aligned as compared to randomly oriented nanofibrous

topographies are presented as well as specific tissue engineering applications of

aligned nanofibrous scaffolds.
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2 Methods of Fabricating Aligned Polymer Nanofibrous

Structures

There are many techniques that utilize mechanical, electrical, or magnetic forces to

align polymer nanofibers. Most aligning procedures are coupled with polymer

nanofiber fabrication in a single step, while other are used to impart alignment to

collections of nonaligned fibers post-fabrication. In the field of tissue engineering,

the most common method of aligned nanofiber fabrication is electrospinning, but

several other promising methods have also been explored for assembly of aligned

nanofiber arrays. A brief overview of different methods of aligned nanofiber array

fabrication is presented below.

2.1 Electrospinning

Electrospinning is an electrostatic method of fabricating polymer nanofibers that

has generated widespread interest in the tissue engineering field due to its simplic-

ity, immense versatility, and readiness for industrial scale-up. Electrospinning

utilizes an electric field to eject a polymer solution or melt from a needle or small

orifice as a thin liquid jet [5]. The electric field generates forces on the polymer

solution that overcome surface tension forces in the needle, resulting in the ejection

of a jet that is accelerated toward a grounded target. Violent whipping motions thin

the jet as it travels toward the target and thus increase its surface area. A very high

surface area to volume ratio promotes evaporation of the solvent, or cooling of a

melt, resulting in the formation of polymer fibers at the target. When a flat target is

used as the collecting area, a random fibrous mesh is formed, but many different

variations of the electrospinning setup have been employed to allow fabrication of

nanofibers with uniaxial alignment. There are two basic methods that are most

commonly used to fabricate aligned nanofiber structures: (1) mechanical alignment

using a high speed target, and (2) electrostatic alignment using a manipulated

electric field. The preferred method of high speed target collection is the rotating

mandrel technique and the preferred method of electric field manipulation is the

parallel plate technique. The electrospinning technique will be discussed in further

detail in Sect. 3.

2.2 Drawing

Polymer nanofibers can be directly drawn from a viscous polymer solution or melt

when a droplet of polymer solution is mechanically stretched [6]. For example, the

tip of a rod was dipped in a polymer melt and simply pulled out to form nanofibers

with diameters as low as 60 nm and lengths up to 500 mm [7]. Resulting nanofibers

can be manually oriented into aligned arrays or formed into arrays by automated

174 V. Beachley et al.



procedures [8]. A rotating collecting system was developed that can continuously

draw a nanofiber from a nozzle and simultaneously arrange it into an aligned

nanofiber array [9]. Polymer nanofibers with diameters ranging from 50 to

500 nm were formed into arrays with well-controlled diameter, alignment, and

spacing using this system.

2.3 Extrusion

Continuous polymer fibers are formed when a polymer solution or melt is mechani-

cally pushed with a ram through a die of desired cross-section. This method of

fabrication is most commonly used in the textile industry, but conventional methods

of fiber extrusion in the textile industry are not suitable for producing uniform

polymer fibers in the nanometer diameter range. However, modified extrusion

methods have been developed to successfully fabricate polymer fibers in the

nanometer diameter range. Polymer nanofibers 100–200 nm in diameter and several

micrometers in length were fabricated with a system utilizing air pressure to force

1–2 mm microsphere droplets though a steel mesh die [10]. In addition, continuous

well-aligned polymer nanofibers with an average diameter as low as 424 nm were

fabricated with a rotary system that utilized centrifugal force to push a polymer

solution through a die [11]. The diameter of nanofibers produced by this method

decreased as the rotational speed was increased.

2.4 Templating

Templating is a method used to fabricate arrays of uniaxially aligned nanofibers.

Polymer solutions and melts are injected into alumina network templates by

wetting, capillary forces, gravity, or extrusion [12]. Alumina network molds have

been fabricated with pore diameters such as 25–400 nm and with pore depths

ranging from 100 nm to several hundred micrometers [13]. Solid polymer nanofiber

arrays are released from the molds after mold destruction or mechanical detachment

[13, 14]. Nanofiber arrays produced by templating contain large areas of vertically

aligned fibers of limited length that share a molded end base. Parameters such as

fiber diameter, fiber height, and fiber spacing can be controlled by changing

template dimensions and fabrication parameters such as melt time and temperature

[15, 16]. The templating method can be used to fabricate surfaces with well-

controlled properties, such as roughness, and wettability [15, 17]; however,

nanofiber arrays fabricated by the templating method are not well suited for

contact-guided cell alignment because of the limits in maximum fiber length.

Templated fiber arrays are best suited for tissue engineering applications associated

with surface chemistry, such as cell–substrate interaction studies and implant

coatings [14, 16].
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2.5 Micropatterning

Solution phase self-assembling nanofibers such as peptide amphiphiles (PA) have

been observed to orient in aligned arrays when formed on micropattered surfaces.

Aligned nanofiber assemblies have been observed on freshly cleaved mica surfaces

[18], and the growth rate of PA fibers was quantified [19]. Large bundles of aligned

PA nanofibers were assembled in an orientation parallel to patterned microchannels

using a technique that incorporated sonication [20, 21]. Nanofibers fabricated by

self-assembly are generally small compared to those fabricated by other techniques.

Individual fiber diameters are several to tens of nanometers, and fiber lengths can

reach several micrometers [4].

2.6 Fluid Flow

Fluid flow can be used to align polymer chains or precursors in solution, which

become aligned nanofibers after subsequent solvent evaporation or polymerization.

The mechanism of alignment is shear forces present in flowing fluids. Gravitational

forces are easily utilized to generate fluid flow through dipping procedures that

result in fiber alignment [22, 23]. Pressure driven fluid flow through pipettes and

within microchannels has also been explored as a mechanism for forming aligned

nanofibers [24–26]. Collagen fibers polymerized in 10–100 mm channels showed

statistically significant alignment compared to controls when introduced to the

channels under flow conditions, but not when introduced under static conditions

[27]. Microchannel fluid flow was also combined with a drawing technique to

produce aligned lipid nanotubes [28].

2.7 Magnetic Field-Assisted Alignment of Nanofiber Strands

High powered magnetic fields can be used to produce aligned nanofiber arrays from

some materials. Magnetic alignment exploits anisotropy of the diamagnetic sus-

ceptibility of molecules. Several research teams have used strong magnetic fields to

induce the alignment of cellulose [29, 30], collagen [31], and PA [32] nanofibers

assembled under a strong magnetic field. The addition of magnetic beads allowed

the fabrication of thin gels of aligned collagen using a small magnet [33]. This

technique was used to induce collagen fiber alignment in plain and cell-containing

gels several millimeters thick. It was hypothesized that the magnetic beads pulled

fibers along the field lines formed by the magnet, resulting in a mechanism that

might be similar to fluid flow alignment.
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2.8 Surface-Induced Polymerization

Aligned nanofiber arrays can be directly produced during polymer synthesis with

surface-induced polymerization reactions. Several types of polymers have been

fabricated into nanofiber arrays on different substrates using surface-induced poly-

merization reactions [34–36]. Nanofibers were observed with lengths from a few

hundred nanometers to several micrometerss and with diameters from 35 to

200 nm. Aligned nanofiber arrays formed by this method are vertically aligned

and share a common base similar to those fabricated by the templating method.

2.9 Bacterial Cellulose

Cellulose nanofibers produced by bacterial cultures in vitro have found use in a

variety of applications, including biomedical applications [37]. Potential

advantages of bacterial cellulose nanofiber production include high yield and low

cost. Cellulose nanofibers are synthesized by Acetobacter bacteria by a process that

involves extracellular secretion of chains of polymerized glucose residues.

Subsequent assembly of the chains and crystallization into ribbons results in

networks of cellulose nanofibers with diameters less than 100 nm. Recently,

methods of forming aligned nanofibrous networks with Acetobacter culture have

been developed. Several groups found that bacteria cultured with various substrates

were able to produced cellulose nanofibers with aligned orientations along the

features of those substrates [38–40]. Large networks of aligned cellulose nanofibers

were produced by Acetobacter when an electrical field was applied [41]. Aligned

orientation was attributed to bacterial motion induced by the applied electric field.

2.10 Post-Fabrication Drawing of Nanofiber Arrays

A simple and intuitive way to impart alignment in randomly oriented nanofiber

meshes is uniaxial stretching. When a randomly aligned nanofiber mesh is subject to

a large uniaxial strain it can be transformed into an elongated aligned mesh. The

mechanism of alignment is a mechanically induced reorientation of the randomly

aligned nonwoven fibers in the direction of physical stretching. This technique,

sometimes referred to as “post-drawing,” is used to impart or improve alignment in

random or aligned nanofiber meshes. This technique is most commonly associated

with electrospinning. In addition to reorienting fibers in the mesh, post-drawing can

also elongate individual fibers, resulting in decreased fiber diameter [42]. In many

cases, post-drawing procedures are conducted under elevated temperatures [42–44].

