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Preface

One challenge that biomaterials engineers face is the design of extracellular matrix 
mimetic structures that can replicate native tissues. The extracellular matrix of 
many tissues is a fibrous polymeric structure that is either randomly oriented, highly 
aligned, or a mixture of both. It varies significantly in composition, structure, and 
mechanical properties depending on the type of tissue. Techniques to create fibrous 
polymeric structures that replicate the extracellular matrix are limited. 
Electrospinning has quickly grown as a multifaceted technique to create fibrous 
polymeric structures with applications in healthcare, energy, and the environment. 
Electrospun biomaterials are attractive because their properties can be easily tuned 
by adjusting processing parameters, yielding fibrous structures with tunable diam-
eter, porosity, chemistry, mechanical properties, and alignment. Since approxi-
mately the early 1990s, the number of publications producing electrospun 
biomaterials has grown exponentially. Now, electrospinning is transitioning from 
the laboratory to the manufacturing industry. Several commercial-grade electros-
pinning equipment are available. Moreover, multiple companies have been estab-
lished for the development of medical devices engineered completely or partially 
using electrospinning.

This powerful technique has shown great promise, but the field is at the tip of the 
iceberg. There are many healthcare applications in which electrospinning can be 
applied that have just barely been explored. Moreover, the production of reproduc-
ible and robust electrospun materials is still a challenge. Multiple investigators, 
including our group (Department of Chemical Engineering, University of Puerto 
Rico – Mayagüez), continue researching this powerful technique with the goal of 
producing extracellular mimetic structures that are reproducible and robust. For 
example, our group specializes in the production of electrospun collagen fibers. 
Collagen is a difficult polymer to electrospin due to its limited solubility. However, 
we have been successful in producing fibrous collagen structures using a mild sol-
vent that preserves the chemical composition of native collagen. Electrospun struc-
tures are used to investigate in  vivo cell-matrix interactions for the modeling of 
healthy tissues or tumors. Electrospun structures can also be used as scaffold for 
tissue regeneration, such as nerve guide conduits or heart patches. Electrospinning 
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also allows for the inclusion of drugs or particles for drug delivery. The number of 
applications of electrospun materials in healthcare is endless.

This multi-contributed book aims at providing a compendium of electrospinning 
strategies and related technologies to produce biomaterials for tissue engineering 
and regenerative medicine applications. Its purpose is to provide the reader with a 
broad overview of the field as well as cutting-edge research on electrospinning and 
how it is applied to engineer biomaterials. Its intended audience is students in the 
biomaterials field (bioengineers, chemical engineers, materials science, chemists, 
etc.), as well as biomaterials investigators. This book contains contributions from 
experts around the world from both industry and academia alike.

Mayaguez, PR, USA Jorge Almodovar 

Preface



vii

Contents

 Reproducibility and Robustness in Electrospinning  
with a View to Medical Device Manufacturing  . . . . . . . . . . . . . . . . . . . . . .    1
Luke David Burke, Keith Alan Blackwood, and Fabio Zomer Volpato

 Electrospun Collagen Scaffolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   21
David A. Castilla-Casadiego, Carol A. Rivera-Martínez,  
Beatriz A. Quiñones- Colón, and Jorge Almodóvar

 Electrospun Cellulose and Nanocellulose Composites  
as a Biomaterial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   57
Jaime A. Santillán-Mercado, Yaiel G. Rodríguez-Avilés,  
Samir A. Bello, José A. González-Feliciano, and Eduardo Nicolau

 Biopolymers Nanofibers for Biomedical Applications  
and Environmental Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109
Ana L. Vega-Avila, Oscar Perales-Perez, and Ricky Valentín Rullan

 Biomaterials Produced via Green Electrospinning . . . . . . . . . . . . . . . . . . .  149
Liliana Liverani, Lars Vester, and Aldo R. Boccaccini

 Electrospun Biomaterials for Cancer Research . . . . . . . . . . . . . . . . . . . . . .  169
Akshay A. Narkhede and Shreyas S. Rao

 Electrospun Nanofibrous Nerve Conduits  . . . . . . . . . . . . . . . . . . . . . . . . . .  207
Jeong In Kim, Tae In Hwang, Joshua Lee, Chan Hee Park,  
and Cheol Sang Kim

 Electrospun Scaffold for Retinal Tissue Engineering  . . . . . . . . . . . . . . . . .  235
Samad Nadri and Ghasem Barati

 Electrospun Polymeric Smart Materials for Tissue Engineering  
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  251
S. Ribeiro, D.M. Correia, C. Ribeiro, and S. Lanceros-Méndez



1© Springer International Publishing AG 2017 
J. Almodovar (ed.), Electrospun Biomaterials and Related Technologies, 
DOI 10.1007/978-3-319-70049-6_1

Reproducibility and Robustness 
in Electrospinning with a View to Medical 
Device Manufacturing

Luke David Burke, Keith Alan Blackwood, and Fabio Zomer Volpato

Abstract Informed by the numerous theoretical and practical discoveries arising 
from scientific literature on electrospinning over the last twenty years, coupled with 
the authors’ considerable industry experience in the field, this chapter examines the 
realities of engineering reproducible and robust electrospinning manufacturing sys-
tems. The development of such systems is discussed around the framework of robust 
process design, and focuses on the parameters critical to translation of small-scale 
laboratory-based electrospinning constructs to medium or large-scale production 
lines. The benefits of well-defined product design specifications, appreciation of 
desired manufacturing scale, equipment selection, process control and finally qual-
ity management systems and regulatory concerns are discussed in such a way that is 
accessible to those with backgrounds in either laboratory-scale electrospinning or 
process engineering for medical devices. The viewpoint examined herein remains 
relatively under-investigated in the electrospinning field, however as the technique 
continues to mature from a research-based to a true manufacturing technique the 
challenges addressed below are anticipated to become increasingly important.

Keywords Electrospining • Robustness • Medical device • ISO 13485 • 21 CFR  
• Design controls • Manufacturing • Yield • Scale up • Process engineering

1  Introduction

Interest in electrospinning has seen a significant resurgence over recent years, 
accompanied by multiple attempts to harness the process for next-generation medi-
cal devices. Despite a range of advances in electrospinning manufacturing for 
application in fields such as filtration [1], industrial and commercial take-up of 
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medical devices comprising electrospun materials remains notoriously limited [2]. 
Such failures in translation of electrospinning from a research technique to a medical 
device manufacturing process have resulted in community scepticism, and in some 
cases complete abandonment of the process. Nevertheless, the electrospinning com-
munity have continued to address problems with throughput, sensitivity and flexi-
bility of the technique, with a primary focus on research-phase operations [1, 3–8]. 
Despite these continuous advances it is the view of the authors of this chapter that 
to truly mature the electrospinning technique for medical device manufacture a re- 
evaluation of process bottlenecks is required from an industrial perspective. Process 
robustness is identified as a rarely-addressed topic in the field of electrospinning, 
one which is essential to commercial and industrial success. This chapter presents 
an engineering-focused discussion of key advances and remaining knowledge gaps 
identified in robustness and reproducibility from research and development to 
manufacturing phases of medical devices using the electrospinning process.

It is well established that electrospinning, while successful in academic research 
and early-stage research endeavours, has seen little commercial success [2]. Whilst 
research articles and patents related to electrospinning number in the thousands [9], 
realised products number in the low dozens, and only a subset of these are catego-
rised as medical devices [10]. It should be noted that other products in final-phase 
development, and even production techniques of some existing products, may not 
be publically available. Nevertheless, there is a clear disconnect between the level 
of research and development endeavours and the marketable outcomes and products 
in the electrospinning field. It is the goal of this chapter to provide guidance in key 
decision points and parameters to allow transfer from a research-phase electrospin-
ning process to a robust manufacturing operation. Initially, the concept of yield is 
discussed as it relates to electrospinning as a manufacturing technique. This brief 
overview is intended to familiarise those with a research background in electrospin-
ning with the most important criteria by which a manufacturing process is mea-
sured. Subsequently, process design stages required to achieve a robust 
electrospinning process are outlined, with particular attention devoted to key deci-
sion points such as formal product design, desired throughput, and characterisation 
of both inputs and outputs of the process. Finally, relevant quality management 
considerations are reviewed, including the impact of European and American stan-
dards on an electrospinning manufacturing process, along with the importance of 
proper validation, documentation and feedback processes.

In essence, this chapter aims to give electrospinning researchers as well as pro-
cess engineers an insight into the transformation from a laboratory-scale electros-
pinning system to a robust, high-yield, manufacturing technique. It should not be 
considered a how-to guide, and much further information gathering will be required 
to achieve this transformation. However, it is hoped that this chapter will represent 
the key pillars upon which a robust electrospinning process can be developed from 
laboratory scale.

L.D. Burke et al.
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2  Robustness, Yield, and Electrospinning

For any process, translating from a research phase to a manufacturing process, yield 
is critical. A range of data-driven approaches for defining and improving yield such 
as six-sigma, TQM, Agile, Theory of Constraints, and many others, are available 
and considered extremely valuable across several disciplines. Due to the wide scope 
of these approaches, an in-depth examination of yield metrics and analyses is con-
sidered outside the scope of this publication, and readers in need of a more detailed 
perspective in this field are directed to the extensive literature available [11–13]. 
This section will discuss yield thematically, and give an insight to the concept as it 
relates to electrospinning robustness.

In most cases, the total yield of a manufacturing process is the primary metric 
used to judge process capability, which is considered the ability of a process to pro-
duce output within specification limits. However, electrospinning yield and repro-
ducibility are widely under-reported and must be a focus for developing the field of 
electrospinning manufacturing. Although the concept of yield is widely used across 
several fields, there is no formal definition in electrospinning. Therefore, yield defi-
nitions must be predefined and relevant, to ensure quoted yield values are truly 
representative of the process’ robustness.

To allow better analysis of robustness, yield can be further broken down by fail-
ure modes, allowing technical personnel to identify process stages that most strongly 
affect total process yield. The more specific the definition of process stages the more 
accurate problem processes can be identified. For process engineers unfamiliar with 
electrospinning manufacturing processes, such separation of process stages may be 
more difficult than initially expected. Electrospinning is by its nature a complex and 
multi-stage process, which can easily lead to loss accumulation and difficulty in 
root cause analysis for process failures. Additionally, direct observation of the elec-
trospinning process is difficult due to the nano- or micro-scale of the final product. 
These characteristics of electrospinning result in two key challenges for the electro-
spinning process engineer: identification of process failure points and control of 
yield. In the case of failure identification, separation of process stages is essential; 
incoming materials, solution preparation, electrospinning variables, environmental 
noise and final characterisation may fail themselves or result in failures in subse-
quent processes. Incorrect attribution of failures, such as to the electrospinning pro-
cess itself, rather than preceding process stages such as solution preparation will 
lead to poor prioritisation of process improvements, and slow overall process devel-
opment. Second, limitation of losses from process errors in electrospinning can be 
extremely difficult, as the process cannot be easily characterised during operation, 
preventing early identification and interventions. In most cases, an entire device or 
component must be completed before characterisation steps can be performed 
which identify process failures. Such difficulties make the areas of loss control and 
failure identification key for process engineers attempting to improve yield in an 
electrospinning system.

Reproducibility and Robustness in Electrospinning with a View to Medical Device…
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3  Process Design Stages

The design and implementation of a robust manufacturing process based around the 
electrospinning technique can be divided broadly into three stages; Product Design, 
Process Scale and Process Control. The following sections aim to outline the key 
requirements of each of these phases as they relate to the electrospinning 
technique.

3.1  Product Design

Due to the highly-regulated nature of medical device design and manufacturing 
processes a significant degree of legislation and guidance is available concerning 
product design approaches and processes [14, 15]. One of the most familiar product 
design processes is the “Waterfall model”, as featured in numerous regional and 
international standards. An overview of the design concept can be seen below in 
Fig. 1.

The waterfall model of product design illustrated above is intended to be appli-
cable to any product development process. The concept focuses on a logical 
sequence of design stages; first, a clear definition of end user needs and product 
requirements leads to initial device design. Subsequent stages of evaluation, transfer 
to production and manufacture follow sequentially, along with continuous feed-
back, evaluation and iterative development throughout. While the outline of the 
waterfall model shown in Fig. 1 is general, the influence of proper design controls 
on the design process is illustrated, along with the appropriate timing and usage of 
verification and validation processes. The importance of the cyclic nature of the 

Verification

Validation

User 
Needs

Design 
Input

Design
Process

Design
Output

Medical
Device

Review

Fig. 1 Basic overview of the waterfall diagram

L.D. Burke et al.
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design process is also highlighted. Initially high-level requirements are developed 
from Design Inputs to yield product specifications. These specifications thereby 
become the Design Outputs, which are in turn verified to meet the requirements 
outlined by the Design Input. The outcomes of these verifications, both positive and 
negative, become Design Inputs for the subsequent development of the process, 
completing the cycle.

Of the phases described by the waterfall model, Design Input and Design Process 
are particularly key for the successful translation of an electrospinning process from 
R&D to a manufacturing scale. These two phases should define both the product 
and process specifications in a non-ambiguous and achievable fashion. Initially, 
both Design Input and Design Process are a rapid, iterative process, and will develop 
both product and process specifications by the process of frequent technical reviews. 
The importance of a robust, well-defined and accurate product specification of an 
electrospun product cannot be overstated, and is best facilitated by strong early- 
phase research data to accurately define the widest acceptable output parameters 
which still robustly meet the physical and performance requirements.

Alongside development of product specifications it is essential to develop and 
define process specifications. Although these process specifications will in almost 
all cases be dependent on product design and specifications, considerations of total 
throughput, potential for product design changes and/or manufacture of multiple 
unique products into the process should be considered as soon as possible in the 
development stage to avoid conflicts and process bottlenecks later in development.

3.2  Throughput and Scaling Considerations

Having considered the effect of product design and specifications on process 
requirements, the next key decision point in process design is that of manufacturing 
scale and throughput. Due to moderate research efforts in these areas, a range of 
options around electrospinning technique and equipment are available, the choice 
will be highly dependent on product and process specifications as well as desired 
throughput. Making these choices as early as possible in process design is strongly 
recommended, as downstream disruption may completely preclude modifying a 
fundamental electrospinning technique. Therefore, the process engineer must 
attempt to foresee not only the current scale and important product specifications, 
but also the adaptability of the chosen system. For example, unlike a research and 
development project, the manufacturing process of a well-defined product can 
afford to sacrifice flexibility of equipment to achieve a higher level of reproducibil-
ity, throughput, or both.

There are a number of factors that allow process engineers to predict the most suit-
able electrospinning techniques for manufacture of a medical device. Considerations 
of throughput along with product and process design specifications are common key 
attributes not usually considered at the research and development phase.

Reproducibility and Robustness in Electrospinning with a View to Medical Device…
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With product design specifications well defined, it is important early in the devel-
opment to consider the targeted total annual throughput of the process. Medical 
device manufacturing, as a highly regulated field of high value-density products, 
often results in lower throughput when compared to other industries employing 
electrospinning manufacture. This lower total throughput frequently results in a 
high cost-per-device, which can be strongly affected by higher throughput 
systems.

Flexibility is a key strength of the electrospinning technique, and electrospun 
materials can comprise either entire medical devices and/or their subcomponents. 
Products themselves range from the simplest two-dimensional sheets, through sim-
ple three-dimensional shapes such as tubes, to complex bespoke shapes such as 
valves and/or other physically active devices [16]. In the case of entire complex 
medical devices comprised entirely of electrospun components, tight conformity of 
produced materials to design specifications will be imperative. Conversely a manu-
facturing process for simple sheets will likely place greater emphasis on throughput 
and post-processing of materials. In either case, process specifications, which are 
well matched with requirements, are imperative to ensure process robustness.

In addition to the considerations above, manufacturing continuity strategies shall 
be set to best suit the manufacturing scale and post-processing requirements of the 
product. As with other processes, batch versus continuous manufacturing have a 
range of costs and benefits that should be assessed. The production of large batches, 
with considerable downtime between runs, may allow greater focus on complex 
post processing techniques, whereas smaller semi-continuous processes where sev-
eral products exist in different stages of completion may allow personnel focus on 
individual process stages, reducing operator error. Further, the use of large batch 
processing has the advantage of reducing variability, for example the reduction in 
the number of polymer solutions produced for electrospinning and the associated 
irregularities. However, such advantages can be offset by the increased risk should 
a batch fall out of specification, combined with the increased cost and reduced flex-
ibility of large scale electrospinning systems.

Finally, truly continuous processes have the potential advantage of rapid feed-
back if product is characterised as it is produced, thereby removing significant 
losses caused by identifying defective batches post-production if feedback methods 
allow. On the contrary, batch production can offer a higher degree of control by 
reducing the effect of changing daily conditions that must be monitored, regulated 
or controlled in semi-continuous production processes. Additionally, characterisa-
tion of continuous processes can be both costly and expensive to implement, as 
discussed in detail below in Sect. 3.3.

As with product design, process design should be an iterative process, subjected to 
review and development at regular intervals. Effective bottleneck analysis techniques, 
such as Lean Six Sigma, can be used to determine needs in terms of equipment, man-
power and other resources. Such analysis techniques are well documented and apply 
well to electrospinning processes; as such they are not discussed in detail here.

L.D. Burke et al.
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3.3  Equipment Selection and Process Automation

Having completed the design and specification of the manufacturing process, the 
identification of suitable electrospinning equipment is possible. Currently, several 
commercial electrospinning devices are available with a range of proprietary fea-
tures such as environmental control, multiple nozzles, and high throughput, amongst 
others. As discussed in Sect. 3.2, choice of electrospinning equipment is strongly 
linked to total desired throughput and, in most cases of medical device manufacture, 
product and process specifications. In addition to these considerations, the ability of 
equipment to adapt to changing process specifications should be considered, par-
ticularly in the case of total throughput. Such decisions must account for product 
complexity; for example whereas scale up of equipment producing two-dimensional 
sheets may simply require a larger collection area for the electrospun fibres, com-
plex three-dimensional or multi-component devices are unlikely to be scalable in 
this fashion.

The variety of electrospinning systems available today facilitates control of a 
wide range of process parameters for a range of total throughputs and price points. 
The range of options available further emphasises the requirement for well-defined 
specifications for both product and process, as described above in Sects. 3.1 and 3.2, 
respectively. Further, in the event that a particular specification cannot be met by 
off-the-shelf systems, bespoke systems can be considered. Depending on the par-
ticular modifications required, such systems frequently can be requested from exist-
ing suppliers, or developed in-house. Advantages of bespoke equipment should be 
weighed against increased financial and time costs, as well as the loss of experience 
and information from suppliers and users that exists with standard equipment.

 The limited number of commercially available electrospun products in the 
highly regulated field of medical device development has contributed to the 
slow development of equipment automation in the electrospinning field. Due to the 
high level of investment required from primarily academic research funding, which 
focuses on high degree of flexibility over process automation and large-scale repro-
ducibility, such automated systems are not widespread. Despite the restricted 
amount of commercial equipment available that can provide automated electrospin-
ning manufacturing, automation is feasible for many stages of the manufacturing 
process.

The most common application for automated electrospinning equipment is man-
ufacturing of 2D sheets, where a semi-continuous/high throughput process is used 
to maximize throughput. In this sector, largely linked to the production of filtration 
devices, automation focuses on continuous delivery of polymer solutions, and col-
lection of the electrospun fibres on large conveyor belt collectors. However the 
number of products of complex geometries and functionalities is still relatively 
small, therefore, process and product characterization automation is limited to mod-
ification of equipment available for different purposes and industries, or custom 
upgrades of existing commercial equipment which are client specific, and often 
produced to bespoke requirements which do not enter the general market.

Reproducibility and Robustness in Electrospinning with a View to Medical Device…
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In-line product characterization is an area which is highly valuable in robust 
processes since it allows real-time feedback of the process during manufacturing, 
which can be modified to ensure appropriate yield. A variety of in-line methods 
widely used in other industries are becoming available to the electrospinning market 
e.g. viscosity measurements as verification of correct solution preparation, optical 
measurements of fibre diameter and/or scaffold thickness as primary outputs of the 
electrospinning process, allowing for real-time adjustment of parameters to main-
tain manufacturing within production limits. Once key requirements of in-line pro-
cesses are identified, specific characterisation systems should be identified and 
set-up in coordination with experts in the appropriate field.

The decision of automating the manufacturing process of electrospinning medi-
cal devices is based on product complexity, production volumes and business strat-
egy. Implementation timeline for processes, systems and/or subsystems is frequently 
a business decision as opposed to a technical one. Early implementation of automa-
tion systems, whilst initially expensive, can serve to illustrate the potential of scal-
ability to greater production volumes. Such automated systems are likely to 
streamline production ramp-up as the business matures, ensuring maintenance of 
quality and product conformance through manufacturing volume increases. 
Conversely, processes that never require scale up or require significant alterations 
are likely to be highly expensive to implement while offering little or no observed 
benefit from the investment.

Process and product characterization automation has its advantages and disad-
vantages, being increased product reproducibility, cost of goods sold (COGS) 
reduction, improved time efficiency and increase of process throughput the key 
drivers to automate the process; and requirement for high investment and custom-
ization, lack of expertise on the field the drawbacks of automation. Therefore, auto-
mation currently needs to be judged on case-by-case basis, reiterating the advantages 
and disadvantages described in this chapter.

3.4  Process Controls

The lack of electrospinning as a manufacturing technique in commercial and indus-
trial endeavours results in a clear lack of “standard” electrospinning systems. The 
variety in electrospinning set-ups, particularly when considering the range of avail-
able variations of polymer chemistry, solvent selection, environment, electrospin-
ning system, and the purpose of the final product, makes generalised comparisons 
between processes difficult, if not impossible. Ideally, electrospinning processes 
should be analysed individually using a clear, effective and reliable framework. The 
subsequent sections aim to provide the foundations of such a framework by illus-
trating universally applicable stages of process control for electrospinning pro-
cesses, from specification of incoming materials, through manufacturing control 
and finally output characterisation.

L.D. Burke et al.



9

3.4.1  Material Specifications and Controls

As previously discussed in this chapter, the electrospinning process is difficult to 
characterize during operation. It is therefore extremely important that inputs to the 
system are tightly controlled, to both maximize yield and facilitate traceability of 
losses and/or failures. This section outlines the inputs to solution-electrospinning 
systems generally, including properties that should be tightly controlled and/or 
accurately characterized to best improve robustness of the process.

Incoming Polymer

Two key decision points for any electrospinning manufacturer are polymer chemis-
try, and source. Polymer solutions represent the vast majority of fluids employed in 
electrospinning experiments and as such an extensive catalogue of polymer/solvent 
combinations are available in the current scientific literature [1, 5]. The choice of 
polymer is often defined by, or at the very least strongly linked to, the final product 
application. Well-established polymers such as poly(caprolactone) (PCL), poly- 
lacatide- glycolide (PLGA), polylactic acid (PLA) and others offer an extensive 
background in the medical device field [17]. Alternatively, innovative polymer 
chemistry may contribute essential or unique properties to the final product, improv-
ing device performance and/or value. Having selected the desired polymer chemis-
try it is necessary, for the majority of polymers, to specify a molecular weight range 
suitable for manufacturing within the product specifications. For most electrospin-
ning polymers the possible molecular weight range is extensive, and prone to batch- 
to- batch variability due to the nature of synthesis techniques. Naturally, such 
variability in the molecular weight of individual polymer batches must be accounted 
for by either adaptations to solution preparation or electrospinning processing vari-
ables in order to achieve consistently reproducible output. Such adaptations gener-
ally take the form of solution concentration alterations, accelerating voltage 
compensation, tuning of separation distance or a combination of these and other 
processing parameters. Details of the effects of these parameters have been both 
predicted theoretically, and experimentally verified by many groups over the last 
twenty years and as such will not be discussed here [4, 7, 17].

This range of electrospinning parameters supported by strong and extensive 
research allows processing of polymers with a wide range of properties via electro-
spinning For many small companies or research labs entering into the electrospin-
ning field with a potential of future to scale-up, the specification of incoming 
polymer represents a highly important decision point. Reduction of polymer speci-
fication at the expense of greatly increased costs may not appear justified at the 
research phase, as acceleration voltage, or separation distance, or other process 
parameters can be easily adapted to achieve required product attributes. However, as 
the process and/or product matures such adaptations become increasingly difficult, 
and savings associated with a wide polymer specification are quickly outstripped by 
increasing cost-per-device resulting from low production yields, or the requirement 

Reproducibility and Robustness in Electrospinning with a View to Medical Device…
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for multiple highly-skilled electrospinning operators able to adjust parameters in 
real time. This risk can be offset by in-house polymer synthesis, which represents a 
significant initial investment in both facilities and personnel, but may pay dividends 
to stability during later phases. Conversely, overly-rigid polymer specifications will 
increase cost exponentially, potentially crippling early-stage research efforts. Such 
decisions must, therefore, be reviewed continuously as the product matures and the 
design control phases progress.

Solvents

Having considered the specifications of the polymer to be electrospun, the remain-
ing primary component for consideration is the choice of solvent. In the majority 
of cases the decision of solvent will be limited by the selected polymer and desired 
properties of the electrospun materials [4, 17]. Despite these restrictions there 
remain several important decision points for the electrospinning process engineer, 
particularly in the case of medical devices. Regulatory considerations, or the 
function of a final medical device may immediately limit both choice of solvent 
and purity. For example, low volatility solvents leading to high residual levels in 
the final product are unlikely to be suitable for implantable devices, just as trans-
fer of trace levels of contaminants may be acceptable for filtration or research 
applications.

It should be noted that the choice of solvent should always be reassessed when 
changing production scale from R&D to manufacturing phases. Solvents selected 
for R&D uses are frequently aggressive, highly volatile organic solvents selected 
due to electrospinning performance and ease of solution preparation. These solvents 
have a wealth of research from the academic field [17] but can be precluded from 
use if excessive levels remain in the final product.

Having selected an appropriate solvent based on process requirements and in line 
with relevant regulatory conditions, solvent purity specifications should be consid-
ered. Generally, the choice of solvent purity is reduced to a cost-benefit ratio; as, 
although more expensive, the purer the solvent the more repeatable the solution 
preparation and electrospinning process, as variation in contaminant levels between 
solvent lots affecting conductivity of solutions can have a profound effect on the 
electrospinning process, even at very low differences in concentrations. The chal-
lenge then for the process engineer is to elucidate the effect of solvent impurity on 
the yield of the specific electrospinning setup, source and select the lowest priced 
acceptable purity grade, if available.

3.4.2  Manufacturing Controls

The process of electrospinning has, over the last 25  years, been extensively 
researched and developed [7]. Processing parameters such as acceleration voltage, 
polarity, separation distance, solution supply flow rate, solution conductivity, 
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viscosity, surface tension, peak current and many others have been well documented 
[4, 5, 7, 17]. As such these parameters are extremely well understood and are easily 
controlled by commercially available equipment. More recently, the effect of envi-
ronmental parameters on the electrospinning process has been an increasingly com-
mon focus of research endeavours [4]. The control of these environmental variables 
(temperature, humidity, electrostatics, air flow, sterility and similar) is the contem-
porary challenge faced by a robust electrospinning manufacturing process.

While, a great deal of research around parameters and process aspects of electro-
spinning has been conducted, reproducible electrospinning production remains a 
complex production process governed by multiple parameters that are complex to 
fully monitor and control. For the researcher this presents a wide potential for tech-
nical discovery, however for the process engineer the challenge lies in defining and 
controlling an inherently chaotic process. As such, it is important to set tolerances 
and specification windows which facilitate compliance with both regulatory require-
ments, discussed in more detail in Sect. 3.5.1, and product design specifications by 
minimising the effects of poorly-understood and/or poorly-controlled variables. As 
discussed above in Sect. 3.4.1 establishing well-defined parameter ranges, devel-
oped from knowledge gained during research and development stages, allows a 
reproducible and robust electrospinning process to be designed. To assist the defini-
tion and development of such ranges, the following sections detail process param-
eters strongly affecting the reproducibility and robustness of a manufacturing-scale 
electrospinning process.

Solution

A major source of process variability in solution-electrospinning systems is the 
solution to be electrospun, which is the main external input to the process. Variation 
can occur from differences in actual versus targeted concentration, impurities in 
materials, and inhomogeneous or incomplete mixing profiles. Mostly not relevant 
during research phase, where there is rarely the requirement for high reproducibility 
of scaffold between experiments. For this reason, there are very few examples in 
scientific literature where mixing conditions and solvent suitability for the solvent/
solute combination are discussed in detail. This can lead both experienced process 
engineers and those familiar with electrospinning in a research environment to over-
look the importance of solution robustness, or to prioritise other aspects of the elec-
trospinning process for optimisation or development. This is of particular importance 
in situations where long-term, repeatable production is a key goal of the process.

A logical first consideration in any solution preparation process is the volume to 
be prepared, as this will dictate a number of requirements for the process design. 
Generally, the minimum amount of required solution per device will be clear from 
research-phase data, however it should be noted that unavoidable operation losses, 
such as delivery tubing dead-space, may change when translating between R&D 
and manufacturing systems. Conversely, maximum levels of solution can be signifi-
cantly harder to define. Larger solution volumes generally lead to lower  proportional 
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error, and using a single solution to electrospin multiple products greatly reduces 
the effect of solution variation on the process. However, the use of large solution 
volumes is rarely a simple scale-up transition. Solution shelf-life, total mixing 
energy of the system, safe storage of polymer solutions containing volatile organic 
solvents, and measurement device capacity must all be considered to ensure that the 
benefits created by solution volume scale up are not lost.

Regardless of scale, the key goal in solution preparation techniques is repeat-
ability and reproducibility. In the simplest form, such a robust process is one that 
ensures the complete dissolution of an accurately controlled amount of solute in a 
specified volume of solvent without contaminants.

Environmental Control

In addition to controlling the classical electrospinning process parameters used for 
maintaining process stability and robustness, the control of environmental condi-
tions is highly important in a manufacturing setting. Numerous environmental con-
ditions have an impact upon the electrospinning process, thus variation in 
environment, such as seasonal changes, humidity fluctuations, have a distinct impact 
upon the overall robustness of the process as a whole.

Of the environmental conditions, both temperature and humidity are well docu-
mented to have impact upon electrospinning [18–20], and both have robust control 
systems available, including within multiple commercially available electrospin-
ning devices. However while these two conditions are both easy to monitor and 
control, there are a number of others that, while less understood, are known to have 
impact upon the electrospinning process. Therefore the monitoring, and preferably 
the active controlling of these conditions should be a significant consideration for 
improving robustness. The additional environmental conditions known to impact 
electrospinning include airflow, atmospheric pressure and static charge of the  
air, in addition charge build-up on surfaces within proximity to the spinning 
environment.

These environmental conditions are particularly important in the medical device 
industry, since most of the manufacturing occurs inside cleanrooms. Cleanrooms 
are designed to monitor and control particle count, bioburden temperature and 
humidity within a confined area. Frequently, the use of high efficiency particulate 
arrestance (HEPA) filters are integral to control of incoming air in a cleanroom sys-
tem, along with heating and air conditioning systems to maintain temperature and 
humidity within specified parameters. Control of these parameters is considered 
essential to medical device manufacture, and a dedicated industry for both bespoke 
and retrofitted cleanroom systems exists for this reason. However, the parameters 
controlled in traditional cleanroom systems do not include electrostatic charge, 
which as discussed may significantly affect electrospinning phenomena. This lack 
of control is exacerbated by the increase in number of air exchanges, air filtration 
and humidification controls required to maintain other parameters. Therefore, at the 
very least monitoring, and preferably control, of electrostatic charge within the 
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environment is strongly recommended to improve electrospinning reproducibility, 
and thus robustness and yield.

Ideally, the development of a bespoke environment suited to full control over the 
environmental parameters discussed above is recommended. However, cost and 
footprint of such facilities may prevent this process altogether, or preclude total 
control of every parameter. In these situations it is recommended to understand the 
environmental controls available, along with their effect on each of the environmen-
tal parameters outlined above, as they relate to the electrospinning technique. 
Wherever possible, the monitoring and tracking of these environmental parameters 
should be undertaken at the very least, if only to allow proper failure identification 
and feedback for process development, as discussed in Sect. 3.5.3.

3.4.3  Output Characterisation

The definition of the output characterisation of the electrospun devices or device 
components should be based on the relevant product functionalities and specifica-
tions identified during the Design Input and Output phases, respectively. A compre-
hensive understanding of required product characterization at the design phase is 
crucial to avoid developing a non-capable process, which may lead to a low yield. 
As outcome of Design Output, product specifications will indirectly determine the 
required level of control over the process, e.g. if strict fibre diameter and standard 
deviation are relevant for the functionality of the product, special attention has to be 
taken on input variables like solution homogeneity and relative humidity of the 
spinning environment, as well as accuracy of measurement tools. Therefore, it is 
highly recommended that process experts take part on the development phase to 
ensure a proper process capability.

Prior to making decision of the level of process controls it is advisable to identify 
the most relevant attributes of the product to maintain quality and functionality. In 
electrospinning manufacturing, the most relevant attributes that directly affect prod-
uct performance via mechanical, chemical and biological properties are fibre diam-
eter, interconnectivity and alignment, thickness and thickness distribution, porosity, 
average pore size, fibre surface roughness and polymer molecular weight. Due to 
the vast literature on the effect and control of these attributes, an in-depth examina-
tion is considered outside the scope of this publication, and readers in need of a 
more detailed perspective are directed to the extensive literature available [1, 4–6, 8, 
18–20].

