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The expanding interest in electrospinning fibers for bioengineering includes a significant use of

polyesters, including poly(3-caprolactone) (PCL). This review summarizes literature on PCL and

selected blends, and provides extensive descriptions of the broad range of parameters used in

manufacturing such electrospun fibers. Furthermore the chemical, physical and biological approaches

for characterizing the electrospun material are described and opinions offered on important

information to include in future publications with this electrospun material.

1 Introduction

The origins of the electrospinning process can be traced to the

first half of the 20th century through various patents by Cooley,1

Morton2 (both 1902), Norton3 (1936) and by Formhals in the

1930s and 1940s.4–7 The technique was not commercially adopted

due to competition with mechanical drawing processes to form

polymeric fibers, and electrospinning remained an obscure

method of making fibers until the mid-1990s. At this time,

Reneker and colleagues demonstrated its potential for nano-

technology research, since the polymeric material produced was

both sub-micron in diameter and inexpensive to prepare.8

Additionally, electrospinning could be used with a variety of

diverse polymeric materials and readily accommodated within

a research laboratory.

Electrospun fibers are produced by applying a potential

difference (high voltage) between a polymeric liquid and a col-

lecting target. A polymeric fluid with sufficient macromolecular

entanglements is typically pumped to the tip of a capillary, or

spinneret. When electrical charges overcome the surface tension

of the fluid, a polymeric fluid jet is ejected from the spinneret.

Due to the macromolecular entanglements, the ejected liquid jet

does not undergo Rayleigh instabilities (breaking up of the liquid

jet into droplets), but is coherently drawn directly towards the

collector. Since the surface charge density increases with prox-

imity to the collector, the charges become sufficiently high to

cause a second transformation, where the jet is twisted and

drawn. This phenomenon of fiber drawing is often termed

‘‘bending instabilities’’ and stretches the fibers resulting in the

formation of nano-scale fiber materials. When a single collector

is used, the fibers are non-woven and the collected material is

often called ‘‘meshes’’. Further details of the physical phenomena

governing the electrospinning process can be found in numerous

articles.9–22

About 6 years after the usefulness of electrospinning was

demonstrated by Reneker, researchers including the Ko and

Bowlin laboratories showed that electrospun fibers are relevant

for tissue engineering (TE) research.23,24 In one respect this is due

to electrospun fibers attaining diameters similar to fibrous

extracellular matrix (ECM) in the body, in particular collagen. In

the subsequent decade, electrospun fiber meshes have attracted

increasing attention within TE, including as wound dressing and

in skin TE, blood vessel TE, neural TE, bone and cartilage TE or

controlled drug release, as described in various reviews.25–28 The

rapid rise in the use of electrospun material for TE can be put

down to a number of factors. Firstly, as previously stated, the

nanofiber mesh architecture can mimic the hierarchical orga-

nized fibrous structure found in the ECM. Secondly, the high

surface area of the electrospun meshes is favorable for cell

attachment and drug loading. Furthermore, the fibrous porosity

facilitates nutrient and waste exchange. There are advantages of

electrospinning over other nanofiber mesh fabrication methods

such as phase separation or self-assembly. They include the

simplicity and low cost of constructing a laboratory device, its

versatility—a wide range of possible polymer solutions can be

employed, changing the composition in the core/shell of the

fibers using coaxial electrospinning and control over fibers

diameter and alignment—and reproducibility. While we are not

yet at the stage of generating complex electrospun TE structures,

the potential and huge interest generated after less than 10 years

of research in this area indicates that the process is here to stay

and be one of the more important TE scaffold fabrication tech-

niques in the first half of the 21st century. While there is definitely
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room for excitement within the TE electrospinning community, it

is important to take stock of where we are and what has been

achieved, recognizing the challenges that the technique is yet to

overcome.

While electrospinning can be used with different synthetic as

well as natural origin polymers,25,29 this review will focus

electrospun materials based on a widely used material, poly-

(3-caprolactone) (PCL). The use of PCL for scaffold fabrica-

tion is increasing generally within the TE community, and is

one of the more significant polymers electrospun during the

past decade (Fig. 1).30 This review is focused on electrospinning

of PCL, synthetic–natural copolymers PCL–collagen or PCL–

gelatin and mixtures of PCL with ceramic Ca–P nanoparticles

than have reportedly been used for biological applications.

Together they make up a small yet significant number of

electrospinning articles, and by collating their use within this

review, it is anticipated that this forges a clearer path for

electrospinning researchers over the next decade of electro-

spinning research.

2 State of the art of PCL for TE applications

There has been a gradual increase in the use of PCL for

biomaterials and TE.30 PCL is an aliphatic linear polyester, with

a glass transition temperature of �62 �C and a melting point of

55–60 �C, (Fig. 2) depending on the degree of crystallinity, which

in turn is dictated by the molecular weight (normally 3000–

100 000 g mol�1) and, to some extent, by the scaffold fabrication

process.31–33 It is biocompatible, bioresorbable and a low-cost

synthetic polymer. Due to its semi-crystalline and hydrophobic

nature, it exhibits a very slow degradation rate (2–4 years

depending on the starting molecular weight) and has mechanical

properties suitable for a variety of applications.31–33 It is a Food

and Drug Administration (FDA) approved material and has

been clinically used as a slow release drug delivery device and

suture material since the 1980s (i.e. Capronor�, SynBiosys�,

Monocryl� suture).

Compared to other aliphatic linear polyesters such as poly-

glycolic acid (PGA), polylactic acid (PLA) and the diverse

number of copolymer syntheses, PCL has some distinct differ-

ences in physical properties that attract researchers. Firstly, PCL

does not have isomers in the manner that PLA has. With PLA

there are different forms: PDLA, PLLA, and combinations to

form PDLLA. Correspondingly the biological degradation and

melting points of PLA variants are distinct. The melting point of

PCL is substantially lower than PLA, PGA and all of the variant

combinations which is most likely a reflection of the greater

polarity and potential for hydrogen bonding of PGA and PLA

compared with PCL. PCL also has some rheological and visco-

elastic properties that allow it to be formed from a wide range

of scaffold fabrication technologies. The ease unto which

a polymeric material is accommodated into different scaffold

fabrication technologies is a property that should not be

underestimated. PCL and its copolymers have demonstrated this

utility by being successfully used in electrospinning, gravity

spinning,34 phase separation, solid freeform fabrication35,36 and

microparticles,37,38 in part due to the low melting temperature,

very good blend-compatibility, FDA approval and low cost.30

Other combinations with PCL have been electrospun, such as

PCL–PLA39–43 and PCL–PEG44 to induce different properties,

however, for clarity and conciseness, we will only describe PCL

within this review.