The post-drawing alignment mechanism has also been utilized in a modified

electrospinning system to produce continuous uniaxial fiber bundle yarns [45].
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3 Electrospinning of Aligned Nanofibrous Structures

The vast majority of publications related to the fabrication of aligned polymer nano-

fibrous structures and their application in tissue engineering involve the electro-

spinning fabrication technique. The two basic approaches used to obtain aligned

nanofibers from an electrospinning jet are the rotating mandrel and parallel plate

techniques. The rotating mandrel technique utilizes high velocities and mechanical

tensile forces to impart alignment, while the parallel plate technique utilizes electrical

forces to induce fiber alignment. The arrangement and composition of aligned

nanofiber meshes collected by both techniques are influenced by the specific

parameters of each electrospinning setup. In addition, a wide variety of modifications

to these standard techniques have been explored in an attempt to discover more

versatile aligned fiber fabrication methods. These modifications could facilitate the

fabrication of better tissue engineering scaffolds by allowing better control over fiber

length, alignment, placement, and three-dimensional (3D) organization.

3.1 Rotating Mandrel

The jet formed during electrospinning is ejected at a high rate of speed, reported as

being up to several meters per second [46]. The deposition pattern of the high

velocity jet can be controlled by using a target that is also moving at a high rate of

speed. For this reason, the most common way of collecting aligned electrospun

nanofibers, known as the rotating mandrel technique, utilizes a high speed grounded

rotating mandrel as the collection target (Fig. 1a). Mandrel diameters are generally

a few centimeters or larger and are rotated at speeds from zero to several thousand

revolutions per minute (rpm). The tangential velocity is the most informative value

to use when comparing different studies because mandrel diameters tend to vary

significantly between studies. Relatively thick aligned fiber mats can be collected

using this method, but the degree of alignment and the collection rate may decrease

with mat thickness due to repulsive residual charges and the insulating effects of

previously deposited nanofibers [47].

The speed of a rotating collector has several effects on the microstructure of

collected fibers and their spatial arrangement. It is hypothesized that when the

tangential velocity at the edge of a rotating mandrel matches the speed of the

electrospinning jet, the degree of alignment will be maximized [48]. Fiber orienta-

tion resulting from different mandrel velocities can be classified in three stages: (1)

mandrel velocity is too low to initiate fiber alignment, (2) mandrel velocity initiates

increasing fiber alignment with increasing speed to a maximum, and (3) fiber

alignment decreases due to fiber fracture caused by extreme velocities [49]. The

threshold speed for fiber alignment is different from system to system. Several

groups using various synthetic polymers saw the onset of fiber alignment at around

3 m/s [50–53], whereas others have required speeds approaching 10 m/s [54] for the

178 V. Beachley et al.



onset of alignment. The degree of alignment generally increases with increasing

tangential velocity after the onset of fiber alignment [50–56]. As mandrel speeds

continue to increase, fibers may begin to break due to tensile forces exerted by the

mandrel on the fibers [54]. Fiber breakage can result in decreasing fiber alignment

and quality [48]. The mandrel speed associated with fiber breakage is dependent on

the material properties of the electrospun polymer and it has been shown that

nanofibers electrospun from brittle materials are more likely to break at lower

mandrel speeds [57].

The tensile force exerted on the electrospinning jet by a rotating mandrel can

result in a reduction of fiber diameter for deformable materials. Fiber diameter

generally decreases with increasing mandrel speed [50, 54–56, 58, 59], although

slight increases in diameter have been observed under certain conditions [49, 60].

Reported fiber diameter reductions of around 15–40% versus static collection have

been observed when mandrels were rotated at 5–15 m/s [50, 54–56, 58, 59]. Though

the exact tangential velocity must be determined in order to allow maximum

alignment, the tensile force exerted by the rotating mandrel also affects the fiber

diameter and can even influence fiber molecular orientation [49, 61]. This must be

taken into account when deciding on an optimal mandrel speed.

Despite a general agreement for some trends related to mandrel effects on fiber

microstructure, it is difficult to precisely predict how a rotating mandrel will affect

nanofiber structure for a specific system due to the amount of variables involved.

b c

d

a

Fig. 1 Setup for electrospinning aligned nanofibers using the (a) rotating mandrel, and the (b)

parallel plate techniques. (c) Calculated electric field strength vectors and (d) electrostatic force

(F) analysis associated with the parallel plate techniques [62]
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Fiber jet speed and material elasticity are two of the most important parameters

involved in the jet–mandrel interaction and each of these properties are influenced

by multiple electrospinning parameters, such as solution conductivity, viscosity,

voltage, and feed rate. In addition, material properties cannot be accurately

predicted without knowing the exact degree of solvent evaporation at the point

when fibers are taken up by the collector.

3.2 Parallel Plate

Another method of collecting aligned nanofibers is by manipulation of the electric

field in the collecting area. The highly charged electrospinning jet is sensitive to the

surrounding electric field and will align in certain electrical field configurations.

The most commonly used method of aligning nanofibers with an electric field is the

parallel plate technique. When two grounded parallel plates are set up as the

collecting target they create an electric field that causes deposition of nanofibers

aligned perpendicular to the plates across the air gap between them. Analysis of the

electric field present in a parallel plate electrospinning setup and the resulting forces

exerted on the electrospun nanofibers was first conducted by Li et al. [62]. Diagrams

of this analysis are displayed in Fig. 1b, c. The electrical properties of the polymer

solution become increasingly important when electrospinning nanofibers across

parallel plates because electrostatic forces are responsible for aligning the fibers.

Many polymer solutions that are easily electrospun into nanofibers on a flat target

do not align well on parallel plates because the solution properties do not facilitate

good alignment with the electric field.

It can be hypothesized that the electrical properties of a polymer solution must

be within a critical range to facilitate effective deposition across parallel plates. If a

solution’s conductivity is too low, the electrostatic forces may not be sufficient to

pull fibers across the gap; but if it is too high, then random whipping instabilities

may dominate the motion of the jet. For example, it was hypothesized that fiber

collection across parallel plates was ineffective for an electrospun polyelectrolyte

solution [poly(phenylene vinylene), PPV] because its high conductivity contributed

to a highly unstable jet that could not be effectively stabilized by the aligning forces

at the collection site [63]. Addition of a neutral polymer (polyvinyl pyrrolidone,

PVP) to this solution allowed the formation of well-aligned nanofibers (Fig. 2a–c).

In another study, it was hypothesized that parallel plate fiber collection became

ineffective after the addition of NaCl to the polymer solution due to jet instabilities

caused by increased solution conductivity [64]. Nanofibers electrospun from a melt

were aligned only at gap distances less than 1 cm and collected as randomly

oriented meshes at greater gap widths [65]. In this case, the forces exerted by the

electric field on the solution may have been too small to result in alignment due to

low conductivity.

Electrostatic forces exerted on an electrospun jet can be controlled indepen-

dently of solution properties by changing the applied voltage. An increase in the
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voltage of an electrospinning setup results in an increase in the electric field

strength and thus an increase in the forces acting on the fibers. However, increased

voltage also increases the jet instability, which may decrease fiber alignment.

Therefore, a critical voltage that balances the magnitude of the aligning forces

and the resultant jet instabilities must be obtained for optimal fiber deposition and

alignment across parallel plates [66].

Another limitation that is specific to the parallel plate electrospinning technique

is the collection of extremely thin nanofibers, which have been observed to break

because they were unable to sustain the forces of their own weight and of the

repulsive charges from other fibers [62]. An electrically resistive substrate inserted

into the gap between the plates can provide support to fibers suspended between the

plates without influencing fiber quality [62], and may also help to shield any

conductive materials below the air gap, which may attract unwanted non-aligned

nanofibers. Substrates with bulk resistivity greater than 1022 Ω cm, such as quartz

and polystyrene, are suitable for placement between parallel electrodes, while

materials with bulk resistivity of less than 1012 Ω cm, such as glass, may result in

random fiber orientations [67, 68].