In combination with product attributes and specifications, the identification of 
reliable and accurate test methods will affect the product yield and/or quality. 
Regulations and guidance are available in order to aid the selection of test method 
based on product specifications and accuracy of equipment [14, 15]. When defining 
the test methods to characterize the product outputs, it is recommended to consider 
in-line tools, e.g. fibre diameter, thickness and Taylor cone characterization. These 
measurements can be performed in-line ensuring process feedback and increased 
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product yield. Such tools are although mostly employed at later stages of the  product 
development, e.g. design verification and validation, and commercialization phases.

During the research and development phases it is acceptable to characterize the 
product after the process is concluded, this is possible due to the fast turnaround of 
post processing activities and the low volume of production. At this stage product 
yield is not a relevant concern; however, at higher output manufacturing stages the 
process chain becomes longer, volume output, product yield and traceability rele-
vance increases. Therefore, collecting information on product quality at the end of 
the process becomes expensive and usually non acceptable from business reasons.

3.5  Quality Management

The field of medical device manufacture is, by necessity, highly regulated. 
Compliance with these regulations and standards from the earliest possible phase is 
essential to the success of a medical device manufacturing process. To this end the 
following section discusses both the regulatory requirements and information pro-
vided by the most commonly encountered regulatory bodies, along with the useful-
ness of well-defined process validations and feedback systems. The application of 
these three topics will not provide the reader with a recipe to a perfectly validated, 
regulatory acceptable process, but will provide an excellent basis upon which to 
begin the development of such a process.

3.5.1  Regulatory

Regulatory considerations should be a key focus for any medical device manufac-
turing process from inception. A lack of focus or prioritisation around regulatory 
concerns, regardless of device purpose or manufacturing technique, will doom any 
process to failure before beginning. This is, arguably, more applicable to electros-
pinning manufacturing than many other techniques. As a research-driven technical 
process with very few examples of existing products the pitfalls of regulation are 
numerous and engineers working with electrospinning must be acutely aware of this 
fact and, ideally, what is and what is not acceptable when considering process 
changes and developments.

To assist the reader in beginning to understand the broad strokes of medical 
device regulation, this section will focus on the impact regulatory affairs on process 
robustness. It should be acknowledged up-front that specific product attributes and 
their effect on classification by regulatory bodies will not be discussed. Instead a 
view of both general and certain specific regulations based on similar processes 
which apply to electrospun devices, will be presented.
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In the European and North American markets, the two main regulatory authori-
ties, Food and Drug Administration [FDA] (USA) and European Commission 
(EU), do not have specific regulations and/or harmonized standards available for 
 electrospun products. Therefore, products manufactured via electrospinning are 
expected to adhere to quality systems requirements in order to ensure devices 
perform as intended. Additionally, the FDA has released in 2016 a draft guidance 
for additive manufactured devices: “Technical Considerations for Additive 
Manufactured Devices” [21]. Although this guidance is based around more tradi-
tional layer-by- layer 3D printing rather than electrospinning, there are significant 
similarities between the two techniques, e.g. inherent variability product quality 
in controlled systems, which allow the application to electrospun medical device 
manufacturers.

In reference to the draft guidance, the FDA states that since there are multiple 
additive manufacturing technologies, printers and materials, it is important for man-
ufacturers to “clearly identify each step in the printing process… from the initial 
device design to the post-processing of the final device” [21]. Furthermore, compa-
nies should make sure they understand the upstream effects different steps in manu-
facturing process might have on a device. Such considerations and statements 
related to 3D printing technologies can be extrapolated to electrospun devices man-
ufacturers once as mention above are technologies with similar degree of process 
variation.

Medical devices manufactured from electrospun materials have to comply to the 
code of regulations 21 CFR part 820 (USA) [14] and the Medical Device Directive 
MDD 93/42/EEC (EU), which require that manufacturers have to demonstrate that 
the process is capable of reproducible and controlled commercial manufacturing. 
Despite not being a requirement by the European Union, International Organization 
for Standardization (ISO) 13485 is recognized as a critical aid in supporting compli-
ance with the MDD and it is therefore considered to be the de facto standard for the 
medical device industry in Europe. Furthermore, Article 5 of the MDD indicates 
that compliance to a harmonized standard is sufficient to assume conformity to rel-
evant essential requirements of the MDD.

Independent of the regulatory body, it is a common requirement that prior to 
products being commercially distributed, the manufacturers must have gained a 
high degree of assurance in the performance of the manufacturing process such that 
it will consistently manufacture products meeting the product specifications. The 
assurance should be obtained from objective information and data from laboratory-, 
pilot-, and/or commercial-scale studies. Information and data should demonstrate 
that the commercial manufacturing process is capable of consistently producing 
acceptable quality products within commercial manufacturing conditions. 
Furthermore, focusing exclusively on qualification efforts without also understand-
ing the manufacturing process and associated variations may not lead to adequate 
assurance of quality.
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3.5.2  Process Validations

The lack of specific  regulations and standards for electrospun devices, further 
emphasize the need to create deep knowledge on how each input parameter and 
process step affects the quality of the finished product. Improving the control of the 
input parameters minimize process variability improving process capability whilst 
facilitating validation activities, e.g. improving robustness of the solution prepara-
tion process can minimize variability on fiber diameter. An additional method to 
facilitate the validation activities and improve yield is to take advantage of the prod-
uct specifications, which depending on the requirements and functionality of the 
device, can be widened allowing a more capable process, common examples are 
device thickness, fiber diameter distribution, etc.

Where the product output cannot be verified, process validations is required by 
regulations and standards. As clearly described by the FDA and ISO standards, 
Process validations shall occur for processes and services where the output attri-
butes cannot or may not be verified by subsequent inspection [15]. This includes 
any processes where deficiencies become apparent only after the product is in use  
[15]. Process validation must be performed, prior to product commercialization, in 
order to ensure and maintain quality of the manufactured device [14]. Briefly, vali-
dation is composed by three phases Equipment Installation Qualification (EIQ), 
Operational Qualification (OQ) and Performance Qualification (PQ), where EIQ 
aims to ensure the equipment is installed and performs accordingly to the specifica-
tions required to manufacture the product under a controlled environment; OQ 
focus on challenging the process specifications by testing wider ranges than the 
specified in the process in order to demonstrate that even at wider process windows 
the product still conforms to the specifications; whilst PQ aims to confirm that 
whenever manufactured with the nominal process specifications the product will 
conform to the specification within a statistical significance level.

Process validations can also be performed on process where the output can be 
measured but decided not to for business reasons. Mostly, it is used where the attri-
bute inspection has high costs, involves high degree of variability and/or requires a 
significant amount of time.

The correct timing to start validation activities may vary depending on business 
and/or development strategies, however it is mandatory that processes requiring 
validation are completed by the submission of the request for product approval to 
the regulatory bodies. The authors of this chapter, although, recommend to initiate 
as soon as the process is at final stage of development in order to avoid multiple 
revalidation activities since process re-validation is required whenever a process 
change that may affect product output is implemented. It is important to remember 
that processes like electrospinning, which have not seen widespread implementa-
tion in large scale manufacturing and most likely will be customized to specific 
products may impose a higher degree of complexity during validation.
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3.5.3  Process Feedback

Process feedback and the analysis of the resulting data is a key step towards estab-
lishing a continuously robust process. Quality management systems allow for a high 
degree of traceability and ease of access to key data, including product traceability, 
which is crucial for effective root cause analysis and corrective and preventative 
action implementation. Furthermore, it should be a direct input for the process fail-
ure analysis and product risk assessment.

The implementation of process feedback in electrospinning manufacturing is 
even more crucial than other techniques since there are numerous variables that may 
result in the same failure mode. Furthermore, noise variables are usually not well 
understood/controlled and can influence the final product. By adding proper feed-
back stages along the process, e.g. solution characteristics, record of input and real 
value of parameters in electrospinning machine, environment readings, etc., it 
allows more robust isolation of possible failures and therefore act on process modi-
fications whenever necessary.

4  Summary

Electrospinning has long been recognised as a powerful technique for the produc-
tion of highly porous non-woven materials. However, the concept of process repro-
ducibility and robustness in electrospinning is widely under-reported, despite the 
large body of work devoted to the technique. This has resulted in a substantial dis-
connect between research success compared to commercial application, and must 
be a focus of any endeavour to utilize electrospinning in a manufacturing capacity. 
To effectively address the robustness and yield requirements of an electrospinning 
manufacturing process for medical devices, a combination of scientific, engineering 
and regulatory expertise is essential. Due to the size of the field, coupled with the 
variety and complexity of products, an in-depth analysis of all parameters is not 
possible in the space available here. Therefore, the preceding sections are intended 
to highlight key decision points and parameters not widely reported by the scientific 
community, which have a significant effect on process robustness.

Beginning with the effective application of Design Controls to electrospinning, 
the use of well-defined structures available to medical device engineers is high-
lighted. Decision points during the development phase will have wide-ranging 
implications on product suitability, process requirements, characterisation and, ulti-
mately, process yield. Verification of initial process and product design specifica-
tions will give a strong framework around which to base further process design 
decisions, as outlined by the waterfall model of process design.

The field of electrospinning as a manufacturing technique has been developing 
over the past several decades. During this time the wealth of information from fun-
damental research has been harnessed to propose and develop a range of novel and 
innovative medical devices. Such devices have the potential to be truly paradigm 

Reproducibility and Robustness in Electrospinning with a View to Medical Device…



18

shifting in terms of their interaction with the body, with the goal of improving a 
variety of clinical outcomes across a range of medical disciplines. To achieve this, 
it is imperative that these goals are supported by knowledge of both the electrospin-
ning technique and the strong frameworks that exist for medical device product and 
process development. Only through this multidisciplinary approach will electros-
pinning truly mature into a reproducible and robust technique for medical device 
manufacture.
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Abstract Nanofibrous collagen scaffolds developed via electrospinning have 
revolutionized the field of designing useful biomaterials for regenerative or tissue 
engineering. Electrospun collagen scaffolds allow for the replication of the extracel-
lular matrix of tissues with regards of their chemical, physical, and mechanical 
characteristics. Because collagen is the most abundant protein found in tissues, it 
can be the base for an ideal scaffold to mimic the majority of soft or hard tissues 
such as bone, which contains an organic component composed of collagen and a 
mineral component. The physical and mechanical properties of the collagen nanofi-
bers are of vital importance to promote the necessary and specific signals of the 
cellular or tissue environment supporting different cellular processes. This chapter 
describes the fabrication and modulation of the physical and mechanical properties 
of electrospun collagen nanofibers and their biomedical applications.
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Abbreviations

AcOH Dilute acetic acid
AFM Atomic force microscopy
BDDGE 1,4-Butanediol diglycidyl ether
CD Circular dichroism spectroscopy
Col/PCL Collagen/polycaprolactone
DMSO Dimethyl sulfoxide
ECs Endothelial cells
ECM Extracellular matrix
EDC  1-Ethyl-3-(3-dimethyl-aminopropyl) -1-carbodi imide 

hydrochloride
EtOH Ethanol
FTIR Fourier transform infrared spectroscopy
GAG Glycosaminoglycan
GFAP staining Glial fibrillary acidic protein staining
HA Nanohydroxyapatite
HAc Acetic acid
HFIP Hexafluoroisopropanol
HFP 1,1,1,3,3,3-Hexafluoro-2-propanol
MSCs Mesenchymal stem cells
NHOK Normal human oral keratinocytes
NHS N-Hydroxysuccinimide
NOI Normalized orientation index
NRVCM Ventricular cardiomyocytes of primary neonatal rats
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PIECs Porcine iliac artery endothelial cells
PLGA Poly(lactide-co-glycolide
PLLA Poly(l-lactic acid)
SCs Schwann cells
SCI Spinal cord injury
SEM Scanning electron microscope
SMCs Smooth muscle cells
TFE Tri-fluoroethanol
TPU Thermoplastic polyurethane
vWF Von Willebrand factor

1  Introduction

In the field of tissue engineering, many researchers have focused their studies on 
fabricating biodegradable polymeric scaffolds, attractive to the cellular environ-
ment, and that would have the capacity of promoting tissue regeneration [1]. In the 
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beginning, their efforts were focused on mimicking the shape, structure and compo-
sition of the cellular environment, developing scaffolds in the form of hydrogels [2, 
3], sponges [4], nanolayers [5] and nanofibers [6], composed of polymers such as 
chitosan [7], hyaluronan [8], pullulan [9], dextran [10], among others. Elaborated 
scaffolds based on these polymers and presented in the different known models, 
have evidenced positive results at a cellular level. Demonstrating that these can 
overcome cytotoxicity analysis, adhesion, proliferation and cellular differentiation, 
indicating the importance for them being considered useful for biomedical applica-
tions [11].

An important challenge in this field of research is the mimicking of the physical 
and chemical characteristics of the extracellular matrix (ECM) of tissues. In general, 
the ECM is composed of a variety of polymeric biomacromolecules, among these 
are glycoproteins, proteoglycans, and polysaccharides [12]. Being collagen the most 
abundant component of the ECM [13], which contributes to the strength and struc-
ture of the ECM, directly interacting with cells and other ECM molecules [14].

The electrospinning technique has the capacity of creating scaffolds with the 
ability to replicate the physical characteristics of the ECM, such as the fibrous 
morphology, the diameter of the fibers, and their orientation [15]. Compositional 
characteristics have also been abundantly studied with the use of polymers and 
proteins found in the ECM to fabricate nanofibers, allowing for the modulation of 
other properties such as mechanical properties. These have been supported with the 
use of chemical agents for crosslinking [16], in addition to fabricating collagen 
scaffolds [17].

Collagen fibrous scaffolds fabricated by the electrospinning process have proven 
to possess excellent biocompatibility and the mechanical properties necessary to be 
used in the field of tissue engineering [18]. Electrospun nanofibers have shown to 
have a high surface area to volume ratio, mimicking the ECM of native tissue and 
therefore facilitating cell proliferation and attachment [19]. These can be applied for 
the regeneration of nerve [20], bone [21], skin [6], tendon/ligament tissue [22], and 
vascular grafts [23], among others. They provide promotion of function and tissue 
repair, both in vivo and in vitro. In addition to serving as an artificial ECM for grow-
ing cells, these scaffolds can be used to deliver bioactive agents to promote regen-
eration of tissue [24, 25].

This chapter describes the history of the fabrication of collagen nanofibers, high-
lighting from the conventional electrospinning method to their fabrication through 
the green electrospinning process to preserve the secondary structure of collagen. 
Because the physical characteristics are of vital importance to recreate a cellular 
environment attractive for the native cells in the tissue, in this section different 
works that have been published that modulate fiber diameter, orientation, and 
mechanical properties are highlighted. Finally, several biomedical applications of 
collagen nanofibers useful for the regeneration of tissues in the human body are 
presented as well as the process towards scale-up and industrialization of electros-
pun collagen nanofibers.
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2  Collagen Nanofibers: Use of Toxic Solvents to Benign 
Solvents

The fabrication of nanofibrous scaffolds have gained a greater reputation and impor-
tance in the field of bioengineering, this because these types of scaffolds have dem-
onstrated that they have the capacity to replicate the structural characteristics and 
composition found in the ECM of tissues [26]. Other scaffold presentations, such as 
gels and polymeric nanolayers, also offer characteristics and properties to promote 
tissue repair, but these types of scaffolds have shown limitations and disadvantages 
in comparison with nanofibrous scaffolds [11]. The biggest advantage of nanofi-
brous scaffolds lies on the fact that it is possible to replicate the scale, morphology, 
geometry and orientation of the nanofibers, composition, while also modulating the 
mechanical properties of tissues, which is known that they vary depending on the 
type of tissue in the human [27–29].

By early 2000’s, Bowlin and his research group fabricated electrospun collagen 
nanofibers [30] to be used as a scaffold mimicking; (1) the physical characteristics 
of the extracellular matrix (nanofibrous structure) and (2) the composition. When 
overcoming the challenge of finding a solvent that would dissolve collagen and 
would be useful for the electrospinning process, they focused on finding an opti-
mum ratio of collagen type I dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) 
solvent. Experimenting with different concentrations of collagen, they found that 
0.083 g/mL resulted in being the appropriate concentration for nanofiber formation, 
operating the electrospinning equipment at 25 kV, 125 mm distance from the collec-
tor, and 5 mL/h of injection flow. Electron microscopy images demonstrated the 
successful obtainment of collagen type I nanofibers, which possessed a diameter of 
390 ± 290 nm [30]. Experimenting with collagen type III, they were also able to 
obtain nanofibers with a solution composed of 0.04 g collagen III/mL dissolved in 
HFIP. They could obtain an average nanofiber diameter of 250 ± 150 nm, maintain-
ing the same conditions of operation of the electrospinning equipment used for the 
obtainment of collagen type I nanofibers [30].

When examining the different parameters of the equipment, they found that it 
might be possible to obtain random and aligned nanofibers by adjusting the rotation 
velocity of the cylindrical collector of the equipment [30]. Using a high velocity of 
rotation of 4500 RPM, it was possible to have a control over the alignment of the 
nanofibers, opening the doors to the possibility of mimicking not only tissues that 
have random collagen nanofibers, but also other tissues such as cardiac and nervous, 
which contain aligned nanofibers [31–33].

Bowlin’s group developed an in vitro study to prove the viability of the prepared 
scaffold, using aortic smooth muscle cells. The cells were seeded on the nanofibrous 
membrane after being crosslinked in glutaraldehyde vapor for 24 h and sterilized. 
This crosslinking process was necessary to maintain the morphologic stability of 
the nanofibers obtained because when contacting water they would dissolve. The 
in vitro results demonstrated that the nanofibrous scaffold obtained, using HFIP as 
a solvent, promoted the adhesion and cellular growth. This immediately resulted in 
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being able to say that this scaffold would be ideal and potentially useful for tissue 
engineering, since the collagen nanofibers could replicate in large proportions the 
structural and compositional properties in addition to the biological functions of the 
ECM [30]. Shields et al. [34] fabricated collagen type II nanofibers from chicken 
sternae which was also dissolved in HFIP. Their results showed that a scaffold cul-
tured with chondrocytes could promote the cells’ ability to infiltrate the scaffold 
surface and interior. By this time, it was possible to fabricate nanofibers of all three 
main types of collagen mainly found in the tissues of the human body.

Once it was demonstrated that it was possible to fabricate collagen nanofibers, 
researchers such as Byung-Moo Min and his group in 2006 [6], decided to continue 
investigating the potential of collagen nanofibers. They obtained nanofibers from a 
solution of 8% w/v collagen in HFIP. Their investigation was focused on studying 
the cytocompatibility and cell behavior including cell attachment and spreading of 
normal human keratinocytes seeded on the collagen nanofibrous matrix, and other 
ECM components such as fibronectin and laminin. They also evaluated in vivo the 
effect of the collagen scaffold on open wound healing in rats. In their in vitro stud-
ies, they seeded cells over collagen only, collagen nanofibers, and nanofibers cov-
ered with: type I collagen, bovine serum albumin, fibronectin, and laminin. Their 
results showed the ability of the collagen nanofibers covered with collagen type I, 
which promoted cell adhesion and spreading of normal human keratinocytes in 
comparison to the “collagen nanofibers” obtained and the other coatings of different 
proteins evaluated. Their results determined that the components generated the 
highest promotion for cellular processes following the ratio: type I collagen > lam-
inin  >  fibronectin  >  uncoated collagen nanofibers. Observing a level of cellular 
adhesion of almost double in collagen nanofiber covered with type I collagen in 
comparison with “collagen nanofibers” fabricated by them without any coating. 
These results opened the doors to a variety of uncertainties. Why collagen nanofi-
bers without any additional coating do not have the same effects than those with the 
additional collagen coating? Is the use of the HFIP solvent having a negative effect 
over the chemical structure of collagen? Is the crosslinking process ideal?

A year later, in 2007, Lin Yue Lanry Yung and his team [35], wanting to keep 
replicating the ECM of tissues decided to fabricate collagen nanofibers containing 
glycosaminoglycan (GAG), which are also part of the native tissues in humans. In 
their research, they used chondroitin-6sulfate as the GAG. The fabrication of col-
lagen/chondroitin-6sulfate nanofibers was successful, with a concentration of 4 wt. 
% of chondroitin-6sulfate and 10 wt. % of collagen, dissolved in a mixture of sol-
vents composed of 2,2,2-trifluroethanol and water in a ratio of 4:1. Their in vitro 
study reported that the proliferation of rabbit fibroblasts exhibited high density of 
cells in the crosslinked scaffold (glutaraldehyde) in comparison to non-crosslinked. 
The collagen scaffold with GAG crosslinked reported a higher effect over the pro-
liferation than collagen nanofibers without GAG, demonstrating that the more you 
can replicate the cellular environment, cellular activities are favored.

By the year 2008, Jan Feijen and his group reported a problem over the collagen 
nanofibers fabricated with fluorinated solvents. They demonstrated, from their study 
with circular dichroism (CD) spectroscopy, a decrease of 45% of collagen’s triple 
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helical structure after electrospinning using HFIP as the collagen dissolvent [17]. 
Works where fluorinated solvents such as trifluoroacetic acid, [68] trifluoroethanol, 
[35] and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were used [30, 34] to produce 
“collagen nanofibers” did not preserve the chemical structure of collagen. These 
fluorinated solvents disrupt collagen’s secondary structure, converting the electros-
pun collagen into gelatin [36].

Because of these findings, by the year 2009, Wnek and his group [37], proposed 
the fabrication of collagen nanofibers using benign solvents to replace toxic sol-
vents that demonstrated the destruction of the chemical composition of collagen. 
They were able to dissolve collagen type I and III in a mixture of phosphate- buffered 
saline and ethanol, effectively generating a useful solution for the electrospinning 
process, which helped them obtain the collagen nanofibers while conserving the 
chemical structure of native collagen. Following this, several groups present alter-
natives to prepare collagen nanofibers using benign solvents. In 2010, Sing Yian 
Chew and his group [38], reported the production of collagen nanofibers using ace-
tic acid, with a solution that consisted of 25 wt. % collagen in 40% (v/v) acetic acid. 
This solvent also prevented the degradation of collagen, demonstrating the advan-
tage over toxic solvents.

V.R. Giridev [39, 40] with the purpose of preparing other formulas, proposed the 
alternative of preparing a collagen solution mixed with other polymers, to facilitate 
the electrospinning process. V.R. Giridev in his study used a mixture of COL/PCL 
and Li-Ming Zhang, on the other hand, used a mixture of collagen and zein, using 
acetic acid as the dissolvent. In both studies, they could obtain nanofibers but the 
possibility of facilitation the electrospinning process was not significant, because of 
difficulties in the preparation, in the morphology of the nanofibers, and in the use of 
approximately 50% of another polymer.

By 2014 new recipes supported by the solution preparation of Lin et al. [40] with 
the use of acetic acid, were reported. Andrea Maria Letizia Focarete and her research 
group [41], generated electrospun mats dissolving collagen in acetic acid/water 
(20/80 v/v) at a concentration of 30% (w/v), being able to achieve and conserve the 
chemistry of collagen type I. Kazanci [42], who was able to prepare collagen nano-
fibers with 40% w/v collagen in 40% v/v acetic acid.

In 2015, Anuradha Elamparithi, demonstrated the fabrication of nanofibers using 
glacial acetic acid and DMSO to dissolve collagen at a ratio of 93/7 (glacial acetic 
acid/DMSO) with a concentration of 10% collagen [43]. In their work, they did a 
biocompatibility study of the nanofibrous scaffold obtained, using rat skeletal myo-
blasts (cellular line L6). Their results showed that the scaffold could support the 
cells, allowing them to carry out their normal functions. This is due to the evidence 
ventricular cardiomyocytes of primary neonatal rats (NRVCM) seeded were able to 
maintain their contractile function of a 17-day period. Indicating that it could be a 
promising scaffold for the field of tissue engineering, when learning about its poten-
tial, demonstrated in the evaluation with different types of cells.

By 2016 [15], in our most recent work we were able to report the obtainment of 
collagen nanofibers using collagen in acetic acid (90% v/v in water) to a final con-
centration of 20% w/v (Fig. 1). This was done with the purpose of demonstrating the 
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preservation of the chemical composition and secondary structure of collagen in the 
obtained nanofibers, with the use of benign solvents. FTIR spectroscopy was used 
to study changes in the secondary structure of type I collagen and the results are 
presented in Fig. 1.

Figure 1a shows the spectra of pure collagen, electrospun collagen, crosslinked 
and denaturalized collagen nanofibers. Indicating that the characteristic bands of 
type I collagen were clearly observed. Obtaining that for all the spectra evaluated 
the amide I (1700–1600 cm−1), amide II (1600–1500 cm−1), and amide III (1300–
1180 cm−1) are present. Demonstrating that the chemistry of collagen in the nanofi-
bers with and without crosslinking is stable, when observing the spectra showing 
that these are identical to the native collagen without processing.

A study about the secondary structure of the obtained nanofibers consisted in 
evaluating the changed of the comprised bands in the amide I region from 1700 to 
1600 cm−1. The second derivative of the amide I data reported the location of four 
intense peaks in 1683 cm−1, 1652 cm−1, 1624 cm−1, and 1617 cm−1, which have been 
reported in the literature to belong to the bands (β-sheets), (α-helix), (triple helix), 
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Fig. 1 (a) FTIR spectra of pure type I collagen sponge, electrospun collagen, and denatured 
(200 °C treatment) collagen and in vitro cellular evaluation of nanofibers. (b) SEM image of col-
lagen nanofibers. (c) SEM image of fibroblasts cultured on collagen nanofibers after 24 h. (d) 
Fluorescent microscopy images of 3T3 fibroblasts (green: nuclei) cultured on collagen nanofibers 
(red). Reprinted with permission from [15]. Copyright 2016 Wiley-VCH Verlag GmbH & Co. 
KGaA
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and (side chains), respectively [44–46]. Indicating that the secondary structure of 
collagen in the collagen nanofibers with and without crosslinking is maintained, in 
comparison to the denaturalized nanofibers, in which changes in the absorption 
were shown from 1620 to 1640 cm−1 indicating a loss in side-chain structures (at 
1617 cm−1) and in parallel β-sheets (1624 and 1628 cm−1). Once the stability of the 
chemical and secondary structure of the nanofibers was confirmed, we performed an 
in vitro study using 3T3 fibroblasts cultured over crosslinked nanofibers, to evaluate 
the capability of the scaffold to promote cellular adhesion. Figure 1c, d shows a 
large number of cells that adhere and spread on the produced electrospun collagen 
fibers. Because of the rise of using benign solvents to prepare nanofibers through 
electrospinning, a new concept has risen called “green” electrospinning [47, 48]. 
This concept has opened the doors to the preparation of nanofibrous scaffolds that 
replicated the different tissues using benign solvents.

Focused on applying the concept of “green” electrospinning, we decided to pre-
pare nanofibers that would replicate osseous tissue. By mid-2016 [15, 49] we were 
able to report the obtainment of collagen nanofibers containing hydroxyapatite, 
which have been previously developed using toxic solvents. The electrospinning 
solution consisted of 0.6 g of collagen, 0.3 g of hydroxyapatite dissolved in 3 mL of 
acetic acid/water at 90%, obtaining the nanofibers under an injection flow of 3 mL/h 
and a voltage of 47 kV. Nanofibers that presented a morphology and rough surface, 
by action of hydroxyapatite immersed in the collagen, in comparison to the pure 
collagen nanofibers. Since the fabrication of the nanofibers was based in the prin-
ciples of “green” electrospinning, this assures the preservation of the chemical 
structure, in addition to the capacity to promote cellular adhesion of the seeded 
preosteoblast [15, 49].

In summary, through the application of “green” electrospinning, it is possible to 
generate a collagen nanofibrous that mimic to a large degree the characteristics of 
the extracellular matrix of tissues, preserving the chemical and secondary structure 
of collagen. This way allowing to offer a promising scaffold to the field of engineer-
ing, with the ability of supporting the different cells that compose tissue in the 
human body.

3  Properties of Collagen Nanofibers

The components of a polymeric solution are key elements towards the outcome of 
nanofibers, mainly because of the influence of electrospinning parameters on the 
polymeric solution [28]. Many researchers have focused on variable compositions, 
solvents, and components that affect solution conductivity to understand how each 
factor helps tune the diameter of the nanofibers [50]. For example, polymer concen-
tration in the solution affects the solvent evaporation rate and viscosity which is 
linked to the fiber stretching, diameter and morphology [50]. The alignment of the 
electrospun nanofiber has high correlation with cell adhesion, growth direction, pro-
liferation and mechanical properties of the tissue [51, 52]. This has aroused interest 
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on figuring out how to control the development of aligned electrospun fibers through 
the electrospinning parameters [53]. Once the collagen scaffold is developed 
through the electrospinning process, in order to preserve its integrity, the crosslink-
ing process is implemented. Crosslinking serves to control the mechanical proper-
ties, preserve its nanofiber morphology and improves degradability, all to mimic 
body conditions. Up next a discussion focused on diameter tuning through concen-
tration variation of the polymeric solution; fiber orientation, and diameter tuning 
through electrospinning parameters and preserve collagen scaffold integrity via 
crosslinking.

3.1  Nanofiber Diameter Tuning Using Polymeric Solution 
Blends

As many efforts to develop an environment capable of mimicking the ECM to 
foment cellular activity, a variety of polymeric blends are an option to modify scaf-
folds morphology. Collagen plays an important role on the ECM and its biological 
properties such as cell recognition, making it an ideal material to use in the develop-
ment of nanofibrous scaffolds but with limited mechanical properties [54]. Several 
works present how the addition of collagen influences solution composition and 
therefore, nanofiber diameter, as is the case of a blend of two biopolymers, such as 
thermoplastic polyurethane (TPU) and collagen. This blend overcomes the limita-
tions of the collagen mechanical properties with the addition of the excellent 
mechanical properties of TPU as shown by Chen et al. [51]. Before the scaffold 
preparation TPU and collagen (80–100 kDa) were dissolved in 1,1,1,3,3,3- hexafluo
ro- 2-propanol (HFP) separately, and then blended at the desired weight ratios and 
stirred at room temperature. The variables studied were weight ratio and concentra-
tion, and the results indicate that the fiber diameter is influenced by both. An inter-
esting trend is that weight ratios with higher quantity of collagen develops smaller 
average diameter fiber, with diameter distribution of 0.10–0.20 μm compared to 
pure TPU with a diameter distribution between 1.2 and 1.6 μm. The reason for 
diameter distribution is that collagen increases conductivity, which increases the 
stretching of the solution, resulting on smaller diameter fibers [51, 55]. To investi-
gate the concentration factor (from 1.5 to 9 wt. % at equal intervals) a fixed weight 
ratio (TPU/collagen 80:20) was established. The outcome was that diameter 
increases as the concentration factor increases: 1.5 wt. %: 0.08–0.12 μm, 3 wt. %: 
0.15–0.20 μm, 4.5 wt. %: 0.2–0.3 μm, 6 wt. %: 0.3–0.4, 7.5 wt. %: 0.3–0.4 μm, and 
9 wt. %: 0.3–0.4 μm. In the two limits, high and low concentration, beads were 
developed because of chain entanglements. The appropriate concentration, after 
experimentation was 4.5 wt. %, with a diameter range from 0.2 to 0.3 μm, for a 
homogeneous nanofiber. This blend solution could produce an effective tissue engi-
neered scaffold, with improved porosity and hydrophilicity, and with a diameter 
dependent on the concentration.
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Another type of polymeric solution is a blend between type I collagen and poly-
caprolactone (PCL) [39]. The ratio between the collagen type I and PCL in the solu-
tion was used to analyze its effect on the nanofiber diameter, varying ratio percent 
from 100 to 0. The average diameters for the collagen percent in the solution blend 
are: 75%: 115 ± 38 nm, 50%: 130 ± 30 nm, 25%: 148 ± 30 nm, 0%: 160 ± 35 nm, 
indicating an increase in diameter as the content of collagen decreases, in other 
words the content of PCL increases. SEM analysis shows that the addition of PCL 
adds a globule structure to the nanofibers while also increases the diameter. The 
explanation for this diameter increment is attributed to the increase in viscosity of 
the solution that forms the electrospun nanofibers. Zhang and his group, in a similar 
work, corroborates that the scaffold diameter decreased from 987  ±  274 to 
689 ± 299 nm as the collagen content increased compare with PCL [56]. These 
approaches served to understand how a balance of natural and thermoplastic mate-
rial are mixed to achieve a biodegradable substrate. An example was the strength 
contributed by PCL and natural structural composition by collagen. Different blends 
of polymers give a variety of results and all of this is indicative of the sensitiveness 
of the electrospinning process.

An approach for vascular regeneration is using a poly-l-lactide (PLLA) and col-
lagen type I blend (1:1) blend. This scaffold proved to differentiate mesenchymal 
stem cells into endothelial cells by the expression of proteins such as platelet endo-
thelial cell adhesion molecule-1 (PECAM-1 or CD31) and Von Willebrand factor 
(vWF) [57]. The blend of PLLA/collagen type I (1:1), produced fibers of 
210 ± 160 nm, in a different proportion, PLLA/collagen type I (3:1) produced fiber 
of 270 ± 120 nm when compared with PLLA fibers 430 ± 90. The reason for a 
decrease of diameter with presence of collagen is due to an increment on solution 
conductivity, which plays an important role in the electrospinning process. Pore 
analysis resulted in 0.273, 0.340 and 0.721 μm for PLLA/collagen type I (1:1), 
PLLA/collagen type I (3:1) and PLLA, respectively. Pore diameter is proportional 
to fiber diameter, and SEM images are shown in Fig. 2. The presence of collagen on 
the PLLA and collagen scaffold decreased the diameter and was found to have 
256% higher proliferation than PLLA scaffold and prove the potential of mesenchy-
mal stem cells to differentiate in vitro in the presence of differentiation media.