One disadvantage of PCL, however, is its hydrophobic

nature, resulting in poor wettability, lack of cell attachment and

uncontrolled biological interactions with the material.45

Surfaces with moderate hydrophilicity are able to absorb

adequate amount of proteins, while preserving their natural

conformation, unlike hydrophobic or very hydrophilic surfaces,

which have poor cell attachment.46–51 In order to rectify this

issue, surface modification techniques can alter the chemical

and/or physical properties of the surface, by modifying the

existing surface or by coating it with a different material. The

optimal degree of surface hydrophilicity, however, depends on

the cell type and on the specific surface modification method

applied.52 Four main surface modification approaches for PCL

include:

� Plasma treatment, which improves the hydrophilicity by

forming oxygen-containing groups at the surface.

� Chemical treatment of PCL with a reagent such as sodium

hydroxide (NaOH).

� Coating or adsorbing natural ECM proteins, which intro-

duce cell recognition sites for improved cell–biomaterial

interaction.

Fig. 1 Publications using PCL electrospun meshes during the last 10

years, until March 2011. Sourced from ISI Web of Knowledge.

Fig. 2 Chemical structures and selected physical properties of common

linear polyesters.
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� Blending in biologically active components to provide signals

to cellular material.

These approaches towards modifying the surface of PCL

elsewhere have all been applied towards electrospun PCL

material. Each approach has its strengths and weaknesses, since

the various surface modification approaches provide new

requirements on the electrospinning process. Electrospun

materials can be difficult to handle, especially if their thickness

is low, and therefore the surface modification processes can

influence the morphology of the structure. This is particularly

important for approaches where post-processing is required, in

particular when the surface modification requires that the

electrospun material is immersed and removed from liquids.

The interfacial energies that separate air and liquid can easily

damage the morphology and structure of an electrospun

material.

2.1 Plasma treatment of electrospun PCL meshes

One approach that avoids immersing electrospun materials into

a liquid is the plasma modification process. The main effects of

this gaseous route to post-processing are: surface cleaning and

etching, which induces changes in topography, and surface

reaction between the plasma and surface molecules, which alters

the surface charge, surface energy and chemistry, without

modifying the bulk properties.53,54Using different feed gases such

as air, O2, NH3, SO2, CO2 or other organic compounds, polar-

ized groups such as hydroxyl, carboxyl, amino and sulfate groups

can be introduced on PCL surfaces.46 Plasma treatment using

oxygen is commonly used in the biomedical field to increase

hydrophilicity of polymers, by increasing the amount of oxygen-

containing groups on the surface, mainly hydroxyl (–OH) and

carbonyl (–C]O) functionalities.53–57

Practically, plasma treatment of electrospun meshes alters the

cell–material interactions as observed in vitro. Prabhakaran et al.

showed that Schwann cells exhibited higher proliferation on

plasma-treated PCL electrospun meshes than PCL and PCL–

collagen meshes, while maintaining their phenotype.58 Fujihara

et al. air plasma treated composite PCL–CaCO3 nanofiber

meshes before culturing with osteoblasts.59 Martins et al.

provided the first systematic study of different plasma treatment

conditions (type of gas—Ar or O2, power—20 or 30 W, exposure

time—5 or 10 min) for modification of PCL electrospun nano-

fiber meshes and influence on the adhesion and proliferation of

fibroblasts, chondrocytes and osteoblasts.55 Undoubtedly more

studies on the plasma modification of PCL electrospun scaffolds

will follow.

2.2 Chemical treatment of electrospun PCL meshes

Immersing the electrospun meshes into a solution which modifies

the surface chemistry has been used for other, non-electrospun,

PCL scaffolds.60 The most common method of chemical treat-

ment is with an aqueous solution of sodium hydroxide (NaOH).

This approach introduces hydroxyl groups and side chain

modification to the PCL by introduction of carboxylate

(–COOH) groups, improving the wettability of the material. The

presence of hydroxyl and carboxylate groups decreases the

hydrophobicity of the polymer surface due to the slightly

electronegative effects of the carbonyl and hydroxyl functional-

ities which is also less sterically hindered.

There are tribology effects with NaOH treatment with small

pits along the fiber surface. This alters the surface area and

changes the interfacial energy as shown by contact angle values.

Papers that discuss NaOH treatment papers61–63 show morpho-

logical changes to the fibers as well as surface changes chemically

with good characterization data. NaOH treatment has also

been used as an intermediate step to produce apatite-covered

PCL nanofibers. After immersion in aqueous CaCl2 and

K2HPO4$3H2O, apatite nanocrystals deposited on the NaOH

treated surface containing carboxylate groups. The mineralized

PCL nanofiber surface was more hydrophilic and stimulated

osteogenic differentiation.64,65

2.3 Coating of electrospun PCL meshes

Protein adsorption is an important process that dictates the

cellular interaction with a material.66 Therefore PCL meshes are

altered by coating processes—either by physical absorption or

covalent surface bonding.67 Some excellent reviews cover the

general subject of protein adsorption onto biomaterials surfaces.

Such proteins include laminin, gelatin, collagen vitronectin and

fibronectin.46 These proteins interact with the cell, providing

signaling cues and adhesion ligands for cell function. For

example, laminin has been adsorbed onto the surface of elec-

trospun PCL for promoting neurite outgrowth.68 While it is also

well known that growth factors can also be adsorbed onto

surfaces,69 this has not yet been performed with PCL electrospun

fibers.