3.2.1 Charge Retention

Nanofibers collected in full contact with a conductive electrode immediately

discharge. However, fibers suspended in air across parallel plates retain charge

Fig. 2 Fiber alignment increased with decreasing solution conduction for (a) pure PPV, (b) PPV/

PVP 50:50, and (c) PPV/PVP 20:80 [63]. Fiber alignment increased with time from (d, g) 1 s, to

(e, h) 5 s, to (f, i) 30 s [67]. Fiber alignment decreased with increasing time from (j) 5 min, to (k)

15 min, to (l) 2.5 h [71]
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throughout the portion of the fiber that does not have contact with the conductive

plates [62]. The accumulation of both charge and material in between the gap has a

significant effect on the electric field, thus the fiber deposition patterns are con-

stantly changing as fiber density increases. Charge retention can have effects on

subsequent fiber alignment and collection rate due the repulsive forces exerted on

the electrospinning jet. Residual charge can initially improve alignment in low

density arrays because parallel alignment is the lowest energy state of an array of

charged fibers [62, 67, 69]. Improved alignment at various time points up to 30 s are

shown in Fig. 2d–i [67]. Numerical models are in agreement with the positive

effects that residual charge has on alignment at low fiber densities [70]. However,

over longer periods of fiber collection, as fiber density increases, the alignment of

subsequent fibers can become poor due to build-up of charge and materials

(Fig. 2j–l) [71]. As fiber density continues to increase, the charge repulsion and

material build-up can resist further fiber deposition between the parallel plates

almost entirely. Therefore, thick layers of aligned fibers are difficult to fabricate

by this method [72].

3.2.2 Gap Size and Plate Geometry

The electric field and thus the collection dynamics of parallel plate electrospinning

setups are affected by the geometry of the parallel plate configuration. The gap size

has an especially significant role in fiber alignment and array density. The draw of

the aligning electrostatic forces created by parallel plates decreases with increasing

gap distance, making it is more difficult to collect aligned nanofibers across a larger

distance [73]. Although nanofibers as long as 50 cm have been collected across

parallel plates, fiber density and rate of deposition generally decrease with increas-

ing gap distance until no fiber collection is possible [74, 75]. Collection of densely

aligned nanofiber arrays becomes infeasible as gap size increases due to decreasing

electrostatic forces and charge repulsion. Because of the gap size limitations, fiber

length in high-density aligned nanofiber arrays is usually limited to a few

centimeters. Nanofibers electrospun across various gap distances from 3 to 6 cm

demonstrated a highly reduced fiber array density with increasing gap distance

[66, 69].

Gap distance also has an effect on fiber alignment. As the gap size increases,

fiber alignment may initially increase and then decrease with a critical value of

maximum alignment. The critical values of maximum alignment for two differ-

ent electrospinning systems were 1 and 3 mm [66, 73]. Reported results on the

effect of gap distance on alignment can vary significantly from study to study,

which is not surprising due to the many components involved in fiber alignment

across parallel plates. For example, alignment was observed to increase with an

increase in gap distance from 2 to 6 cm with one electrospinning system [69],

and decrease with an increase in gap distance from 0.5 to 2.5 cm with another

system [64].
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3.2.3 Effects of Electrostatic Forces on Fiber Morphology

The columbic forces that align electrospun nanofibers across two parallel plates

exert a mechanical force much like the mechanical tensile forces exerted by a

rotating mandrel. Like the rotating mandrel, parallel plate collection sometimes

results in nanofibers with reduced diameters compared to those formed using flat

plate collection. Whereas the magnitude of the force in a rotating mandrel is set by

the speed of the collector, the magnitude of the force in a parallel plate system is set

by the strength of the electric field and the electrical properties of the jet. It can be

anticipated that electrospinning setups that incorporate large electrostatic forces or

more deformable materials may result in a more pronounced decrease in fiber

diameter. The diameter of nanofibers collected across a parallel plate decreased

with increasing concentrations of carbon nanotubes [76]. This result is anticipated

because the forces pulling the fibers across the parallel plates should increase with

increasing nanotube concentration due to the increased conductivity of the solution.

Fiber diameter decrease for parallel plate collection was also especially pronounced

for melt electrospinning, which could be due to the deformability of hot fibers that

had not fully cooled before alignment [65].

3.3 Challenges in Electrospinning Aligned Nanofiber Structures

Both the rotating mandrel and parallel plate technique have advantages and

disadvantages. The rotating mandrel can be used to collect large-area thick mats of

aligned fibers, but highly aligned assemblies may be difficult to fabricate and the

fiber arrays may be tightly wound or broken due to high rotation speeds [72]. The

parallel plate technique allows easy transfer of fiber arrays to other substrates, but

this technique is sensitive to solution properties and there are limitations in array

fiber density and thickness and in fiber length [72]. These limitations constrain the

specific types of aligned structures that can be fabricated by electrospinning and

reduce the applicability of this technique. Many interesting innovations have been

developed to address these limitations and allow greater control over fiber array

deposition area, fiber alignment, continuous fiber length, fiber mat density, and yield.

3.3.1 Focusing and Steering the Electrospinning Jet

Under normal electrospinning conditions, the deposition area of an electrospinning

jet can be undesirably large and difficult to predict. This can lead to difficulties in

precise and repeatable fabrication of uniform nanofiber arrays, and materials may

be wasted. It is desirable to explore methods to control the deposition of an

electrospinning jet in terms of both focused fiber deposition area and controlled

placement of the fiber deposition area. The range of fiber deposition is usually

decreased as the needle-to-collector distance is decreased; however, this alone may
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not provide the desired level of fiber deposition focus and may result in unwanted

side effects [77]. Several technologies such as repulsive electric fields, sharp-edged

collectors, and attractive oppositely charged electrodes have been applied to focus

and control the deposition location of an electrospinning jet.

The area of aligned nanofiber deposition can be focused by confinement and

general stabilization of the whipping motions of the electrospinning jet early in its

trajectory. Objects with the same charge as an electrospinning jet exert a repulsive

force on the jet, and when placed in a proper configuration can produce an

electrostatic force that acts as a barrier to confine the jet. Positively charged

rings, cylinders, and plates have been placed around an electrospinning jet to

electrostatically confine it and reduce the final fiber deposition area at the collection

target [78–80]. In one instance, the diameter of randomly deposited nanofiber mesh

was reduced from 7 to 1 cm with the addition of positively charged ring electrodes

placed around the electrospinning jet path [80].

The deposition area can also be focused using a thin sharp-edged collector.

A thin sharp edge confines the actual area for fiber deposition, and focuses the

electric field (Fig. 3), promoting a narrow deposition of fibers [81]. Several groups

have used thin rotating disks in place of a standard rotating mandrel to collect thin

highly aligned nanofiber bundles. A system similar to a sharp-edged disk employed

a thin wire wrapped around spokes connected to a rotating mandrel [82]. In a

variation of that technique, a wire can be wrapped around an insulating cylinder to

allow collection of multiple focused aligned nanofiber arrays simultaneously [83].

Thin sharp edges have also been used in the configuration of a parallel plate
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Fig. 3 Electrostatic field simulation for a sharp-edged collector. Equipotential lines of the electric

potential and electrostatic field lines are plotted [81]
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collector. Two steel blades placed upright in a direction perpendicular to a standard

parallel plate setup were used to collect thin aligned nanofiber arrays at gap

distances up to several centimeters [75], and sharpened parallel plates were able

to attract a greater quantity of fibers than standard parallel plates [84].

Another method of focusing and controlling the deposition of an electrospun

nanofiber array is to use an oppositely charged auxiliary electrode to attract the jet.

Electrospinning systems using this technology are generally arranged so that a

collecting mandrel is placed between the nozzle tip and the oppositely charged

electrode (Figs. 4 and 5). Narrow aligned nanofiber arrays were fabricated on the

surface of a rotating mandrel when an oppositely charged pin electrode was placed

immediately behind or inside of it [85, 86]. It was found that the width of the aligned

fiber deposition area on the collector narrowed with decreasing collector to spinneret

distance and increasing field strength [77]. Parallel arrays of oppositely charged strip
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Fig. 4 (a) Electrospinning setup with counter electrodes used to focus the area of fiber deposition.

(b–e) Images of resultant nanofiber mats electrospun with (b) no auxiliary electrodes, (c) one

auxiliary counter electrode, and (d, e) both counter and like electrodes with different separation

distances between them [48]

Fig. 5 (a) Electrospinning setup using an auxiliary counter electrode to direction the path of an

electrospinning jet. (b, c) A tubular structure with diagonally oriented aligned nanofibers was

fabricated when a mandrel was placed in the path of the jet at an angle [87]
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and sharp-edged bar electrodes have also been placed below rotating mandrel

collectors to confine aligned nanofiber array deposition [87, 88]. Electrode arrays

containing both like and opposite charges can be arranged to focus the deposition area

even more effectively. The width of a nanofiber array collected on a rotating mandrel

was reduced by up to 60% when two like-charged electrodes (same charge as the jet)

were placed on each side of an oppositely charged counter electrode (Fig. 4) [48].