The approach of tuning the nanofiber diameter through the solution composition 
is proved to have a direct impact. A balance between biological and mechanical 
properties was reached by the addition of collagen and synthetic polymers respec-
tively, to develop an optimal scaffold. The most common synthetic polymers are: 
TPU, PCL, PLLA, and tend to blend homogenously with collagen. The overall ten-
dency is that the presence of collagen decreases the diameter of the electrospun 
nanofiber and is attributed to the increases in conductivity. The presence of collagen 
on the blend increased proliferation and the scaffold proved to be a viable solution 
for in  vitro experiments and could further serve as ideal scaffolds for tissue 
regeneration.
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3.2  Electrospinning Parameters Impact on Nanofiber 
Alignment and Diameter

A variety of approaches have been investigated to obtain aligned electrospun fibers 
with collagen nanofibers and hexafluoro-2-propanol, such as: spinning onto a rotat-
ing drum, spinning onto a sharp edge of thin rotating wheel, introducing an auxil-
iary electrode or electric field, and others are proposed to develop aligned nanofibers 
[33]. Nanofiber orientation is mostly controlled by the type of collector, for exam-
ple, a rotating collector for aligned and flat collector for random orientation [31–33, 
52, 58]. In addition to the type of collector, tuning of the electrospinning parameters 
can also directly influence nanofiber orientation [15, 59, 60].

The solution composition, as mentioned above, contributes to the diameter of the 
scaffold. Nevertheless, the complexity of the solution also influences fiber orienta-
tion making the outcome of the nanofibers less predictable. A blend of collagen- 
chitosan- thermoplastic polyurethane (TPU), can be categorized as a complex 
mixture which means that the morphology of the scaffold is not only controlled by 
the electrospinning parameters, but also strongly by the conductivity imparted by 
components of the solution [58].

Fig. 2 SEM images of electrospun (a) PLLA, (b) PLLA/COL (3:1) and (c) PLLA/COL (1:1). 
Reprinted with permission from [57]. Copyright 2013 Elsevier
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The conditions to generate aligned nanofibers by Huang et al. [58] was a rotating 
drum (6 cm diameter) at a rotating speed of 4000 rev/min and 12 cm away from tip. 
The nanofibers resulted with average diameter of 256 ± 145 nm. SEM images of 
scaffold obtained with the complex mixture confirmed that a fully aligned scaffold 
is not obtained, when compared with TPU control, Fig. 3. The cause, for not aligned 
nanofibers, is attributed to all the interaction between the components of the com-
plex mixture of collagen-chitosan-thermoplastic polyurethane. The random orienta-
tion was obtained using a flat collector plate wrapped with aluminum foil at 
12–15 cm, with nanofibers average diameter of 360 ± 220 nm. This work highlights 
the fact that electrospinning is a complex system and that solution components play 
an indispensable role in the determination of fiber morphology by means of contri-
bution to molecular weight, conductivity, viscosity and others. The generated scaf-
folds were cultured for 3 days with porcine iliac artery endothelial cells (PIECs) and 
Schwann cells (SCs). The PIECs cells showed a slight orientation on aligned fibers, 
compared with SCs that seem to be more responsive to the seeding matrix, with a 
spindled-shaped morphology on aligned. This confirms that cells are influenced by 
the orientation of the scaffold and sensitive to the morphology.

A flexible wheel with high rotational speed 10–20 m/s is the proposed assembly 
by Zhong et al. [33] to achieve aligned nanofibers. The focus was to study the effect 
of alignment on cell orientation and cell-scaffold interaction. The control group 
were random nanofibers prepared by a nonmoving metal collector. The average 
diameter for aligned was 180 and 250 nm for random and the morphology is con-
firmed with SEM micrographs. The aligned scaffolds have lower porosity due to 
less overlaying of fibers compared with the random. Is important to mention that 
this research group did an optimization experiment and concluded that a rotation 
speed of 5 m/s does not generated aligned fibers and high rotational speed of 25 m/s 
is too strong of a force and breaks the fibers. Therefore, it was established that 
15 m/s as an appropriate rotational speed. This established rotational speed  generates 
thinner aligned fibers because it exerts a pulling force on the solution jet when com-
pared with a static collector.

Fig. 3 SEM micrographs of (a) random oriented collagen-chitosan-TPU and (b) aligned oriented 
pure TPU (control) 5000× magnification. Reprinted with permission from [58]. Copyright 2011 
Elsevier
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Collagen’s versatility is taken in advantage by developing a composite collagen 
structure [61]. The combined technologies are gel and electrospinning to achieve a 
three-dimensional hybridized collagen implant to mimic tendon architecture. The 
reason for the composite is to obtain a more voluminous collagen scaffolds, a 
requirement for tendon implants. This is achieved by the addition of a collagen gel 
to collagen fibers both being promising matrixes for tissue engineering [62]. The 
polymeric solution consists of acetic acid and collagen type I, 7.5 w/w % collagen. 
The aligned collagen fibers were constructed via an assembly consisting of two dual 
plates device, 2.5 × 0.5 cm copper strips, 4 cm away from needle tip, attached with 
Gluseal to 1 cm gap of quartz glass [61] Fig. 4. The fibers alignment is attributed to 
the electrical resistivity of the gap substrate, quartz glass with 1020 Ωm, in which the 
fibers were collected. Also, the distance between the gap contributes to fiber align-
ment with the tendency that narrow plates developed more aligned fibers. The poten-
tial difference is incremented with the additions of an insulating material between 
the copper strips and is increased by decreasing the distance of the gap which leads 
to the align fiber organization along the quartz glass surface. The aligned fiber 
resulted with a diameter of 272 ± 183 nm, and later was mixed in a chamber with 
collagen solution to develop the collagen composite, overall to induce proper heal-
ing and recovery, attributed to the presence of the types of collagen, gel and fibers.

Nanofibers develop by Prabhakaran et  al. [63], consisted of poly(3- 
hydroxybutyrate- co-3-hydroxyvalerate (PHBV) and collagen. Two different ratios 
were evaluated PHBV:collagen solution 8 w/v. % at 75:25 and 50:50. The solution 
preparation is not directly discussed only that is blended and deposited on syringe. 
Random fibers were produced by a flat aluminum collector (Fig. 5a) and the aligned 
fibers by the collection of the fiber on a rotating drum set to 2400 rpm, (Fig. 5b). The 
electrospinning parameters consisted of 12 cm as the distance between flat tipped 
spinneret, flow rate 1 mL/h, and 15 kV. The syringe containing the polymeric solution 
as assembled in a vertical position, ejecting down towards the collector. The aligned 
fibers using a rotating cylindrical drum, had diameter between 205 ± 50 nm for 
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Fig. 4 Electrospinning assembly. Adapted from [61]
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75:25 ratio and 229 ± 65 nm for 50:50 ratio and the random fibers had an overall 
diameter of 472 ± 85 nm. The cell-scaffold interaction was analyzed using PC-12 
cells at day 8, higher proliferation of 34.30% for random and 40.00% for aligned 
fibers relative to PHBV nanofibers.

Ouyang and his group were able to develop a seamless 3D nanofibrous nerve 
conduit due to collagen’s high biocompatibility and the strength of the synthetic 
polymer poly(lactic-co-glycolic acid) [64]. The focus was aligned nanofibers pro-
duced via a new approach of the electrospinning technique. The polymeric solution 
is a blend 25/75 collagen/PLGA; 8% collagen and 12% PLGA were first dissolved 
separately overnight on 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). The mandrel 
that served as the collector for the aligned nanofibers was composed of three parts: 
two metal sides and an insulator that separated the two metal sides. The general 
mechanism that made possible the fibers alignment is by the potential difference 
developed by the insulating material and the two metal sides causing the deposit 
fibers to align along the longitudinal axis of the mandrel as it rotates (Fig. 6) [64]. 
The advantage of this assembly is that diameter of the nanofiber can be modified 
through mandrel sizes and nanofiber diameter can range from 1 to 10  mm. The 
obtained average diameter of aligned and random collagen:PLGA was 766 nm and 
834 nm, respectively. Once again this highlights the versatility of electrospinning 
which eliminates the process of conduit rolled that provoked discontinuous joint 
and inconsistent size. A brief in vivo experiment was developed to regenerate 13 mm 
sciatic nerve defects and these were compared between randomly, aligned conduits 
and autograft. Results confirmed that alignment promotes better motor function, 
axonal conduction and Schwann cell morphology when compared with random. 
The autograft resulted better on axon regeneration, myelination, action potential 
propagation, neuromuscular transmission and functional recovery, when compared 
with aligned seamless 3D nanofibrous nerve conduit.

Fig. 5 Electrospinning assembly; (a) random fibers on flat aluminum collector; (b) aligned fibers 
on rotating drum collector. Adapted from [63]
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In our most recent work, the objective was to evaluate the effect of the flow rate and 
voltage in the diameter and orientation of the electrospun fibers [15, 49]. The par-
ticularity of this work when compared to others is the composition of the polymeric 
solution. The components of the solution are: pure collagen type I and a non- toxic 
solvent, acetic acid. Previous presented literature had the necessity to use a blended 
polymeric solution of synthetic and natural polymers to produce electrospun nano-
fibers and achieve promising mechanical properties.

The experiment consisted on varying the flow rate from 0.5 to 3.0 mL/h, at a 
constant voltage of 45 kV and another round varying the voltage from 25 to 45 kV, 
with a constant flow rate of 1.5 mL/h. The observed trends were decrease in diam-
eter, from approximately 400 to 200 nm, as the voltage increases and increase in 
diameter, from approximately 160 to 350 nm, proportional to the flow rate (Fig. 7). 
A trend for fiber orientation was observed: for a constant voltage of 47 kV, aligned 
fibers were obtained with high flow rate 5 mL/h and random fibers with low flow 
rate of 1 mL/h, both validated with SEM. The orientation is confirmed with orienta-
tion histograms and normalized orientation index (NOI). A 58.9% NOI correspond 
to random orientation and 90% NOI to aligned orientation. The average fiber diam-
eter for aligned orientation was 202.47 nm and for random 117.52 nm. The aligned 
nanofiber had a larger diameter because it was produced with a high flow rate which 
means more solution available at the tip of the syringe for the same voltage to 
stretch. Is important to mention that the collector used was a rotational drum, what 
suggests that random and aligned fibers can be obtained with a rotation drum by 
controlling the flow rate, even though other researchers used rotational drum only 
for aligned electrospun fibers.

Fig. 6 Electrospinning assembly. Adapted from [64]
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The overall electrospinning parameters based upon recent literature are the 
following: flow rate of 1 mL/h, voltage range from low as 15 kV and a maximum of 
47 kV, tip-collector distance range from 10 to 15 cm, needle-inner diameter 21-G 
and 22-G. The type of polymers used goes from natural to synthetic and all contrib-
ute in different ways to the end product and each of the components interacts differ-
ently with the electrospinning parameters [65]. Variation in polymer concentration 
along with the solvent, tunes the diameter size of the electrospun fibers [39, 56, 57]. 
It is important to emphasize that fiber orientation and diameter define the scaffold 
morphology which provides the biochemical and biomechanical cues for the cell 
environment, and further stimulate tissue regeneration [65]. Fiber orientation is 
mainly achieved through a rotational drum as a fiber collector, although our most 
recent work serves a platform to evaluate that alignment can be modified through 
the flow rate [15, 31, 33, 49, 52]. Electrospinning parameters clearly impacts fiber 
diameter and alignment along with polymeric solution concentration. This tech-
nique along with natural polymer collagen combined to truly innovate and contrib-
ute to the future of biomaterial to mimic ECM.

3.3  Mechanical Properties in Relation to Crosslinking

The structural integrity of collagen is key to simulate the native collagen and its 
morphology is preserved through the crosslinking process, which allows collagen 
scaffolds to withstand body conditions [66]. Crosslinking agents also known as 
crosslinkers are molecules that form covalent bonds with functional groups (pri-
mary amines, sulfhydryls, etc.) [67]. Some of the ones often found in literature are: 
glutaraldehyde, formaldehyde, and N-(3-dimethyl-aminopropyl)-N′-ethyl carbodi-
imide hydrochloride (EDC) [33, 68]. The products developed by electrospinning 
possess high degradability, especially the ones in which the main component is 
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collagen, due to the low melting point and quick denaturation [33]. This high 
degradability limits the product to endure an aqueous environment, like in  vitro 
conditions, and body temperature [69]. The crosslinking technique not only 
improves the degradability of nanofibers; it also impacts the mechanical properties. 
The tensile strength of a specific tissue can be simulated on a biomaterial by 
variation on the type of crosslinkers, method of application and time of reaction 
[70]. The assembly for the crosslinking technique is not mentioned in most of the 
literature. Presented below are several crosslinkers, mechanical properties, and 
possible assemblies that have been found in literature.

Zhong and colleagues developed electrospun fibers with collagen nanofibers and 
hexafluoro-2-propanol (HFIP). The scaffold was crosslinked with 30% glutaralde-
hyde vapor for 48 h at room temperature to obtain a physically stable product and 
study its effects in vitro with fibroblast culture [33]. To remove the unreacted glutar-
aldehyde, an additional solution of 0.002M glycine is added, followed by a wash 
with deionized water for 20 min. Glycine is an amino acid which is used to quenched 
the residuals of crosslinkers such as, glutaraldehyde and formaldehyde [71]. SEM 
images confirmed the integrity, meaning unchanged orientation and overall porous 
morphology of the fibers. The surface roughness of the nanofiber was analyzed by 
atomic force microscopy (AFM), in Ra which is the arithmetic mean value of the 
surface roughness. The results for crosslinked random fibers was 60 Ra, and for 
uncrosslinked random fibers, 90 Ra. The water content, which is measured in water 
contact angle, was increased from 13° to 30°, which confirms the effectiveness of 
the crosslinking process.

The surface roughness analysis shows that the crosslinked nanofiber had 
smoother surface compared with uncrosslinked nanofiber, due to the washing steps 
needed on the crosslinking method, for both random and aligned [33]. Increase in 
water contact angle measurements helped confirm the reduction of the hydrophilic-
ity, and prove the reaction of the glutaraldehyde and collagen amine groups. The 
contact angles for aligned collagen fiber and random collagen fiber were 26° and 
11°, respectively. After crosslinking the new contact angles for the collagen fibers 
were: 41° for aligned and 30° for random. The morphology of the electrospun fiber 
influence on the water contact angle, for example, larger contact areas on random 
oriented fibers leads to higher surface spreading and a lower contact angle (higher 
wettability). The applied crosslinking process with 30% glutaraldehyde vapor for 
48 h gave positive results being able to enhance the structural integrity of the elec-
trospun fibers.

Products for wound healing application, first needed to go through crosslinking. 
Rho et al. [6] has a very similar product and also applied a very similar crosslinking 
process as Zhong et al. [33]. Nanofibers of collagen type I and 1,1,1,3,3,3- hexafluo
ro- 2-propanol (HFIP) were exposed to less time of reaction 12  h, 0.1M glycine 
instead of 0.002M glycine and glutaraldehyde solution was 25% rather than 30% 
[6]. Overall results showed a decrease in porosity from 89% to 71%. Is important to 
understand that each variation will have a different impact on the mechanical prop-
erties of the fibers and because of that, it is crucial when those parameters are being 
defined. This research group used a very simple yet important test that helps define 
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the appropriate time of crosslinking reaction needed to prove its effectiveness. This 
weight loss (%) of collagen matrix consist of weighting the dried fiber before and 
after immersion on distilled water for 1 h for different times of crosslinking expo-
sure and example of the plot is shown on Fig. 8a.

The crosslinking time of reaction defines the time of exposure in which the cova-
lent bonds between the glutaraldehyde and amine collagen are formed [66]. This is 
very useful to determine the time in which the nanofiber is no longer absorbing 
significant quantities of water, proving the effectiveness of the crosslinking, which 
was identified to be 12 h. The SEM images on Fig. 8 before crosslinked (b) and after 
crosslinked (c) represent the reduction in porosity from 89 to 71%, along with the 
pore volume decreased from 9.328 to 1.566 mL/g, although it is believed that the 
matrix achieved higher dimensional stability in aqueous medium. The mechanical 
test of tensile strength matches commercialized products, at dry state, as the colla-
gen matrix (0.2 mm thick) tensile strength was above 10 MPa, although when wet, 
the tensile strength was 7.40 ± 1.17 MPa, less than commercially product Resolut® 
LT with 11.72 MPa. Shape and stability were maintained under in vivo procedure 
and this proved the effectiveness of the crosslinking technique.

As mentioned earlier the assembly for the crosslinking technique remains a mys-
tery but Huang et al. [58] work is one on the few that mentioned several details 
about the assembly for the crosslinking process. It consisted of a desiccator, Petri 
dish with 10 mL of 25% glutaraldehyde and a fixed membrane on a glass frame in 
the upper layer of the desiccator, at room temperature for 2 days. The main purpose 
was to solve the issue of the collagen-chitosan-TPU scaffold degradation for 
 application as a tubular scaffold to mimic the native artery, which is reported to have 
a tensile strength of 1.5 MPa. The crosslinking with glutaraldehyde had a positive 
influence on the tensile strength but a negative influence on the average elongation 
at break, making the scaffold stiff and brittle.

Fig. 8 (a) Weight loss of the collagen nanofibrous matrix by cross-linking time. Weight loss of the 
collagen nanofibrous matrix by cross-linking time. (b) Collagen non-crosslinked fibers. (c) 
Collagen crosslinked nanofibers Reprinted with permission from [6]. Copyright 2006 Elsevier
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The thermoplastic TPU is a key component that solved that issue, since it helped 
to improve elasticity depending upon the ratio, which was set to be higher than 25% 
[58]. Both tensile strength and elongation at break had significantly different results 
based on the type of direction being analyzed, parallel or perpendicular. The tensile 
strength results for aligned scaffold on parallel direction was, 14.93  ±  0.59 and 
5.04 ± 0.95 MPa for perpendicular. The elongation at break for parallel direction 
was 58.92 ± 15.46% and for perpendicular direction was 8.20 ± 0.84%. This marked 
difference is attributed to the orientation of the fracture. This indicates the impor-
tance of fiber orientation combined with crosslinking. The elongation at break for 
random non-crosslinked fibers was 61.30 ± 3.88 and 9.87 ± 1.77% for crosslinked 
fibers.

A variety of synthetic and natural crosslinking agents impact the dimensional 
stability and cytocompatibility of electrospun collagen scaffolds, [68]. The syn-
thetic and natural crosslinking agents that have been used are: genipin, glutaralde-
hyde, EDC and EDC with N-hydroxysulfosuccinimide (EDC-NHS). The structural 
integrity of the scaffolds was evaluated by an in vitro immersion study for 3 months 
and cytocompatibility with human mesenchymal stem cell. Two methods were 
implemented, glutaraldehyde vapor and liquid (immersion) for genipin, EDC, and 
EDC with EDC-NHS. The composition of the prepared crosslinking agents were: 
glutaraldehyde (0.5%) in deionized water (DI) for 19 h exposure, 200 mM EDC in 
ethanol for 18 h, 200 nM EDC with 200 m NHS in ethanol for 4 h, and genipin in 
(1, 5, and 10%) in ethanol for 72 h at 37 °C. The collagen scaffold retained fiber 
morphology for 10% genipin and EDC, EDC-NHS for up to 3 months. Genipin 
concern was that it required extra washing step, which is dependent upon the amount 
used of genipin, this is important cause it affects the cytotoxicity in culture medium. 
The degradation of the scaffolds crosslinked with EDC, EDC-NHS is related with 
the content of free amino groups which was slowly with time. Overall results indi-
cate that EDC and EDC-NHS not only retained fiber structure long-term but also 
support cell viability.

EDC is a widely used crosslinking agent, and for the first time it was compared 
with 1,4-butanediol diglycidyl ether (BDDGE) [41]. Is the first time that BDDGE is 
used as crosslinking agent, especially for collagen electrospun fibers, and is less 
toxic than glutaraldehyde, because of residual and unstable glutaraldehyde poly-
mers may be retained in the crosslinking procedure [72]. For the two agents, EDC 
and BDDGE, the solution was 5% w/v in EtOH, the methodology consisted of scaf-
fold fix at CellCrown® 24 plastic rings and immersed in crosslinking solution 37 °C 
for 7 days. Two types of collagen fibers were developed one using tri-fluoroethanol 
(TFE) as solvent and other fibers using acetic acid (AcOH) as solvent to evaluate the 
effect of crosslinking in both. The nanofibers developed with TFE as solvent had 
10 wt. % collagen concentration and resulted in fiber diameter 320 ± 80 nm and the 
ones prepared with dilute acetic acid (AcOH) with 30 wt. % collagen concentration 
with a diameter of 150 ± 30 nm. SEM characterization, revealed that collagen scaf-
fold crosslinked with BDDGE retained fiber morphology, unlike the collagen scaf-
fold crosslinked with EDC that lost its porous morphology because of fiber swelling. 
The mechanical properties are dependent upon the crosslinking agents (EDC and 
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BDDGE) and solvents (AcOH and TFA). EDC crosslinking agent resulted with the 
highest elastic modulus and stress at break when compared with BDDGE agent. 
The elastic modulus results for EDC crosslinking agent were the following: 
870 ± 160 MPa for electrospun fibers with AcOH solvent and 860 ± 80 MPa for TFE 
solvent. The elastic modulus results for BDDGE crosslinking agent were the fol-
lowing: 590 ± 190 MPa for AcOH solvent and 160 ± 30 MPa for TFE solvent. The 
stress at break results for EDC agent had no significant difference between solvents 
with a value of 12.3 ± 0.1 MPa. The stress at break for BDDGE agent had a different 
value for each of the solvents 6 ± 1 MPa for AcOH and 12 ± 3 MPa for TFE. Both 
crosslinking agents improved the mechanical properties of non-crosslinked electro-
spun which had an average elastic modulus of 86  MPa and a stress at break of 
1.5 MPa. Clearly crosslinking improved the mechanical properties of the electros-
pun collagen scaffold by orders of magnitude.

On our most recent work on crosslinking collagen electrospun fibers, we com-
pared the mechanical properties of the electrospun nanofibers with two crosslinking 
techniques: immersion and vapor exposure both using a 25% glutaraldehyde solu-
tion [15, 49]. The assembly consists of a hollow top in which the scaffold is fixed to 
avoid shrinking. On the bottom of the container the glutaraldehyde solution was 
placed and the humidity was controlled between 35 and 50%. The time of exposure 
for the vapor method was 18 h, and 1 min for the immersion method. SEM charac-
terization Fig. 9 confirms the integrity of collagen nanofiber after vapor exposure (a) 
and after thermal test with 37 °C water (b). The immersion technique has a Young’s 
modulus of 4.1  ±  0.5  MPa and an elongation at break of 29  ±  15%. The vapor 
method reported a Young’s modulus of 2.7 ± 0.7 MPa and an elongation at break of 
38 ± 7%. These results help understand how each method can be used to deliver 
water stable fibers with tunable mechanical properties in order to adapt it to the 
native tissue.

The crosslinking impact on the electrospun fibers depends upon the components, 
external parameters, and many other factors [66]. Crosslinking is a very sensitive 

Fig. 9 (a) Crosslinked nanofibers, (b) crosslinked nanofibers after exposure to water at 37 °C. 
Reprinted with permission from [15]. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA
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method, and each researcher should test and prove each technique to evaluate the 
results of their product. The most common crosslinking agents are glutaraldehyde, 
by the vapor method, and EDC by immersion. These findings contribute to tissue 
engineering; it opens the possibility to generate and modify a scaffold that eventu-
ally will help regenerate and reestablish tissue functions. The crosslinking method 
is a crucial step in order to achieve the biomaterial capable to possess the mechani-
cal properties of the native tissue [67].

4  Biomedical Applications

Nanofibrous collagen scaffolds fabricated using the electrospinning process have 
shown to possess excellent biocompatibility and properties that are necessary for 
tissue engineering [18], and have been presented throughout this chapter. They have 
been able to mimic the ECM of native tissue, facilitating cell proliferation and 
attachment [19]. These scaffolds can, therefore, be applied for the regeneration of 
nerve [20], bone [21], skin [6], tendon/ligament tissue [22], and vascular grafts [23], 
among others, by providing promotion of function and tissue repair, both in vivo 
and in vitro. This section focusses on several biomedical applications of collagen 
nanofibers that are useful for tissue regeneration and function.

4.1  Nerve

The nervous system has a leading role in the human body, controlling the function 
of the different organ systems and physiological processes. Injuries to the central 
and peripheral nervous systems can cause many problems to a patient’s everyday 
life and could therefore benefit from different tissue engineering strategies to facili-
tate regeneration, such as electrospun collagen nanofibers, providing a good plat-
form for nerve repair [18]. Because nerve regeneration in an injured spinal cord is 
usually limited, it contributes to the devastating outcome of neurologic impairment 
below the site of injury and these tissue-engineered scaffolds have evolved as a 
potential treatment method [18].

Nanofibers mimic the natural extracellular matrix and have therefore been evalu-
ated as potential applications for spinal cord injury both in vivo and in vitro by [18, 
38]. These researchers had two main goals, to evaluate topographical effects on 
astrocyte behavior and to demonstrate the feasibility of using electrospun nanofi-
bers for the treatment of acute spinal cord injury (SCI) using a rat hemi-section 
model. Type I collagen aligned and random nanofibers were fabricated using 
 collagen extracted from rat-tails with 90% acetic acid, instead of HFIP, to prevent 
the denaturation of collagen [38]. Primary astrocytes from rat embryos were first 
seeded in collagen-coated class and randomly oriented or aligned collagen nanofi-
bers [38]. The best response of astrocytes was observed in aligned nanofibers, which 
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exhibited an elongated morphology. Nonspecific orientation on randomly oriented 
fibers and collagen-coated glass only, was observed [18, 38]. In addition, the elon-
gation factor and cell shape index were significantly higher when using aligned 
nanofibers than those with random fibers or glass cover slips. Although cell shape 
index on aligned fibers was significantly higher, they suggested that astrocytes did 
not truly demonstrate morphological changes and that a higher cell shape index 
could have been likely caused by the elongated morphology in response to aligned 
nanofibers instead of enhanced cell activation [38]. Dorsal root ganglia were also 
seeded onto sterilized random and aligned scaffolds and coated glass. Neurite out-
growth from dorsal root ganglia explants followed the orientation of aligned fibers 
[38]. They then proceeded to form collagen scaffolds into spiral tubular structures 
by rolling the wet crosslinked scaffolds into tubes of four to five layers.

These researchers created the lesion on a rat hemi-section model and implanted 
the tubular structure. At days 10 and 30 post implantation, cellular penetration into 
the collagen fiber constructs was observed. Scaffolds with aligned fibers appeared 
more structurally intact at day 30 [18, 38]. They evaluated the lesions for 30 days 
due to previous research that indicated that 30 days should be enough to observe 
significant neural regeneration useful for analyses of structural recovery of the 
lesion [73].

Fluorescent images of the implanted area were taken after 10 and 30 days on 
both aligned and random nanofibers. Immunofluorescent staining showed a large 
number of macrophages on day 10 and a drastic increase by day 30. This significant 
decrease in cell density by day 30 allowed this group of researchers to suggest that 
there was a reduction in acute inflammatory response and therefore that the collagen 
scaffolds were biocompatible with the native tissue. Astrocytes with GFAP staining, 
were found in the borders of the implanted area. This is very significant because it 
has been demonstrated that astrocytes, like other glial cells, prevent the successful 
regeneration of the axon after a spinal cord injury [38]. Therefore, it is important for 
these astrocytes not to appear in the implanted area. Coupled with the ability to sup-
port and direct neurite outgrowth, electrospun collagen scaffolds may be more 
favorable than collagen introduced in 2D format for SCI repair [38]. Finally, 
Masson’s trichrome staining results indicated that the tubular structures were all 
retained after implantation and cell penetration into the scaffolds was observed. 
These findings indicated the feasibility of fabricating electrospun collagen nanofi-
ber 3D spiral structures and their potential use for SCI repair [38].

Improving axonal regeneration by combining seeding cells with scaffolds has 
also been an effective method [18]. Boecker and his research team implanted a pre- 
differentiated MSC-seeded micro-structured collagen nerve guide (Perimaix) in a 
20 mm rat sciatic nerve defect [74] and saw that these cells helped in axon regenera-
tion into the Perimaix nerve guide. MSC-seeded Perimaix nerve guide could lead to 
functional recovery similar to autologous nerve transplantation [18]. Bozkurt et al. 
have also managed to achieve similar results using a 20 mm rat sciatic nerve bridged 
with the same collagen-based nerve guide (Perimaix), but using Schwann cells as 
the seeding cells [75]. These provided a valuable effect on myelination within the 
scaffold [75].
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Additional research findings showed that supplementary physical stimulation 
such as ultrasound [76], magnetic field [77], electric [78], and laser [79] could 
enhance functional recovery of peripheral nerve injuries. These physical stimula-
tions combined with electrospun scaffolds could be introduced to promote the repair 
of injured nerves. Therefore, the use of collagen nanofibers has provided biomim-
icking signals [38] in addition to showing the topography, especially in aligned 
nanofibers, for neural tissue engineering and the enhancement of Schwann cell 
maturation, among other types of cells [38].

Injuries in the nervous system can cause many problems in a patient’s life. 
Therefore, advances like the ones observed here such as astrocyte behavior at the 
lesion site, macrophage density decrease for spinal cord repair and axonal regenera-
tion by combining cells with scaffolds, could be beneficial to facilitate nerve regen-
eration [18]. Electrospinning of collagen nanofibers for nerve repair have provided 
a good platform, due to their biomimicking signals, their topography and their 
aligned morphology for neural tissue engineering in addition to enhancing cell 
attachment and proliferation.

4.2  Bone

The main challenge of bone tissue engineering is the fabrication of a bone graft that 
can mimic the ECM of tissues with the necessary bone mineralization [21]. To 
develop fibers with these specifications, different biocompatible composite materi-
als, such as nanohydroxyapatite (HA) have been used to fabricate nanofibers, in 
addition to collagen [80, 81]. Because collagen and hydroxyapatite are two major 
components of the ECM, these have been highlighted to have advantageous features 
when used for tissue engineering applications [80]. Prabhakaran et al. fabricated 
composite nanofibers of PLLA, type I collagen and hydroxyapatite, using the elec-
trospinning technique [18]. They suggested that these membranes could improve 
the proliferation and mineralization of osteoblasts, which could therefore help in 
bone regeneration [21, 80]. Figure 10 shows SEM images of PLLA, (a) PLLA/HA 
(weight ratio: 80:20), (b) and PLLA/collagen/HA (weight ratio: 40:40:20) (c) com-
posites, which displayed HA particles that have been embedded in the nanofibers. 
The topography of the nanofibers play an important role in cell behavior, for pro-
cesses such as adhesion and proliferation [38]. In all the blends, HA is at a low ratio 
in comparison to PLLA and collagen because the purpose is to obtain continuous 
nanofibers, while having a large amount of HA can produce broken ones [80].

In their study, human fetal osteoblasts were cultured and seeded on PLLA, 
PLLA/HA, PLLA/collagen/HA and tissue culture polystyrene as control. Cell pro-
liferation was monitored every 5 days for 20 days in total. These showed to adhere 
and actively grow on all combinations of nanofibers, but the highest proliferation 
occurred on cells seeded over PLLA/collagen/HA nanofibers [18]. These were 
found to be 41%, 24% and 11% higher compared to PLLA/HA scaffolds after day 
10, 15 and 20, respectively [21]. These showed enhanced mineral deposition of 57% 
higher than the PLLA/HA nanofibers [18, 80].
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In another study by Chen et al., an internally structured collagen/HA scaffold 
was fabricated. They found that the porosity and compressive modulus could be 
regulated depending on the collagen proportion [18]. The porosity decreased 
while the compressive modulus increased with an escalation in the collagen pro-
portion [76]. The scaffold with a high collagen proportion also had the best per-
formance of MSCs’ viability, proliferation and osteogenic differentiation in 
contrast to those with low proportion of collagen [18, 76]. Finally, in vivo studies 
demonstrated a significant effect in cell infiltration, meaning that controlling the 
internal structure of a collagen/HA scaffold can provide an efficient carrier to 
repair bone [76].

Fig. 10 SEM images. (a) PLLA (fiber diameter 860 ± 110 nm) (b) PLLA/HA (fiber diameter: 
845 ± 140 nm) (c) PLLA collagen/HA nanofibers (fiber diameter: 310 ± 125 nm). Reprinted with 
permission from [21]. Copyright 2009 Elsevier
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To provide the necessary characteristics for a good bone graft in orthopedic 
applications, a combination of structural, biological and mechanical properties are 
important for cell seeding, proliferation and formation of new tissue. PLLA/colla-
gen/HA scaffolds were fabricated by the electrospinning process and osteoblasts 
were grown on these scaffolds, showing cell adhesion. In addition, studies have 
shown that as the collagen proportion increases, MSCs viability, proliferation and 
osteogenic differentiation increases [18, 76]. This allows for the conclusion that 
these nanofibrous scaffolds show great potential for cell proliferation, adhesion and 
mineralization, which could be promising for bone tissue engineering [21].

4.3  Dermal (Skin) and Wound Healing

The skin is the largest organ in the body. Several of the most commonly used skin 
substitutes, such as allografts and autografts, have shown that they are not able to 
solve for problems caused by extensive skin loss. Therefore, many researchers have 
directed their work to tissue engineering in order to promote the regeneration of the 
skin [18]. Collagen is the most important dermal replacer used in various forms 
[82]. Rho et al. used the electrospinning of type I collagen to yield nanofibers and 
observe if they accelerate early wound healing response [6, 18]. They also observed 
the effects of cell behavior, cell and collagen nanofiber interactions and examined 
open wound healing in rat [6]. Normal human oral keratinocytes (NHOK) were 
isolated from epithelial tissue of healthy volunteers undergoing oral surgery, pre-
pared and cultured [6]. Their results showed that scaffolds promoted cell adhesion 
and the spreading of human keratinocytes in vitro. Because adhesion to nanofibers 
alone was relatively low, they added several different ECM proteins such as fibro-
nectin, type I collage and laminin to promote adhesion and proliferation. Results of 
these studies showed that type I collagen and laminin are both functionally active in 
cell adhesion of normal human keratinocytes [6].