However to immobilize entities such as growth factors or

peptides with biological activity (e.g. RGDS peptide from

fibronectin), some form of chemical binding needs to be per-

formed. The grafting of hydrophilic polymers onto surfaces has

been performed for various biomaterial surfaces, to provide

both hydrophilicity and reactive functionalities to conjugate

the peptide or protein of interest. Ma et al. grafted gelatin on

PCL nanofiber meshes to improve endothelial cell spreading

and proliferation, and to control cell orientation.70 They

treated the PCL electrospun meshes with air plasma to intro-

duce –COOH groups on the surface and to aid covalent gelatin

grafting, using water-soluble carbodiimide as the coupling

agent.

2.4 Blending biologically active materials with PCL prior to

electrospinning

Since pure electrospun PCL limits cell adhesion, and biological

polymers have problems with fiber formation and mechanical

integrity in biological media, some researchers have blended

both biological polymers and PCL together. For example,

despite the cell affinity to natural collagen, electrospun collagen

meshes have the disadvantages of poor mechanical strength and

that they dissolve in a water-based medium, thus the need for

chemical cross-linking, with the consequent possible cytotox-

icity problems and mesh morphology changes.71 Therefore,

hybrid PCL–collagen brings together the advantages of

synthetic PCL and natural origin collagen. Since collagen

denatures to gelatin72—also with biological properties—there

This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 9419–9453 | 9421
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have been investigations with gelatin–PCL electrospun mate-

rial.70,71,73–76 Finally mixtures of PCL with Ca–P compounds are

being investigated for bone TE, owing to the improved

mechanical properties and bioactivity, as the Ca–P compounds

mimic the mineral crystals present in the natural tissue. PCL-

bioactive glass nanofibers have also been investigated.77,78 The

most widely used blends with PCL have been PCL–collagen,

PCL–gelatin and PCL–Ca–P electrospun meshes, although

there have been others blended with biological molecules

including PCL–PLA–gelatin–HA,79 PCL–PLA–collagen,80

PCL–chitosan,81 and PCL–natural human ECM proteins.82 One

important note on blending polymers is that the method does

not require post-processing so delicate structures are not

affected by liquid immersion, and the samples are rapidly ready

for use.

2.5 Factors involved in electrospun meshes for TE studies

A comparative study on recent articles that use PCL or hybrid

PCL–collagen, PCL–gelatin and PCL–Ca–P electrospun meshes,

for in vitro and in vivo studies, is presented in Tables 1–7. Only

articles with a focus on the different biological assays to monitor

cell viability, morphology, adhesion, proliferation, differentia-

tion and infiltration in the mesh were selected for these tables.

It is known that these cellular processes are influenced by the

surface geometry83–87 and curvature,88,89 by the surface chem-

istry90–92 and by the mechanical properties of the substrate.86,93–96

In the context of cell–nanofiber interaction, factors that play an

important role in cellular processes are: fiber diameter,97–99 fiber

alignment,69,70,76,97,99–101 elasticity,102,103 pore size distribution and

porosity,16 surface topography,104 surface chemistry modification

by coating or adsorbing natural ECM proteins,68–70 which

introduce cell recognition sites for improved cell–biomaterial

interaction, or by plasma treatment,55,58,59,70 which improves the

hydrophilicity by forming oxygen-containing groups at the

surface.

Since cellular processes are influenced by mesh physical and

chemical characteristics, in order to compare biological tests

reported on different articles, first the relevant fabrication

process parameters (Table 1) and the physical (Table 2) and

chemical (Table 3) characterization of the meshes are summa-

rized. The different cell seeding and mesh handling techniques

are summarized (Table 4), while in vitro (Table 5) and in vivo

(Table 6) assays are shown.

As it can be seen with the empty entries in Tables 1–7, many of

the articles reviewed in this paper do not provide complete

information regarding systematic mesh characterization, nor

references to previous work, with detailed information of the

mesh fabrication process and physical and chemical character-

istics of the mesh. Moreover, the fact that different culture

medium and cell seeding procedures for the same type of cells are

being used, or different assays are performed to measure one

same phenomenon—i.e. metabolic assays vs. DNA content

quantification using fluorophores to measure cell prolifera-

tion105—does not facilitate the comparison of biological tests

reported on different articles. It is the purpose of this review to

list and discuss the requirements for comprehensive character-

ization of electrospun meshes and in vitro cell culture studies, to

enable comparison of results across different laboratories.

3 Requirement for comprehensive characterization
of electrospun meshes

In this review we aim to correlate various information compiled

on electrospun PCL materials and blends with collagen, gelatin

and CaP, from the large number of publications depicted in

Fig. 1 (see Tables 1–7). Section 3.1 lists the information required

for complete description of the fabrication process, which is

necessary for repeatability purposes. Table 1 summarizes the

fabrication process parameters employed in the cited publica-

tions and reveals gaps in reported data. The physical/chemical

characteristics of electrospun meshes and the most suitable

characterization techniques are described in Section 3.2. Tables 2

and 3 list corresponding reported data and prove an even

stronger evidence of the lack of systematic characterization of the

mesh morphology, topography, mechanical properties and

chemistry, which play an important role to make the adequate

conclusions in in vitro studies. In Section 3.3 we discuss issues

related to cell and mesh handling and sterilization (Table 4) that

are often vaguely described, but are important for replication or

to compare results of in vitro assays (Table 5) between different

groups. Finally, the assessment of electrospun PCL meshes

within in vivo assays is summarized in Section 3.4 and Table 6.

3.1 Fabrication process

Electrospinning is governed by polymer solution properties,

process parameters and ambient conditions and these parameters

and effects on the morphology are widely recognized within the

electrospinning literature.16,27,106

3.1.1 Polymer solution properties. Themain polymer solution

properties are the polymer type and its molecular weight, solvent

type and concentration. Additional properties such as viscosity,

surface tension, conductivity and dielectric strength can be useful

to relate the electrospinning process parameters (see Section 3.1.2)

to the finalmorphology attained (see Section 3.2.1).Many of these

property-relationships are already widespread within the litera-

ture; however there are two aspects of polymeric solutions that

require attention and also inclusionwithin electrospinning papers.