Oppositely charged electrodes are also capable of patterning the location and arrange-

ment of aligned nanofiber deposition on a rotating mandrel. The attractive force

between an electrospinning jet and an oppositely charged electrode is strong enough

to redirect the direction of the jet to the position of the electrode, even if it is not

located directly below the nozzle [85]. When the counter electrode is positioned off-

center relative to the nozzle, the electrospinning jet can be forced to take a trajectory

at an angle to the rotating mandrel and allow collection of aligned fiber arrays with

various angular orientations (Fig. 5) [87]. Therefore, precisely oriented aligned

nanofibers can be honed to a specific axial location on a rotating mandrel. Lateral

translation of either the oppositely charged electrode or the mandrel itself allows

dynamic control of fiber deposition over the entire mandrel [86].

3.3.2 Fiber Alignment

Generally, the methods of fiber array confinement described above also result in

improved array alignment due to geometrical constraints and the focused electric

field. When the nanofiber jet is focused there is less probability for misalignment,

and the increased electrostatic forces generated may improve fiber alignment

control. Specific examples of improved fiber alignment exist for each of the three

general methods described above. A confining electric field generated by two like-

charged plates applied around an electrospinning jet was observed to improve

deposited fiber alignment across parallel plates [78]. When a thin blade is used as

the collecting surface, a greater percentage of aligned fibers may be collected

because unaligned fibers might miss the target or only a small portion of the fiber

will cross the thin blade. In addition, the increased electrostatic force generated by

thin blade collectors can improve fiber alignment independently of geometrical

constraints [87]. Improved fiber alignment has also been observed when oppositely

charged counter electrodes were added to a conventional rotating mandrel setup.

This resulted in aligned nanofiber collection at lower speeds [48].

Other methods have been developed to improve fiber alignment in nanofiber

arrays of larger area. One innovative way to increase fiber alignment using the

parallel plate technique is to apply an alternating potential to the two collection

plates. Initially, the nanofiber jet is more attracted to one plate than to the other.When

the field is switched the jet moves to the other plate, and oscillation guides fiber

deposition back and forth across the plates (Fig. 6) [89–91]. In one configuration, an

AC potential is applied to one plate, while the other remains grounded [89, 90].

A different configuration utilized high voltage reed relays or switches to alternate

charge and ground between two parallel plates [91, 92]. This configuration has been
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used with both repulsive (same charge as jet) voltage/ground and attractive (oppo-

site charge as jet) voltage/ground alternations between plates [91, 92]. Orientation

may be affected by the frequency of the applied field, with an optimum frequency

for maximum alignment [79, 89].

Interestingly, when an AC potential is applied to the electrospinning nozzle

instead of a DC potential, fiber alignment on a rotating mandrel can also be

improved. It is hypothesized that this could be due to decreased net charge and

thus decreased jet instability [93]. Further investigation into this technique showed

that addition of a DC potential biased to an AC potential improved the quality and

alignment of nanofibers collected on a rotating mandrel as compared to AC or DC

potentials alone [94].

3.3.3 Fiber Length

Verifiable single continuous nanofibers can be fabricated by the parallel plate

method. Increasing the maximum length of fibers that can be collected across

Fig. 6 Electrospinning with (a) normal rotating mandrel compared to (b) modified system with

AC field controllable counter electrode. (c, d) The effect of the AC electrode on the jet is shown,

where (c) corresponds to a normal setup and (d) is with the AC electrode [89]
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parallel plates may increase the applications of this method. Long nanofibers up to

50 cm were collected using a parallel plate setup with very large plates (30.5 � 7.5

� 0.7 cm), and maximum fiber length was observed to increase with increasing

plate size [74]. It was hypothesized that even longer fibers could be collected with

larger plates. External forces can also be utilized to suspend long nanofibers across

a gap. Long suspended nanofibers (25 cm) were formed when a nanofiber jet was

shot sideways and adhered to a raised target at one end, while the other end was

pulled down by gravity and adhered to a support [95]. Another system utilized gas

flow to pull one end of an adhered nanofiber toward an electrode to suspend it across

a long gap (>20 cm) [96].

3.3.4 Fiber Density and Thickness (Parallel Plate)

A major limitation of the parallel plate technique is limited fiber density and mat

thickness, as explained in Sect. 3.2.1. This problem can be overcome by utilizing

other forces that are able to overcome the electrostatic repulsive force between

nanofibers. Thick aligned nanofiber mats were fabricated across parallel plates

when a magnetic field was used to attract fibers to a mesh across parallel plates

[97]. Another technique utilized mechanical forces to assemble low density aligned

fiber arrays into thicker constructs [98]. This technique used automated tracks to

provide continuous mechanical assembly of fiber arrays, and allows theoretically

infinite mat thicknesses.

3.3.5 Yield

In order to be practical for industrial scale-up, aligned fiber fabrication should have

a high yield. The simplest method of maximizing yield for both the parallel plate

and rotating mandrel techniques is the use of multiple spinnerets to deposit aligned

nanofibers over long sections of rotating mandrel or parallel plate simultaneously

[99–101]. It is important to consider interference between the jets when multiple

spinnerets are used because like-charged jets repel one another and oppositely

charged jets attract one another [102]. Another method of increasing yield is to

move the collecting surface. Several groups have translated rotating mandrels

normal to the electrospinning jet to increase the area of coverage [86, 101, 103].

Multiple parallel plate-type aligned nanofiber arrays can be collected simulta-

neously when a rotating wire mandrel collector is used [71, 104]. In this case, the

wire spokes act as individual parallel plate collectors and, as the wire mandrel

rotates, different parallel wire gap locations are present directly beneath the

electrospinning nozzle [105]. Similar to the wire frame technique, a rotating

mandrel with fins has been used to fabricate many suspended aligned nanofiber

arrays simultaneously [42]. Parallel plates have also been put into motion to

increase nanofiber yield. When two parallel plates are replaced by two parallel

conductive tracks moving normal to an electrospinning nozzle, continuous aligned

nanofiber array production across the tracks is possible [98].
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4 Cell Interactions with Aligned Nanofibrous Structures

Cell morphology is highly sensitive to nanofibrous topography. Cells adopt differ-

ent shapes on nanofibrous surfaces than on flat surfaces, and fiber diameter and

orientation further modulate cell configuration [4]. Aligned cell morphologies

commonly observed on aligned nanofibrous substrates are especially important in

designing tissue engineering environments that mimic aligned tissues such as nerve,

muscle, ligament, and tendon. In addition to the practical advantages of alignment

in such tissues, variations in cell morphology generally correspond to changes in

cytoskeletal arrangement that can further modulate other cell behaviors such as

elongation, proliferation, migration, ECM production, and differentiation.

4.1 Cell Morphology and Alignment

Cell orientation on nanofibrous substrates is generally described as rounded or

polygonal, which corresponds to a lack of organized actin fibers, or as elongated

or spindle-shaped, which corresponds to well-organized actin fibers in the direction

of elongation [52, 106]. These morphologies are in contrast to the flat well-spread

shape seen on flat surfaces [106]. Elongated cell morphology can be quantified by

its aspect ratio, which is the ratio of the length of the cell’s long axis to its short axis.

The dependence of cell morphology on substrate fiber orientation has been

quantified as a systematic increase in aspect ratio as fiber orientation progresses

from random to aligned [50]. Quantification of cell morphology varies greatly for

specific cell types, substrates, and culture times, but in one representative example,

cell aspect ratio on highly aligned nanofibers was quantified as twice that seen on

randomly oriented nanofibers and three times that seen on a glass control 24 h after

seeding [52].

The angular direction of cell elongation corresponds to the direction of the

underlying fibrous substrate and, thus, cell populations cultured on well-aligned

nanofibrous substrates are well aligned in relation to one another. Most cell types,

including neural, muscle, fibroblast, endothelial, and mesenchymal stem cells

(MSCs), adopt an aligned morphology when cultured on aligned nanofibrous

substrates [56, 103, 107–111]. According to several studies, the quantitative degree

of cellular alignment generally corresponds to the degree of underlying fiber

alignment [50, 59, 112–114]. Among these studies, quantitative cell alignment

values were reported to be slightly higher, lower, or near identical to that of the

underlying fiber substrates. A representative distribution of cell and fiber orienta-

tion is displayed in Fig. 7 [114]. Cells can organize into an aligned orientation soon

after they attach to an aligned nanofibrous substrate. MSCs and fibroblasts were

organized in the direction of the underlying fibrous substrate after 24 h in culture,

and a more detailed observation of C2C12 cells revealed F-actin organization into

parallel stress fibers after just 30 min, with substantial cell elongation after 2 h

(Fig. 8) [52, 56].
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Cell alignment parallel to aligned nanofibrous substrates is consistently observed

in many studies, even though different cell types and different types of nanofibrous

materials have been employed. However, there are some interesting exceptions.