Figure 11 shows the results of open wound healing test where the collagen scaf-
fold accelerated the disappearance of the surface tissue debris and proliferation of 
fibroblasts in the early stages of wound healing after 4 weeks [6]. As can be observed 
in the Fig. 11c, d, those containing the collagen nanofibers, show the accelerated 
decrease in debris when compared to the controls at week 1 and 4, Fig.  11a, b, 
respectively. In addition, inflammatory cells disappeared and connective tissue was 
able to form [6].

In another study, dermal injuries were done on adult guinea pigs and treated with 
scaffold composed of electrospun type I collagen after being vapor crosslinked to 
varying degrees [83]. They treated each wound with a scaffold and covered it with 
a piece of silver gauze that was sutured in its place for 5–7 days. To track the healing 
process, the total wound surface area as a function of time and treatment was mea-
sured [83]. Results showed that when crosslinking was increased to 70%, wound 
surface area was increased dramatically, which indicated increased regeneration. 
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This metric has been used to analyze the results because interventions that reduce 
wound contraction have been associated with less scaring and a more complete 
regeneration of tissue [84].

Many researchers have directed their work to tissue engineering to help promote 
the regeneration of skin [18]. Collagen has become one of the most important der-
mal replacers in various forms. Therefore, a collagen nanofibrous scaffold was pro-
duced using the electrospinning process and introduced for applications of wound 
healing. Results of these different studies have shown that type I collagen and lam-
ina are both active in adhesion of human keratinocytes [6]. In addition, as crosslink-
ing is increased, wound surface area was increased, indicating increased 
regeneration of tissue. These findings are very useful for advances in dermal repair 
and regeneration.

Fig. 11 Photomicrographs of wound healing of rat skin; control group at 1  week (a), control 
group at 4 weeks (b), collagen nanofiber group at 1 week (c), and collagen nanofiber group at 
4 weeks (d). Reprinted with permission from [6]. Copyright 2006 Elsevier
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4.4  Tendon/Ligament Tissue

Tendons and ligaments are fibrous connective tissue and collagen forms 70–80% of 
them [18, 85]. They both have weak regenerative properties and do not completely 
recover from lesions [18]. Therefore, a collagen scaffold can provide a good way to 
repair or regenerate ligaments and tendons [18], because it is the main load-bearing 
component of the ECM and contains the mechanical strength to provide the struc-
tural required [86]. Gigante et  al. used an oriented collagen type I membrane, 
because fiber orientation provides a pattern for cell growth and alignment that mim-
ics that seen in normal tendons, to study the regenerative properties of tendons by 
grafting it into the central section of the patellar tendon of a New Zealand white 
rabbit [22]. Twelve rabbits with a weight of 3 ± 0.5 kg were selected because of their 
similarity between their knee and the human knee system [87]. The central part of 
the patellar tendon was explanted from each animal and the collagen membrane 
was grafted.

Results showed the integration of both the collagen membrane with the native 
tissue and the tendon with the collagen membrane [18, 22]. Fibroblasts cells were 
detected on the surface and deeper layers of the membrane after 1 month of implan-
tation. In addition, the orientation and vascularization of collagen in treated tendons 
and controls were observed after 6 months. Lesions containing the collagen nanofibers 
showed good orientation and a vessel in a dense connective tissue, with a reduction 
in cell density. No inflammatory reactions were observed. Meanwhile, control 
lesions demonstrated the formatted of a rough area, such as scars and vascularization 
associated with a loose extracellular matrix [18, 22].

This study indicated that a collagen type I membrane can serve as an effective 
tool for tendon repair and healing without any adverse side effects. This because 
these fibers can mimic the structure of tendons and ligaments [18], providing 
the necessary characteristics for promoting cell attachment and proliferation and 
therefore help in the regeneration of tendon/ligaments.

4.5  Vascular Grafts

Many fabrication techniques have been used through the years to produce vascular 
scaffolds [88–90]. These scaffolds have been created with the ideal characteristics 
necessary for vascular grafts to be used for clinical purposes [18]. Lee et al. devel-
oped a fibrous scaffold of a blend of PCL and collagen type I from calf skin using 
the electrospinning technique [74] and crosslinked in 2.5% glutaraldehyde for 6 h to 
increase strength and stability. To study the tensile properties of the scaffold, they 
were prepared into tubes of 15 mm length, 5 mm inner diameter and 0.3 mm of 
thickness and measured using an uniaxial load test machine to achieve results of 
yield strength, tensile strength, Young’s modulus and elongation at break from a 
stress-strain curve created [23]. On the other hand, to study the burst pressure 
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strength, the pressure was increased within the tubular scaffold until a failure 
occurred. For biological studies, smooth muscle cells and endothelial cells from 
bovine carotid artery were seeded on the scaffolds, performing MTS assays at days 
1, 3, and 7 to determine cell viability. Biological activity was determined by study-
ing the ability of these types of cells to proliferate in the scaffolds. Finally, to evalu-
ate cell morphology and adhesion, the cells were seeded on the scaffolds and 
incubated for 4 h to allow the cells to adhere. After 48 h, the cells that adhered were 
evaluated using SEM and staining [74]. The bECs and bSMCs were able to attach 
to the surface of the PCL/collagen scaffold. The bSMCs formed various cell layers 
on the outer region of the tubular scaffold, while bECs formed a single layer on the 
inner surface of the scaffold. SEM images also showed a layer of bECs on the lumen 
while bSMCs are seen on the outside of the scaffold.

This membrane’s uniaxial tensile properties showed that it initially has an elastic 
behavior, but is followed by stiffening, which is not unlike the behavior observed in 
native tissue. The elastic and elongation of this PCL/collagen scaffold was closer to 
that of native tissues, although ultimate tensile strength and elongation at break 
were decreased when adding collagen to the PCL blend. This membrane also 
resisted high degrees of pressure for longer periods of time, with a burst pressure 
ranging between 4760 and 5070  mmHg, much greater that physiological blood 
pressure seen in patients, demonstrating that these scaffolds have excellent strength 
and may be developed to substitute native blood vessels [74]. In addition, this mem-
brane provided a favorable environment for the growth of vascular cells and showed 
excellent biocompatibility with smooth muscle cells and bovine endothelial cells in 
comparison to latex, which is what these researchers used as a control.

The fabrication of vascular scaffolds has been done through many different tech-
niques, being the most recent the fabrication of scaffolds with the ideal characteris-
tics necessary for vascular grafts to be used in clinical purposes. The results of the 
study explained above indicate that these developed PCL/collagen scaffolds may be 
used with vascular cells to create vessels that would be able to withstand physiologi-
cal conditions due to their high burst pressure and their excellent strength, among 
the many other characteristics evaluated [74].

5  Future Studies

Electrospun nanofibers are rapidly moving towards commercialization due to their 
many applications in a wide range of industrial fields such as biotechnology, phar-
maceutics [91], filtration, composite materials and medical [92]. Collagen has many 
properties that make it very attractive for application in biotechnology, including its 
biocompatibility, biodegradability, low inflammatory and cytotoxic responses, low 
antigenicity, high water affinity and availability from a variety of sources [93]. It has 
become evident that a scaffold that mimics the mechanical structure of the extracel-
lular matrix is not enough to be successful for these applications, they must also 
promote a natural state of differentiation of the cellular components [93].
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The scaling-up process, therefore, has a lot of space to improve, starting with the 
implementation of methods allowing for an increase of product reproducibility [91]. 
A high volume of production is especially necessary for biomedical applications, 
like the ones collagen nanofibers are intended to be used for, including the design of 
wound healing materials, useful for medical treatment and antimicrobial purposes 
and drug-delivery for filtration [91]. In addition, scaffolds that could be used in the 
market must go through rigorous in vivo studies before clinical validations [94]. 
Most technological advances that have been explored for a high-volume production 
of scaffolds are mainly based on modifications of the polymer injection system, 
introducing the introduction of multi-spinneret components, allowing for multipro-
cessing [91]. These could be useful for the overall set-up, increasing the area of 
deposition [95].

Industrial-scale electrospinning equipment, although few, are available in the 
market. For example, two industrial-scale instruments; a Nanospinner416 produced 
by Inovenso Ltd. and a Nanospider produced by Elmarco have been used [91]. 
Although these are available, several issues have risen from the use of these instru-
ments such as productivity, a well-established capacity of process monitoring and 
quality control. In addition, key requirements specific to the equipment are neces-
sary to be able to commercialize, including price reduction, multi-functionality and 
compactness [91]. Finally, it is important to point out that there is still a long way to 
go before a collagen scaffold can be scaled-up and used in biomedical applications. 
Many studies must be done to know the properties of these scaffolds and cellular 
responses in order to have a better idea of what the best parameters would be to 
move to the industry. Nevertheless, studies such as the ones presented in this chapter 
have shown how well these scaffolds can respond to assays in animals in several 
biomedical applications such as tissue regeneration and drug delivery. These open 
the doors to more trials to move to an industrial setting.

6  Conclusions

The development of nanofibers to mimic the native tissue is possible through the 
electrospinning technique and has been experimented with throughout the years. In 
present day, type I collagen nanofibers by “green” electrospinning have been suc-
cessfully produced using a non-toxic solvent, preserving the chemical and second-
ary structure of collagen. The versatility to control the orientation and diameter of 
collagen electrospun nanofiber can be achieved through tuning of the polymer con-
centration and via electrospinning parameters such as voltage and polymeric solu-
tion flow rate. The orientation which is very important for cell growth direction can 
be modified mainly through modification of the collector, a rotating collector for 
aligned nanofiber and a static plate collector for random orientation. Collagen integ-
rity is preserved after the electrospinning process through crosslinking, which 
serves to tune the mechanical properties of the collagen scaffold and withstand 
body temperature, crucial for implants and tissue regeneration purposes. Finally, in 
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several biomedical applications it has been possible to use these fabricated nanofibers 
for nerve, skin, tendon/ligament, vascular grafts and bone regeneration. All of the 
applications shown have been able to maintain or increase biocompatibility, 
mechanical properties needed, promotion of function and tissue repair, showing 
great promise for the field of tissue engineering.
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Abstract The use of electrospun cellulose and nanocellulose composites is a prom-
ising novel biomaterial, with particular potential to serve as scaffold for bone tissue 
regeneration. Nanoscale fibers meet the challenge of mimicking important features 
of the bone extracellular matrix, and the incorporation of nanofillers based on nano-
cellulose could enhance mechano-physical properties of these scaffolds. This chapter 
describes and discusses the properties and applications of cellulose and its deriva-
tives, as well as nanocellulose composites fabricated using the electrospinning tech-
nique. Along with a general introduction of cellulose and its main derivatives used in 
biomedical applications, examples of nanocellulose for mechanical reinforcement 
and corresponding applications are discussed. Likewise, this review suggests cellu-
lose as a new class of biomaterial that might offer great promise in biomedicine.

Keywords Cellulose • Cellulose acetate • Electrospinning • Nanocomposite  
• Nanocellulose • Nanofillers • Reinforcement

1  Perspective

Humankind has been always in a quest to find new materials and biomaterials for 
applications in medicine and other fields. Due to this journey, we now have dental 
and limb implants that impact the quality of life of people in a positive way. Parallel 
to all the medical advancements and the development of new materials is also the 
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worry of the environmental impact of exploiting our resources for such applications. 
For example, old dental implants were typically made of gold, and due to price 
considerations directly related to its scarcity on the Earth crust, new developments 
evolved in the area of ceramics and polymers to tackle the situation.

Now, as we look forward to new biomaterials that can serve as platforms for 
biological applications, cellulose and nanocellulose composites are candidates that 
must not be overlooked. Recent investigations have shown that cellulosic materials 
might offer the benefits of a renewable material with the intrinsic characteristics of 
the material itself such as: high mechanical strength, biocompatibility and bioactiv-
ity, among others. In this chapter, we present an extensive literature review on the 
use of these materials for biological applications such as: bone tissue engineering, 
biosensing, and wound healing. The possibilities are infinite when we think about 
cellulose.

2  Introduction

A biomaterial, in agreement to the accepted definition of the National Institutes of 
Health (NIH), is any matter, surface or construct, either organic or inorganic, 
intended to interface with biological system to treat, augment or replace any tissue 
or a function of the body. In addition, such biomaterials must fulfill technical and 
biological requirements [1], given that they are in contact with bodily fluids and tis-
sues for prolonged periods of time. Indeed, it is clear that in order to achieve these 
goals, they should have the ability to maintain biofunctionality without producing 
adverse effects; in other words, good biocompatibility [2, 3]. The special demands 
of these biomaterials have motivated the interest of researchers to move toward the 
use of nanotechnology as a potential solution to the current challenges since nano-
structured materials exhibit novel and unique properties such as a high surface area 
and high porosity [4]. Ultimately, these characteristics have direct implications on 
the design and functionality of scaffolds used within the biomedical field [5, 6].

In recent years, there has been a growing interest in the use of nanotechnology in 
medicine for a wide range of biomedical applications; developing new opportunities 
for materials at the nanoscale level to interact with biological systems. Nanoparticles, 
for example, are used to deliver drugs for cancer treatments and also to stimulate 
immune responses. On the other hand, nanofibers could be used in wound dressing, 
vascular grafts, scaffolds for tissue regeneration, etc.

These reasons have revolutionized the design and fabrication of artificial extra-
cellular matrix, referred to as scaffolds, due the current advances on nanotechnol-
ogy and processing techniques for producing biomaterials. Electrospinning [7], 
melt blowing [8], template synthesis [9], self-assembly [10] and phase separation 
[11] are some of the techniques used to produce nanofibers. In particular, electros-
pinning is a versatile method and has become the most frequently used technique 
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for preparation of porous scaffolds. Electrospun nanofibers also possesses several 
attractive properties, such as high surface area to volume ratio.

In this extent, the aim of the following chapter is to provide a general overview 
of cellulose-based nanofibers (both micro and nanostructured form) which has 
recently recovered a growing interest due its remarkable properties with promising 
future in the biomedical fields and nanomedicine [12].

3  Electrospinning

Electrospinning is a electrohydrodynamic method used for producing synthetic and 
natural polymer fibers by electrical force, gathering significant interest due its abil-
ity to produce fibers at the micro or nanoscale. From its introduction in 1934 to 
recent times, electrospinning has been investigated by many researchers to be used 
in fiber manufacture and recent applications related to nanotechnology, nanomedi-
cine, and material science. Due the innovative uses of electrospun fibers, several 
articles and reviews have been published highlighting its importance in tissue engi-
neering and the biomedical field [13–16] (Fig. 1). Electrospinning has important 
tunable working parameters (solution, process and ambient parameters) that can 
affect the diameter and morphology of the resulting fibers. With control and proper 
manipulation of these parameters, we can produce electrospun nanofibers with 
desirable physical properties for advanced applications [18–20].

Due to the great progress in preparation and characterization of nanofibers, many 
researchers have become interested in studying and exploiting novel properties of 
nanomaterials exhibited only at such nanoscale level [7]. In such a sense, electros-
pinning is a versatile, low-cost, useful and efficient technique to produce nanofibers 
that can form highly porous structures with excellent pore interconnectivity, as well 
as membranes with large surface to volume ratio than can work as scaffolds for 
biomedical applications [21, 22].

3.1  Electrospinning Principles

In electrospinning, an intense electrostatic field is created when an electrical poten-
tial difference is applied between a needle and a current collector. In consequence, 
an electrically charged droplet is formed when polymer solution is pumped to flow 
from the syringe through the needle. This droplet remains at the tip of the needle 
and acquires a stable meniscus shape as a  result of the equilibrium of the forces 
(Rayleigh instability limit), produced by the surface charge repulsion, and the sur-
face tension of the polymer. At a critical potential, accumulation of charges increase 
columbic repulsion, causing the elongation of a conical meniscus referred to as the 
Taylor cone that finally overcomes the Rayleigh limit. In this sense, the equilibrium 
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is destroyed and the electrostatic forces overcome the surface tension and a charged 
jet of the polymer solution is expelled from the tip of the cone. First the jet flies in a 
straight line, between the needle tip and the collector, then its diameter decreases 
due stretching and solvent evaporation, leaving behind a charged fiber. Repulsive 
interactions cause the fibers to whip and then to be deposited on the collector. 
Figure 2 illustrates the electrospinning setup.

Fig. 1 (a) Number of journal and patent publications using electrospun nanofibers. (b) Number of 
publications featuring nanofibers used in various application (reprinted with permission from [17])
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3.2  Electrospinning Parameters

As mentioned before, different effects on physical properties of electrospun fibers 
are exhibited because of variation of the three main working parameters: (1) process 
parameters such as applied voltage, flow rate, and distance [23]; (2) solution param-
eters such as concentration, viscosity, polymer molecular weight, surface tension, 
and conductivity; and (3) ambient parameters such as temperature and humidity.

3.2.1  Process Parameters

Formation of fibers start when a critical potential is achieved and the jet solution is 
ejected from the Taylor cone and deposited on the collector. Thus, applied voltage 
has a pivotal role in the initiation of the electrospinning process. There are some 
discrepancies related about how applied voltage affect the diameters and morphol-
ogy of electrospun fibers. For example, some researchers concur that fiber length 
and diameters decreased with increasing voltage, and at the same time continuous 
and uniform fibers were obtained with increasing voltage at significant levels [24]. 
It has been reported that these effects are exhibited by the fibers due to the incre-
ment of electrostatic repulsive forces on the polymer jet and to the stretching of the 
polymer solution as result of increasing the electric potential difference between 
electrodes [25]. However, other authors report the opposite effect, less uniformity, 
and show bead formation in the collected fibers when voltage is increased beyond a 
critical value. This critical value of voltage varies according the polymer-solvent 
system. Beaded electrospun fibers are usually considered as poor quality fibers, 
and sometimes its formations are attributed to low charge density as well as 
other working parameters [26]. Figure 3 shows smooth electrospun cellulose ace-
tate nanofibers.

Fig. 2 Schematic diagrams of electrospinning setups. (a) Vertical electrospinning process, (b) 
Horizontal rotating electrospinning

Electrospun Cellulose and Nanocellulose Composites as a Biomaterial



62

Another parameter that play an important role in the electrospinning process is 
the flow rate. Recently, a theoretical analysis was conducted to evaluate the effect of 
flow rate on the diameter of fibers and subsequent experimental studies confirmed 
that with the increase of the flow rate the diameter of the electrospun nanoporous 
fibers increases as well as the size of their pores [27]. The use of a proper low flow 
rate and needle-collector distance allows enough time for evaporation of the solvent 
and in case of high flow rates, promotes formation of beads due the short time of 
drying [28].

3.2.2  Solution Parameters

Another important parameter involved on fiber formation and its morphology is the 
molecular weight. Polymer chain entanglement and consequently viscosity of the 
solution are determined by molecular weight [29]. It has been reported that 
by  increasing the molecular weight, viscosity will be raised and continuous and 
uniform fibers are obtained rather than beads [29, 30]. This occur because a higher 
chain entanglement, derived from the increase of the molecular weight, stabilizes 
the polymer jet and allow solvent evaporation that finally is deposited on the collec-
tor. Studies conducted related to this parameter developed a methodology to predict 
fiber/bead formation in good solvents, considering only the proper entanglement 
molecular weight of the polymer. This assessment demonstrates its importance dur-
ing electrospinning process and establish a correlation between chain entanglement 
and electrospun fiber formation [31].

Concentration of the polymer solution is also an important parameter considered 
in the process of fiber formation. At lower concentrations, high surface tension will 
produce polymeric beads instead nanofibers. Basically, the main difference between 
electrospinning and electrospraying is related to the critical concentration and the 
chain entanglement. According to this, Fig. 4 shows a summary of the parameter 
effects on the morphology of electrospun nanofibers.

Fig. 3 Electrospun nanofibers at different time of deposition (a) t = 2 min (b) t = 5 min
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4  Cellulose

Polysaccharide-based polymers have been extensively studied in regards to their 
innate structure, mechanical properties, functional modifications, preparation tech-
niques and distinctive relevance within various industries, such as those of clothing 
and agriculture, as well as for pharmaceutical and biomedical applications. Polymers 
of such interest are chiefly those of chitosan, alginate, glycosaminoglycan and of 
course, cellulose. Interesting enough, such polymers can be derived from various 
sources, mainly from plants and trees, but extraction from animals also facilitate 
other means of obtainment, as well as from microorganisms, such as bacteria and 
fungi, which have attracted much attention in recent times [33–36].

In regard to what is recognized to be the most abundant polymer on Earth, the 
properties that characterize cellulose are quite intriguing. This structural 
 polysaccharide is found to be the main constituent of the cell wall of plants and due 
to its innate hierarchical structure, in combination with other molecular compo-
nents, gives about intrinsic characteristics and mechanical properties throughout the 
plant body. Within the following section, the basic molecular and supramolecular 
structure of this ubiquitous polymer will be reviewed, as well as some of its most 

Fig. 4 Fibers diameter as a function of the parameters related to (a) forces in solution jet and (b) 
polymer mass (reprinted with permission from [32])
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pertinent properties. The discussion developed herein will serve as a fundamental 
source of understanding for the complex nature of this polysaccharide polymer and 
underline the principals behind its usages as a promising biomaterial.

4.1  Molecular Structure

The intrinsic nature that has characterized celluloses chemical and physical proper-
ties (namely its reactivity, geometrical dimensions, crystallinity, high surface area, 
biocompatibility, biodegradability, among many others) is well attributed to its dis-
tinctive molecular organization. In such a sense, it is indispensable to understand 
with great emphasis the molecular building blocks of this macromolecule and the 
intrinsic interactions that govern its overall physiognomies.

Its basic arrangement is described as a straight chain or linear syndiotactic homo-
polymer that lacks ramifications and whose glucose residues adopt a β configura-
tion, through (1 →  4)-glycosidic bonds [37]. Such properties give cellulose its 
uniqueness, particularly when compared to other closely related homopolymers, 
such as glycogen and amylose. Both of these saccharides are used for fuel storage 
in animals and plants, respectively, assume a three-dimensional helical structure 
and, most noticeably, consist of α(1 → 4) glycosidic linkages. Yet, it is remarkable 
that this subtle difference in conformation dictates the vast and fundamental proper-
ties of these polysaccharides. The essence of such phenomena is related to the steric 
hindrance upon rotation of the C1–O–C4 linking bonds. To better visualize and 
understand this concept, one can imagine cellulose as repeating units of its dimer, 
cellobiose; where its β-d-glucose residue follows a chair conformation with carbon 
atom 4 in the high position and carbon 1 in the low position (denoted as 4C1) [38]. 
This in turn causes the hydroxyl groups to be positioned in the equatorial plane, 
while the hydrogen atoms in the axial plane [37, 39]. The gyration of such bonds, 
which relate one β-d-glucose residue and the next, are referred as the torsional 
angles, and are more formally defined in terms of φO: O5′–C1′–O4–C4 and ψO: 
C1′–O4′–C4–C5, whose value range within ±180° (Fig. 5) [39, 41]. Thus, it can be 
reasoned that certain conformational arrangement are much more stable than others. 
In the case for cellulose, each residue adopts a stable chair conformation that orien-
tates 180° with respect to the adjacent monomer units, and consequently yielding 
the characteristic elongated chain. This greatly differs from glycogen and amylose, 
whose α conformation entails a 60° angle between adjacent units, which in turn 
produces stable, three-dimensional helical structures [42].

This captivating molecular architecture allow for the maximum interaction of 
weak intermolecular bonds within and between adjacent molecules, which give rise 
to the supramolecular structure of cellulose; most distinctively, hydrogen bonding 
[43]. As shown in Fig. 5, intermolecular hydrogen bonding is achieved between the 
6′–OH group of one unit and the paralleling 3′–OH of another. Likewise, the same 
3′–OH group can form intramolecular hydrogen bonds with the ring oxygen of an 
adjacent monomer, while, a 6′–OH can link with a 2′–OH. As it can be noted, the 3′ 
and 6′–OH groups can form both inter- and intramolecular bonds, and thus, each 
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residue may form various bonds with other units to give about the natural three- 
dimensional structure of cellulose. The fact that these interactions maintain a strong 
coalition is particularly important when discussing the semicrystalline nature of 
cellulose and, thus, will be further discussed in the subsequent Sect. 4.3.

Based on fundamental concepts of the basic molecular structure of cellulose, we 
will now turn our discussion to the overall properties of this natural polymer and 
some of its unique characteristics.

4.2  Properties of Cellulose

Cellulose is commonly described to have a hierarchical structure, yet it is well 
understood that it may exist with different degrees of crystallinity, unit cell dimen-
sion and chain orientation, all which depend on the source and mode of extraction. 
In this sense, several cellulose chains are aligned with one another to form protofila-
ments (elementary fibrils), which in turn combine with other such structures to form 
microfibrils, and these in turn come together to form a fibril-matrix structure that is 
better described as cellulose fibers (Fig. 6). Nevertheless, it is with particular detain-
ment that the microfibril structure must be discussed. This subdivision of the cellu-
lose architecture has been characterized for having regions of high and low 
crystallinity, and thus confines many of the innate properties of this polysaccharide 
polymer.

Fig. 5 Inter- and intramolecular hydrogen-bonding network of cellulose, with emphasis on the 
cellobiose unit (adapted from Credou et al. [40])
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4.3  Crystallinity and Supramolecular Structure

Cellulose is considered to possess an alternating crystalline structure given that the 
microfibrils can be noted to have two regions of distinct crystallinity [44], both of 
which contribute particular features to the overall structure of the material. In 
regards to the amorphous (disordered) region, these segments are characterized by 
a reduce degree of intermolecular bonding’s which in turn gives about a certain 
relaxation that allows for susceptible degradation and for the penetration of water 
molecules which, altogether, gives flexibility and a higher elastic modulus through-
out the supramolecular structure [45–47]. On the other hand, the crystalline 
(ordered) region is known for its highly compact molecular arrangement, due to the 
stabilizing network of inter- and intramolecular hydrogen bonds, previously 
described (Fig. 5). As a consequence of such strong interactions, this portion of the 
microfibril excludes the penetration of water molecules and thus is highly resistant 
to degradation. It is this region of the supramolecular structure that is characterized 
to possess high tensile strength and Young’s modulus, as well as being insoluble in 
water and most organic solvents [40, 48].

Interestingly, this crystalline structure of cellulose is known to exhibit different 
crystal packing’s, due to conformational changes and small structural arrangements 
of the glycosidic residues, which pertain to a series of polymorphs; namely cellu-
lose I and II (III and IV are also polymorphs of cellulose, but they will not be further 

Fig. 6 Hierarchical structure of cellulose. https://www.intechopen.com/copyright-policy.html 
(reprinted with permission from [26])
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discussed) [49]. Native or natural cellulose is classified as cellulose I, and is further 
categorized as cellulose Iα and Iβ. The fundamental difference in such arrangements 
is due to variations in the unit cell dimensions, where the α form constitutes a tri-
clinic crystal system, with one cellulose chain per unit cell, and the β form has a 
monoclinic unit cell structure with two chains per unit cell [50]. The prevalence of 
one structure over the other seems to depend on the source of the cellulose from 
which it was obtained. In the case of Iα, it is mostly found in algae and bacteria, 
while Iβ is present in cellulose from higher ordered plants [51].

Cellulose II is obtained from cellulose I, be that by a form of alkali treatment 
(better known as mercerization) or by regenerating cellulose. These structures differ 
in that they are stacked with opposite polarity; cellulose I runs in parallel, whereas 
in cellulose II is antiparallel, and as a consequence, is thermodynamically more 
stable than cellulose I [52]. As a result, the dynamics of the inter- and intra- hydrogen 
bonding network is changed, which allow for less compaction of the chains. 
Nevertheless, it should be mentioned that the mode of biological synthesis for cel-
lulose I is what defines the orientation of the microfibrils to be in a parallel fashion, 
as opposed the entropically favored antiparallel structure found in manufactured 
cellulose (i.e.; cellulose II) [53].

4.4  Mechanical Properties

Cellulose owes much of its intrinsic mechanical properties to the discussed micro-
fibril structure, particularly that of the crystalline region. Thus, various methods are 
employed with the aim of extracting these regions for different applications as 
nanoscale materials. There are two nanostructures commonly extracted from the 
polysaccharide: cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) (also 
termed as microfibrillated cellulose). These nanoscale structures differ in certain 
properties, such as morphology and elasticity modulus, as well as the mode of 
extraction or production. For CNC, obtainment is usually due to chemical acid 
hydrolysis of native cellulose, which results in the removal of the amorphous regions 
leaving the resulting crystalline structure intact, and is commonly described as 
“whiskers” or “rod-like”. These nanoparticles exhibit a very high Young’s modulus, 
ranging between 100 and 130  GPa, which is quite comparable to that of steel 
(approx. 200 GPa) [43, 54].

With respect to CNF, the means of production is achieved mainly by mechanical 
treatment procedures, particularly through high-pressure homogenization, but other 
techniques are utilized that correspond to different chemical treatments, that is sur-
face modifications. The resulting nanostructure is characterized by the presence of 
both the crystalline and amorphous domains, in an alternating fashion. When evalu-
ating the elasticity of these nanostructures, it can be assumed that the modulus of 
nanocellulose should depend greatly on the degree of crystallinity (that is, the ratio 
of the crystalline to amorphous regions). Thus, in the case of CNF, it should come 
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to no surprise that the Young’s modulus be lower than that of CNC, which has been 
reported to fall within the range of 29−36 GPa [55].

It is quite evident that the molecular and supramolecular structure of cellulose is 
very well arranged to withstand and in part govern the particular mechanical proper-
ties of the plant cell wall. For these reasons, and surely many more, composites of 
nanocellulose are of great interest for the development of high load-bearing materi-
als, which, in combination with other resources, may produce more novel and com-
plex biomaterial designs.

4.5  Biocompatibility

Up to this point, we have described cellulose (more explicitly, nanocellulose) as a 
sophisticated, rigid structure with regions of high crystallinity and good mechanical 
tendencies, as well as being insoluble in water. Such quality’s found in this one 
polymeric material marks cellulose as an interesting source for different biomedical 
applications, particularly as nano-reinforcements or guiding structures and as tissue 
engineering constructs [38, 48, 56]. Further evaluation on the biomedical applica-
tions and relevance of cellulose and its derivatives are further reviewed throughout 
the succeeding sections, with meticulous discussion in Sects. 5 and 8. Nevertheless, 
some important aspects shall be mentioned as of now.

Firstly, the toxicity of cellulose has been evaluated by different groups in differ-
ent types of cells and tissues, which in all, most have shown to conclude that this 
material has low detrimental effects [57–60]. Some studies have, however, demon-
strated that the degree of toxicity is dependent on the mode of processing, particle 
size and surface chemistry of the cellulose nanoparticles [61]. Bacterial cellulose 
(BC), on the other hand, has been largely accredited for being highly biocompatible, 
compared with that of native cellulose, given its signature use as a wound dressing 
[62]. To such extent, further inquiry is required to better assess the harmful effects 
that cellulose nano-products may cause as biomaterials.

Another aspect to consider in regard to the cell-material interactions that pertain 
from cellulose is its lack of biodegradability in humans, which arises from the com-
plex hierarchical order of this polysaccharide and the lack of appropriate degrading 
enzymes in mammals. Such an issue is relevant given that the ideal biomaterial or 
scaffolds is sought to be absorbable within the embedded tissue, supporting the 
initial regeneration stages and eventually leaving behind the fully formed or 
 recovered tissue [63]. One way around this concern is through different chemical 
modifications, producing functionalized, cellulose derivatives. These modified cel-
lulose products convey in essence different characteristic and properties that highly 
depend on the mode of treatment; that is: oxidation, esterification, etherification, 
among others [47]. Some of these cellulose derivatives will be further discussed in 
the following section.
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5  Cellulose Derivatives

As fascinating as cellulose is, its nanoproducts are only the beginning of a magnani-
mous set of derivatives, whose properties and applications merit distinctive consid-
eration as promising biomaterials. It should be noted, however, that the comprehensive 
term of “nanocellulose” is used to describe and denote the vast amount of derivatives 
that pertain from the polysaccharide. The focus of the following section is to intro-
duce some of the most prominent polymeric materials that pertain from cellulose, 
their mode of synthesis, properties and applications. With the intention of better 
understanding how such materials arise from cellulose, we will start our discussion 
once again with the fundamentals. That is, the molecular aspects that governs and 
allows its modification: the hydroxyl groups and the hydrogen-bonding network.

5.1  Chemical Reactivity

As we have previously discussed, the complex nature of cellulose arises from the 
hierarchical organization of the interacting glucose residues, which eventually form 
micro- and macrostructures that characterize the three-dimensional architecture of 
this ubiquitous molecule. In the very epicenter of such complexity lays the intrinsic 
hydrogen bonding of the adjacent and paralleling glucose units, which stem from 
the interactions of the hydroxyl groups of C2, C3, and C6. Within the crystalline 
regions, these groups are tightly packed to the extent that not even water molecules 
may penetrate the established framework, while in the amorphous segment, this 
packing is less so. Accordingly, the tendency or degree of reactivity of the anhydro-
glucose units (AGUs) is very much dependent on the availability of these hydroxyl 
groups to interact with the reagent of interest. In light of this, one must consider the 
accessibility of these reactive groups in order to properly bring about the different 
chemical modifications.