The PCL chosen by the vast majority of researchers is sourced

from Sigma-Aldrich, with a molecular weight of 80 kDa. Recent

discussions with Sigma-Aldrich have revealed that the 80 kDa

PCL is currently out of stock, almost worldwide, and replaced

with another PCL, this time with a broad molecular weight of 70

to 90 kDa.Thereforewhile the use of a specific PCL is excellent for

standardization and comparative research between groups, the

community as a whole is subject to the continued, reproducible,

manufacture of PCL. Unfortunately accurately reproducing PCL

in such large quantities is technically difficult, and the PCL elec-

trospinning community likely to undergo ‘‘readjustment’’ exper-

iments periodically, and thework published a decade before could

become very difficult to precisely reproduce.

Studies with solvents used for electrospinning other polymers

show that different solvent conductivities affect the electrospun

mesh morphology.107,108 One particular study was performed for

solutions of polystyrene dissolved in dimethyl formamide

(DMF).109 They showed a considerable variability in conduc-

tivity, and therefore the morphology of resulting electrospun

9422 | J. Mater. Chem., 2011, 21, 9419–9453 This journal is ª The Royal Society of Chemistry 2011
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meshes, between different grades of solvent. Although they inves-

tigated onlyDMF (which is also used inmaking PCL solutions for

electrospinning), the lessons are equally applicable to other

solvents used regularly for PCL, namely chloroform, methanol,

hexafluoroisopropanol (HFIP), THF, and dichloromethane. The

quality and reproducibility of both the polymeric and solvent

constituents for electrospinning PCL are a cause for concern and

for best results, the brand, grade and preferably lot number of the

PCL/solvent should be provided within all publications.

3.1.2 Electrospinning instrument parameters. The potential

permutations for the electrospinning instrument parameters are

endless and for an electrospun mesh to be reproduced, the

following information is required at a minimum (see Table 1):

voltage, flow rate, distance needle to collector, vertical or hori-

zontal set up and length of tubing if existing, spinneret inner and

outer diameters (can be calculated by providing the gauge size),

and type of collector, including dimensions and rotating speed, if

any. Such configuration is important for the eventual structure of

the electrospun fibers. The polarity of the voltage supply, the

location of the ground (if used), and the dimension of the col-

lecting system should all be defined, and also whether the device

is enclosed in a housing or exposed to air. In the case of coaxial

electrospinning,110–112 simultaneous deposition of different

polymer solutions using multiple spinnerets,113 use of counter

electrodes114 or multiple field electrospinning apparatus115 to

modify the electrostatic field, electrospinning with dual collection

rings,116,117 electrospinning onto a fluid,118 ice crystals119,120 or

a hydrogel121 or any other non-standard set ups, additional

information would be required.

3.1.3 Ambient conditions. Electrospinning parameters (solu-

tion properties, process parameters and ambient conditions) have

an effect on the fiber morphology, which in turn determines mesh

properties. This relationship has been described in numerous

articles22,28 and is beyond the scope of this review. However it is

important to record ambient temperature and humidity during

electrospinning, as they influence the solvent evaporation rate and

filament flow dynamics. The challenging aspect of this is that

many laboratories do not have accurate climate control envi-

ronments, and even those with air-conditioning probably do not

control humidity levels. The difficult aspect of controlling

ambient conditions is that the seasonal effects have a profound

influence on various laboratories. Without accurate ambient

environmental control, electrospinning performed in the winter

should not be directly compared with those in mid-summer.

Furthermore it is unlikely that experiments performed during

a Canadian winter be accurately reproduced in Thailand during

the monsoon season. It is therefore important that laboratories

initiate an ambient condition monitoring program, so that the

humidity and temperaturemaximaandminima across seasons are

known.Most importantly, the ambient temperature andhumidity

during electrospinning should be reported in the publication as

a range, which is often neglected (see Table 1).

3.2 Characterization of electrospun meshes

3.2.1 Architecture. The bulk architecture of PCL-based non-

woven scaffolds is defined by the same parameters as other typesT
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of scaffolds,107 namely, the fiber diameter, fiber alignment/

anisotropy, porosity, pore size, surface area to volume ratio,

interconnectivity and tortuosity. The techniques for measuring

these parameters are vast and include simple manual or auto-

mated image analysis (from SEM, bright field microscopy and

TEM), mercury porosimetry, gravimetry, liquid intrusion,16 gas

pycnometry, gas adsorption, and capillary flow porosimetry. The

merits of these techniques have been reviewed elsewhere.122,123

Other than the fiber diameter, many of the other influential

architectural parameters of PCL fibers are commonly over-

looked (Table 2) possibly due to the lack of access to appropriate

instrumentation which may not be present in all trans-disci-

plinary laboratories. Pham et al. have offered part of a solution

to this problem.16 In a very comprehensive study in which the

PCL fiber diameter and porosity were altered, they found an

excellent agreement between the measured pore size using

mercury porosimetry and the theoretical values from the fiber

diameter (SEM) and the porosity from either gravimetry or

liquid intrusion, both of which can be done with simply an

analytical balance and can generate statistically similar porosity

values between the two methods.16 They were also able to esti-

mate the pore size from samples with fibers too narrow to

withstand the high pressures of mercury porosimetry using this

theoretical method. For fibers 4–10 mm in diameter the pore size

was 20–45 mm based on mercury porosimetry and theoretical

calculations and for 2–3 mm fibers the pore size was approxi-

mately 10–15 mm based on only theoretical calculations. The

total porosity for all samples was between 83 and 89%. A word of

caution is required, however, that when Pham et al. measured

their fiber diameter using SEM, to their credit they used five

different polymer sheets with five samples taken from each and

three measurements made at three different magnifications for

a total of 75 measurements per condition. If the fiber diameter is

going to be carried through to other theoretical estimates, it

needs to be accurate.