Aligned Random Glass

Fig. 8 Left: C2C12 cells were seeded on aligned and randomly oriented fibers and on a glass

control. Confocal images taken at 30 min, 60 min, 2 h, 5 h, and 24 h after seeding are shown, with

increasing time from top to bottom. Actin is stained green and nuclei are stained blue. Scale bar:
25 mm. Right: Quantification of cell aspect ratio is shown for all time points. All data sets are

significantly different from each other except those indicated by NS [52]
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Fig. 7 Angular distribution of nanofiber substrates and the cells cultured on them are shown in

normalized histograms. (a) Substrate was collected on a solid plate, and (b) substrate was collected

on a rotating mandrel [114]
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Neurites growing on a nanofibrous scaffold inserted in the brain were observed to

preferentially align in the direction perpendicular, not parallel, to the aligned

nanofibers [115]. Interestingly, a small but surprisingly significant amount of

neurites grown in vitro also oriented perpendicular to the aligned nanofiber direc-

tion: 94% parallel, 4% perpendicular, 2% intermediate [107].

4.2 Cell Elongation

Cell elongation is closely related to cell shape, but also accounts for accelerated cell

growth or maturation. Elongation is an especially important property in skeletal

muscle and neural tissue engineering, where native cell types may reach lengths of

several centimeters or more than a meter, respectively. Aligned nanofibrous

substrates are consistently reported to promote accelerated elongation in neural

cells as compared to randomly aligned substrates, (see Table 1). Myotube length

on aligned nanofibers was also observed to be twice that seen on randomly aligned

scaffolds, while myotube thickness remained similar [110]. Furthermore, the fiber

diameter of aligned nanofiber scaffolds has a significant effect on the rate of

elongation. 3T3 fibroblast elongation on single fibers increased systematically as

fiber size decreased from 10 mm to 500 nm, with a 50% increase in length when fiber

diameter was reduced from 4 mm to 500 nm [116]. Neural stem cells (NSCs) also

increased in length with decreasing fiber size. Two similar studies demonstrated a

25% increase in neurite length when fiber diameter was reduced from 1.5 mm to

300 nm [107], and a 70% increase in neurite length when fiber diameter was reduced

from 917 to 500 nm [117]. There is evidence that a critical value of optimum fiber

diameter may exist because maximum neurite elongation on aligned nanofibers with

diameters of 307–917 nm was determined to be around 500 nm [117].

4.3 Cell Proliferation

Cell proliferation is a vital process in tissue regeneration. It is generally desirable to

maximize cell proliferation in tissue engineering scaffolds, but in some cases, such

Table 1 Neural cell elongation on aligned nanofiber substrates

Reference Cell type Culture time (days) Max. length % Increasea

[113] Rat DRG E15 3 760 mm 20

[118] Rat DRG P4-P5 6 3.5 mm 300

[119] Chick DRG E9 5 11 mm 500

[117] Mouse NSC C17.2 2 95 mm 100

[107] Mouse NSC C17.2 2 100 mm 25

[120] Mouse NSC CE3/RW4 14 1.7 mm 40

[121] Human NSC H9 7 450 mm 300
aIncrease in elongation of neural cells on aligned nanofibrous substrate as compared to randomly

oriented nanofiber substrate
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as astrocyte proliferation at a neural tissue–implant interface, minimization of cell

proliferation may be desired. In designing tissue engineering scaffolds it is impor-

tant to be able to understand the effects of scaffold microstructure on cell

proliferation.

It is well documented that nanofibrous microstructure can have an effect on cell

proliferation; however the effect is quite varied across different studies using

different types of scaffolds and cell types. When comparing nanofiber substrates

versus flat controls, cell proliferation was higher on nanofibers in several studies

[122, 123] and higher on flat control in several others [124, 125]. The specific fiber

diameter of nanofiber substrates also has been shown to have varied effects on cell

proliferation [126–129]. Similarly, the effect of nanofiber orientation on cell pro-

liferation varied greatly between individual studies. Cell numbers on aligned

nanofiber scaffolds have been observed at significantly higher values of up to

twice those seen on randomly aligned control scaffolds after 3–70 days of culture

[54, 123, 130, 131]. In contrast, no significant difference in cell proliferation for

different degrees of fiber orientation was observed in several other studies over

3–21 days [50, 59, 112, 114, 132–134].

Unfortunately it becomes very difficult to quantitatively analyze the effects of

nanofiber microstructure and orientation on proliferation because of factors inher-

ent to these types of scaffolds that can interfere with results. Cell proliferation may

be induced by substrate signals transduced through the cytoskeleton, or cell num-

bers may simply be increased because of spatial considerations. Cell morphologies

induced by substrates with certain fiber orientations may allow higher monolayer

cell packing density, or certain fiber orientations may allow greater cell penetration

and expansion into the volume of the scaffolds.

4.4 ECM Production

Although aligned polymer nanofibers have some similarities to natural ECM, it is

vital to tissue regeneration that resident cells produce their own natural matrix to

compliment or replace the engineered scaffold. Substrate microstructure has pro-

nounced effects on both the amount of ECM produced by resident cells and the

architecture of that matrix. Increased ECM production has been observed in cells

cultured on nanofibrous substrates compared to those on flat substrates and large

(15 mm) microfibers [106, 135]. The specific fiber diameter of nanofibrous

substrates may also affect the ECM production of attached cells [129].

The orientation of nanofibrous substrates modulates ECM production by resident

cells in both quantity and quality. Increased calcium and collagen production were

observed when cells were cultured on aligned nanofibers as opposed to randomly

oriented scaffolds [114, 132, 133]. However, in other cases, the magnitude of ECM

production was unaffected by nanofiber substrate orientation [59, 130, 132]. In

addition to increasing the magnitude of ECM production, nanofibrous substrates

may also promote ordered arrangement of synthesized ECM similar to that seen in
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natural tissues. Quantitative analysis of the collagen I matrix produced by

fibroblasts cultured on nanofiber scaffolds revealed a linear orientation for aligned

scaffolds that was not present for randomly aligned substrates [112]. Optimized

collagen arrangement may result in improved function in regenerated tissue. A 10-

week fibroblast culture on nanofiber scaffolds resulted in an increase in scaffold

mechanical strength of 63% for aligned scaffolds compared to 25% for randomly

oriented scaffolds, despite similar overall amounts of collagen [130].

It can be hypothesized that cell shape changes induced by the nanofibrous

structure lead to stimulation of ECM production. Several mechanisms may promote

higher quantities of ECM deposition. There is evidence that cell maturation to a

matrix-producing phenotype can be accelerated by aligned architecture. Collagen

production of fibroblasts on aligned nanofiber substrate was 300% greater than on

randomly oriented fibers at day 3, but was only 50% greater by day 7 [133].

Calcium production by bone marrow mesenchymal stem cells (BMSCs) was 50%

higher at day 21, but not at days 4–14 [114]. It is also possible that cells are

consistently stimulated to produce a greater amount of ECM, or that deposition

increases could be a combination of both processes.

4.5 Cell Infiltration and Migration

Migration and infiltration of cells into tissue engineering scaffolds are crucial

factors for their success. Many types of scaffold design require that cells seeded

in vitro or recruited in vivo are allowed to infiltrate and populate the scaffolds

quickly. Microstructure has a significant effect on cell migration and infiltration,

and understanding these effects may lead to better scaffold design.

Random nanofibrous architecture has been observed to restrict cell migration as

compared to flat controls [123, 136–138]. However, cell migration on nanofibrous

substrates is greatly increased when the fibers are patterned in an aligned orienta-

tion. The number of cells migrating to a location 1.5 cm from their original seeding

area was two to three times higher when aligned nanofibers guided cell migration as

compared to random fibers or control film [123]. Cell migration into an in vitro

wound defect model was increased by fivefold on substrates where aligned

nanofibers were oriented toward the defect as compared to both randomly aligned

fiber substrates or aligned fiber substrates oriented perpendicular to the defect

(Fig. 9) [118]. Similarly, glioma cell migration velocity on aligned fibers was five

times that seen on randomly oriented fiber substrates [139]. In addition, glioma

stem cells containing neurospheres did not show cell detachment on random

nanofiber substrates, but detached and migrated out on aligned nanofibers. Several

factors could contribute to the migratory behavior of cells on nanofibrous substrates

with different orientations: (1) Geometrical constraints may confine the random

movement of cells on aligned nanofibers to one dimension, resulting in greater

linear travel distances. (2) Cell morphologies and focal adhesion patterns

modulated by the different types nanofibrous substrates may promote or hinder
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cell migration [136, 139]. (3) Nanofibrous substrates may transduce cues through

the cytoskeleton that encourage migratory or remodeling behaviors [122].