It is well considered that the reactivity of the C6 (primary) hydroxyl group is the 
most dynamic and available functional moiety within the AGU [47]. Given its 
attachment to an alkyl group (HO–CH2–CHR2), this bond allow certain conforma-
tions to be assumed, as it pertains dihedral angles that permits multiple possibilities 
for hydrogen binding, Fig. 7 [40, 41]. The C2 (secondary) hydroxyl group is often 
considered to be acidic, and its reactivity is greater than that of the C3 (secondary) 
hydroxyl, but considerably less than the C6 hydroxyl group [52]. Overall, it is evi-
dent that a heterogeneous degree of reactivity is found throughout the same AGU 
molecule, and as consequence distinct measures are employed to increase the likeli-
hood of reaction within these moieties’ (i.e.; regioselectivity). Finally, one must 
consider that the mode of syntheses will influence the degree of substitution (DS), 
which describes the average number of replaced hydroxyl groups per glucose resi-
due and whose value may range between 0 and 3 (due to the total number of 
hydroxyl groups present) [64].
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5.2  Oxidation

The addition of carbonyl groups to the cellulose structure imparts a higher degree of 
reactivity to the polysaccharide but concerns some effects on reducing its crystalline 
structure by affecting the hydrogen-bonding network [65, 66]. Thus, it is common 
to employ such chemical treatments for the obtainment of nanofibers (particularly 
cellulose nanofibrils), in conjunction with subsequent mechanical treatment [54, 
66]. One such reaction commonly employed is that of metaperiodate (NaIO4) oxida-
tion, which substitutes the C2 and C3 hydroxyl groups (i.e.; the secondary alcohols) 
with aldehyde moieties. The resulting reaction causes the cleavage of the C2–C3 
bonds, opening the gluco-pyranose ring with the formation of two aldehyde groups 
Fig. 8, thus producing, 2,3-dialdehyde cellulose (DAC).

As a possible biomaterial, the team lead by Li et al. used the metaperiodate oxi-
dation method to create a 3D nano-network with good degradability in water and 
PBS but did not test it with cell cultures [67]. On the other hand, Cheng’s team 
designed composites consisting of 2,3-dialdehyde cellulose (from regenerated cel-
lulose) and collagen, forming a hydrogel film structure, and showed low cytotoxic-
ity of the biomaterial with fibroblast in vivo [68].

Another popular method for modifying cellulose is through a 2,2,6,6- tetramethyl
- 1-piperidyloxy (TEMPO)-mediated oxidation, which requires, in turn, a co- oxidant 
such as NaClO or NaBrO (Fig. 8). This method is well distinguished for being regi-
oselective for primary hydroxyl groups and, thus, will preferentially react and sub-
stitute the C6-OH of the AGUs [69]. The end result of this reaction is the presence of 
a carboxyl group at C6 and advantageously the gluco-pyranose ring is not severed, 
maintaining the general structure of cellulose; so named as 6-carboxycellulose.
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6-Carboxy cellulose has been prepared as an electrospun-composite scaffold 
with gelatin in different weight ratios, followed by crosslinking of both materials, 
by Švachová et al. [70]. The group showed that this scaffold biomaterial has a non- 
toxic nature when cultured with human lung adenocarcinoma cells and exhibited 
normal morphology. As another application, TEMPO-oxidized nanofibrillated cel-
lulose (TO-NFC) networks (with a DS of 33.2%) were prepared by Weishaupt et al. 
as a material with good physical adsorbance properties for different bioactive mol-
ecules, which could potentially serve distinct medical related applications as bio-
sensors or coatings [71].

5.3  Esterification

Esterification of cellulose is of particular importance given that it is a common and 
efficient way of preparing CNC with different surface chemistry and is of signifi-
cance within the pharmaceutical industry [54, 72, 73]. Interesting enough, there are 
many type of modification that can be drawn from this polysaccharide through 
esterification, among them are: sulfonated, acetylated and nitrated cellulose. Thus, 
the surface characteristics of the modified polymer will dictate the overall properties 
and consequently the application or relevance of the prepared material.

5.4  Sulfonation

The addition of sulfuric acid allows for acid hydrolysis of the hydroxyl groups pres-
ent in the cellulose structure. The resulting reaction gives about an anionic surface 
of sulfate ester groups that allows for the cleavage of the amorphous regions from 
the crystalline segments and thus may produce cellulose nanocrystals (CNCs), 
Fig. 9 [54]. It should be noted that other techniques for generating sulfonated cel-
lulose exist and pertain different advantages and purposes [74–76].
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5.5  Acetylation

Fischer esterification is a very practical reaction for the synthesis of acetylated cel-
lulose, which may employ the use of acetic acid or acetic anhydride with a strong 
acid as a catalyst (HCl, H2SO4, etc.); Fig. 10. Cellulose acetate (CA) in one notewor-
thy polymer to consider from such surface modification, as it has been extensively 
studied as a biomaterial for applications in tissue engineering and regeneration via 
electrospinning and hydrogel techniques [77–80]. Likewise, it has served within the 
fields of water remediation [81–83] as membrane and within many other interesting 
fields [84–87]. A subsequent section will further expand on the properties and uses 
of electrospun CA polymers.

5.6  Nitration

The main constituent of the nitrated cellulose derivatives is considered to be that of 
nitrocellulose (also named as cellulose nitrate). The synthesis of this molecule 
arises mainly from an acidic treatment of cellulose with nitric acid (HNO3) in the 
presence of sulfuric acid (H2SO4), as showed in Fig. 11. An important remark of this 
reaction is that the total nitrogen content of the final product influences the its 
physical- chemical properties and thus its applications. When nitrocellulose has a 
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degree of substitution (DS) below 2, its properties allow for its usage in common 
products such as cigarettes and nail polish. Yet, above 2, nitrocellulose correlates 
with explosive tendencies [88, 89].

In regards to biomedical applications, a nano-porous liquid bandage has been 
recently devised from nitrocellulose and was tested in vitro with mouse fibroblasts 
and in vivo on mouse models [90]. The team led by Mu et al. showed that their 
material possesses good anti-infection properties as well as promotes better wound 
healing than commercial products, based on immunohistochemical and biomechan-
ical testing. Electrospun nitrocellulose fibers have also been achieved by various 
groups [91–93], which merit consideration as a mean of producing plausible, future 
biomaterials.

5.7  Etherification

The final surface modification that will be discussed is that of cellulose etherifica-
tion, which may be prepared through the use of alkyl halides (i.e.; O-alkylation), 
epoxides or by Michael addition. It is common for these reactions to employ the use 
of sodium hydroxide (NaOH) as an activating agent for the cellulose hydroxyl 
groups, which in turn causes the cellulose fibers to swell, producing, in effect alkali- 
cellulose [94]. This process (known as the ballooning effect) thus results in the 
perturbation of the polysaccharide’s supramolecular structure. This intermediate 
product, whose hydrogen-bonding network has been disrupted, proceeds to react 
with the etherification agent to form the final cellulose derivative.

One such example is the use of monochloroacetic acid or chloromethane for the 
synthesis of carboxymethyl cellulose (CMC) and methylcellulose, respectively, 
both in the presence of sodium hydroxide (Fig. 12).

Cellulose ethers are considered to be of great importance within the pharmaceu-
tical industry and have also been explored for diverse biomedical applications [73, 
95–98]. As electrospun materials, hydroxyethyl cellulose/poly(vinyl alcohol) (HEC/
PVA) nanofibers were functionalized with calcium phosphate and evaluated in vitro 
as a possible scaffold for bone tissue engineering (BTE) [99]. On the other hand, 
silk fibroin and carboxymethyl cellulose based composite scaffolds were also design 
for BTE by Singh et al. [100]. The team showed that the cross-linked electrospun 
material had enhanced osteogenic properties when compared to pure silk fibroin 
nanofibers, improved mechanical properties and better cell attachment and prolif-
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eration, as showed by qPCR and immunocytochemical analysis of human mesen-
chymal stem cells (hMSCs).

5.8  Section Summary

There are many other cellulose derivatives which merit their own distinctive exami-
nation and are of great relevance for the development and enhancement of future 
biomaterials. Overall, their unique characteristics and modes of synthesis impart 
different properties that may be modified to the specific needs of the researcher and, 
thus, their applications may be broad among a diverse range of disciplines. We have 
discussed until now the relevance of the reactivity of cellulose and its most promi-
nent functional group, the hydroxyl moieties. Likewise, some chemical modifica-
tions have been discussed (Fig. 13) in conjunction with recent works that employ 
the various derivatives mentioned, which pertain from the particular synthesis reac-
tion. The remaining sections of this chapter will expand on some of the properties 
and relevant aspects of electrospun cellulose and will recapitulate with a focus on 
the biomedical application of this biopolymer.
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6  Electrospun Cellulose Nanofibers

Cellulose is the most abundant organic compound on Earth, so it provides an inex-
haustible and sustainable source for the development of new biodegradable materi-
als. Electrospun cellulose nanofibers have outstanding physicochemical properties 
that make them attractive for applications in tissue engineering, drug delivery, 
wound dressing, separation membrane, filtration, aerosol purification, coating tech-
nology etc. However, processing of cellulose is restricted by its limited solubility in 
common solvents and its inability to melt because of its numerous intermolecular 
and intramolecular hydrogen bonding (Fig. 5) and the high crystallinity of its struc-
ture [101]. Thus, a high interest of properly selection of non-degrading solvents for 
cellulose is required. The purpose of this section is to briefly review the suitable 
solvents for the preparation of electrospinable solutions that directly dissolve cel-
lulose, which include: N-methyl-morpholine/N-oxide/water (NMMO/H2O), lithium 
chloride/dimethylacetamide (LiCl/DMAc), ionic liquids and ethylene diamine/salt 
[102, 103]. The most important electrospinning parameters to obtain cellulose 
nanofibers are presented in Table 1.

Table 1 Summary of electrospinning conditions used to produce fine fibers from cellulose 
solutions (adapted from [18])

Solvent Cellulose Coagulant Fibers Reference

nMMO/H2O 85/| 
15w/wa

DP210, 9 wt. % Rotating collector 
into water at 10 °C

750 nm [104]

nNMMO, 50% H2Ob DP670, 4% w/v None 90–250 nm [105]
nNMMO, 50% H2Ob DP800 and 

DP700, 2 wt. %
Water 200–500 nm [106]

ED/KSCNc DP140, 8 wt. %
DP940, 3 wt. %

None 3 μm
100–1000 nm

[107, 
108]

LiCl/DMAcd DP1140, 1–3 wt. 
%

Heat rotating 
collector into water

250–750 nm [104, 
109]

LiCl/DMAcd 3 wt. % None Fibers 
unstable

[110]

BMIM/Cl or EMIM/
Bae

10 wt. % Ethanol 500 nm to 
10 μm

[111]

DP degree of polymerization
aWeight ratio of N-methylmorpholine N-oxide to H2O is 85/15
b50% aqueous N-methylmorpholine N-oxide solution
cEthylene diamine/potassium thiocyanate solution, exact composition not specified
dLithium chloride/dimethylacetamide, exact composition not specified
e1-butyl-3-methylimidazolium chloride or 1-ethyl 3-methylimidazolium benzoate
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6.1  Fibers Electrospun from nNMMO/H2O

N-methylmorpholine-N-oxide (Fig. 14) is a common solvent for the spinning of cel-
lulosic fibers at the industrial level. This tertiary amine oxide is usually mixed in 
water or other polar organic solvents that allow for the dissolution of cellulose by 
disrupting the intermolecular forces that pertain to its hydrogen-bonding network. 
As a consequence, new bonding interactions may form within the solvent system 
between the –OH groups of cellulose and the oxide ion (−O–) of NMMO [112].

A drawback of utilizing this solvent is its low volatility. Thus, when in the pro-
cess of electrospinning, the NMMO does not evaporate completely as the spinneret 
travels to the collector, resulting in ununiformed fibers [113]. Kim et al. redesigned 
the electrospinning setup for this cellulose/NMMO/H2O solvent system, such that 
the temperature of the syringe and needle was kept between 70 and 110 °C and a 
coagulation system with water was applied to the collector [104]. This in turn 
allowed for the production of cellulose fibers with diameters within the 250–
750 nm range.

6.2  Fibers Electrospun from LiCl/DMAc Solutions

The addition of salts adds a degree of complexity in regards to the molecular inter-
actions or forces experienced by the components of the electrospinning solution. 
Overall, it is know that the solution conductivity tends to increase by augmenting 
the electrical charge that is carried within the jet [114–116]. This, in turn, has been 
observed to decrease the fiber diameter. The LiCl/DMAc system, on the other hand, 
is a combination of a non-volatile salt with an organic solvent that offers the particu-
lar advantage of dissolving cellulose by the work of ion-dipole interactions as well 
as electrostatic repulsions [117, 118]. However, a study conducted by Frenot et al. 
revealed that upon electrospinning, the cellulose fibers would orient themselves in 
an upward, vertical fashion while in the presence of an electric field [110]. In the 
absence of the electric field, the fibers collapsed and lost their form. Such results 
may indicate the accumulation of the salts within the fibers and the prevalence of 
DMAc due to its low volatility. Thus, much consideration must be made in regard 
to the solution concentration and ratio of the solvent system.
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6.3  Electrospinning Cellulose from Ionic Liquids

In a general fashion, ionic liquids (IL) are defined as molten salts whose melting 
point range up to 100 °C [119]. ILs have gained much recognition in recent times as 
they are considered to be an environmentally friendly solvent. This appellation is due 
to their unique properties such as low melting point and, particularly, low or negli-
gible vapor pressures [120]. Other characteristics may also be attributed to these 
compounds (e.g.; thermal stability, high polarity, non-flammability, biological activ-
ity, among others), which in all allow for recycling simplicity [120, 121]. They do 
pose a problem, however, in regards to there application as solvent systems for the 
electrospinning of cellulose. Since the evaporation of the solvent is an important fac-
tor for proper fiber formation, a coagulation bath is required to remove the IL due to 
the low volatility as well as for the associated electrical charge retention [122, 123].

Common salts employed for the dissolution of cellulose include cations of 
1-butyl-3-methyl-imidazolium ([BMIM]) and 1-ethyl-3-methylimi-dazolium 
([EMIM]) accompanied by anions such as acetate, formate and, particularly, chlo-
ride (Fig. 15).

Quan et al. have fabricated nonwoven fibers of cellulose dissolved in [BMIM][Cl] 
at different solution concentrations (from 1.5 to 5% wt/wt) [124]. Their vertical elec-
trospinning setup consisted of a water collector to remove the salts and a constant 
temperature chamber that enclosed the syringe at 100 °C. The fiber diameter seemed 
to increase on a dependent fashion to the concentration of the cellulose solution, 
ranging around 5 μm for the 1.5 wt. % up to 1 μm in the case of the 4 wt. % solution. 
Interesting enough, they produced cellulose fibers with added DMSO in order to 
reduce the solution viscosity and generate fine fibers. They found that by adding this 
component to the 4 wt. % cellulose solution, the produced fibers had a lower diameter 
mainly in the 500–800 nm range. They also show that the crystallinity of cellulose 
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Fig. 15 Structure of the cations (a) [BMIM] (1-butyl-3-methyl-imidazolium) and (b) [EMIM] 
(1-ethyl-3-methylimi-dazolium). Where X = Cl, OAc, HCOO
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transform from type I to type II by XRD, which indicated the effective dissolution of 
the IL by disrupting the hydrogen bonding network of native cellulose and subse-
quent regeneration (refer to Sect. 4.3).

The use of 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]; also abbrevi-
ated as [C2MIM][CH3CO2]) has also been well employed to dissolve cellulose for 
electrospinning (Fig. 15b). The group led by Freire’s team prepared an 8% cellu-
lose/[C2MIM][CH3CO2] solution with a water coagulation bath and subsequently 
immersed the produced fibers in ethanol and water to remove the IL. The diameter 
of such fibers ranged within the 470 ± 110 nm range. They also added a second IL 
(1-decyl-3-methylimidazolium chloride, [C10MIM][Cl]) to serves as a means to 
decrease the surface tension and enhance the solvents thermophysical properties. As 
a result, the average fiber diameter was greatly reduced to 120 ± 55 nm and fiber 
morphology was stabilized due to changes in the solvent properties. They also show 
that the crystallinity of cellulose transform from type I to type II by XRD, which 
indicated the effective dissolution of the IL by disrupting hydrogen bonding net-
work of native cellulose. Likewise, XRD analysis revealed that the crystallinity of 
cellulose changed from cellulose I (native) to cellulose II from solvent dissolution 
before electrospinning, as a result of the dissolution and associated regeneration 
process.

Viswanathan et al. electrosprayed cellulose/heparin composite fibers by combin-
ing a 10% cellulose/[BMIM][Cl] solution with a 2% heparin/[EmIm][benzoate] 
solution, while utilizing an ethanol collector to remove the IL [111]. They observed 
a rough surface fiber morphology as well as bioactivity from heparin when evaluat-
ing clotting kinetics of human whole blood.

7  Electrospinning of Cellulose Acetate Nanofibers

Due the low volatility and toxicity of solvents used to electrospun pure cellulose, 
additional steps are required for complete removal of solvents from produced nano-
fibers [18]. To deal with this challenge, the use of cellulose derivatives, as cellulose 
acetate (CA), has become an alternative approach because it can be dissolved in a 
wide range of volatile solvents [78], to form films made from cellulose triacetate, 
and to form membranes or nanofibers made from cellulose 2-2.5-acetate [125]. In 
our interest to produce electrospun CA nanofibers, available solvent system reported 
are: single solvent system such as acetone, chloroform, N,N-dimethylformamide 
(DMF), dichloromethane (DCM), formic acid, methanol (MeOH) and pyridine; 
binary solvent systems such as acetone-dimethylacetamide (DMAc), chloroform- 
MeOH, and DCM–MeOH; ternary solvent system such as acetone/DMF/trifluoro- 
ethanol; mixed solvent system such as acetic acid/water [126]. A summary of 
solvents used for electrospinning of CA nanofibers and its effect in fiber formation 
are listed on Table  2. However, several studies considered the development of a 
facile technique where CA nanofibers were deacetylated to regenerate into cellulose 
nanofibers. For example, Liu and Hsieh showed that regenerated cellulose 
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membranes can be obtained by electrospinning of CA (degree of substitution, 
DS = 2.45). Moreover, they show evidence that deacetylation process of CA mem-
branes, via alkaline hydrolysis, is more efficient and complete in NaOH/ethanol 
than in aqueous NaOH, producing DS values between 0.15 and 2.33. Even so, many 
researchers chose to work with CA because is inexpensive, readily available, and 
the most stable cellulose derivative.

The solubility of CA is dependent of the degree of esterification or substitution 
(DS), defined by the number of OH groups substituted by acetate groups. It defines 
the properties of the CA [136], that include low weathering, heat and chemical 
resistance, thermal stability, reasonable toughness and dimensional stability. 
Additional physical properties of CA are listed on Table 3. Furthermore, the electro-
spinnability of CA and its good mechanical properties made CA a potential candi-
date for biomedical applications, such as skin tissue engineering [138], drug delivery 
and therapeutics, wound healing, cardiac cell constructs, bone tissue engineering 
[139], tissue/organ repair and regeneration, cosmetics and dental applications. 
Figure 16 demonstrates the cytocompatibility of CA and regenerated cellulose scaf-
folds, promoting cardiac cells networks, enhancing cell connectivity and addressing 
the structural complexity of the cardiac muscle [140].

Recently, considerable attention has been paid in the fabrication of scaffolds that 
can closely mimic the structure of native extracellular matrix (ECM). This approach 
use electrospinning as one of the preferred methods to fabricate scaffolds, because it 
provides large surface area for cell attachment, high porosity for cell penetration and 
colonization, and a possibility to design two-dimensional (2D) and novel 3D scaf-

Table 2 Solvents employed in the electrospinning of cellulose acetate (CA)

Solvent Fiber formationa References

Acetone Discrepancy [127–130]
Acetone/water Smooth fibers [129, 131]
Acetone/DMAc Smooth fibers [127, 128, 132]
Acetic acid Few fibers [127]
Acetic acid/acetone Beaded fibers [127]
Acetic acid/water Smooth fibers [113]
Chloroform Beads [128]
Chloroform/methanol Smooth fibers [128]
Dichloromethanol Beads [128]
Dichloromethanol/methanol Smooth fibers [128]
Dimethylformamide (DMF) Beads [128]
Acetone/DMF/trifluoroethylene Smooth fibers [133, 134]
DMAc No fibers [127]
Formic acid Beads [128]
Methanol Beads [128]
Methylene chloride/ethanol Smooth fibers [135]
Pyridine Beads [128]

Reprinted with permission from [78]
aSolvent is not the only parameter that will impact fiber formation
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folds that resemble a real tissue environment. Electrospun CA nanofibers enhances 
these features providing good mechanical properties and nanostructure morphology 
of fibers obtained, mimicking the collagen network of ECM. Biocompatibility of 
CA scaffolds have been tested in vitro, culturing cells on 2D scaffolds and monitor-
ing cell proliferation by BrdU assays as well as cell growth. In vivo studies, con-
ducted on animal models were also used to study biocompatibility of scaffolds in the 
biological system. According to Unnithan et al. electrospun CA nanofibers play an 
important role in the fabrication of polyurethane- cellulose acetate-zein (PU–CA–
zein) scaffold for application in wound dressing. Authors explains that the presence 

Table 3 Physical properties of cellulose acetate

Cellulose acetate

Specific gravity 1.27–1.32
Refractive index (25 °C) 1.47–1.5
Tensile strength (103 lbf/in2)
MPa

3.5–11
24–76

Elongation at break (%) 5–55
Izod impact ft lbf in−1 notch 0.5–5.0
Rockwell M hardness 70 °F (ASTM D.229-39) −30 to +75
Flow temperature (°C) (ASTM D.569-40T) 115–165
Heat distortion temperature (°C) 50–100
Volume resistivity (Ωm) 50% RH, 25 °C ~1014

Dielectric constant 60 Hz 3.5–7.5
Power factor 60 Hz 0.01–0.07
% water absorption 2 in × ½ in disc
24 h immersion (ASTM D.570-40T)

1.0–3.0

Reprinted with permission from [137]

Fig. 16 Cytoskeleton maturity in CA-grown myocytes. (a, b) shows well-packed myocytes at two 
different scales. F-actin is fluorescently labeled in green, nuclei—in blue using DAPI (a) or 
TOTO-3 (b). Scale bar is 50 mm (reprinted with permission from [140])
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of CA and zein improves hydrophilicity, bioactivity and also create a moist environ-
ment for the wound recovery. To prevent clinical infections, an antimicrobial agent, 
streptomycin was loaded into the PU–CA–zein scaffolds without changes in the 
morphology of nanofibers obtained. Therefore, this nanofibrous scaffold achieve the 
desirable properties required for a wound dressing biomaterial, demonstrating an 
enhancement in blood clotting ability and platelet activation [141]. Figure 17 shows 
the cell attachment on the surface of composite scaffold.

Recently, Atila, Keskin and Tezcaner have reported the fabrication of fibrous 
scaffolds for use in bone tissue engineering applications. Electrospinning of blended 
pullulan (P) and cellulose acetate (CA) at different ratios: P80/CA20, P50/CA50, and 
P20/CA80 (w/w)% were prepared in order to form 3D scaffold and crosslinked with 
trisodium trimetaphosphate (SMTP) to improve mechanical properties and to delay 
fast weight loss. The authors reported that codominance of P and CA resulted in the 
best blend ratio for adjusting and allowed the proliferation and growth of human 
osteogenic sarcoma cell line (saos-2). Figure 18 show images of electrospun scaf-
folds obtained by conventional electrospinning and also SEM images showing 
saos-2 cells attached to electrospun fibers and proliferated on the surface and inside 
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Fig. 17 SEM images showing the cell attachment on PU, PU–CA and PU–CA–zein-drug mats 
after day 3 (a, c, e) and day 6 (b, d, f), respectively (reprinted with permission from [141])
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Fig. 18 (a) P20/CA80 
scaffolds produced by 
conventional 
electrospinning (1), 
cross-sectional view of 
as-spun form on the 
collector (2), and punched 
version (3). P50/CA50 
scaffolds produced by wet 
electrospinning in ethanol 
bath (4), after freeze- 
drying (5), and punched 
forms (6). P20/CA80, P50/
CA50, and P80/CA20 
scaffolds produced by wet 
electrospinning (7). (b) 
SEM images of saos-2 
cells on P50/CA50 
scaffolds at day 1 (scale 
bar: 20 μm, surface) (1); 4 
(scale bar: 30 μm, 
cross-section) (2); 7 (scale 
bar: 30 μm, surface) (3); 
and 14 (scale bar: 20 μm, 
cross-section) (4). Arrows: 
cells adhered to the 
scaffolds. Proliferation (via 
Alamar Blue test) (n = 6) 
(5) ALP activity (6) of 
saos-2 cells on crosslinked 
P50/CA50 scaffolds 
(n = 3). ALP activity of 
cells seeded on TCPS 
(control) was statistically 
lower than the activity of 
cells seeded on P/CA 
scaffolds (p<0.05) 
(Reprinted with permission 
from [139])
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the scaffold exhibiting a round and flattened morphology, after 7 and 14 days of 
culture, respectively.

Other approach found in the literature concerning about the use of cellulose ace-
tate in tissue engineering is presented by Rodriguez et  al. that worked with the 
saponification of electrospun CA mat for the generation of novel scaffold to nucle-
ate bioactive calcium phosphate crystals. The structural characterization of these 
crystals showed similar diffraction pattern than hydroxyapatite, the mineralized 
component of bone. In order to improve bioactivity of scaffolds, regenerated cellu-
lose membranes were provided by similar structure, composition and bioactive 
agents present on ECM, integrated together to promote cell attachment, migration, 
proliferation and maturation. Actually, nucleation and growth of CaP crystals under 
physiological conditions is the strategy used to study osteoblast response and to 
fabricate and ideal scaffold that promotes osseointegration. Figure 19 shows SEM 
images of the novel mineralized scaffold.

Fig. 19 SEM of mineralized scaffold with CMC treatment (a) 45 min RC and (b) 24 h RC treated 
with procedure 1, (c) 45 min RC, and (d) 24 h RC treated with procedure 2 (reprinted with permis-
sion from [80])
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8  Biomedical Applications of Nanocellulose

The use of cellulose-based materials in biomedical applications have increased over 
time due to their biocompatibility, partial biodegradability, hydrophilicity, low cost, 
and good mechanical properties such as high surface area-to-volume ratio, rigid 
structure with regions of high crystallinity, tensile strength and high stiffness prop-
erties [142]. The complete degradation of nanocellulose in vivo is a desired charac-
teristic in some applications; such as when they are used as temporary scaffolds to 
induce skin, bone or cartilage regeneration. Conversely, it is expected that medical 
devices made or reinforced with nanocellulose, such as heart valves, do not degrade 
in tissues. Usually, nanocellulose is poorly degraded in vivo due to the absence of 
cellulose degrading enzymes in mammalian tissues. However, this issue has been 
overcome introducing chemical modifications (oxidation, esterification, etherifica-
tion) to the nanocellulose producing functionalized nanocellulose derivatives which 
are more prone to biodegradation in vivo [143].

The biocompatibility of cellulose-based materials has been widely evaluated 
in vitro and in vivo suggesting that nanocellulose is not cytotoxic and induces a 
negligible inflammatory response in vitro [144] and after implantation [145–147]. 
The good biocompatibility and mechanical properties have driven the study of 
cellulose- based biomaterials in several biomedical applications. In this section, we 
discuss the use and biocompatibility of cellulose-based materials and specifically, 
nanocellulose in drug delivery, gene therapy, biosensors/bioassays, wound dressing, 
and tissue engineering. Figure 20 shows examples of biomedical applications that 
use cellulose as raw material.

8.1  Drug Delivery/Gene Therapy

The rational basis of using nanocellulose for drug delivery and gene therapy is its 
high surface area-to-volume ratio and the abundant surface hydroxyl groups that 
provides sites for chemical modification. Furthermore, the surface negative charge 
and the possibility of chemical modification provides the nanocellulose the ability 
to interact with several drugs by ionic (negative/positive compounds) and hydro-
phobic interactions [149]. In addition to its chemical properties, the notion that 
nanocellulose can be used as vehicle for drugs and nucleic acid materials is pro-
vided by previous studies that showed that nanocellulose can be uptaken by mam-
malian and insect cells [150, 151]. Previous studies from Mahmoud et  al. 
demonstrated that cellulose nanocrystals (CNCs) conjugated covalently with rhoda-
mine B isothiocyanate by an epoxy-mediated coupling reaction are transported 
(without affecting the cell viability) inside the human embryonic kidney (HEK 293) 
and Spodoptera frugiperda (Sf9) cells [150]. However, the fluorescein isothiocya-
nate (FITC)-conjugated CNCs showed no cellular uptake. Moreover, Liebert et al. 
showed that conjugated FITC-cellulose nanospheres (produced by dialysis from 
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trimethylsilylcellulose) are internalized by human fibroblast cells [152]. According 
to the authors, the use of cellulose nanospheres could be more suitable for drug 
delivery systems because spheres show a better internalization than rod-like 
nanoparticles [153]. Therefore, the authors established that particles geometry is 
important to take in consideration in the design of nanocellulose as drug carriers.

Previous studies mentioned above have demonstrated that nanocellulose material 
can be endocytosed by eukaryotic cells [150, 151]. However, since several anti- 
cancer drugs are known to affect normal and tumor cells, the ideal drug carrier is 
one that can deliver the drug to the malignant cells. It is well known that cancer cells 
over-expressed the folate receptor (FR) and this characteristic can be used for the 
specific targeting of tumor cells [154, 155]. Therefore, in order to target cancer 
cells, Dong et al. designed a folic acid-conjugated CNCs (Fig. 21).

In this study the authors demonstrated that folic acid-conjugated FITC-CNCs 
(FITC-CNC-FA, FITC labeling is used for measuring the cellular uptake) are inter-
nalized by human (DBTRG-05MG, H4) and rat (C6) brain tumor cells. Furthermore, 
since a decrease in the cellular uptake is observed after the addition of folic acid is 
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Fig. 20 Biomedical applications. https://www.intechopen.com/copyright-policy.html (reprinted 
with permission from [148])
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added to media, the results presented in this study demonstrated that folic acid- 
conjugated CNCs internalization is dependent of the interaction with the folic acid 
receptor. In addition, results showed that cells internalized folic acid-conjugated 
CNCs by using the caveolae (human DBTRG-05MG and rat C6 cells) and clathrin 
(human H4 cells) endocytic pathway. Moreover, previous results from the same 
research group have shown that CNC-FA can improve the cytotoxicity induced by 
the irreversible electroporation (IRE) method, which is a non-thermal focal ablation 
technique that kill cells by affecting the cell membrane permeability [157]. In this 
study, the authors showed that the incubation of CNC-FA with human KB and 
MDA-MB-468 cells induced a higher decrease in cell viability than the IRE alone. 
More importantly, Colacino et al. showed that CNC-FA potentiate the IRE-mediated 

Fig. 21 Scheme of the synthesis of FITC-labeled, folic acid-conjugated CNCs (reprinted with 
permission from [156])
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decrease in cell viability in folate receptor (FR)-positive cancer cells and not in 
(FR)- negative cancer cells (A549-human alveolar basal epithelial cells). 
Collectively, these results demonstrated that CNCs could be a promising agent for 
drug delivery (for cancer and other diseases) to specific cells in the human body.

In addition, several studies have shown that nanocellulose can bind and release 
drugs [158–160]. For instance, Jackson et al. demonstrated that nanocrystalline cel-
lulose (NCC) without modifications can bind and release tetracycline (antimicrobial 
drug) and doxorubicin (anticancer drug) [158]. Nonetheless, the researchers showed 
that the conjugation of NCC with cetyl trimethylammonium bromide (CTAB) 
allowed the encapsulation and release of hydrophobic anti-cancer drugs (docetaxel, 
paclitaxel, etoposide). In addition, this study showed that CTAB-modified NCCs 
are uptaken by human KU-7 bladder cancer cells. In a more recently study, Cacicedo 
et al. reported that the modification of bacterial cellulose with alginate (Alg) increase 
the encapsulation of doxorubicin by threefold [161]. Furthermore, the authors 
showed that BC-Alg scaffolds loaded with doxorubicin decreased the cell viability 
of HT-29 human colorectal adenocarcinoma cell line from 95 to 53% after 24 h of 
incubation. In another study, Gautier et al. demonstrated that nanocellulose com-
posites could be used for the delivery of natural compounds with anti-cancer prop-
erties [162]. The results presented by this study showed that cellulose nanocrystals 
(CNCx) functionalized with β-cyclodextrin (CD) can encapsulate curcumin, which 
is a natural compound with anti-cancer properties that is extracted from Curcuma 
longa. Results shown in Fig. 22 demonstrate that the presence of CNCx is very 
important for the internalization of curcumin. More importantly, a decrease in the 
cell viability is observed after the addition of curcumin-CD/CNCx complexes to 
human colorectal (HT-29) and prostatic cancer (DU 145 and PC-3) cells. For 
instance, in vitro studies showed that at 48 h of incubation the cell viability test for 
the DU 145 cell line showed a IC50 (μM) of 18, 20, and 5.5 for the Cur, Cur–CD and 
Cur–CD/CNCx compounds, respectively. Altogether, these studies demonstrated 
that nanocellulose compounds can bind and release drugs inside the cells.