Compliant fibrous meshes are, however, susceptible to

undergo mechanical deformation under the pressures attained in

a mercury porosimetry experiment. Lowery et al. used PCL

blended with PEO in order to create fibrous mats with a similar

fiber diameter, but different pore diameter, after PEO removal,

with the aim of isolating the effect of fiber diameter and pore size

on cell growth.124 The pore size distribution was determined

using mercury porosimetry and the results were corrected for the

mechanical deformation of the pore size using the algorithm

described by Rutledge et al.125

In addition to the porosity between fibers, nano-porosity can

also manifest itself on the surfaces of PCL fibers produced by co-

electrospinning with gelatin or PEO followed by a leaching

step.104,124,126–128 Zhang et al. confirmed additional porosity on

PCL fibers after leaching of gelatin using high resolution SEM

then measured the increase in porosity using the BET nitrogen

gas adsorption method.104 They observed an increase in BET

surface area from 6.56 m2 g�1 to 15.84 m2 g�1 after leaching. This

compares with the theoretical surface area of unleached fibers of

3.93 m2 g�1 using the fiber diameter and distribution derived from

the SEM using Image J software.

Computerized tomography (CT) is a potential non-destructive

method for obtaining the fiber diameter and alignment, porosity,

pore size and interconnectivity all from one measurement.122

Micro-CT has been used to determine the architecture of PCL/

PEG/PLA scaffolds printed using rapid prototyping with 0.5 mm

nozzle diameter and for PLGA meshes with 160 mm thick fila-

ments.122 In each case the porosity, surface area to volume ratio

and interconnectivity were calculated from the micro-CT anal-

ysis. The resolution of micro-CT is typically down to 6 mm which

is too large to be useful for fibers less than approximately 200–

1000 nm, however, it is possible that with the recent availability

of nano-CT this technique will be used for these types of

scaffolds.129

3.2.2 Mechanical properties. Accurate measurement of

mechanical properties of electrospun meshes for biomedical

applications is essential, to guarantee they can withstand the

forces during surgical operation and those exerted by physio-

logical activities and/or by tissue growth.

Uniaxial tensile testing gives information about the Young’s

Modulus or stiffness (E) in tension (slope of the initial linear s–3

curve), yield strength/strain (sy � 3y) (end of linear elastic

region, beginning of non-linear plastic region), fracture stress/

deformation (sf � 3f), and fracture energy per volume (area

under s–3 curve) of the nanofiber mesh or single nanofibers.

Other techniques such as AFM-based nanoindentation or

bending tests have also been reported to measure the local

stiffness, hardness and flexural properties. The description of

the limitations of these techniques is beyond the scope of this

review.

For a tensile test to be accurate and repeatable it is important

to report macroscopic dimensions (gauge length and cross-

sectional area), the strain rate, the applied load, as well as

whether they have been performed at room temperature or under

physiological conditions (at 37 �C, in PBS or culture media).

Most articles that report mechanical properties of a electrospun

mesh measure the cross-sectional area of a highly porous

membrane of the order of tens to hundred of microns, using

a micrometre with a precision of tens of microns. The error

induced by doing so could be one explanation for the large

scatter observed in reported mechanical properties of similar

composition polymer meshes (Table 2). One alternative could be

to take a representative sample of the mesh and to freeze-fracture

in liquid nitrogen as depicted in Fig. 3, and to measure the cross-

sectional area by image analysis.

Fig. 3 SEM micrographs of a freeze-fracture cross-section of 10 w/v%

PCL–gelatin electrospun mesh (unpublished data), showing the mesh

thickness (a) and higher magnification detail (b).
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3.2.3 Crystallinity. Processing parameters are known to affect

the polymer crystallinity. When processing PCL using solution

electrospinning the extremely rapid removal of solvent may be

expected to result in little opportunity for crystal nucleation

and hence poor crystal structure. Competing with this will be

the simultaneous drawing of the fibers in the whipping region

of the jet to enhance the crystallinity via orientation of the

polymer chains. The crystallinity of PCL fibers has been

studied using several techniques including wide angle X-ray

diffraction (WAXD),130,131 differential scanning calorimetry

(DSC)124,131 and atomic force microscopy (AFM).131 Electro-

spinning from dilute solutions results in thinner fibers with

higher crystallinity attributed to lower viscosity allowing for

better mobility for molecular orientation.131 The study of

a range of fiber diameters found that changes in crystallinity

increased linearly from approx. 42% crystallinity for 900 nm

PCL fibers to 50% for 250 nm fibers. Likewise, crystallinity

further increased when these fibers where stretched after elec-

trospinning.130 The surface morphology of PCL fibers observed

using AFM showed thinner fibers had aligned lamellae within

fibrillar structures, whereas the thicker fibers had more mis-

aligned lamellae with respect to the fiber axis suggesting the

higher degree of crystallinity in the thinner fibers is a result of

orientation.131

The effects of enhanced crystallinity of PCL fibers are

mainly related to mechanical properties. Increased tensile

strength has been reported for PCL fibers below 700 nm

which correlates with improved crystallinity and molecular

orientation.130

3.2.4 Infrared spectroscopy. Fourier Transform Infrared

Spectroscopy (FTIR) is a useful and convenient tool for

determining the chemical composition of PCL composite

fibers. When used with a total internal reflectance (ATR)

accessory it provides a quick, semi-quantitative method for

confirming the presence of additives to PCL fibers including

nano-hydroxyapatite (nHA)132 and gelatin.74 The ATR method

is normally considered non-destructive, however, good contact

between the sample and ATR crystal requires applying

significant pressure which will damage delicate scaffold

morphologies. The technique is generally considered as being

a surface analysis tool as sample depths are typically 0.5–2

mm, however, since most electrospun fibers have diameters in

the nanometre to micrometre scales, the spectra obtained will

be indicative of the whole fibers, not just the surface. Non-

contact reflectance mode is also possible and has been used

to identify the individual components of osteoinductive

PCL/nHA/collagen fibrous scaffolds including detection of

interactions of the nHA with the collagen based on a shift in

the collagen carboxyl group from interaction with calcium of

the nHA.133 FTIR is also useful for determining the protein

conformation in PCL–gelatin/collagen composites based on

characteristic shifts of amide groups indicative of hydrogen

bonding.74,76,133

Other vibrational spectroscopy techniques such as Raman

spectroscopy are also useful in the analysis of nano and micro-

fibrous scaffolds including detection of fiber alignment134 but to

date this technique has not been exploited in the analysis of PCL

based fibers.