For regeneration of 3D tissue structures it is vital that tissue engineered scaffolds

allow cell infiltration throughout their volume. The cell permeability of electrospun

scaffolds with random orientation decreases with decreasing fiber size [140, 141], and

small diameter scaffolds may completely exclude cell penetration. Fiber orientation

can also have a significant effect on cell infiltration into nanofibrous scaffolds. In

some cases, aligned orientations resulted in greater cell penetration as compared

to randomly oriented scaffolds [142, 143]. In contrast, cell penetration has been

observed into randomly aligned scaffolds, but not those with aligned orientations

[115]. Similar cell infiltration into nanofibrous scaffolds with random and aligned

orientation has also been observed [130]. There could be many factors involved in

these discrepancies, such as fiber diameter, fiber mechanical properties, fiber-to-fiber

adhesions, structural tensions on the fibers within the scaffold, and cell type

preferences. Regardless of fiber orientation, cell penetration in nanofibrous scaffolds

is generally limited and methods of addressing this limitation should be explored.

4.6 Differentiation and Gene Expression

In tissue engineering, it is crucial that cells introduced to a repair location differen-

tiate into and/or maintain a desired phenotype. This is especially true when different

Fig. 9 (a) Dermal fibroblast

migration into an in vitro

wound healing model after

48 h on substrates with fibers

aligned randomly,

perpendicular to the defect or

parallel to the defect. Cells

are stained green for actin and
blue for nuclei. Dotted lines
are drawn at the initial edges

of the wound. (b) Cell

migration is quantified by the

number of cells within the

wound area divided equally

into left, middle, and right

zones. Statistically significant

differences are marked with

an asterisk [118]
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types of stem cells are intended to populate regenerating tissues. It is well

established that different types of soluble cues can have strong effects on the

differentiation of cells, but there is also strong evidence that structural features

can be used to guide differentiation.

Although the effects of nanofibrous topography can be quite strong, its effects

can be variable depending on cell types and specific experimental conditions. For

example, one specific variable that can affect the differentiation induction of fibrous

substrates is the diameter of the fibers [107]. Fibrous architecture has been observed

to promote, prevent, and have no effect on differentiation as compared to a flat

control for various cell types [106, 124, 138, 144]. This inconsistency might be due

to the preferences of different cell types. It can be hypothesized that multipotent

cells are directed to a phenotype that most closely corresponds to the morphology

induced by the substrate that they are attached to. Accordingly, aligned nanofiber

substrates have demonstrated the ability to promote differentiation of cells into

several lineages that exhibit an elongated phenotype in vivo. BMSCs cultured on

aligned nanofibers displayed ligament protein expression that suggested promotion

of ligament phenotype maturation [59]. Tendon stem/progenitor cells expressed

significantly higher amounts of tendon-specific genes when growing on aligned

nanofibers compared to randomly oriented nanofibers in both normal and osteo-

genic media [145]. Several studies have observed myotube formation by skeletal

muscle progenitor cells on aligned nanofiber substrates [146, 147]. The prevalence

of nuclei contained in myotubes on aligned fibers has been quantified as up to 60%

more than on randomly oriented fibers [52]. Primary cardiac ventricular cells also

demonstrated development into a more mature phenotype when cultured on aligned

nanofibers than on randomly oriented nanofibers, as confirmed by a threefold

decrease in atrial natriuretic peptide expression [108]. Aligned architecture has a

pronounced effect on neural differentiation and has been utilized to promote

embryonic stem cell differentiation into neurons as opposed to astrocytes without

the use of differentiation-inducing agents [148]. In agreement, embryonic stem cell

differentiation into astrocytes on aligned nanofiber substrates was quantified as

33% less than on random fiber substrates [120]. Aligned nanofiber substrates also

enhanced Schwann cell maturation compared to randomly oriented fibers, as

indicated by upregulation of myelin-specific gene expression [109].

Cell differentiation is a complicated process and it is difficult to make a general

hypothesis on the effect of surface topography on differentiation due to conflicting

results and wide variations in specific experimental conditions. However, there is a

significant amount of evidence indicating that aligned fibrous substrates promote

differentiation into cellular phenotypes that exhibit an elongated morphology in vivo.

4.7 Mechanisms

Nanofibrous architecture presents a very different set of structural and biochemical

cues to attached cells to that presented by flat culture surfaces. These variations
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result in modulation of cell behaviors as the result of structural features. It can be

theorized that three major mechanisms related to substrate structure are involved:

(1) nutrient infiltration, (2) surface molecule presentation, and (3) cell shape-related

mechanisms.

The 3D architecture of nanofibrous substrates may allow better nutrient

exchange compared to flat surfaces because cells cultured on flat surfaces are

limited to nutrient exchange on only one side. Specific nanofibrous orientations,

such as aligned, can also offer different nutrient exchange potentials as compared to

random orientations.

Nanofibrous substrates are also able to absorb greater amounts of protein and

present surface biomolecules to cells very efficiently because of their high surface

area-to-volume ratio. Studies have shown that nanofibrous substrates can absorb as

much as 16 times more protein than flat surfaces, and increased protein absorption

was related to specific changes in cell behavior between the two substrates [149,

150]. When a specific molecule is attached to a substrate to modulate cell behavior,

the density of molecule presentation can be much higher in nanofibrous than in flat

structures. Thus, biomolecule incorporation in nanofibers can lead to more efficient

modulation of cell behaviors than other methods of presentation [151].

Cell shape has been shown to strongly influence cell behavior. The differentia-

tion of MSCs was directed toward an osteoblastic fate when cells were allowed to

flatten and spread, and were directed toward an adipogenic fate when constrained to

a rounded shape [152]. Cytoskeletal organization, which is related to cell shape,

could be the mechanism by which cell shape modulates other cell behaviors. In the

previously described study, flattened or spread cells had more prominent stress

fibers than rounded cells, and inhibition of myosin-generated cytoskeletal tension in

those spread cells lead to adipogenic behaviors without changing cell shape [152].

In a similar study, differentiation of an adipogenic cell line was inhibited by

allowing them to adopt a well-spread shape, but this inhibitory effect could be

reversed by chemically disrupting the cytoskeleton [153]. The mechanism of

transduction of cell shape and cytoskeletal properties into gene expression could

be due to the transmission of mechanical forces from the cytoskeleton directly to

the nucleus [154]. Nuclear shape has been directly measured and correlated with

changes in gene expression and protein synthesis [155, 156]. Because aligned and

randomly oriented nanofibrous substrates share similar dimensionality, it can be

theorized that mechanisms related to cell shape are the major cause of cell behavior

differences observed between the two substrates.

Topography-induced cell morphologies can be explained by cell receptor and

membrane interactions with their underlying substrate. The elongated cell mor-

phology commonly observed on aligned nanofiber substrates may be regulated by

receptor adhesion characteristics and cell membrane configurations associated with

nanofiber structure and orientation. Nanofibrous topography could be a key factor

for activation of adhesion proteins and integrin expression, and the specific orien-

tation and diameter of nanofibrous substrates can result in significant effects on

overall expression and distribution patterns of integrin receptors [132, 134, 145].

Integrin receptor expression was up to 15 times greater in cells attached to aligned
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nanofiber substrates compared to those with random orientation [145]. In addition,

the location and orientation of filament structures protruding out of cells was

different on aligned and randomly oriented nanofiber structures [117, 145]. The

geometry of nanofibers may also lead to interactions with the cell membrane that

result in an elongated structure. When a cell comes in contact with a fiber, its

membrane receptors bind to ligands on the fiber surface and the membrane wraps

around the fiber to reduce the free energy of the reaction (Fig. 10) [116]. This results

in increased elastic energy, associated with increased curvature of the membrane,

which is reduced as the cell elongates along the fiber [116].