Another important properties of nanocellulose composites is that can deliver 
nucleic acids into cancer cells [163]. Previous results from Anirudhan et al. demon-
strated that the delivery of DNA plasmid (pCMVLuc) containing a luciferase 
reporter into human alveolar epithelial cells (A549) can be performed by using ami-
nated β-cyclodextrin-modified-carboxylated magnetic cobalt/nanocellulose com-
posites (ACDC-Co/NCC). The authors showed that ACDC-Co/NCC has an 88.2% 
transfection efficiency when 1000  ng of DNA plasmid is used. In addition, this 
study showed that ACDC-Co/NCC has a small effect in cell viability when is com-
pared with polyethylenimine (PEI), which is a commonly used transfection agent.

Moreover, Hu et al. demonstrated that cellulose nanocrystals (CNCs) functional-
ized with disulfide bond-linked poly (2-(dimethylamino) ethyl methacrylate 
(PDMAEMA) brushes can be used as a potential nonviral vector for gene transfec-
tion. In this article, the authors showed that CNC-graft-PDMAEMA (CNC-SS- 
PDs) vectors can deliver a plasmid containing a suicide gene known as a cytosine 
deaminase (CD) into human cancer cell line (HepG2). The expression of cytosine 
deaminase (enzyme from the pyrimidine salvage pathway only found in prokary-
otes and lower eukaryotes) makes mammalian susceptible to the addition of 
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5- fluorocysteine (5-FC). Cells expressing CD can convert a 5-FC into 5-fluorouracil 
(5-FU), which is a potent anticancer agent that affects the pyrimidine synthesis. 
Indeed, the authors noticed a reduction of ~60% of cell viability after the addition 
of 5-FC to the cells that were transfected with the CNC-SS-PDs carrying the CD 
gene (pCMV-CD). Furthermore, Hu et  al. demonstrated that the treatment with 
CNC-SS-PDs/pCMV-CD/5-FC can decrease the tumor growth in mice. Results 
 presented in the Fig. 23 shows that there is a decrease in the tumor weight after the 
intratumoral injection of CNC-SS-PDs/pCMV-CD/5-FC vectors variants.

8.2  Biosensors/Bioassays

In the recent years, the use of nanocellulose in biosensors and bioassays for the 
detection of inflammatory biomarkers and pathogen DNAs have been reported 
[165–167]. For instance, Edwards et al. have demonstrated that nanocellulose-based 
biosensors can be employed in the detection of human neutrophil elastase (HNE), 

Fig. 22 CNCx increases the accumulation of curcumin I. PC-3, DU 145 and HT-29 cells were 
incubated with the control (CTL), Cur, Cur–CD, and Cur–CD/CNCx (50 μM) for 4 h. Then, the 
fluorescence emission from curcumin I was analyzed by confocal microscopy (reprinted with per-
mission from [162])
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which is a serine protease that is a biomarker for several diseases such as psoriasis, 
pancreatitis and cystic fibrosis [167]. In this study, the authors linked a fluorescent 
tetrapeptide (substrate of HNE) to a cotton cellulose nanocrystals and incubate it 
with different concentrations of HNE. Results demonstrated that this nanocellulose- 
based sensor can emit fluorescence after the addition of HNE. Indeed, in a more 
recent publication from the same research group was shown that the lowest detec-
tion range for this type of protease biosensors is from 0.125 to 0.050 U/mL [168]. 
Moreover, a previous study from Saikrishnan et al. has demonstrated that nanocel-
lulose can be used in the detection of Mycobacterium tuberculosis [165]. To detect 
this pathogen bacteria, the authors immobilized a DNA sequence IS6110 of M. 
tuberculosis into a tosylated cellulose. Then, the DNA-cellulose conjugate was 
incubated with the biotinylated complementary DNA target from the M. tuberculo-
sis (oligonucleotide or PCR amplified) and the colorimetric signal was obtained by 
the addition of a streptavidin-HRP conjugate. The detection limit for this cellulose- 
based bioassay is up to a concentration of 0.05 μM.

In a recent study, Weishaupt et al. demonstrated that a protein-nanocellulose bio-
sensor can be used in the detection of copper ions at the nanomolar level [169]. For 
the detection of copper ions, the authors use cyanobacterial red-fluorescent phyco-
biliprotein C-phycocyanin (CPC) and functionalized this sensing biomolecule into a 
TEMPO-oxidized nanofibrillated cellulose matrix (TONCF). Importantly, this 
research group demonstrated that this biosensor (called by the authors Cysense films) 
can detect cupper from human serum filtrate spiked with CuCl2. Altogether, the 
research evidence presented here showed that nanocellulose could be an important 

Fig. 23 In vivo antitumor activity of CNC-SS-PDs. Implanted tumors in female balb/c nude mice 
were injected with pCMV-CD/5-FC, CNC-SS-PD3/pCMV-CD/5-FC, and CNC-PD/pCMV-CD/5-
 FC for 18 days. After the treatment (a) photographs of the tumors were taken and (b) the weights 
of tumors were measured (mean ± SD, n = 3, *p < 0.05) (reprinted with permission from [164])
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component in the development of future biosensors and bioassays focused in the 
detection of human diseases and pathogens.

8.3  Wound Dressing

Cellulose-based nanomaterials have been widely tested as skin wound dressings 
[170–172]. These materials have high water-holding capacity to maintain the mois-
ture at the wound site, high mechanical strength and great conformability, high per-
meability, and low toxicity which are desirable properties to perform the function as 
temporal biologic dressings. Cellulose-based scaffolds tested in pre-clinical and 
clinical trials as wound dressings for skin lesions have been produced mainly with 
bacterial cellulose (BC) [173]. However, some studies have also studied the suit-
ability of nanocellulose derived from plants as wound dressings [174].

BC pellicles have been modified to improve their performance as temporary skin 
substitutes. One of the modifications introduced to BC scaffolds is the degree of 
porosity. Preclinical studies of nanocellulose scaffolds with high porosity showed 
that they accelerate the healing of skin lesions in rats compared to low porosity scaf-
folds and gauze [171]. They also found that the inflammatory response was less 
intense in animals where the skin wounds were covered with BC scaffolds indepen-
dent of the porosity compared to controls (wounds covered with gauze). Li et al. 
[170] also evaluated BC nanoscaffolds where the glycosaminoglycan hyaluronic 
acid (HA) was incorporated at different concentrations to improve their mechanical 
properties. The scaffolds composed by nanocellulose and 0.1% HA displayed the 
best performance as wound dressings in rats. The lesions covered by this type of 
composite closed more rapidly and resembled accurately the original skin charac-
teristics after healing compared to controls. The authors claim that the loosely struc-
tured nanofibers in scaffolds with high porosity facilitate the infiltration of cells and 
cytokines from tissues to scaffolds and that the presence of HA increases the water 
retention resulting in a moist environment that increases the tissue remodeling and 
wound healing.

The utility of bacterial cellulose (BC) pellicles as dressings in skin wounds in 
rats was evaluated by [175]. They coated induced full-thickness skin lesions with 
BC pellicles for up to 28 days. The wounds were dressed every 3 days. As controls, 
they dressed skin wounds with Vaseline gauze or Algisite®, a commercial dressing 
composed of alginate. They observed that the wounds dressed with the BC pellicles 
closed more rapidly than both control lesions (dressed with gauze or Algisite®). 
Additionally, they found that the fibroblast infiltration, collagen deposition, and the 
neovascularisation were higher in the wounds dressed with BC films and Algisite® 
compared to the lesions dressed with gauze.

Some of the BC scaffolds that have been tested in clinical trials as wound dress-
ings are already commercially available and are known as Biofill® [176], Bioprocess®, 
XCell®, and Gengiflex®, among others [173]. Biofill® and Bioprocess® were pro-
posed to treat burns and ulcers. Gengiflex® has been used for the treatment of peri-
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odontal diseases and XCell® has been commercialized for chronic wound care 
[173]. A BC scaffold named Nanocell® was tested as a biological dressing to accel-
erate the skin healing in a patient who suffered second degree burns on face, both 
upper arms and trunk [177]. The BC dressing adhered to the wound sites and its 
elasticity allowed its molding to facial contours (Fig  24a). After two weeks the 
facial wounds displayed complete epithelialization (Fig.  24b). Remarkably, the 
patient did not show irritation, allergic reaction or infection during the healing pro-
cess suggesting the suitability of BC dressings to treat skin burns. Nanofibrillar 
cellulose (NFC) derived from wood was also tested as biological coverage of 
split- thickness skin wounds originated after skin removal which was utilized as 
autografts on burn lesions [174].

8.4  Biocompatibility of Nanocellulose Scaffolds Designed 
for Applications in Tissue Engineering In Vitro Studies

A fund They seeded hDFCs for 3 days on the cellulose-nanoHA scaffolds amental 
property of a novel biomaterial is its biocompatibility. This property may be defined 
as the ability of a foreign material implanted in the body to perform its function 
without elicit a deleterious host response, such as foreign body response. In vitro, 
the biocompatibility is defined as the ability of a material to promote the adhesion, 
growth and differentiation of cells. The biocompatibility depends on various fac-
tors. Among them are the chemical properties of the material, the biodegradability 
rate and the products released to the biological environment after degradation, the 
surface functionalization, and the material topography. The biocompatibility of 
nanocellulose biomaterials in the form of hydro- gels, composites, electrospun 
nanofibers, sponges, and membranes from different sources and exhibiting different 

Fig. 24 Bacterial cellulose scaffold used as biological dressing in facial skin burns. (a) 
Photograph showing the application of the BC scaffold on the injured facial skin and (b) complete 
epithelialization two weeks after use of BC as temporary skin substitute (Reprinted with permis-
sion from [177])
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chemical and structural modifications has been extensively tested in  vitro [142]. 
Here we present some relevant examples of the in vitro studies performed to deter-
mine the nanocellulose biocompatibility.

The biocompatibility of mineralized macroporous bacterial nanocellulose (BNC) 
scaffolds was evaluated by [178]. Mesenchymal stem cells (MSCs) derived from 
human fetal livers were seeded on mineralized and non-mineralized BNC scaffolds 
for up to 21 days. They found that MCS were able to attach, proliferate, spread, and 
differentiate into osteoblasts on both BNC scaffolds. However, MSC formed conflu-
ent monolayers in mineralized BNC substrates compared to non-mineralized scaf-
folds. Thus, they provide evidence of the biocompatibility of macroporous bacterial 
nanocellulose whose surface exhibited hydroxyapatite coating and propose them for 
bone tissue engineering.

The suitability of scaffolds made with non-woven cellulose coated with calcium 
phosphate (CaP) as cell culture substrates for primary bovine cartilage cells (chon-
drocytes) was evaluated by [179]. After 6 weeks of culture, the authors observed an 
increased cell adhesion and cell spreading, and higher expression of components of 
the cartilage extracellular matrix, specifically of collagens type I and II and proteo-
glycans, in non-woven cellulose coated with CaP compared to uncoated scaffolds. 
Based on these results, the authors concluded that non-woven cellulose scaffolds 
were moderately biocompatible, a property that was enhanced by CaP nanocrystals 
deposition on their surfaces. In addition, they proposed that CaP- coated cellulose 
scaffolds might be useful for cartilage tissue engineering applications.

The orientation of nanofibers in CA-based scaffolds appears to be a key factor to 
stimulate cell ingrowth, cell spreading and viability. He et al. observed that primary 
human dental follicle cells (hDFCs) seeded on scaffolds made of randomly oriented 
nanofibers were able to attach to scaffolds but in a scattered manner. hDFCs failed 
to spread and exhibited mainly a rounded morphology. Conversely, when the hDFCs 
were seeded on scaffolds made of parallel or uniaxially aligned cellulose fibers they 
attached to the fibers and additionally were able to spread and acquire an elongated 
morphology. They suggest that the aligned nanofibers resemble more accurately the 
extracellular matrix (ECM) morphology and in this manner constitute a more natu-
ral environment for cell growth [180].

The biocompatibility of scaffolds made from cotton cellulose and different con-
centrations (3, 5, or 10%) of nano-hydroxyapatite (nano-HA) was evaluated by 
[181]. They seeded hDFCs for 3 days on the cellulose-nanoHA scaffolds; then they 
evaluated the hDFCs viability and adhesion. Furthermore, Ao et  al. found that a 
higher number of hDFCs adhered on the scaffolds with 10% of nano-HA compared 
to the other concentrations. Additionally, cells were evenly distributed in the scaf-
folds containing 10% nano-HA and displayed higher viability compared to the cells 
seeded on the cellulose scaffolds containing 3 or 5% nano-HA. From these results, 
the authors concluded that the addition of nano-HA to the cellulose improved the 
tensile strength and Young’s modulus as well as the biocompatibility of the 
scaffolds.
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The surface texture of each nanofiber also appears to be an important factor that 
modulates the behavior of cells on cellulose acetate (CA) butyrate scaffolds. Huang 
et al. compared the growth of Schwann cells (a type of non-neuronal cells forming 
part of the peripheral nervous system) on either aligned or randomly oriented 
CA-butyrate scaffolds with smooth or parallel line surface texture. They found that 
both the nanofiber alignment and the parallel lined texture improve the Schwann 
cell attachment, growth and elongation. A greater number of cells were attached on 
CA scaffolds made with aligned nanofibers whose surface exhibited a parallel lined 
texture compared to scaffolds made with randomly oriented nanofibers and smooth 
surface. Additionally, Schwann cells exhibited typical cell morphology with elon-
gated cell bodies since early culture times on aligned nanofibers with surface texture 
compared to controls. They claim that CA scaffolds with aligned and textured nano-
fibers may be tested for neural tissue engineering [182].

Primary rat astrocytes (a non-neuronal type of cells forming part of the central 
nervous system) were seeded on electrospun cellulose acetate (CA) nanofibrous 
scaffolds that had been heat-treated to increase the scaffold’s stiffness. They used 
thermal treatment of CA nanofibers because they were interested in improving their 
stiffness without inducing changes in their chemical properties. They evaluated the 
astrocyte’s viability and attachment on thermally-treated CA scaffolds compared to 
non-heat treated CA scaffolds or conventional culture plates (polystyrene surfaces) 
[183]. They found that astrocyte’s viability and adhesion increased on heat-treated 
CA scaffolds compared to controls. They also determined that cells growing on 
heat-treated CA scaffolds expressed higher level of glial fibrillary acidic protein 
(GFAP), which was used as an indicator of the astrocyte activity, compared to non-
thermally treated CA scaffolds. Their results suggest that the increase in CA 
stiffness improves astrocyte viability and adhesion.

CA-based nanoscaffolds were used to coat metallic devices employed to replace 
heart valves. Bioactive groups, mainly the synthetic peptides RGD (Arg–Gly–Asp) 
and YIGSRG (tyrosine–isoleucine–glycine–serine–arginine–glycine), were chemi-
cally bound to the CA nanoscaffolds surface to promote cell adhesion. RGD and 
YIGSRG are motifs found in the ECM proteins fibronectin and laminin,  respectively. 
The ability of CA-based constructs to support the adhesion and growth of mouse 
fibroblasts (L29 cell line) was assessed. They found that the biofunctionalized CA 
scaffolds improved the cell growth compared to controls, suggesting their applica-
bility for future preclinical studies of valve tissue engineering [184].

Overall, the biocompatibility in vitro of nanocellulose, nanofibrillar cellulose, 
and bacterial cellulose materials has been evaluated using cells derived from differ-
ent sources showing cell adhesion, survival, and proliferation abilities on contact to 
the cellulose-based materials. The results show that the degree of toxicity and bio-
compatibility are dependent on the mode of processing, particle size and surface 
chemistry of the cellulose nanoparticles.
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8.5  Tissue Engineering

Tissue engineering is a scientific field that applies the principles of engineering and 
biological sciences to develop tissue and organ analogs to replace or improve lost or 
damaged human body parts [185, 186]. Cellulose-based nanoscaffolds and hydro-
gels from different sources (plants, bacteria, and algae) have been explored as novel 
biomaterials to elaborate tissue analogs. Specifically, electrospun cellulose acetate 
nanoscaffolds have been proposed for skin, bone and cartilage tissue engineering 
because of its biocompatibility and mechanical strength. However, most studies 
have only addressed the in vitro biocompatibility of nanocellulose scaffolds to date 
as explained in the previous section. Here we present some examples of CA scaf-
folds that have been tested as tissue analogs in vivo. Surprisingly, data about the use 
of nanocellulose as implant material in preclinical and clinical studies are scarce 
indicating that this is an incipient area of research.

The in vivo biocompatibility of scaffolds made of BC nanofibrils was evaluated 
in rats [187]. They implanted the BC nanoscaffolds subcutaneously in rats for 1, 4, 
and 12 weeks. They found a mild number of inflammatory cells without signs of 
foreign body reaction around the BC implants at the different time points evaluated. 
Additionally, they observed fibroblast infiltration in the BC scaffolds suggesting 
their integration in the subcutaneous tissue. Collagen production and angiogenesis 
were observed in the implanted BC scaffolds over time.

Shi et al. studied the biocompatibility of bacterial cellulose (BC) nanoscaffolds 
in vitro and in vivo [188]. The viability of C2C12 cells seeded on the nanoscaffolds 
was evaluated in vitro at different time points. They found no significant differences 
between the viability and proliferation of cells on BC scaffolds and conventional 
cell culture plates, suggesting the BC biocompatibility. More importantly, the 
authors evaluated the biocompatibility of BC scaffolds alone or carrying two differ-
ent concentrations of bone morphogenetic protein 2 (BMP-2) after subcutaneous 
implantation in rats. Results showed a cell ingrowths in BC scaffolds carrying the 
both doses of BMP-2 whereas no cells were observed in BC scaffolds without 
BMP-2 two weeks of post-implantation. Additionally, ectopic bone tissue formation 
was observed around the BC scaffolds loaded with BMP-2 after 4  weeks of 
 implantation. Conversely, BC scaffolds without BMP-2 showed some cells that 
have grown in the scaffold at 4 weeks post-implantation but no signs of bone forma-
tion were observed, suggesting that BC scaffolds without BMP-2 are biocompatible 
but are not osteoinductive [188]. A shortcoming of this study was the lack of infor-
mation regarding the potential presence of inflammatory infiltration or foreign body 
reaction around the BC scaffolds to support the BC biocompatibility in vivo.

Plant-derived cellulose scaffold biocompatibility was tested after subcutaneous 
implantation in mice for 1, 4, or 8 weeks [189]. Results from this report found 
histological evidence of acute inflammation and foreign body response to the scaf-
fold 1 week post-implantation. Nevertheless, these immune responses have disap-
peared at week 8 post-implantations, suggesting that the cellulose scaffold reduces 
its immunogenicity over time. Remarkably, cellulose scaffolds retained most of 
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their original structure and shape but exhibited a significant reduction in size (48%) 
after 8 weeks, suggesting slow biodegradation in vivo. However, this slow degrada-
tion rate in vivo appears not to be correlated with immunogenicity. Additionally, 
fibroblast ingrowth, vascularization and collagen deposition were also observed into 
the cellulose scaffold at week 8 after implantation.

An ideal polymeric scaffold designed to induce bone, cartilage, or skin tissue 
regeneration after grafting must act as a temporary environment to induce host cell 
ingrowth, proliferation, neovascularization and extracellular matrix deposition con-
comitantly with scaffold degradation over time. As was mentioned previously, the 
poor biodegradability of nanocellulose in vivo is a concern when used as implant. 
However, various mechanisms to modulate the biodegradability of the CA based 
scaffolds have been studied. Czaja et al. evaluated the biodegradability in vitro and 
in vivo of bacterial cellulose (BC) scaffolds with varying degrees of oxidation (50–
94%) obtained through treatment with sodium periodate. They implanted γ-irradiated 
and oxidized or native BC scaffolds subcutaneously in rabbits for up to 26 weeks. 
When they evaluated the site 26  weeks’ post-implantation they found that the 
γ-irradiated scaffolds with the different degrees of oxidation have almost com-
pletely degraded and only some remnants were observed. Conversely, the native BC 
scaffolds remained unchanged. At the histological level, they found an immune 
response around all the implanted scaffolds. The immune response consisted of a 
foreign body response characterized by variable numbers of macrophages and giant 
cells with mild numbers of neutrophils around implants. However, the intensity of 
the response varied among treatments. It was scored as slightly irritant for most of 
the oxidized BC scaffolds whereas it was scored as irritant for native BC scaffolds. 
Additionally, around native BC scaffolds was observed a defined fibrous capsule, an 
indicator of the strong foreign body response elicited by native cellulose. Overall, 
their results suggest that γ-irradiation and oxidation of cellulose improves the deg-
radation rate of scaffolds in vivo, a phenomenon that is correlated with a reduction 
in the intensity of the immune response to this type of implants [143].

Cellulose–hydroxyapatite (BC–HA) nanocomposite membranes were implanted 
in noncritical bone lesions in rat tibiae for 1, 4, and 16 weeks. At week 1 osteoid and 
newly formed bone was observed at the lesion defects implanted with the BC–
HA. Conversely, fibrotic tissue was observed in the control lesions. Since week 4 
new bone tissue was observed in the bone defects that were implanted with the 
BC–HA scaffolds. The BC–HA membranes were observed during the entire period 
of study suggesting poor biodegradation. However, no inflammatory reaction was 
observed around the BC–HA membranes at the different time points [190].

Tubes made with bacterial nanocellulose (Fig. 25a) were grafted in lesions of 
peripheral nerves in rats to induce nerve regeneration as depicted in Fig. 25b [191]. 
The spontaneous healing of peripheral nerves frequently led to partial reconnection 
of damaged nerves. This process in accompanied by the formation of scars and 
neuromas (connective tissue overgrowths) at the sites where the nerves were dam-
aged (Fig. 25c, white arrow). This spontaneous healing process results in partial 
recovery of motor activity. However, when the nanocellulose tubes served as guid-
ance channels for the damaged nerves a significant lesser number neuromas were 
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observed at the implantation site 90  days post-grafting (Fig.  25d) and complete 
recovery of motor activity was also observed. They suggested that the nanocellulose 
tubes prevented the growth of connective tissue around the regenerating nerves thus 
accelerating peripheral nerve regeneration. The biocompatibility of the  nanocellulose 
tubes was demonstrated by the slight inflammatory response found around the 
implants tubes after 90 days of grafting.

9  Conclusions

The body of work reviewed in this chapter certainly provides extensive evidence of 
the advantages of using cellulose-based materials for tissue regeneration. Specially, 
the advantages that offer the use of cellulose nanofibers for tissue regeneration is 
remarkable and more research in this area are foreseen. Particularly the use of elec-
trospinning to generate such fibers opens many possibilities for the modification 

Fig. 25 Bacterial nanocellulose tubes used for nerve tissue engineering. (a) Macroscopically 
appearance of the nanocellulose tubes used as guidance channels for nerve regeneration. (b) 
Schematic diagram of the surgical procedure for tube implantation in rats. (c) Clinical aspect of the 
regenerated nerves after 30  days in the control group (regenerated without nanocellulose tube 
implantation) showing the formation of a neuroma (white arrow); and (d) Clinical aspect of a 
regenerated nerve grafted with a nanocellulose tube after 90 days without the formation of neuro-
mas. https://www.termedia.pl/Journal/Archives_of_Medical_Science-19/Info (reprinted with per-
mission from [191])
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and fabrication of the fibers using this technique. Electrospinning is a simple and 
cost effective technique that yields large amounts of nanofibers in short periods of 
time and with minimum effort. It is anticipated that more studies with these materi-
als would occur particularly in the area of composites and colloids with other poly-
mers and block copolymers.
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Biopolymers Nanofibers for Biomedical 
Applications and Environmental Applications

Ana L. Vega-Avila, Oscar Perales-Perez, and Ricky Valentín Rullan

Abstract Electrospinning is a manufacturing technique of growing interest by its 
versatility in the generation of membranes constituted by fibers. Its relevance has 
been evidenced by the growing number of researches conducted in the recent years 
in the field of biotechnology and nanotechnology. In the field of biotechnology, the 
research interest has been focused in the development of tridimensional assemblies 
from biocompatible polymers and biopolymers which are able to mimics biological 
structures and functions for use in tissue regeneration, wound healing, drug deliv-
ery, among other applications. In the environmental protection field, the use of elec-
trospun biopolymers has been favored by the feasibility to functionalize them to 
improve its behavior as adsorbent material, filter or catalyst in the decomposition of 
toxic compounds while keeping its biodegradability.

This review will provide an overview on the electrospinning parameters, focus-
ing in the processing and the stabilization conditions for nanofibers synthesized 
from biopolymers such as chitosan, collagen, alginate and gelatin. The results of 
some promising researches in biomedical and environmental applications using 
these biopolymers will be also summarized here.
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Abbreviations

BDDGE 1,4-butanediol diglycidyl ether
BSA Bovine serum albumin
CLSM Confocal laser scanning microscopy
CNCs Cellulose nanocrystals
DMAc Dimethylacetamide
DMEM Dulbecco’s modified Eagle’s medium
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
E. coli Escherichia coli
EC Endothelial cells
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
FTIR Fourier-transform infrared spectroscopy
GRGDSP Glycine–arginine–glycine–aspartic acid–serine–proline
HAP Hydroxyapatite
HDFCs Human dental follicle cells
HFIP Hexafluoroisopropanol
HFP 1,1,1,3,3,3-hexafluoro-2-propanol
hMSCs Human mesenchymal stem cells
HTCC N-[(2-hydroxyl-3-trimethylammonium) propyl] chitosan
ICP–AES  Inductively Coupled Plasma Atomic Emission Spectroscopy
MIC Minimal inhibitory concentration
NMR Nuclear magnetic resonance
P. aureginosa Pseudomona aureginosa
PBS Phosphate buffer solution
PCL Poly(caprolactone)
PEO Poly(ethylene oxide)
PLA Poly(lactic acid)
PPV Porcine parvovirus
PVA Poly(vinyl alcohol)
S-aureus Staphylococcus aureus
SDS Sodium dodecyl sulphate
SHP Sodium hypophosphite monohydrate
SMC Smooth muscle cells
TEM Transmission electron microscopy
TFA Trifluoroacetic acid
TFE Trifluoroethanol
THF Tetrahydrofuran
WVTR Water vapor transmission rate

A.L. Vega-Avila et al.



111

1  Introduction

Electrospinning is a manufacturing method used to generate tri-dimensional struc-
tures constituted by fibers whit a high surface area to volume ratio, high porosity 
and good mechanical strength [1, 2]. This technique is characterized by its feasibil-
ity to processing multiple material including polymers, composites, ceramics and 
metals and generate membranes with tunable size and morphology [3–6].

This versatility, has allowed the use of electrospun membranes in multiple appli-
cations such as micro and nano-filtration [7, 8], tissue engineering [9, 10], drug 
delivery [11], wound healing dressings [12], environmental remediation [13, 14], 
antibacterial treatment [14], electrodes manufacturing [15], protective clothing 
[16], sensors manufacturing, hydrogen storage [17], among others [18].

Electrospun fibers are generated by the application of high voltage to a precursor 
solution flowing at a controlled rate. The applied voltage generates repulsive elec-
trostatic forces at the solution surface. When the electrostatic force overcomes the 
surface tension of the solution a jet is ejected from the solution towards an opposite 
charged surface or collector. During this process the polymer chains are stretched 
and the solvent is evaporated generating in this way nanofibers [6].

Several processing parameters influence nanofibers properties including the 
applied voltage, the flow rate, the distance between the collector and the needle tip, 
the tip gauge, environmental parameters such as relative humidity, solution proper-
ties such as viscosity, conductivity, surface tension, solution composition, as same 
as collector geometry, among others [19, 20].

The achievable high specific surface area is one of the most prominent attributes 
of electrospun fibers, a feature that can be enhanced by the generation of fibers 
exhibiting diameters at the submicron o nano-size level. Thinner nanofibers with 
narrower size distribution are usually obtained by increasing the applied voltage 
[21, 22]. However, increasing this diameter beyond a critical value (which is spe-
cific for each polymer) could give place to loss of diameter uniformity because of 
the formation of beaded nanofibers [18]. On the other hand, some researchers claim 
that the applied voltage does not influence the fibers diameter, but improves its mor-
phology and homogeneity by decreasing the fibers junctions [23].

Thinner nanofibers can be also obtained by increasing the solution conductivity 
[24], however, the research conducted by Heikkilä and co-workers [25] revealed 
that the addition of ZnCl2 to PAN solutions during electrospinning leads to the for-
mation of fibers with larger diameter. This was attributed to an increasing in the 
mass flow generated by the higher conductivity resulting of the salt addition.

Other electrospinning parameters that influenced the diameter and size distribu-
tion of the fibers are the flow rate [26, 27] and the viscosity of the precursor solution 
[25]. An increasing in the flow rate generates fibers with higher diameter and could 
lead to the formation of beaded fibers due to an incomplete solvent evaporation 
[28].

On the other hand, the increasing in the viscosity of the solution leads to the 
formation of larger nanofibers. This effect was evident in the electrospinning of 
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poly-carbonate urethane fibers from solutions with low (7.2 ± 1.7 Pa s), medium 
(10.1 ± 0.5 Pa s) and large viscosity (22.5 ± 1.4 Pa s). Beaded fibers were obtained 
from the low viscosity solution, while uniform fibers from the solution with 
intermediate viscosity. The diameter of fibers rises in approximately 192% when 
the solution of high viscosity was used as fibers precursor [29], as can be seen in 
Fig. 1.

Fibers formation requires a threshold viscosity that allows the generation of a 
stable solution jet during electrospinning [30]. Therefore, solutions with low viscos-
ity lacks of the viscoelastic forces required to suppress the effect of the surface ten-
sion leading to the formation of charged droplets instead of a continuous jet [29]; 
which leads to electrospraying or to the formation of beaded fibers.

Some biopolymers exhibit high molecular weight and electrical charges, which 
makes its solutions highly viscous and difficult to process via electrospinning. For 
this reason, understanding of the processing conditions becomes relevant to suc-
cessfully synthesize fibers from these materials.

Fig. 1 SEM micrographs of poly-carbonate urethane electrospun fibers synthesized from solu-
tions of different viscosity: (a) low viscosity, (b) medium viscosity, (c) high viscosity. Reproduced 
from [29]
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2  Nanofibers from Biopolymers

Biopolymers are biodegradable, biocompatible and exhibit low toxicity. These are 
also obtained from sustainable and renewable sources. Some naturally occurring 
biopolymers such as collagen, keratin, fibroin fibrils exhibit complex hierarchical 
morphology which are inspiration for the synthesis of materials that mimic these 
structures at a reduced scale while keeping its desired properties.

Properties such as the high surface area and high porosity of the electrospun 
nanofibers allow its use in the generation of tri-dimensional structures that simulate 
the extracellular matrix. However, the poor electrospinnability exhibited by most 
biopolymers [31] and the low stability in aqueous environments remains as a draw-
back for practical applications.

Several approaches have been developed to improve the electrospinnability of 
biopolymers including co-electrospinning with assistant polymers [32], addition of 
salts to increase the conductivity of its solutions, addition of surfactants to decrease 
the surface tension [33], among other approaches. In the same way, several stabili-
zation methods such as chemical and photochemical crosslinking and plasma oxida-
tion have been developed to increase the resistance of electrospun membranes in the 
presence of water.

The general properties of some relevant biopolymers such as chitosan, alginate, 
collagen and cellulose. As same as a detailed description of its electrospinning con-
ditions will be discussed below.

2.1  Chitosan Nanofibers

Chitosan is a polysaccharide obtained by deacetylation of chitin, which is the sec-
ond most abundant biopolymer [34, 35]. Because of its biocompatibility, biodegrad-
ability, anti-bacterial and anti-fungal properties, and wound-healing properties [35, 
36], chitosan has great potential for multiple applications including biomedical and 
pharmaceutical, environmental applications [13, 37], membrane filtration [38], 
among others.

Chitosan contains reactive amino groups and hydroxyl groups in its structure 
which allows it to act as chelating agent for metal ions to bind to biomolecules, 
mammalian and microbial cells [34]. The presence of amine groups is also respon-
sible for the solubility of chitosan in acidic media, which allows it to be processed 
by electrospinning.

The high molecular weight of chitosan makes necessary the use of acids as sol-
vents to prepare electrospinning solutions. Chitosan electrospun nanofibers were 
prepared from 4 to 6 wt.% chitosan solutions using trifluoroacetic acid (TFA) as 
solvent [39], these nanofibers were treated with glutaraldehyde in order to increase 
their chemical resistance in water.
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Xinying and coworkers [40], synthesized chitosan nanofibers with average diam-
eter of 130 nm, using acetic acid as solvent. The effects of the solvent concentration, 
the molecular weight of chitosan and the voltage, in the morphology of the nanofibers 
were assessed in this work. Chitosan solutions were prepared by dissolving chitosan 
of three different molecular weight and deacetylation degrees (30,000  g/mol and 
56%; 106,000 g/mol and 54%; 398,000 g/mol and 65%) in acetic acid solutions of 
several concentrations (10–90%) at room temperature for 12 h. The electrospinning 
parameters used to prepare the nanofibers were: a flow rate of 20 μL/min, the voltage 
was varied from 1 to 5 kV/cm. Nanofibers were only obtained from solutions with 
acetic acid concentration higher than 30%. Which was explained by a decreasing in 
the surface tension of the solution and an increasing in its charge density observed 
when the concentration of acetic acid is increased. Regarding the effect of the molec-
ular weight, only chitosan of 106,000 g/mol produced bead-free chitosan nanofibers, 
while the use of chitosan of low molecular weight (30,000 g/mol) and high molecular 
weight (398,000 g/mol) leads to defective nanofibers. Fragile nanofibers containing 
large sized beads were obtained from low molecular weight chitosan while non- uni-
form nanofibers with some beads were obtained from high molecular weight chito-
san solutions (2.5–3 wt.%). In general, the average diameter and size distribution of 
the fibers decreased with increasing of the applied electric field. Summarizing, free 
beads nanofibers were obtained from 7% chitosan solution of 106,000 g/mol dis-
solved in 90% acetic acid under an applied electric field of 4 kV/cm.