3.2.5 Surface properties. A change in the contact angle of

PCL-based meshes can be a useful indicator of successful surface

modification or blending, however, the contact angle is also

dependent on the surface roughness and porosity. When

a droplet of water is placed on a fibrous mesh only a fraction of

the water comes into contact with the fibers which decreases the

liquid–solid interactions and increases the liquid–air interactions

leading to typically higher contact angles than for smooth

surfaces. Tang et al.135 listed contact angles for PCL films, with

105� being the highest values, while Chen et al.136 and Ekaputra

et al.137 both reported values of 129� for PCL nanofiber mesh

contact angle. In addition, when measuring contact angles of

meshes it is often difficult to extrapolate the circular part of the

drop profile with the surface when it is irregular. For these

reasons the water contact angle of PCL meshes can vary greatly.

Table 3 lists reported angles which range from 109� and 134�.
The other point to note in Table 3 is that when PCL is modified

with collagen,136,137 gelatin70,73,74,76,138 or plasma59 the contact

angle reduces to zero meaning it often only serves as a qualitative

guide to the success of a modification process when used in this

way, although Martins et al.55 have demonstrated how change in

contact angle with plasma exposure time can be used to monitor

the exposure required.

The simple elemental composition of PCL (C, H and O only)

makes it a good substrate for X-ray photoelectron spectroscopy

(XPS) which is a highly sensitive surface analysis technique with

a small sampling depth relative to fiber diameters. XPS measures

the binding energy shifts of inner shell electrons and is commonly

used to detect C1s, O1s and N1s shifts. Similarly to contact angle

analysis, XPS has been used only relatively qualitatively to

identify new chemical species for surface modified PCL including

increased oxygen presence after air plasma,58 increased nitrogen

after inclusion of collagen,58 –OH and –C]O after argon or

oxygen plasma.55

3.2.6 Degradation properties. Surprisingly, despite the

increase in the number of publication describing the use of PCL

in electrospinning, very few of them describe the degradation

mechanisms and resorption kinetics in vitro and/or in vivo of

PCL electrospun meshes. PCL degradation mainly occurs by

hydrolytic cleavage of ester groups,139,140 which can proceed via

surface or bulk degradation pathways.61,62 After an initial linear

relationship of ln Mn and time, the second stage begins, which

involves loss of mechanical strength and weight.141 At later

stages of in vivo degradation, when PCL has broken down into

fragments of low molecular weight (Mn < 3000) and high

crystallinity, intracellular degradation can take place by

phagocytosis.142 The degradation rate of bulk PCL is rather

slow: 2–3 years.33 Sun et al. traced the distribution, absorption

and excretion of PCL using radioactive labeling after 3 years in

rats.143

The degradation mechanisms and kinetics of PCL nanofiber

meshes differ from those of bulk PCL, owing to the larger surface

area-to-volume ratio, as well as changes in hydrophobicity and

crystallinity induced by the electrospinning process.144 B€olgen et

al. reported faster degradation kinetics for nanofiber meshes with

thinner fibers in vitro.145 PCL nanofiber meshes with an average

diameter of 196 nm saw its elongation at break reduced from 82

to 5.7%, the ultimate tensile strength from 17.4 to 5.02 MPa and
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the Young’s modulus from 3.5 to 1.0 MPa, after 6 months in

Ringer solution, at 37 �C and pH 7.4. Fiber with an average

diameter of 689 nm on the other hand exhibited a drop from

150 to 122.2% in the elongation at break, from 48.94 to 31.9

MPa in the ultimate strength and from 4.2 to 2.7 MPa in the

Young’s modulus. Although they observed a slower decrease of

Mw compared to solvent-cast PCL film, a 5% decrease vs. 29%

after 2 months in vitro, indicating that the degradation mech-

anism of PCL nanofibers might shift from bulk degradation to

surface degradation. This was also suggested by Kim et al.:146

the diffusion length for the degraded by-products is shorter in

small diameter nanofibers, hence the soluble hydrolytic prod-

ucts can easily diffuse into the medium, reducing the risk of

autocatalysis in PLA-based electrospun membranes. A shift

from the bulk to surface degradation for PCL nanofiber

meshes might also explain why B€olgen et al. measured a 27%

drop in Mw after 90 days in vivo compared to a 4% drop

in vitro,145 despite similar hydrolytic degradation rates in vitro

(water at 40 �C) and in vivo (rabbits and rats) had been

reported for PCL capsules and films after 144 days, concluding

that the first stage of degradation was non-enzymatic.139 The

surface-to-volume ratio of the PCL capsules (2 cm length,

varying wall thickness) and films (2 � 1 � 0.01 cm3), however,

differed only by ten-fold. Johnson et al. monitored changes in

mechanical properties of PCL electrospun meshes after 7 and

28 days in vitro in six different solutions: sodium bicarbonate,

sterile saline, pasteurized whole cow milk, bovine urine, bovine

plasma and de-ionized water.103 They observed that material

degradation, as well as biological deposition, were responsible

for the changes in mechanical properties. Pektok et al. inves-

tigated the degradation and healing characteristics of 2 mm

internal diameter electrospun grafts in rat abdominal aorta.147

Despite a molecular weight loss of 20% after 24 weeks of

implantation, the grafts kept their strength, prevented any

aneurysm formation, promoted faster endothelization and

premature structural deformation due to degradation seemed

not to be a problem.