5 Tissue Engineering Applications

Aligned nanofibrous structures have many applications in the biomedical field,

including sutures [46, 157] and drug delivery applications [46]. However, one of

the most promising uses for these aligned structures is in tissue engineering

constructs applications and tissue regeneration. As previously mentioned, tissues

such as nerve, blood vessel, skeletal muscle, and bone contain highly aligned

collagen fibrils or other aligned protein nanofibers. This precisely arranged struc-

ture is very important in order to provide the necessary properties for these tissues

to serve their intended function. When these tissues become injured or degenerated,

intervention must take place to restore function. Regeneration of aligned tissue

using an aligned nanofiber tissue engineering approach has been investigated in

tissue types including, but not limited to, neural [109, 117, 158–163], vascular [87,

131, 164–170], skeletal muscle [52, 110], bone [58, 114, 171–175], cartilage [111,

130, 176–180], ligament [104, 123, 181], and tendon [145, 175]. This research area

focuses on fabricating highly aligned natural or synthetic polymer nanofiber

structures in order to serve as a matrix for cells to regenerate aligned tissue with

structures similar to native tissue. Evidence presented in Sect. 4 leads to the

hypothesis that regeneration of aligned tissues will be more effective when the

native structure is mimicked as closely as possible. The synthetic scaffold serves as

a template for the cells to attach to and align on, and also promotes newly produced

500 nm

fiber

Cytoplasm
Fig. 10 Cell membrane

wrapping around a nanofiber

with compatible ligands.

Arrows indicate membrane

wrapping to reduce free

energy of the interaction and

increase the local curvature of

the membrane [116]
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ECM to align. Researchers are now using this approach to attempt to regenerate a

wide variety of aligned tissues. Such approaches are summarized below, with a

focus on the most advanced, clinically related translational approaches.

5.1 Neural Tissue

Neural tissue regeneration is one of the most commonly investigated applications of

aligned nanofiber-based tissue engineering constructs. The most clinically relevant

studies are related to peripheral nerve regeneration through the use of nerve

conduits after injury or degeneration. The ability of nerves to regenerate and restore

function depends on the alignment and elongation of healthy neurites across an

injury site to reestablish connections. Though the peripheral nervous system has a

natural regenerative capacity, surgical intervention may be necessary to stimulate

axonal growth across the damaged nerve gap in order to restore function, especially

in more serious injuries. Current methods to accomplish this include the use of

allografts or autografts; however, there are many issues associated with these

methods, including limited availability. A common tissue engineering approach

to stimulate nerve regeneration is the implantation of a semipermeable nerve

conduit that connects two nerve stumps. These conduits allow the free exchange

of nutrients and growth factors required for nerve regeneration while providing a

protected growth environment. Recently, the use of aligned nanofibers in nerve

conduits has generated a lot of interest due to their ability to promote alignment and

elongation in regenerating axons, and preferential differentiation of neural stem

cells into neurons. In natural peripheral nerve regeneration, axon regrowth is guided

by aligned ECM proteins [2]. Aligned nanofiber substrates may be able to fill this

role in tissue engineering approaches.

Nanofibrous architecture has been incorporated into nerve conduits in several

configurations. Electrospinning is the preferred method of nanofiber fabrication for

these scaffolds due to its versatility and its capacity to produce long aligned fibers

(of several centimeters) that completely span the nerve gap. Nerve conduits may be

fabricated entirely from aligned nanofibers or they may be attached to the inner

surface of a nerve conduit made from another material. Single material nanofiber

conduits can be manufactured by rolling flat aligned nanofiber sheets into a tubular

structure (Fig. 11), but modified one-step electrospinning methods have also been

Strip
cutting

Manual
reeling

Oriented
tube

Oriented mesh sheet

Oriented
direction

Fig. 11 3D construction of

nerve conduit by rolling a

sheet of aligned nanofibers

[192]
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developed to form tubular structures with axial nanofiber alignment [82]. Compos-

ite nerve guidance tubes containing axially aligned nanofibers attached to their

inner walls can be fabricated when polymer films are coated with aligned nanofibers

and rolled into a tubular structure [119, 159].

Nerve conduits have been evaluated in nerve defect models, such as the sciatic

nerve, in order to evaluate their capacity to promote nerve tissue regeneration [159].

The results of several such studies have demonstrated significantly enhanced nerve

regeneration for conduits containing aligned nanofibers, as compared to controls

without fibers. For instance, a 15 mm critical defect gap was effectively bridged in

100% of the rats treated with rolled polymer film conduits coated with aligned

nanofibers, whereas controls, without nanofibers, only bridged the gap in 50% of

the rats [159]. Both axially and circumferentially aligned nanofibers promoted a

significant increase in nerve cross-sectional area compared to controls, but grafts

with axial nanofiber alignment promoted more myelinated axons and a higher

percentage of electrophysiological recovery than grafts with circumferentially

aligned fibers [159]. While these results are promising, aligned nanofibers were

only present on the inner walls of these conduits, and thus only neurons

regenerating near the walls of the grafts had direct contact with the nanofibrous

architecture. Other methods have been developed to distribute aligned nanofibers

throughout the volume of a nerve bridging conduit. Flat nanofiber-containing sheets

rolled into spiral shapes [115, 158] provide some aligned fiber structure throughout

the graft volume. Micrometer diameter nanofiber yarns were also inserted into

bridging conduits to distribute nanofibrous structure throughout their full thickness

[163]. In some cases, nerve conduits containing aligned nanofiber yarns performed

better than nerve autografts in promoting recovery of sensory and motor function

after sciatic nerve resection [163]. Growth factor incorporation, such as nerve

growth factor and glial cell-derived neurotrophic factor, can further improve the

performance of nerve bridging conduits containing aligned nanofibers [159, 163].

Similar neural applications of aligned nanofibers include spinal cord repair and

regeneration of aligned neural tracks in the brain. These applications, however, are

much more difficult to address due to the increased inflammatory response in CNS

tissue, as well as the lack of natural regeneration in CNS tissues.

5.2 Vascular Tissue

Aligned nanofibrous scaffolds are also being investigated as tissue engineering

solutions for disease and degeneration in cardiovascular tissues [87, 165, 167,

168]. Aligned nanofibers could have several cardiovascular system applications,

such as cardiac patches [43, 108], but the main thrust of research in this area is in the

design of a vascular graft. The prevalence of vascular and heart disease is extremely

high, with many of these problems arising from occlusions in coronary and periph-

eral arteries. Autologous grafting procedures are limited by a lack of donor tissue

and by patient morbidity associated with harvest surgery. Current prosthetic grafts
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suffer from low patency rates due to issues arising from thrombosis, compliance

mismatch, and biocompatibility. It is apparent that a better graft is needed, and

aligned nanofibers offer several attractive properties for vascular graft design.

Aligned nanofibers may be used to direct smooth muscle cell arrangement in a

circumferentially aligned orientation similar to natural vessels and could promote

ordered ECM assembly in this configuration. In addition, aligned nanofibers can

offer excellent mechanical strength. Tensile strength increases with increasing

degree of fiber alignment, which is extremely important in resisting the high

pressures associated with this application [182].

Similar to nerve conduits, vascular grafts can be fabricated by rolling flat aligned

electrospun nanofibrous sheets into tubular constructs [87]. Fiber sheets are rolled

in a way that aligns fibers in the circumferential direction in order to provide

mechanical strength and circumferential cell guidance specific to vascular tissue.

Fully cellularized grafts may be fabricated when cells are grown on aligned

nanofiber sheets before rolling into a tubular structure [168]. Such fully cellularized

grafts showed promising results after 60 days in vivo [168]. The cellular morphol-

ogy and orientation of the ECM produced in the grafts were very similar to that of

the native ECM, perhaps in part due to the aligned nanofiber microstructure.

One-step fabrication of tubular grafts directly on a rotating mandrel is desirable to

improve efficiency, as well as to ensure a uniform structure with adhesion between

layers and no line of weakness. Randomly oriented tubular vascular grafts are

commonly fabricated in one step using the rotating mandrel electrospinning method.

However, this method alone is not sufficient for the fabrication of a small diameter

graft with circumferential fiber alignment. Fiber alignment is dependent on matching

the electrospinning jet speed with the tangential velocity of the collecting mandrel,

and the tangential velocity of the mandrel is dependent on both the rotational velocity

and the collection mandrel diameter (tangential velocity ¼ rotational velocity �
mandrel diameter � p). Therefore, when a small mandrel of a few millimeters is

used, the required rotational velocities become so high that ordered collection is

disrupted. However, a small diameter tubular graft with aligned fibers has been

fabricated directly on a rotating mandrel using a modified collection method, as

described in Sect. 3.3.1 (Fig. 5). In this case, the path of the electrospinning jet was

controlled by oppositely charged electrodes, and a nonconductive rotating mandrel

was placed between the spinneret and the electrodes to collect nanofibers. This

method allowed the fabrication of well-aligned nanofiber tubes with controlled fiber

angles, which were collected on mandrels as small as 4 mm at rotational speeds less

than 1,000 rpm [87].