Chitosan is usually blended with other polymers such as Poly(vinyl alcohol) 
(PVA) [41] and Poly(ethylene oxide) PEO [13, 42, 43] to decrease the high surface 
tension of chitosan solutions and allows the use of less aggressive solvents such as 
aqueous solutions of acetic acid [40, 42, 44] in the preparation of electrospinning 
solutions from this compound.

Martinova and co-workers [42], prepared electrospun chitosan: PEO nanofibers 
with a 95:5 weight ratio and average diameter under 500  nm. The researchers 
assessed the effects of the molecular weight of chitosan and PEO, salt addition, 
surfactant addition, solvent type and composition in the morphology of Chitosan—
PEO electrospun nanofibers.

Electrospinning solutions were prepared by blending separately prepared solu-
tions of chitosan and PEO. Chitosan solutions were prepared from three different 
grades of chitosan as follows: 10 wt.% of chitosan A (low molecular weight and 
78% deacetylation degree), 2% Chitosan B (medium molecular weight and 75–85% 
deacetylation degree) and 1% Chitosan C (high molecular weight and over 75% 
deacetylation degree) dissolved in 10, 30, or 60 wt.% acetic acid, and in 30 wt.% 
lactic acid.

Alternatively, 10 wt.% citric acid was used to obtain an 8 wt.% Chitosan A solu-
tion. The citric acid solution was used to enable crosslinking through esterification 
reaction between hydroxyl groups of chitosan and carboxylic groups of the acid.

In turn 5% PEO (400 kD, 900 kD) aqueous solutions containing NaCl in concen-
trations ranging from 0 to 2.4 mol/L were combined with chitosan solutions 
to obtain solution blends with a chitosan: PEO ratio ranging from 70:30 to 95:5. 

A.L. Vega-Avila et al.



115

Triton X-100 was added to these solutions to adjust the surface tension to 
51.0–32.0 mN/m.

An alternative electrospinning process that does not needs nozzles (nanospider) 
was used to prepare the nanofibers. A potential difference of 65 kV was applied 
between the rotating polymer solution reservoir and the collector, while the solution 
flowing from reservoir by the action of the centrifugal force is collected in the form 
of nanofibers.

Water-resistant electrospun membranes were obtained after heat treatment at 
145 °C for 15 min. Citric acid was used as crosslinking agent. Heat treated mem-
branes exhibited water resistance after immersion for 24 h. The molecular weight of 
PEO affected the stability of the membranes, those containing PEO with molecular 
weight of 400 kD experienced PEO leaching from the nanofibers. The FTIR spectra 
analysis demonstrated that heat treatment did not lead to chemical crosslinking 
despite it increases the stability of nanofibers in water.

NaCl addition in a concentration of 0.24–0.66  mol/L leaded to fibers with 
improved morphology, which was explained by the shrinkage of the polymer chains 
generated by the interaction of the salt ions with the chitosan polyelectrolyte.

The effect of the addition of metal ions in the morphology of chitosan- PEO 
electrospun nanofibers was also assessed by Su and coworkers [45]. The electros-
pinning solutions were blended in adequate proportions of inorganic salt solutions 
(16 wt.% aqueous solution of NaCl, KCl, CaCl2, MgCl2, SrCl2, ZnCl2, and FeCl3), 
3.0 wt.% chitosan dissolved in 0.5 wt.% acetic acid and 5.0 wt.% PEO aqueous 
solution. The electrospinning parameters used to prepare the nanofibers were flow 
rate of 0.2 mL/h, 12 kV and a distance from collector to needle tip of 8 cm.

The addition of monovalent cations to the electrospinning solutions (0.4–
1.6 wt.% NaCl or KCl) leads to the formation of nanocrystals of inorganic salts in 
the fibers, while the addition of divalent and trivalent cations (0.8 wt.% CaCl2 or 
FeCl3) generated defect-free nanofibers. The addition of Ca2+ and Fe3+ ion also leads 
to smaller fibers, fibers with average diameter of 200 nm were obtained with addi-
tions of 0.4–1% CaCl2. However, branched fibers were obtained when the Fe3+ con-
centration was increased from 0.8 to 1.2  wt.%. Fourier-Transform Infrared 
Spectroscopy (FTIR) and rheological analysis results suggested that the addition of 
metal cations disrupt the intermolecular and intramolecular hydrogen bonds in chi-
tosan chains decreasing in this way the viscosity of the electrospinning solutions, 
which leads to smaller nanofibers.

Chitosan-PEO electrospun nanofibers were assessed by Li and coworkers for 
tissue engineering applications [46]. The electrospinning solutions were prepared 
by dissolving chitosan-PEO blends with mass ratios of 85:15, 90:10, 95:5, and 
97:3 in aqueous solution containing 3 wt.% acetic acid and DMSO (10:1, w/w). The 
nanofibers were prepared using a voltage of 18–30 kV, a flow rate of 2–4 mL/h and 
a distance from needle tip to collector of 10–12 cm as electrospinning parameters. 
The electrospun fibers were crosslinked with genipin. After crosslinking the mem-
branes were insoluble in PBS after 72 h of immersion at 37 °C, however these still 
exhibited swelling.
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Improvement in the young’s modulus of the membranes was observed after 
crosslinking with genipin, the membranes crosslinked with 0.5% genipin exhibited 
young’s modulus of 670 MPa, which was 59.6% superior to the exhibited by the 
un-crosslinked membranes (476  MPa). However, its tensile strength (4.87  MPa) 
was inferior in 300% compared to the showed by the non-crosslinked membranes 
(14.63 MPa).

Cytocompatibility studies conducted culturing L929 fibroblast onto the genipin 
crosslinked nanofibers suggested that these scaffolds promoted the adhesion and 
growth of the cells, being the crosslinked with 0.5% genipin the more 
biocompatible.

2.2  Cellulose Nanofibers

Cellulose is the most abundant natural biopolymer, it can be obtained from wood, 
leaves and cotton. Cellulose has been used in multiple application including bio-
medical applications [10], environmental applications [47], cloth protectant appli-
cations, as affinity membranes [48], among others [49, 50].

Cellulose-montmorillonite electrospun nanofibers were assessed as adsorbent 
for wastewater treatment [47], these fibers were prepared from cellulose acetate 
solutions with concentrations ranging between 8% and 20 wt.% dissolved in ace-
tone: Dimethylacetamide (DMAc) solution (2:1, v/v). Montmorillonite modified 
with the anion surfactant sodium dodecyl sulphate (SDS) was added to the cellulose 
acetate solutions in a concentration of 1–3 wt.% (relative to the weight of cellulose 
acetate). Cellulose-montmorillonite composite nanofibers were prepared using a 
voltage of 15 kV, a flow rate of 1 mL/h and a distance from needle tip to collector of 
20 cm. The electrospun membranes were immersed in sodium hydroxide (NaOH) 
0.1M dissolved in ethanol for 24 h to regenerate the cellulose nanofibers. The addi-
tion of montmorillonite decreased the average diameter of the nanofibers, bare cel-
lulose nanofibers exhibited average diameter of 468 nm while composite nanofibers 
exhibited average diameter of 376  nm. The composite electrospun membranes 
exhibited good affinity toward Cr6+, which evidenced the potential of this material 
as metal adsorbent.

Zuwei and coworkers [48] synthesized electrospun cellulose nanofibers for 
membrane affinity applications. Electrospun Cellulose nanofibers with average 
diameter ranging from 200 nm to 1 μm were prepared from 0.16 g/mL cellulose 
acetate solution dissolved in a mixture of acetone: dimethylformamide (DMF): tri-
fluoroethylene in a volume ratio of 3:1:1. The electrospun fibers were prepared 
using a voltage of 25 kV, a flow rate of 4 mL/h and a distance from needle tip to 
collector of 15 cm. The electrospun membranes were heat treated at 208 °C for 1 h. 
Heat treatment improved the structural integrity and mechanical strength of the 
membranes. Cellulose nanofiber membranes were treated with NaOH to obtain 
regenerated cellulose. Cibacron Blue F3GA was covalently attached to the regener-
ated cellulose nanofibers. The membranes modified with cibacron exhibited 
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 capability to specifically bind Bovine Serum Albumin (BSA) or bilirubin with 
capacities of 13 mg/g and 4 mg/g, respectively.

Electrospun composite nanofibers from native cotton cellulose loaded with dif-
ferent hydroxyapatite concentrations were prepared by Ao and coworkers [10], for 
bone tissue engineering applications. Hydroxyapatite nanoparticles in concentra-
tions of 3, 5, and 10% w/w were suspended in 8 wt.% LiCl/DMAc solutions. One 
gram of activated cellulose was dissolved in the hydroxyapatite suspensions to form 
the electrospinning solutions. The composite nanofibers were generated at a flow 
rate of 0.04 mL/min and a rotating velocity of the drum collector of 300 m/min.

Morphological characterization of the electrospun membranes revealed that 
these were constituted by aligned nanofibers. The bare cellulose nanofibers exhib-
ited average diameter ranging between 100 and 200 nm. However, the addition of 
hydroxyapatite generated irregular flake-like agglomerates randomly distributed in 
the fibers and increased the diameter of the nanofibers, the addition of 10% hydroxy-
apatite generated fibers with a broad diameter distribution ranging from 100 to 
500 nm.

The addition of hydroxyapatite improved the mechanical properties of the elec-
trospun membranes. Membranes containing 5% hydroxyapatite exhibited a tensile 
strength and Young’s modulus of 70.6 MPa and 3.12 GPa respectively.

Biocompatibility of the composite electrospun membranes was assessed by cul-
turing human dental follicle cells (HDFCs) for 72 h. After this time, the composite 
scaffolds containing 10% hydroxyapatite exhibited a higher cell population with the 
cells evenly distributed and confluent on the scaffold surface.

The higher cell proliferation observed at higher hydroxyapatite content sug-
gested that the cellulose hydroxyapatite electrospun composites provide an excel-
lent platform to support cell growth for bone tissue engineering.

2.3  Alginate Nanofibers

Alginate is a linear polysaccharide, negatively charged that contains in its structure 
l-guluronic acid and d-mannuronic acid. Sodium alginate is water soluble, however 
it is able to form hydrogels upon ionic crosslinking with divalent cations such as 
calcium Ca2+, which improves its resistance in presence of water [51].

Due to its biocompatibility and gelling properties alginate has been used in sev-
eral applications such as for wound dressing [52, 53], tissue engineering [54] and 
drug delivery applications.

Alginate requires the use of surfactants and polymer assistants to decrease its 
surface tension to processing it via electrospinning. Bonino and coworkers [33] 
reported electrospinning of low molecular weight sodium alginate, using PEO as 
polymer assistant. The reported alginate: PEO wt.% ratio was higher than 80:20. 
Additionally, the researchers reported the use of Triton X-100 as surfactant agent. 
The resulting nanofibers were crosslinked with CaCl2 and subsequently washed in 
order to remove the soluble remaining PEO.
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Sodium alginate based nanofibers containing PEO with average diameter of 
250 nm were also prepared from aqueous solutions by Jian and co-workers [55]. 
Smooth electrospun fibers were obtained from 3 wt.% solutions with varied algi-
nate/PEO proportions ranging from 3:1 to 0:1.

Crosslinking of the fibers was conducted in two stages, the first one involves the 
immersion of the fibers in 2% hexamethylene diisocyanate solution containing 
dibutyltin dilaurate as catalyst and toluene as solvent for 24 h at room temperature. 
The second crosslinking stage involves the immersion of the membranes in 5% 
aqueous solutions of CaCl2 for 24 h.

The cross-linked mats immersed in distilled water retained its morphology for 
3 days, while the partially crosslinked membranes (those crosslinked only by the 
second stage and those crosslinked only by the first stage of crosslinking), only 
lasted 10 min and 1 day respectively. The authors suggested good potential of this 
membranes in biomedical applications.

Mohena and co-workers [52], prepared nanofiber composites with antibacterial 
properties for wound healing applications. These composites were prepared by 
impregnation of silver nanoparticles into electrospun alginate nanofibers through 
their complexation with chitosan.

Silver nanoparticles were synthesized by reduction of silver nitrate 10 mM with 
chitosan solution 0.5 wt.% dissolved in 2% acetic acid. This process was conducted 
under agitation for 3 h, followed by heating at 90 °C for several periods: 3, 6, 12, 24 
and 48 h.

Alginate nanofibers were prepared from 3 wt.% sodium alginate-PEO (50:50) 
aqueous solution containing 0.5 wt.% Triton X-100 and 5 wt.% Dimethyl sulfoxide 
(DMSO). A flow rate of 0.8 mL/h, a voltage of 17 kV and a distance from the tip- 
to- collector of 17 cm were used to generate the alginate nanofibers, which were 
crosslinked with aqueous solutions of calcium chloride for 1  h. The crosslinked 
nanofibers were coated by immersion in chitosan-Ag solution containing 1 wt.% Ag 
NPs for 5, 10 and 15 min. The swelling of the coated membranes immersed in dis-
tilled water decreased from 276 to 150% with increasing in the coating time.

Shalumon and coworkers [53] synthesized ZnO loaded alginate-PVA electros-
pun nanofibers with average diameter ranging from 220 to 360 nm for wound dress-
ing applications. A blend of aqueous solutions of sodium alginate 2 wt.% and PVA 
16  wt.% in a 1:1 ratio was used to prepare the electrospinning solutions. ZnO 
nanoparticles in concentrations ranging from 0.5 wt.% to 5 wt.% were dispersed 
into the polymer solution. The electrospinning parameters used to prepare the fibers 
were a voltage of 17 kV, a flow rate of 0.1 mL/h and a distance between the needle 
tip and collector of 5 cm. The electrospun membranes were crosslinked by exposi-
tion to 2% glutaraldehyde vapor for 48 h, following the immersion of the mem-
branes in 1% CaCl2: ethanol solution for 1 h.

The bactericide effect of the electrospun fibers against Escherichia Coli (E. Coli) 
and Staphylococcus Aureus (S. Aureus) was assessed by mean of the disk diffusion 
method. All the ZnO loaded membranes exhibited an inhibition zone for both types 
of bacteria, however, the diameter of the observed inhibition zone was directly pro-
portional to the ZnO concentration in the fibers.
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The cell adhesion and spreading of L929 cells cultured during 96  h onto the 
electrospun nanofibers were used as criteria to evaluate its cytocompatibility. Good 
cell adhesion and spreading was observed after 48 and 96  h for the electrospun 
nanofibers without ZnO nanoparticles. The same scenario was observed for the 
membranes containing 0.5 and 1% ZnO.  However, a lack of cell spreading was 
observed at higher ZnO concentration at 48 and 96 h, which was attributed to the 
slightly cytotoxic effect of ZnO nanoparticles at higher concentrations.

Sodium alginate-polylactic acid (PLA) electrospun composites were synthesized 
by Xu and coworkers [54] for tissue engineering scaffolds. The electrospinning 
solutions were prepared by the addition of aqueous solution of sodium alginate 
(40  mg/mL) in a varied proportion (1.2, 2.4, 3.6, 4.8  mL) to span 80 solutions 
(0.03 g/18 mL) dissolved in chloroform. 1.92 g of PLA was added into the solution, 
and the mixture was stirred at 240 rpm for 2 h to obtain uniform emulsions.

The electrospun fibers were obtained using a flow rate of 0.5 mL/h, a voltage of 
15 kV, and a distance from the needle tip to collector of 15 cm as electrospinning 
parameters. The electrospun scaffolds were crosslinked by two methods. The first 
one involved the use of 0.2 g/mL CaCl2 solution applied to the membrane by elec-
trostatic spraying. The second was the immersion of the membranes in a 0.01 g/mL 
CaCl2 solution.

It was found that variations in sodium alginate concentration does not affected 
the morphology and average diameter of the electrospun nanofibers which was 
250 ± 90 nm. Results of Confocal Laser Scanning Microscopy (CLSM) and FTIR 
analysis conducted on the electrospun membranes suggested that the alginate was 
distributed at the surface of the fibers while the PLA in the core, which was attrib-
uted to a phase separation and migration of the alginate and the surfactant Span 80 
to the surface of PLA during electrospinning.

Cell adhesion and proliferation assays demonstrate that the alginate/PLA elec-
trospun membranes were suitable scaffolds for cell culture due to their surface 
roughness, which provides additional sites for adequate cells attachment and grow.

In an alternative approach Mokhena and coworkers reported the preparation of 
alginate-PEO electrospun nanofibers with average diameter of 114 nm [56]. The 
membranes were prepared from a blend of 3 wt.% PEO and 3 wt.% sodium alginate 
aqueous solutions. The researchers did not reported the use of surfactants, instead 
the aging of the electrospinning solutions for 30 days at 23 ± 2 °C and a humidity 
of 60 ± 5%. The researchers claim that the aging leads to a reduction in the viscosity 
of the solution, also to the formation of carboxylate groups in the solutions which 
facilitate the electrospinning process.

2.4  Collagen Nanofibers 

Collagen is the most abundant protein of the mammalian tissue, it can be found in 
the extracellular matrix and the connective tissues [57]. Collagen type I is the most 
common form of this protein, which consist of long right handed triple helix 
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conformed by three coiled subunits: two α1 chains and one α2 chains. individual 
collagen triple helixes can assemble in a hierarchical structure which leads to the 
formation of the fibrous structure observed in tissue, bone, and basement mem-
branes [58, 59].

Collagen exhibit biodegradability, biocompatibility, high mechanical strength, 
weak antigenicity, anti-inflammatory properties, ability to promote tissue regenera-
tion, which makes a suitable candidate in biomedical applications [59].

Electrospun collagen nanofibers have been prepared from multiple solvents 
including acetic acid solutions, trifluoroethanol, trifluoroacetic acid (TFE), and 
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) [59, 60].

Mathews and coworkers studied the effect of the collagen source, collagen type, 
and the collagen concentration of electrospinning solutions in the structural proper-
ties of collagen nanofibers [61]. Collagen type I from calfskin and type I and type 
III collagen from human placenta were dissolved at various concentrations in 
HFP. The researchers found that the collagen type influenced the optimum solution 
concentration for fibers formation. Type I collagen nanofibers from calfskin were 
only obtained at collagen concentrations higher than 0.083 g/mL. While, type I col-
lagen fibers from human placenta with average diameter of 100 nm were obtained 
at concentrations below 0.083 g/mL. On the other hand, type III collagen nanofibers 
with average diameter of 250  nm were synthesized at concentrations of 0.04  g/
mL. All the fibers exhibited the 67 nm periodic banding pattern characteristic of the 
native collagen. The collagen membranes crosslinked with glutaraldehyde vapor 
were used as scaffolds for culturing Aortic Smooth Muscle cells for 7 days. After 
this period, the scaffolds were densely populated and exhibited cellular infiltration 
into the fibrillar network.

The solvent used for electrospinning of collagen could influence the final struc-
ture of the nanofibers. Denaturation of the collagen triple helix was observed in the 
electrospun fibers prepared from type I collagen using trifluoroethanol and aqueous 
acetic acid solutions as solvent [62]. Solutions prepared with acetic acid retained 
18% of the native collagen triple helix, while the solutions prepared with TFE 
retained 16%. Free beads fibers with average diameter of 320 nm were obtained 
from collagen solutions dissolved in TFE while beaded fibers with average diameter 
of 150 nm from collagen solutions dissolved in acetic acid. The membranes were 
crosslinked by immersion in 5% w/v solutions of 1-ethyl-3-(3- dimethylaminopropyl) 
carbodiimide (EDC) or in 1,4-butanediol diglycidyl ether (BDDGE) dissolved in 
ethanol, at 37 °C for 7 days. Mesenchymal stem cell from rabbit cultured for 24 h 
into electrospun membranes exhibited good adhesion to the scaffolds and typical 
morphology. Non-evident differences were observed between the cells cultured in 
both types of scaffold.

Collagen has been blended with others polymers such as chitosan [9, 63], PEO 
[64, 65], Zein [66], among others in order to enhance its spinnability and improve 
the mechanical properties of the electrospun membranes.

Type I collagen-PEO electrospun fibers were produced by Lei and coworkers 
[64] for potential applications in tissue engineering, wound healing, and as 
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 hemostatic agents. Collagen-PEO electrospinning solutions with concentrations of 
1% and 2 wt.% were prepared by dissolving the polymers in HCl 10 mM, the col-
lagen: PEO weight ratio used to prepare the solutions ranged from 10:1 to 1:2. One 
and two weight percent collagen solutions did not lead to the formation of fibers. 
However, the PEO addition in a collagen: PEO ratio of 1:2 produced free beads 
fibers with diameter ranging between 50 and 150 nm. Presence of beads along the 
fibers length were observed at collagen: PEO weight ratios of 10:1, 5:1 and 1:1.

Another approach to produce electrospun Collagen-PEO nanofibers was 
described by Wang and co-workers [65]. The collagen-PEO electrospun fibers were 
prepared from 3% w/v collagen-PEO solutions prepared by dissolving collagen 
type I and PEO in a 50:50 v/v solution of hexafluoro isopropanol (HFIP) and acetic 
acid. The weight ratios of collagen to PEO used were 90:10, 80:20 and 70:30, Free 
beads nanofibers were observed at all collagen: PEO ratios; however, the average 
diameter of the fibers increased from 263 to 353 nm with the increasing of PEO 
content from 20 to 30%.

FTIR characterization of the collagen-PEO nanofibers, revealed that these 
retained all the characteristic absorption bands of PEO and collagen, which suggest 
that PEO did not modify the collagen structure. However, the presence of hydrogen 
bonds between PEO and collagen was evidenced by the shift of the N–H stretching 
band from 3327 to 3298 cm−1.

Electrospun collagen-chitosan nanofibers were produced by Chen and co- 
workers for tissue engineering applications [9]. The fibers were prepared from 8% 
w/v polymer solutions with collagen: chitosan weight ratios of 100:0, 80:20, 50:50, 
20:80, 0:100. A mixture of HFIP/trifluoroacetic acid (TFA) (v/v, 90/10) was the 
solvent.

The composite fibers exhibited an average diameter ranging from 434 to 691 nm, 
A decreasing in the fibers diameter was observed with the increasing in chitosan 
content, which was attributed to the increase in the charge density on the electros-
pinning solutions associated to the formation of an organic salt by the reaction 
between TFA and the amino groups of chitosan.

Tension test conducted on dry membranes revealed that its average ultimate ten-
sile strength decreases with the increasing in chitosan content in the fibers from 
approximately 2.9 MPa for pure collagen to 0.3 MPa for pure chitosan.

Electrospun nanofibers from collagen-zein blends were prepared by Jiantao and 
coworkers [66] to be used as wound healing dresses.

Electrospinning solutions with concentration of 60% w/v, were prepared by dis-
solving collagen, zein and collagen/zein in variable ratio, in acetic acid 70% (v/v) 
aqueous solution. Berberine was also dissolved in the collagen/zein solutions.

Collagen solution did not lead to fibers formation; while zein solution and 
collagen- zein solutions with weight fractions of 33, 50 and 67% produced bead-free 
fibers. The electrospun collagen-zein fibers exhibited smaller diameter and greater 
fiber flexibility than zein fibers. The increasing of zein content from 33 to 67% 
increased the average fiber diameter from 423 to 910 nm.

The higher content of zein also influenced the mechanical properties of the elec-
trospun membranes. An increase in the tensile strength from 0.2 to 6.3 MPa was 
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observed when the zein concentration was increased from 33 to 67%, while the 
elongation at break decreased from 39.5 to 12.8%.

Degradation studies conducted by immersion of the electrospun collagen-zein 
membranes in PBS (pH 7.4) at 37 °C during 7, 14, and 21 days, demonstrated that 
the extent of the degradation decreased with the increasing in the zein content. After 
14 days of immersion the weight loss of the membranes reached 23% for those 
containing 67% zein, 33% for those containing 50% zein and 47% for the mem-
branes with 33% zein. It was found also that an increase in the zein content decreased 
the surface wettability of the electrospun nanofibers.

2.5  Gelatin Nanofibers

Gelatin is a biopolymer derived from collagen, which has been widely used in medi-
cal [67], pharmaceutical, cosmetic applications and food industry because its biode-
gradability, biocompatibility, good film forming ability, non-immunogenicity, low 
cost and commercial availability [12].

Several compounds have been assessed as solvents for the preparation of electro-
spun gelatin nanofibers including THF, acetic acid solutions [68], acetic acid-ethyl 
acetate mixtures [69], ethanol-formic acid mixtures [70], among others.

Electrospun gelatin nanofibers and collagen type I nanofibers with average diam-
eter of 1 μm were prepared by Balendu and coworkers using HFP as solvent. These 
fibers were used for endothelial and osteoblast culture [57]. The electrospinning 
solutions were prepared by dissolving lyophilized collagen (55 mg/mL) and gelatin 
(110 mg/mL) in HFP for 12 h. Additionally “recovered” electrospun membranes 
were prepared from dissolving previously prepared electrospun scaffolds in ice cold 
deionized water and adjusting the protein concentration in the solution to 1.5 mg/
mL. The fibers were produced at 22 kV, a flow rate ranging from and 3 to 7 mL/h 
and distance from needle tip to collector of 25 cm.

The electrospun scaffolds were cross-linked in glutaraldehyde vapor for varied 
periods ranging from 1 to 12 h. The extent of the crosslinking influenced the fibers 
structure in aqueous environment. At low crosslinking time the fibers remained 
undissolved but exhibited coiling, which was reduced by increasing the cross- 
linking degree. At high crosslinking degree, the fibers exhibited a nearly linear con-
formation when hydrated.

The extent of the crosslinking also influenced the healing of dermal injuries 
inflicted to adult guinea pigs. All wounds treated with lightly crosslinked electros-
pun collagen and electrospun gelatin membranes underwent resolution over a simi-
lar time course. However, these wounds exhibited varying degrees of wound 
contraction after closing. Good fibroblast proliferation and blood vessel formation 
was observed in all the wounds treated with collagen membranes; while the wounds 
treated with gelatin membranes exhibited a lower fibroblast proliferation and the 
formation of foreign body giant cells at the borders of the wound, attributed to the 
presence of proinflammatory peptides in gelatin and its lack of intact ɑ chains.
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Electrospun gelatin nanofibers with average diameter ranging between 200 and 
300 nm were prepared from 10% w/v gelatin solutions using TFE as a solvent [67]. 
The electrospinning parameters used to generate the fibers were: 10 kV, a flow rate 
of 0.8 mL/h and a distance between the needle and the collector of 13 cm. The elec-
trospun membranes were crosslinked using glutaraldehyde vapor.

Mechanical test shows that the tensile strength of the gelatin crosslinked mem-
branes was almost 10 times higher (12.62 ± 1.28 MPa) than the tensile strength for 
the non- crosslinked (1.28 ± 0.12 MPa). This behavior was also observed for the 
young modulus which was 424.7 ± 20.7 MPa for the crosslinked and 46.5 ± 3.82 MPa 
for the as-electrospun gelatin fibers. These membranes were used as scaffolds for 
human dermal fibroblasts culture.

Aoki and coworkers [71] evaluated a method to embed alkaline phosphatase into 
gelatin nanofibers using 50% aqueous solutions of N,N-dimethylacetamide, N,N- 
dimethylformamide and N-methyl-2-pyrrolidone as solvents. Fibers with variable 
morphology from a thick, wide and porous structure to a thin and fine structure were 
obtained by varying the solvent and gelatin concentration. Swiss 3T3 fibroblasts 
cultured onto gelatin scaffolds exhibited good adhesion.

Free beads electrospun gelatin nanofibers with average diameter of 85 nm, were 
obtained from 20 wt.% gelatin solutions dissolved in aqueous solutions of formic 
acid and ethanol [70]. The electrospun membranes were obtained at a voltage of 
20 kV and a distance from needle to collector of 10 cm. The glutaraldehyde cross-
linked membranes exhibited cell compatibility for mouse mesangial cells.

TFA was used as solvent for the preparation of gelatin electrospun membranes 
[72]. Electrospinning solutions containing 15 wt.% gelatin were dissolved in TFA, 
1.5 mL of 0.05 wt.%/v glutaraldehyde diluted in PBS was added to 10 mL of the 
gelatin solution.

The electrospinning parameters used to generate the gelatin membranes were a 
voltage of 10 kV, a distance from needle tip to collector of 15 cm and flow rate of 
0.5 mL/h. The electrospun membranes were heated at 100 °C during 24 h to improve 
the crosslinking.

The un-crosslinked gelatin electrospun fibers exhibited an average diameter 
ranging between 50 and 300 nm, whereas the crosslinked ones exhibited diameters 
between 100 and 500 nm. FTIR analysis revealed that TFA does not modify the 
amide groups of the gelatin and confirmed the crosslinking. The glutaraldehyde 
addition increased the mechanical strength of the electrospun membranes by two-
fold, and allowed the formation of flexible membranes, which were insoluble after 
immersion in water for 1000 min. The flexibility exhibited by the crosslinked mem-
branes and the low concentration of glutaraldehyde used for crosslinking are advan-
tages of this method.

Gelatin has been blended with other polymers such as PEO [73], PCL [69], PVA 
[74], and chitosan [75] to improve thecorresponding mechanical properties and sta-
bility in aqueous environments.

Electrospun polycaprolactone (PCL)-gelatin composite nanofibers with different 
PCL: gelatin ratios (90:10, 80:20, 70:30, 60:40, 50:50 wt.%) were prepared from 
16  wt.% PCL-gelatin solutions dissolved in acetic and ethyl acetate mixture 
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 solutions [69]. Composite nanofibers were produced at a voltage of 10 kV, a flow 
rate of 1 mL/h and a distance from needle tip to collector of 10 cm. Pure PCL solu-
tions did not lead to fiber formation. However, all the gelatin containing solutions 
produced nanofibers. Beaded nanofibers were obtained at 10% and 20 wt.% of gela-
tin while free beads nanofibers with average diameter ranging between 200 to 
300 nm were produced at 30–50 wt.% of gelatin. PCL nanofibers were produced 
using methanol- chloroform as solvent. The electrospun composite membranes con-
taining 50% gelatin exhibited loss of its morphology after immersion in simulated 
body fluid (SBS) at 37  °C for 2  weeks; while the nanofibers containing 30 and 
40  wt.% gelatin maintained its structural integrity. However, after immersion in 
SBS during 8 and 12  weeks, these fibers also exhibited loss of their structural 
integrity.

The PCL electrospun nanofibers retained their morphology after immersion in 
SBS during 12 weeks under the same conditions. These membranes were assessed 
as scaffolds for human mesenchymal stem cells (hMSCs) culture with promising 
results.

3  Nanofibers Stabilization

Despite the biocompatibility, biodegradability, and environmentally friendly fea-
tures exhibited by most biopolymer-based electrospun fibers, the lack of stability in 
aqueous environments is a limiting factor for its use in practical applications. 
Several approaches have been explored in order overcome this limitation, including 
cross-linking by chemical methods, photochemical methods, heat treatment, plasma 
and combination of them. However, the induced cytotoxicity, change in the chemi-
cal characteristics of the membranes, loss of flexibility and incomplete crosslinking 
are limitations exhibited by some crosslinking methods.

3.1  Glutaraldehyde

Crosslinking using glutaraldehyde is a simple, easily available, cost effective and 
rapid method to enhance the stability of protein based electrospun fibers while 
preserving its biological integrity. The crosslinking is conducted by the exposition 
of the electrospun membranes to vapor of this compound. During the process the 
aldehyde groups on glutaraldehyde reacts with the amine groups in the proteins to 
form a Schiff’s base [76, 77]. The non-bounded aldehyde groups remaining after 
crosslinking are responsible for the cytotoxicity exhibited by the crosslinked mem-
branes. The risk of cytotoxicity can be reduced by using glutaraldehyde solutions 
of lower concentration and by mean of post crosslinking treatments such as heat 
treatment [67].
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Glutaraldehyde has been extensively used for the crosslinking of gelatin and col-
lagen nanofibers and films [67, 78]. Zhang and coworkers synthesized gelatin nano-
fibers for potential biomedical applications [67]. The membranes were crosslinked 
with glutaraldehyde vapor (25% v/v) at room temperature for varied time periods 
(6 h, 12 h, 1, 2, 3 and 4 days). The crosslinked samples were heat treated at 100 °C 
for 1 h and then exposed in a fume hood for 2 h in order to remove residual glutar-
aldehyde and enhance the crosslinking. The crosslinked membranes keep its integ-
rity after immersion in deionized water at 37 °C for periods longer than 2 days.

The effect of the crosslinking in the Piperin release from gelatin nanofibers was 
studied by Laha and coworkers [79]. Piperin was added to 20% gelatin nanofibers 
in a concentration of 2 mg/mL. the nanofibers were crosslinked by exposition to 
saturated vapor of Glutaraldehyde (25% v/v) for 8 min. The fibers were exposed to 
glutaraldehyde in two different ways. In the first one these were exposed to glutar-
aldehyde only one time. In the second way, the crosslinking was conducted sequen-
tially by exposing the first thin layer of collected fibers to glutaraldehyde for 2 min 
followed by further deposition of fibers and subsequent crosslinking and so on.

Degradation and swelling tests were conducted by immersing the crosslinked 
membranes into aqueous solutions at pH 7.4 and pH 1.2 at 37 °C for 50 h. Both 
types of crosslinked membranes retained their integrity during the degradation test. 
However, the sequentially crosslinked ones were more compact and homogenous, 
while the crosslinked fibers exhibited excessive shrinkage, which was attributed to 
a non-uniform crosslinking.