3.3 Cell and mesh handling prior to in vitro assays

It is beyond the scope of the review to discuss all the in vitro

studies on PCL meshes summarized in Table 5; yet we like to

discuss some practical points in this section. Irrespective of the

ultimate purpose for the in vitro investigations (cell viability,

proliferation, differentiation or migration), cell and mesh

handling should be thoroughly described for repeatability

purposes. While the cell type and origin, type of culture medium

and passage number are often included in most articles reporting

biological assays, crucial details that allow reproduction of

experiments are often omitted. Often this is a result of the

researcher not considering the many effects that a protocol could

have on their material. One such example is the method of PCL

mesh sterilization.

The mesh sterilization methods vary greatly between different

laboratories: ethylene oxide, UV radiation or soaking in ethanol.

Ethylene oxide is known to soften and plasticize polymers. To

the author’s knowledge, there are no systematic studies of the

UV radiation dose effect on polymer molecular weight and its

consequent changes in mechanical and degradation properties.

Regarding the use of ethanol, sterilization is independent of the

time immersed in ethanol, and long immersion period is not an

optimal sterilization practice.

Furthermore, it has been observed in our group (Fig. 4)

that sterilization with ethanol can dramatically change the

morphology of PCL–gelatin electrospun meshes. Very few of

the referred articles in this review148,149 analyze the mesh

morphology after sterilization and incubation in the culture

medium. They do not observe any significant structural

degradation on the PCL mesh, after sterilization with UV

irradiation only (no ethanol) and 21 days incubation time.

Although analysis of mesh morphology changes due to ster-

ilization is most relevant for PCL–collagen or PCL–gelatin

meshes. In general, despite the exponential growth of publi-

cations describing the use of PCL in tissue engineering, few

groups have included a study of the degradation and resorp-

tion kinetics.30 Puppi et al. commented that the maintenance

of scaffold structure in physiological buffer and the support

of cell proliferation/differentiation may be more promising

for the engineering of more structurally stable connective

tissues.78

Regarding cell seeding, although the initial cell seeding

density is often reported, the seeding method, that is, the

initial seeding volume and whether this is followed by an

incubation time for cell attachment before adding the rest of

the culture medium, is not always mentioned (see Table 4 and

Fig. 5).

Finally, the in vitro handling of electrospun meshes is not

technically trivial and hence need to be discussed. PCL has

a density of 1.13–1.15 g mL�1 and readily sinks, however,

nanofibers of this material can be lifted off surfaces from fluid

flow. Probably the most destructive aspect of in vitro culture to

electrospun meshes is the frequent media changes. Removing

a liquid entirely, then replacing with another one has strong

mechanical effects on the electrospun material, and care is

needed in the withdrawal of the fluid so that the sample does

not get drawn into the pipette. However the parameters

involved in culture are more complicated than this. The mesh

could be freely floating in the culture medium, or somehow

immobilized onto a surface. The way that an immobilized mesh

is achieved, whether it is in direct contact with a substrate

underneath or it is suspended between two rings, all has an

effect on the results and they are confounded by media

changes. Unlike other cell culture protocols, such as protein

coating of substrates, cell culture media used and passaging of

cells, there are no widely used approach to placing electrospun

substrates into a culture well. This is also unlikely to change, as

it is one area where researchers are looking at different ways to

culture and observe cellular interactions with electrospun

fibers.

To demonstrate how the approach of placing electrospun

material into a culture well is becoming specialized, a function-

ally reactive starPEG has been used to pre-treat glass cover slips

so that a very low number of fibers can be adhered to a substrate

without floating off. In a series of four papers using this

approach,150–152 the reactive PEG macromer adheres the fiber

and continues to react with water so that the exposed PEG

substrate is non-adhesive to proteins or cells. Fig. 6 shows elec-

trospun PCL/collagen blends collected using a dual beam
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collector, deposited onto a chemically reactive PEG substrate at

a density of 57 � 7 fibers per mm, resulting in an inter-fiber

distance of 17.4 mm. The approach is a highly specialized one and

difficult to replicate in other laboratories unless there is access to

the starPEG reactive chemical. This macromer is synthesized

locally in the laboratory, and there is currently no commercial

equivalent available.

Furthermore, there is an increasing interest with depositing

electrospun fibers into matrices to perform three-dimensional

in vitro culture. The choice of matrices, cells, protocols

and electrospun fiber properties are likely to be so specific

that the experiments performed in such studies will have an

even greater array of complexity over current approaches

discussed.

3.4 Assessment of electrospun PCL meshes within in vivo

assays

Considering the extensive use of PCL meshes for in vitro studies,

there is a surprising lack of literature concerning the in vivo

implantation of these materials. The studies found are listed in

Table 6. One interesting aspect of electrospun PCL material is

their (in)compatibility with processes for immunohistochemistry.

Paraffin embedding of tissues requires a series of washes within

xylene and/or histoclear, which are solvents for PCL. Conse-

quently the preparation of tissues containing electrospun PCL

meshes are typically frozen, which removes the need for organic

solvents in their preparation. Also important to mention is the

methods used to ensure that the mesh has the solvent removed

from the material, such as vacuum degassing, so that the solvent

Fig. 4 SEM micrographs of a random aligned 10 w/v% PCL–gelatin electrospun mesh (unpublished data), before sterilization (a) and same

magnification (b) and higher magnification images (c) of the changes in the morphology after sterilization, by soaking with ethanol followed by

evaporation.

Fig. 5 Scratch test adapted to electrospun meshes for cell migration studies along its surface. Bottom view of a mesh in a 13 mm well plate with a 13

� 3 � 3 mm3 stainless steel strip (a). Osteoblasts were seeded on a random aligned 10 w/v% PCL–gelatin electrospun mesh with a cell seeding density

40 000 cells per cm2, in a seeding volume of 50 mL per well, followed by the addition of 250 mL culture medium per well after 1 h incubation time.