5.3 Skeletal Muscle

Skeletal muscle tissue engineering requires a considerably different structure than

the two other tissues discussed above. The main concern with skeletal muscle

regeneration is the alignment and maturation of large multinucleated muscle fibers.
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This is especially important because it affects the ability of the muscle to contract as

a whole. For this reason, an aligned nanofibrous tissue engineering approach is

being investigated for skeletal muscle regeneration [52, 110, 146]. The focus in

regenerating this tissue is to promote the development of full-thickness skeletal

muscle grafts that can be implanted in variously shaped skeletal muscle defects

caused by congenital conditions, traumatic injury, and tumor excision. Such grafts

should promote the in vivo development of a 3D extracellular matrix and fully

functional vascularized multinucleated muscle fibers. Current research, however, is

still generally focused on 2D nanofiber scaffolds. Progenitor cell lines such as C2C12

myoblasts or explanted skeletal muscle cells are most often seeded onto highly

aligned nanofibrous sheets to determine the ability of the aligned scaffolds to guide

cellular alignment andmyotube formation [52, 110]. Results indicate that cells seeded

onto aligned nanofibrous scaffolds exhibit significantly greater alignment, myotube

formation, and myotube contractility, as indicated by correctly arranged sarcomeric

contractile machinery [52, 110]. Challenges in utilizing aligned nanofibers in skeletal

muscle tissue engineering include the design of structures that promote alignment and

myotube maturation in 3D, while promoting the vascularization that is required for

sustaining cell survival and function within thicker constructs.

5.4 Bone

Bone is another tissue investigated for aligned nanofibrous tissue regeneration

strategies. With bone disease and defects being extremely prevalent in today’s

active and aging population, the need for bone substitutes is very high. Current

strategies for treating critically sized defects in bone include allografts and

autografts; however, these methods have many issues, including lack of available

donors, donor site morbidity [183], and infection [184]. For these reasons,

researchers are investigating a regenerative approach when trying to solve this

problem. With the structure and composition of bone consisting of hydroxyapatite

deposited on highly aligned collagen fibers, it makes sense that aligned nanofibers

are now being investigated as scaffolds for the regeneration of bone tissue. Aligned

nanofiber scaffolds can provide mechanical strength and promote cellular align-

ment and ordered ECM production. In addition, hydroxyapatite can be coated onto

these aligned nanofibers, or incorporated within, in order to from a bonelike

composite structure [185, 186]. From here, strategies could be developed to create

numerous different types of 3D structures, incorporating aligned nanofibers, which

may allow the regeneration of multiple types and structures of bone.

5.5 Cartilage, Tendons and Ligaments

Aligned nanofiber-based approaches are also being investigated for regeneration of

connective tissue such as cartilage, tendons, and ligaments. Aligned collagen fibrils,
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found in the superficial zone of articular cartilage, provide crucial tensile strength to

the tissue. Degeneration of the collagen in this zone, due to osteoarthritis, aging,

and injury, often results in significantly diminished mechanical properties of the

cartilage. Tissue engineering approaches are being investigated as methods to

regenerate the superficial zone of articular cartilage to restore function [111,

130]. MSCs cultured on aligned nanofiber substrates have demonstrated enhanced

chondrogenic differentiation and deposited a well organized ECM that had signifi-

cantly greater mechanical strength than unorganized ECM deposited on non-

aligned nanofiber substrates [111, 130].

Aligned nanofibrous scaffolds are also well suited for the regeneration of

ligaments and tendons because they mimic the tightly packed aligned collagen

fibrils that are a major component of these tissues. Explanted tendon and ligament

cells have been cultured on aligned nanofibers and in aligned nanofiber/hydrogel

composite substrates to evaluate their potential as tissue engineering scaffolds [104,

112]. However, similar to bone and skeletal muscle regeneration, research in aligned

fiber-based regeneration of cartilage, tendon, and ligament tissue is generally

limited to in vitro responses of tissue-specific cells to aligned nanofibrous substrates.

Directly after implantation, tendon and ligament scaffolds would have to with-

stand the large forces that these tissues experience daily. For this reason, tissue

scaffolds must be both mechanically strong and promote tissue regeneration.

Aligned nanofibrous scaffolds in yarn-like structures may be suitable for mimicking

the natural structure of these tissues and enhancing the mechanical properties.

Several techniques have been investigated to fabricate nonwoven and braided

yarn-like structures from aligned nanofibers [45, 187, 188].

5.6 Cornea

Other less conventional tissues are also being investigated using an aligned nano-

fibrous tissue engineering approach, including the cornea. The very distinct structure

of the cornea creates a transparent membrane that is minimally disruptive to the

passage of light, for enhanced vision. This structure is composed of proteoglycans and

highly aligned collagen I and collagen IV fibers, which are of uniform diameter and

uniformly spaced apart. These aligned protein nanofibers are formed into lamellae

and can be stacked at varying angles [68, 189]. Tissue engineering approaches are

now being considered as a potential treatment for corneal blindness. Preliminary data

indicate that a tissue engineering scaffold fabricated by electrospinning collagen I is a

promising method for cornea tissue regeneration [68, 189].

5.7 Challenges

Nanofiber-based tissue engineering strategies are faced with similar challenges to

those encountered throughout the field of tissue engineering. These challenges
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include selection and design of materials that are bioactive and possess suitable

mechanical properties, as well as optimized degradation rates. In addition, scaffolds

must be designed in a way that allows cell infiltration throughout their volume and

promotes functional vascular formation to sustain cellular ingrowth.

Great advances are constantly being made in the design of new biomaterials and

the identification of functional molecules that produce desirable cell responses.

However, it can be difficult to apply these advances to aligned nanofibrous-based

tissue engineering strategies due to fabrication constraints, such as specific solubil-

ity and electrical property requirements as well as thermal or chemical biomolecule

deactivation. The major materials-related challenges in aligned nanofibrous scaf-

fold fabrication are generally related to developing methods to fabricate aligned

nanofibers from the most desirable materials and finding ways to incorporate the

most desirable functional molecules. In addition, the unique structure of aligned

nanofibers can have a pronounced effect on material properties such as mechanical

strength and degradation rate, and on cell interactions with surface molecules.

The second major challenge in aligned nanofiber tissue engineering is in assem-

bling the fibers into 3D structures with an architecture that is permeable to cell

infiltration and vascular ingrowth. Aligned nanofibers in a 3D bundle or stack tend

to be tightly packed together and thus offer little room for cell infiltration. Methods

of fabricating 3D aligned nanofiber structures with a loose structure or controlled

packing density must be developed to improve the cell penetration properties of

these scaffolds. Examples of strategies to address this problem include

incorporating a sacrificial fiber component into an aligned nanofiber mat [190],

and fabrication of a composite material in which aligned nanofibers are fixed in a

cell-permeable substrate at a controlled packing density [191].

6 Concluding Remarks

Many tissues rely on a well-aligned cellular and ECM orientation to perform their

required functions. Damage and degeneration of these tissues requires a regenera-

tive response that restores function. It is hypothesized that tissue engineering

approaches that restore similar cellular morphology and structural architectures

result in better functional recovery. It has been shown in vitro that cell behaviors

such as morphology, elongation, proliferation, ECM production, and differentiation

can all be modulated by scaffold architecture. Furthermore, aligned substrates, such

as aligned polymer nanofibers, promote cell behaviors associated with aligned

tissues. Behaviors desirable in aligned tissue engineering include elongation, uni-

directional alignment, ordered ECM production, accelerated unidirectional migra-

tion, and preferred differentiation of stem cells into phenotypes associated with

aligned tissues. Despite the promise of aligned polymer nanofibers, functional

in vivo tissue engineering strategies are somewhat limited due to difficulties in

assembling aligned nanofiber scaffolds with precisely controlled architecture. This

is especially relevant for 3D scaffolds required for regeneration of thick
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vascularized tissues. Researchers are currently exploring better and more versatile

ways to fabricate electrospun aligned nanofibers and assemble them into structures.

Such techniques increased fiber alignment, length, and yield, and allowed more

precise control of fiber deposition location, fiber density, and fiber orientation

within aligned nanofiber structures. We hypothesize that the potential of aligned

polymer nanofibers in the clinical setting will be realized as innovative methods of

aligned nanofiber assembly are applied to the design of better, more precisely

assembled functional tissue engineering scaffolds.
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