Live–dead FDA/PI fluorescent micrograph showing a region with high cell density and a 3 mm wide cell free gap, one day after cell seeding, when

the metal strip was removed (b), cells migrating into the gap after 3 days (c) and after 7 days (d). SEM image of a cell on a mesh. Fluorescent

micrograph (f) and confocal image (g) of phalloidin–DAPI staining of osteoblasts migrating on the edge of the gap after 3 and 7 days respectively

(unpublished data).
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Fig. 6 A pellet of astrocyte driven neural progenitor cells upon

a substrate of oriented PLC/collagen electrospun fibers (a). On the same

substrates U373 astrocyte cell lines (right) are observed at 4DIV (b) and 7

DIV (c). Adapted from Nanomedicine (2009), 4(1), 11-30 with permission

of Future Medicine Ltd

Table 6 In vivo experiments with electrospun meshes

PCL
Shin et al.155 Implantation in the omenta of rats. After 4 weeks of in vitro culture and 4 weeks of implantation: histology (H&S and von Kossa

staining), immunohistochemistry (type I collagen) and SEM (multilayers of cells and ECM)
Nottelet et al.160 Implantation in the abdominal aorta of rats. After 3, 6, and 12 weeks: digital subtraction angiography, to evaluate patency and

structural integrity, and histology (H&S stain)
Pektok et al.147 Implantation in the abdominal aorta of rats. After 3, 6, 12, 18 and 24 weeks: digital subtraction angiography, to evaluate patency

and structural integrity, and computed histomorphometry (H&S), to measure endothelial coverage, neointima formation and
transmural cellular ingrowth. In vivo degradation analysis by changes in molecular weight (Mn and Mw) using size exclusion
chromatography

Li et al.162 In vivo iatrogenic, 7 mm f full thickness, articular cartilage repair on femoral condyles in Lee-Sung mini-pigs. After 21 days of in
vitro culture and 6 months of implantation: mechanical testing (compressive stress relaxation by indentation) and histology
(H&E stain)

Piskin et al.163 Implantation of spiral-wound scaffold, 8 mm f, 2 mm height, in 8 mm f mouse cranial (critical size) defect. After 1, 3 and 6
months implantation (no cell seeding on the mesh): micro-CT and histology (H&S, Goldner’s Masson trichrome stain)

Nisbet et al.165 Implantation in the caudate putamen of rats. Neurite infiltration and inflammation assessed. Immunocytochemistry at days: 1, 3,
7, 14, 21, 28 and 60. Inflammation peaked at day 4 (microglia) and day 7 (astrocytes) and subsided to homeostatic levels by day
60. No evidence of microglial encapsulation. Neurites could penetrate randomly orientated meshes but could not penetrate
partially aligned meshes. Neurites grew perpendicular to the direction of fiber alignment at the implant–tissue interface

Cao et al.170 Subcutaneous implantation in rats to test biocompatibility and host response at weeks 1, 2 and 4. Histology: the thickness of the
fibrous capsule around nanofiber meshes is significantly thinner than that around PCL films. Cell infiltration observed in aligned
nanofiber meshes; fibrous capsule boundaries found on the surface of random nanofiber meshes and PCL films

Jha et al.171 Implantation in 10 mm lesions in rodent sciatic nerve (200 mg mL�1 PCL, 1 mm diameter fibers, coated with electrosprayed
PGA : PLA (50 : 50) to reduce inflammatory cell infiltration). Seven weeks post-implantation revealed dense, parallel arrays of
myelinated and non-myelinated axons and functional blood vessels

PCL–collagen
Srouji et al.177 Subcutaneous implantation in mice. After 6 weeks implantation: SEM and histology (H&S, Masson’s trichrome or Toluidine

blue stain)
Chen et al.136 In vivo critical size corpus cavernosa defect in male New Zealand white rabbits. Tubular constructs by rolling up double-sided

seeded meshes. After 1 and 3 months, histology (H&E stain and Masson’s trichrome stain)
Tillman et al.179 Rabbit aortoiliac bypass model. Mechanical testing of pre-implant graft material and 1 month post-surgery. After 1 month of

implantation, CT scanning with intravenous contrast agent and histology (H&E stain)
PCL–Ca–P compound
Yang et al.186 Subcutaneous implantation into immunocompromised nude mice, 4 and 8 weeks. Histology: scaffolds surrounded by thin fibrous

capsule without adverse effects. Cell/scaffold composites showed in vivo hard tissue formation. RT-PCR: the combination of
nHA in the nanofiber meshes upregulated the expression of specific odontogenic genes

Table 7 Parameters to consider in performing and reporting electrospun
PCL fibers

Polymeric parameters
Molecular weight
Source; batch/lot number
Solution properties: source, conductivity
Polymer solution/melt viscosity; surface tension
Instrument parameters
Voltage
Collector–spinneret distance
Spinneret flow rate
Electrospinning configuration; vertical or horizontal
Collector type; dimensions; rotation speed (if applicable)
Temperature and humidity
Surface treatment methodologies
Method used; plasma/chemical treatment/adsorbing/blending
Concentrations of solutions used
Times for each stage of surface modification
Mesh characterization
Porosity
Morphology/architecture (OM/SEM/CT)
Fiber diameter
Mechanical properties
Contact angle
In vitro parameters
Cell type; passage number
Media used
Sterilization method; times for each step
Assay used
Mesh anchoring approach
In vivo parameters
Preparation of samples; method of solvent removal
Histological fixation method
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toxicity does not influence the in vivo results. The time between

manufacture and implantation should be reported.

4 Conclusions

PCL electrospun nanofiber meshes—and its copolymers with

collagen or gelatin or mixtures with Ca–P compounds—are

currently being investigated in the context of different fields of

TE and a broad spectrum of cell types is used for in vitro cell

cultures studies. The main focus of the articles reviewed in Tables

1–6 is the biological assays. It is, nevertheless, known that the

mesh morphology, topography, chemistry and mechanical

properties play an important role in cellular processes. It is

difficult to compare the results of biological assays reported in

different papers, if the information regarding physical and

chemical characteristics of the cell environment is incomplete.

Physical and chemical characterization of electrospun meshes is

not trivial; however, even when the focus of an article is bio-

logical, the importance of adequate mesh characterization

cannot be underestimated, if we are to compare results reported

by different groups. Table 7 summarizes the elements a compre-

hensive investigation of PCL should include and report. With

improved consideration and thorough reporting of such

parameters and properties, it will be possible to better compare

studies from different laboratories in the future.
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