The weight loss and the swelling experienced by the membranes during the deg-
radation test was more pronounced for the membranes immersed in PBS at pH 7.4. 
The Piperin release during the first hours and the cumulative drug release was lower 
for the membranes crosslinked sequentially especially at low pH conditions, which 
was attributed to less swelling of the gelatin membrane.

Glutaraldehyde has been also used for the crosslinking of chitosan based electro-
spun nanofibers [39, 41]. In this context Pouranvari and co-workers synthesized 
chitosan/PVA electrospun nanofibers for potential biomedical applications [41]. 
These membranes were crosslinked by exposition to 5% glutaraldehyde vapor at 
room temperature for 48 h. After crosslinking the membranes were washed with 2% 
glycine to inactivate the remaining glutaraldehyde. Chemical crosslinking of the 
chitosan/PVA nanofibers was confirmed by the presence of the imine band –C=N at 
1586 cm–1 in the FTIR spectra. This research showed that glutaraldehyde even at 
low concentration is an effective cross-linker agent for chitosan nanofibers.

3.2  Genipin

Concerns regarding the cytotoxicity of glutaraldehyde have promoted the develop-
ment of alternative crosslinking methods. Genipin is among the compounds evalu-
ated for this purpose.
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Genipin is a natural compound derived from geniposide. Because its biodegrad-
ability and low cytotoxicity it has played multiple functions such as cross-linking 
agent, bio-adhesive, wound-dressing material, fingerprint reagent and natural 
pigment for food, among the more important applications.

As a cross-linking agent genipin was used in the crosslinking of proteins such as 
silk [76], gelatin [80], collagen [81] and chitosan [46, 82]. The crosslinking mecha-
nism of genipin with molecules containing primary amines is not well understood 
yet. However, it could proceed through the reaction between the amino group in 
proteins and the ester group in genipin eliminating a methanol molecule in the pro-
cess. The crosslinking is reached by the interaction of two protein bound genipin 
molecules. The crosslinking reaction could also proceed through the nucleophilic 
attack of a primary amine in the protein to the C3 carbon in genipin, binding in this 
way the protein to the genipin ring. The crosslinking reaction of chitosan with 
genipin is summarized in Fig. 2.

The crosslinking effect of genipin and glutaraldehyde in the stabilization of elec-
trospun chitosan—PEO nanofibers was evaluated by Li and co-workers [46]. The 
membranes were crosslinked at 37 °C by immersion in genipin solutions with var-
ied concentration 0.1, 0.5, and 1% w/v for 6, 12, or 24 h. For comparative purpose, 
the membranes were also crosslinked by immersion in 1% glutaraldehyde for 24 h.

FTIR analysis confirmed that both crosslinking methods were effective to pre-
serve the morphology of the membranes after immersion in PBS for 72 h at 37 °C.

L929 fibroblast cells were cultured during 7 days onto the membranes in order to 
assess its biocompatibility after crosslinking. The genipin crosslinked scaffolds 
exhibited enhanced cell proliferation after 1 and 4 days of culture. The cytotoxicity 
assessed by MTT assay revealed that the viability of the cells cultured in the genipin 
crosslinked membranes was as good as the exhibited by the cells cultured in fresh 
medium. However, the cell viability exhibited for the glutaraldehyde crosslinked 
membranes was around 80%.

Panzavolta and co-workers [80] developed an optimized procedure for crosslink-
ing of gelatin nanofibers using genipin. The optimized method involves the addition 
of a small amount of genipin to the gelatin electrospinning solution. The electros-
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pun nanofibers were crosslinked in 5% w/v genipin/ethanol solution for 7  days, 
followed by rinsing in PBS and then air drying at 37 °C. The crosslinked nanofibers 
retained their morphology after immersion in Dulbecco’s modified Eagle’s medium 
(DMEM) for 1 week, and even after the culture of vascular wall mesenchymal stem 
cells onto the gelatin scaffolds for 7 days. The The cultured cells exhibited good cell 
viability and adhesion to the gelatin scaffolds.

3.3  Reactive Oxygen Species

Crosslinking by exposition to oxygen plasma is based in the formation of highly 
reactive oxygen species such as oxygen radicals, which promote chemical reactions 
such as decomposition and cross-linking on the exposed surfaces. This is consid-
ered as mild crosslinking method of low cytotoxic effect.

Gelatin scaffolds were crosslinked by mean of several methods including the 
exposition to vapor phase glutaraldehyde, the immersion in genipin and in d, l-glyc-
eraldehyde solutions, as well as the exposition to reactive oxygen species [77].

For crosslinking via reactive oxygen species the scaffolds were treated for 2 min 
in an oxygen plasma environment.

Crosslinking with d, l-glyceraldehyde and genipin involved the immersion on 
solutions of these compounds for 19 h. The gelatin membranes were also cross-
linked with vapor of glutaraldehyde (0.5% w/w) for 19 h.

The scaffolds crosslinked by reactive oxygen species does not exhibited change 
in its morphology after crosslinking. However, those crosslinked with glutaralde-
hyde vapor experienced changes in their morphology, mainly observed as a rubbery 
appearance and fusion at fiber junctions which was attributed to the presence of 
water vapor in the air during the cross-linking process. The fibers crosslinked with 
d, l-glyceraldehyde and genipin did not retain their morphology, but still preserved 
a porous structure. This change in morphology was most evident in the genipin 
crosslinked scaffolds, which was attributed to their slower reaction rate.

After crosslinking the membranes were submerged in DMEM and held at 37 °C 
for at least 2 weeks. The 0.5% (w/w) glutaraldehyde cross-linked fibers remained 
for the entire two weeks, as same as the scaffolds cross-linked with glyceraldehyde. 
The scaffolds cross-linked with genipin keep their integrity over the entire evalua-
tion period, with exception of the crosslinked with 0.1% (w/w) genipin which were 
dissolved before the test was completed. The scaffolds cross-linked with reactive 
oxygen species only lasted 12 h. Summarizing, glyceraldehyde and genipin are both 
good options as cross-linking agents because of their low toxicity and effectivity to 
provide resistance to dissolution in cell culture medium at 37 °C. However, the use 
of reactive oxygen species is not a suitable crosslinking method to stabilize gelatin 
scaffolds.
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3.4  Citric Acid

Citric Acid has been used for the crosslinking of hydroxyl containing monomers 
such as silk, starch, poly-(vinyl alcohol) (PVA), zein and polymeric blends such as 
alginate/PVA blends [84], chitosan/PEO blends [42], among others. Citric acid it is 
considered a non-toxic alternative to traditionally used crosslinking agents such as 
glutaraldehyde [85].

This method was used to crosslink guar gum-PVA electrospun nanofibers for 
targeted drug delivery applications [85]. Citric acid (5 wt.%) was added as cross-
linking agent during the preparation of the PVA/guar solutions. Heat treatment at 
140 °C for 2 h was conducted after electrospinning to promote esterification reac-
tions. The crosslinking was confirmed by the systematic increase of the –C=O FTIR 
band (characteristic of the ester group) after heat treatment.

Jiang and coworkers reported the use of citric acid in the crosslinking of electro-
spun zein fibers for tissue engineering and other medical applications [86]. Zein 
solutions (50 wt.%) were prepared by dissolving the polymer in citric acid solutions 
with pH adjusted to 4.9. Citric acid solutions concentration ranged from 5.5 to 9% 
and ethanol at 70% was used as a solvent.

Crosslinking was conducted by aging the solutions for 48 h at room temperature, 
process that allows the expansion of zein molecular chains and the formation of 
cross-links before electrospinning. Aged solutions dissolved to 26 wt.% were used 
for the generation of the electrospun membranes. Heat treatment at 150 °C for 2.5 h 
was conducted as final step in the stabilization.

The crosslinked nanofibers not only retained their structure up to 15 days after 
immersion in PBS at 37 °C, these also proved to be a better template for the attach-
ment, spreading and proliferation of mouse fibroblast cells (NIH 3T3) when com-
pared with the uncross-linked membranes, with electrospun PLA scaffolds and with 
electrospun zein fibers cross-linked with a mixture of citric acid and sodium hypo-
phosphite monohydrate (SHP). The fibroblast cells cultured for 8 h exhibited an 
increasing in the cell attachment to the citric acid cross-linked membranes up to 
sevenfold. This improvement in the cell attachment was promoted by the increasing 
in the citric acid concentration from 5.5 to 9% which was attributed to an increase 
in the stiffness of the cross-linked membranes. The lower cell attachment exhibited 
by the electrospun scaffolds cross-linked with SHP was attributed to a possible 
cytotoxic effect of this compound.

Another crosslinking method involves the use of dicarboxylic acids, which once 
dissociated can react with the hydroxyl groups in biopolymers to form two esters 
bonds. The esterification can also occur partially leaving one end of the anhydride 
free to become protonated. An incomplete dissociation of the dicarboxylic acid, 
could prevents the crosslinking reaction. Following this approach, maleic anhydride 
was used in the crosslinking of electrospun PVA nanofibers and PVA nanofibers 
containing cellulose nanocrystals (CNCs) [87]. Crosslinking was achieved by 
exposing the electrospun membranes to the vapor generated by the reaction of 
maleic anhydride (1–2 g) with few drops of HCl. The esterification reaction was 
carried out at 80 °C for a varied period time (15–120 min).
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After crosslinking, the samples were heat treated at 120 °C for 30 min. Blank 
samples were only heat treated. Chemical characterization of the crosslinked fibers 
by FTIR and Nuclear Magnetic Resonance (NMR) confirmed the formation of ester 
bonds in the fibers.

The stability of the crosslinked fibers in presence of different solvents were 
assessed by submerging them in several solvents including: water, methanol, aceto-
nitrile, DMF, tetrahydrofuran (THF), chloroform, dioxane, DMSO, and pyridine, 
during varied time periods (from 2 h to 1 day). The membranes that were cross-
linked for periods longer than 15  min retained their mechanical integrity when 
exposed to water, while the control samples exhibited some degree of resistance to 
dissolution but showed delamination. Both membrane types were resistant to dis-
solution in low polarity solvents.

3.5  Calcium Chloride 

Calcium chloride is commonly used as crosslinking agent of sodium alginate [88], 
this biopolymer can exchange Na+ by Ca2+ cations from calcium chloride to form 
calcium alginate. The Ca2+ cations can selectively interact with guluronic acid 
monomers of the alginate chains, forming in this way junctions between guluronate 
blocks of adjacent polymer chains, which is termed “eggbox model” of cross- 
linking [88, 89]. The crosslinking of sodium alginate by divalent cations is depicted 
in Fig. 3.

Calcium alginate is insoluble in water, slightly soluble in ethanol, but soluble in 
aqueous solutions of sodium phosphate, sodium carbonate, and substances able to 
react with calcium ions. This property is important for its use as wound dressing and 
hemostat dressing [91, 92].

Alginate-PEO nanofibers and alginate-PEO nanofibers modified with the peptide 
glycine-arginine-glycine-aspartic acid-serine-proline (GRGDSP) were assessed as 
scaffolds for the culture of human dermal fibroblast [93]. These fibers were cross-

Fig. 3 Crosslinking of sodium alginate by divalent cations. Reproduced from [90]
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linked by immersion in a 2% w/v CaCl2 solution dissolved in a mixture of water: 
ethanol at a ratio of 1:5 for 10 s. The lyophilized crosslinked scaffolds were sub-
merged in water at 37 °C for 120 h. FTIR analysis revealed that PEO was com-
pletely extracted from the scaffolds after 48 h of water immersion. Human dermal 
fibroblast cells exhibited enhanced cell attachment, spreading, and proliferation 
when cultured in the modified nanofibers scaffolds.

Alginate-PEO nanofibers were assessed as sorption material for the removal of 
heavy metals from water [56]. The crosslinking of the electrospun membranes pro-
ceeded trough their soaking in a 80 wt.% ethanol solution, followed by washing for 
10 min in a 2 wt.% calcium chloride solution dissolved in ethanol and finally by the 
incubation in a CaCl2 aqueous solution for 1 h. The crosslinked membranes were 
evaluated as cooper adsorbent at 25, 40, and 60 °C and at pH values of 2.0, 4.0, 6.0. 
The membranes effectively removed cooper ions from water under the aforemen-
tioned conditions and maintain their metal adsorption capacity over five regenera-
tion cycles.

3.6  Photochemical Crosslinking

Another approach to improve the stability of water soluble electrospun nanofibers is 
by mean of its modification using photo-crosslinkable compounds as metacrylate 
[81, 94]. Following this approach Liu and coworkers stabilized electrospun collagen 
nanofibers using rose bengal as the photo initiator [60]. Rose bengal was added in a 
concentration of 0.1% (w/v) to collagen fibers prior to laser irradiation for 100 s at 
a wavelength of 514 nm. Acetic acid and HFP were used as solvents in electrospin-
ning solutions. The crosslinked collagen nanofibers retained their morphology for at 
least 21 days immersed in PBS at 37 °C. The mass loss experimented by the mem-
branes was 47.7  ±  7.4% at day 7 and 68.9  ±  24.7% at day 15. The researchers 
reported that the solvent used in electrospinning solutions affected the final struc-
ture of the crosslinked membranes. The fibers prepared with acetic acid retained the 
helical morphology of collagen in a greater extent than the fibers prepared with 
HFP. The fraction of the collagen helical structure in acetic acid electrospun fibers 
was 28.9 ± 5.9%, compared to 12.5 ± 2.0% for the HFP based fibers.

4  Biopolymer Based Nanofibers Applications

4.1  Engineered Scaffolds

Engineer designed scaffolds must be able to mimic the extracellular matrix by pro-
viding space for new tissue formation, delivering cells to the desired site until host 
cells can repopulate and resynthesize a new natural matrix. To achieve this function 
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the engineered scaffolds must exhibit biocompatibility, biodegradability and non- 
toxicity. Collagen, chitosan, gelatin [10] and composites from these polymers [9, 
66] have been used for the synthesis of gels and also nanofibers for use as cell 
scaffolds.

Collagen and collagen-hydroxyapatite (HAP) electrospun composites were syn-
thesized using PBS/ethanol solutions as solvent for electrospinning solutions [95]. 
The electrospinning solutions were prepared by blending hydroxyapatite sol with 
concentration of 0.055 g/mL with a 150 mg/mL collagen solution dissolved in a 
mixture of PBS 20X and ethanol (PBS to ethanol ratio of 3:2 v/v) at different 
hydroxyapatite to collagen mass ratios. The electrospun fibers were crosslinked 
with the EDC/NHS at room temperature. Pure collagen fibers exhibited an average 
diameter of 700 nm. While the average diameter of the electrospun composite mem-
branes decreased with the increasing of the hydroxyapatite content, from 630 to 
500 nm. The crosslinking enhanced the mechanical properties of the membranes 
specially in those reinforced with 30% hydroxyapatite which reached a tensile 
strength of 147 ± 0.12 MPa and elongation of 72.3 ± 1.48%. The biocompatibility 
of crosslinked electrospun composites was assessed by in vitro culture of human 
myeloma cells (U2-OS) for 7 days. In all scaffolds, the cell population increased 
with the culture time. After 5 days of culture the collagen/hydroxyapatite composite 
fibers supported cell proliferation better than the bare chitosan fibers.

Blends of biopolymers have been also assessed as scaffolds for tissue regenera-
tion. An example of this were the collagen-chitosan scaffolds prepared by Chen and 
coworkers for endothelial cells (EC) and smooth muscle cells (SMC) culture [9]. 
Chitosan was incorporated to the nanofibers in concentrations of 20, 50 and 
100 wt.%. Good adhesion and spreading of EC and SMC cells was observed after 
6  days of culturing onto electrospun collagen-chitosan nanofibers. The cells 
appeared to migrate and proliferate onto the scaffolds surface to form a continuous 
monolayer. These also migrated through the pores and interacted with the surround-
ing fibers. Cell proliferation studies revealed that the electrospun collagen-chitosan 
nanofibers containing 20, 50 and 100 wt.% chitosan exhibited better cell attachment 
and proliferation for both cellular lines, which would be especially useful for tissue 
regeneration.

Zein was also used as copolymer in the fabrication of chitosan based scaffolds 
for L929 cell cultures [66]. Good attachment and spreading of the cells was observed 
in scaffolds containing 50 wt.% zein, this behavior was superior to the observed in 
the membranes containing 33 wt.% zein. This improvement was attributed to the 
higher stiffness exhibited by the membranes with high concentration of zein. 
However, the membranes containing 67 wt.% zein exhibited the lowest cell adhe-
sion and cell viability, which was attributed to the lower surface wettability of this 
membrane.

Gelatin has been considered as a good alternative to collagen in tissue engineered 
applications. Gelatin scaffolds crosslinked with glutaraldehyde were used as tem-
plates for the culture of human dermal fibroblasts [67]. Its cytotoxic effect was 
assessed after 1, 3, 5 and 7 days. Cells growth was almost linear in the crosslinked 
scaffolds during a period of 7 days. However, growth inhibition attributed to the 
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possible presence of remaining glutaraldehyde was observed at 1 day culture. Cell 
proliferation in gelatin crosslinked scaffolds was inferior than that observed in scaf-
folds of gelatin/PCL blends but slightly superior or comparable to the cell prolifera-
tion observed on the synthetic biodegradable scaffolds of PCL.

Electrospun PCL-gelatin composite nanofibers with different PCL: gelatin ratios 
(90:10, 80:20, 70:30, 60:40, 50:50 wt.%) were assessed as scaffolds for hMSCs 
cells cultures [69]. The hMSCs cells cultured onto the composite nanofibrous scaf-
folds exhibited attachment and a well spread morphology after 3 h of incubation at 
37 °C, while the hMSCs cultured on electrospun PCL scaffolds showed a round 
morphology. After 24 h of incubation the formation of well-organized actin fila-
ments was observed in the composite scaffolds. However, less organized actin fila-
ments were found in PCL scaffolds after the same time of incubation. Higher 
proliferation of hMSCs was observed on composite scaffolds containing 30 and 
40 wt.% gelatin compared to plain PCL scaffolds after five days of culture.

4.2  Wound Healing Dressings

Healing dressings must be able to protect the wounds from pollutants of the envi-
ronment, to provide a physiologically moist microenvironment while keeping the 
oxygen flow to the wound site, and to minimize the risk of bacterial infection. It 
would be also desirable for the dressings to have additional healing features such as 
hemostatic effect.

Some bio-polymers used for wound dressings such as chitosan have reported 
bactericide effect [96]. However, this effect can be enhanced by functionalizing 
biopolymer-based nanofibers in several ways such as the impregnation with antibi-
otics, addition of bactericidal agents such as honey, plant extracts and essential oils, 
vitamins, or by the immobilization of metal and metal oxide nanoparticles.

Arkoun and co-workers [97] reported that chitosan-PEO electrospun nanofibers 
containing 80 wt.% of chitosan exhibited antimicrobial effect against several strains 
of gram positive and gram negative bacteria. This effect was mainly bactericide 
rather than a bacteriostatic and was independent of the gram classification but 
dependent of the strain type. The antibacterial effect of the membranes was attrib-
uted to the bacterial membrane disruption and perforation as can be seen in Fig. 4. 
The researchers suggest that the protonation of the amino groups in the membranes 
was responsible for the adhesion of the bacteria to the fibers surface as the first step 
of the bactericide mechanism.

Chitosan has also been blended with other biopolymers such as silk fibroin, and 
collagen [99] to improve its biocompatibility and mechanical resistance. Electrospun 
composite nanofibers from Chitosan–Silk fibroin containing chitosan in weight 
ratios of 0, 20, 50 and 80 wt.% were synthesized by Zeng and co-workers for wound 
healing applications [100]. The bactericide behavior of the membranes against S. 
aureus and E. coli was determined conducting turbidity measurements at 570 nm. 
While its biocompatibility with murine fibroblast was evaluated using the MTT 
assay in vitro and by the staining of the cells using hematoxylin and eosin. The 
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Fig. 4 Transmission electron microscopy (TEM) micrographs of E. coli treated with chitosan 
nanofibers during several period time: (a) 0 min, (b) 10 min, (c) 20 min, (d) 30 min. TEM micro-
graphs of Fig. 4 (continued) S. aureus treated with chitosan nanofibers during several period time: 
(e) 0 min, (f) 10 min, (g) 20 min and (h) 30 min. The yellow, green and blue arrows, point at mem-
brane perforation, leakage of cytosol, and cell lysis respectively. Reproduced from [98]
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composite membranes exhibited bactericide effect against both bacteria types. For 
E. coli the bacterial growing inhibition was superior at higher chitosan concentra-
tions. However, the chitosan content does not appear to influence the bactericide 
effect of the membranes against S. Aureus. The results coming from the MTT assay 
indicated that the composite membranes significantly promoted cell attachment and 
proliferation when compared to a plain glass surface, as can be seen in Fig. 5, where 
the cells growing onto the electrospun membranes exhibited a flattened morphology 
and polygonal shape typical of the adhered cells. The membranes containing 20% 
chitosan exhibited higher biocompatibility among the evaluated samples after 
7 days of cells culture.

In another approach, electrospun composite membranes were prepared from a 
blend of type I collagen, chitosan, and PEO for application in wound healing dress-
ing for skin regeneration [99].

The composite membranes with variable collagen to chitosan mass ratio of 1:3, 
1:2, 1:1, 2:1, and 3:1 were used as templates for in vitro culturing of 3T3 fibroblasts. 
MTT tests were used to assess the cytotoxicity of the membranes. In the same way, 
in vivo tests were conducted in Sprague–Dawley rats, where dressings of electrospun 

Fig. 5 Fibroblasts proliferation on composite chitosan-silk fibroin nanofibers, silk fibroin nanofi-
bers and glass: (a) glass surface, (b) composite chitosan-silk fibroin nanofibers (80/20), (c) com-
posite chitosan-silk fibroin nanofibers (50/50), (d) composite chitosan-silk fibroin nanofibers 
(20/80), (e) pure silk fibroin. (Eosin staining, ×400 light microscope). Reproduced from [100]
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membranes, gauze, and commercial collagen sponge were used to treat a wound 
inflicted on the back of the subject.

The cytotoxicity test conducted for 7 days shows that the composite membranes 
exhibited good biocompatibility and proliferation while the in vivo test results indi-
cate that the wounds treated with the composite membranes exhibited better healing 
than gauze and collagen sponge. The wounds treated with the composite nanofibers 
were down to 95% after 21 days of treatment.

Functionalization using silver and silver ions has been extensively assessed as a 
way to enhance the antimicrobial effect of wound dressings [101, 102]. An example 
of this is the use of chitosan–Ag solution to impregnate alginate nanofibers [52]. 
The researchers assessed the bactericide effect of the coated membranes against E. 
coli and S. aureus by exposing the membrane to bacterial solutions with a concen-
tration of 107 cfu/mL. During the first hours of treatment, the membranes inhibited 
the bacterial growth in 72% for gram negative and 98% for gram positive bacteria. 
While complete bactericide effect was reached for both bacteria types after 24 h of 
treatment. The bactericide effect was attributed to the release of silver ions into the 
bacterial solution trough the porous structure of the electrospun membranes. 
Additionally, measurements of the water vapor transmission rate (WVTR) for the 
alginate nanofibers and for the Ag impregnated nanofibers revealed that this param-
eter was within the range required for the treatment of injured skin, which ranges 
between 279 and 5138 g/m2 day.

The Ag nanoparticle suspensions were also employed to impregnate electrospun 
silk fibroin nanofibers [103]. The functionalized fibers were evaluated as antimicro-
bial wound dressing against S. Aureus and Pseudomona Aureginosa (P. Aureginosa). 
The antibacterial effect was assessed by the disk diffusion method. The maximum 
bactericide effect against S. Aureus was achieved at Ag nanoparticles concentration 
of 1 mM. While the higher bactericide effect against P. Aureginosa was reached at 
Ag nanoparticles concentration of 2 and 4 mM. The bactericide behavior of the silk 
fibroin dressings was compared against commercial wound dressings, the last being 
more effective against both bacteria strains. However, the researchers attributed this 
result to the much higher Ag content in the commercial dressings, being 8000 ppm 
for Tegaderm Ag and 12,000 ppm for Aquacel Ag, in contrast to 432 ppm for the silk 
fibroin dressings.

Electrospun membranes of chitosan-PVA containing silver nanoparticles were 
assessed as antibacterial materials for biomedical applications by Liu and  co- workers 
[104]. The antibacterial properties of the membranes against S. aureus and E. coli 
were assessed by mean of the disk diffusion test. Bare chitosan-PVA electrospun 
membranes exhibited an inhibition halo of 7.0 mm against E. coli, while the inhibi-
tion zones for the membranes containing 0.25%, 0.5% and 1 wt.% of silver nanopar-
ticles were 7.7, 13.3 and 9.0 mm, respectively. On the other hand, the nanofibers 
containing 0.25 and 0.5 wt.% of Ag nanoparticles exhibited a higher bactericide 
effect against S. aureus than the observed against E. coli. The Silver ion release 
from the membranes was evaluated during 16 days by Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES). The results indicated that the electrospun 
membranes were able to release sufficient amounts of silver to exhibit a prolonged 
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and sustained antibacterial activity, being 0.1  ppb the minimal concentration 
required to achieve bacteria inhibition.

Vitamins and compounds extracted from plants have been also evaluated as bac-
tericide agents in wound dressings. Electrospun gelatin nanofibers containing vita-
min A and E were assessed as antimicrobial dressings for wound healing [105]. 
Antibacterial tests demonstrated that the electrospun membranes loaded with vita-
min E were effective bactericide agent for the growth inhibition of E. coli and S. 
aureus.

These exhibited a sustained release profile for 60 h.
Berberine is a compound extracted from plants that is used in the treatment of 

bacterial infections. This compound was loaded into electrospun collagen–zein 
membranes by Jiantao and co-workers to be assessed as bactericide dressings 
against E. coli and S. aureus [66]. The bactericide effect of the membranes was 
measured by the disk diffusion method. Only the electrospun nanofibers loaded 
with berberine exhibited an inhibition zone after 12 h of treatment for both bacterial 
strains. However, the inhibition zone was bigger in the electrospun membranes 
loaded with a higher dose of berberine. The in vivo wound healing properties of the 
composite membranes was evaluated in Sprague–Dawley rats. Electrospun colla-
gen–zein membranes and cotton gauze were used to cover rectangular wounds of 
1 cm2 inflicted on the back of the subjects. The wounds covered with the electrospun 
membranes exhibited faster and better wound healing than normal cotton gauze and 
showed better fluid retaining. After 21 days treatment, the wound area retention was 
about 13% for the wounds covered with cotton gauze and 5% for the treated with 
electrospun membranes.

4.3  Water Disinfection

In addition to biomedical applications, electrospun nanofibers have potential use in 
the environmental field as promising materials for water remediation and disinfec-
tion. For water remediation these have been evaluated as filter membranes for micro 
and nano-filtration, as affinity membranes, as same as biocide agents for the treat-
ment of water polluted with pathogenic microbes [31].

Micro and nano-filtration are based in the capability of porous membranes to 
retain insoluble particles, while allowing fluids to pass through their pores. The fil-
tration capability depends on the pore size and pore density. In contrast, affinity 
membranes possess active sites that allow the selective immobilization and removal 
of contaminants from water.

Electrospun membranes for water filtration are usually fabricated from syn-
thetic polymers. However, some of these require the use of harmful solvents for 
their synthesis and are not biodegradable. This has promoted the development of 
filtration membranes based on natural biopolymers as an alternative to synthetic 
polymer, despite their solubility in aqueous environments that remains as a limita-
tion to broadening their use. Additionally, to its biodegradability, electrospun 
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membranes from biopolymers retain in their structure functional groups that allow 
them to bind chemical compounds and in some cases exhibit biocide activity 
against pathogenic agents.

4.3.1  Pathogen Agents Treatment

Waterborne diseases are caused by water contaminated with pathogenic microor-
ganisms, where water acts as carrier of infectious bacterial agents. Water scarcity 
and poor water sanitation are contributive factors to the proliferation of waterborne 
diseases [106].

Conventional water treatments such as activated carbon, biological treatment, 
oxidation and physicochemical treatments are not effective enough to treat polluted 
water containing pathogenic microorganisms [5].

Nanofibers from biopolymers such as chitosan exhibit intrinsic biocide activity 
against several microorganisms such as virus and bacteria [97]. However, the bacte-
ricide properties of biopolymers based membranes can be enhanced through the 
incorporation metal oxides [31], metal nanoparticles, or trough chemical modifica-
tion of the polymer precursors.

Chitosan based nanofibers containing 4% of Ag and Ag/Fe nanoparticles were 
synthesized by photochemical reduction at 249 nm of electrospun membranes con-
taining Ag+ and Ag+/Fe3+ ions. The fibers were irradiated in the 30–210 min range.

The bactericide effect of the composite membranes against B. cereus, E. faecalis, 
E. coli, K. pneumoniae, K. oxytoca, P. aeruginosa, P. mirabilis, S. boydii, S. sonnei, 
and E. cloacae strains was assessed by the disk diffusion method, while the Minimal 
Inhibitory Concentration (MIC) of the composite membranes was determined by 
the microdilution method.

Disk diffusion method was not useful in the determination of the bactericide 
effect; the authors attributed the lack of a noticeable inhibition disk to the incapabil-
ity of the nanoparticles to diffuse from the membrane. However, some researchers 
have reported ion silver release from chitosan based nanofibers containing Ag 
nanoparticles [104]. In contrast, the microdilution method revealed that all compos-
ite membranes exhibited bactericide effect towards all the bacteria strains tested. 
However, the bactericide effect exhibited by the membranes containing 4% Ag, was 
similar to the exhibited by the membranes containing 2% Ag/2% Fe, which indi-
cates that the Fe addition contributes to the bactericide effect. Bare chitosan nanofi-
bers did not displayed significant bactericide behavior. Finally, the MIC was 
reported as 6.71 ppm for bare chitosan nanofibers, 0.27 ppm for the membranes 
containing Ag, and 0.27 ppm for the membranes containing Ag/Fe.

Chitosan modified electrospun nanofibers were synthesized by Mi and cowork-
ers for adsorption and removal of Porcine parvovirus (PPV) and Sindbis virus from 
water [107]. Chitosan was functionalized with a quaternary amine to form quater-
nized chitosan N-[(2-hydroxyl-3-trimethylammonium) propyl] chitosan (HTCC), 
which was blended with PVA for the generation of electrospun membranes. The 
HTCC-PVA electrospun membranes were stabilized with glutaraldehyde exhibiting 
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30% of swelling after immersion in water for 6  h. The crosslinked membranes 
achieved a log removal value (LRV) of 3.3 for PPV and a 4.2 for Sindbis. The nano-
fibers exhibited higher virus removal than filter paper crosslinked with glutaralde-
hyde, which was used as control. These values are close to a LRV of 4, which is the 
stipulated by EPA in virus removal processes.

Biopolymers can be blended with synthetic polymers to improve their water sta-
bility, as in the case of Chitosan/Nylon 6 electrospun membranes which were pre-
pared by Akram and co-workers for the disinfection and removal of metal ions from 
water [108]. The chitosan weight ratio in these composite fibers ranged from 0 to 
30 wt.%. The researchers found that the chitosan addition improves the hydrophilic-
ity and mechanical strength of the Nylon 6 nanofiber membranes. In the same way, 
the bactericide assessment conducted by the disk diffusion method showed that the 
composite electrospun membranes exhibited better bactericidal behavior against E. 
coli than the exhibited by the neat Nylon 6 membranes. Additionally, a rejection 
ratio of 87% against heavy metals ions was observed in the membranes containing 
30 wt.% chitosan.

4.3.2  Pollutants Sorption

Biopolymers based electrospun nanofibers has been used as affinity membranes to 
adsorb and remove pollutants from water. Chitosan based nanofibers are commonly 
employed for the removal of heavy metal ions such as As5+, Pb2+, Cr6+ [109]. The 
mechanisms associated with the metal binding capability of chitosan are related 
with the presence of amino groups in its structure, which are able to donate an elec-
tron pair to metal ions. Wang and coworkers [110] suggested that in the formation 
of chitosan-metal complexes the metal ions can be connected to one or more chito-
san chains trough amino groups and also by forming bridges between hydroxyl 
groups of neighbor chitosan molecules, as depicted in Fig. 6.

In this context electrospun chitosan nanofibers with average diameter of 235 nm 
were assessed as adsorbent material for the removal of Cu(II) and Pb(II) [109]. 
These chitosan membranes exhibited good stability in water presence and high 
adsorption affinity for the metal ions present in the aqueous solution. The adsorp-
tion of Cu(II) and Pb(II) followed a Langmuir model indicating that monolayer 
adsorption occurred on the nanofiber membranes. The equilibrium adsorption 
capacities (from Langmuir isotherm data) were 485.44  mg g−1 for Cu(II) and 
263.15 mg g−1 for Pb (II).

Chitosan based electrospun membranes functionalized with Fe3+ ions were 
assessed as adsorbent materials for the removal of As (V) from water [13]. The 
membranes were constituted by nanofibers with average diameter ranging from 
128 nm to 153 nm. Adsorption studies revealed that the chitosan modified electros-
pun membranes were highly effective for the adsorption of As (V) at neutral pH. The 
adsorption process followed a Freundlich model, with maximum adsorption capac-
ity of approximately 11.2  mg/g at pH 7.2. The equilibrium was reached after 
100 min of treatment. It was also found that the presence of coexisting anions such 
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as Cl1− and SO4
2− have a negligible effect on the As (V) removal. However, the pres-

ence of PO4
3− and SiO3

2− reduced the As (V) adsorption because the competition for 
adsorption sites.

In a similar approach cerium (III) was used to functionalized chitosan based 
nanofibers for As (III) removal [111]. Ce was added to the nanofibers in weight 
concentrations ranging from 0.5 to 3.5 wt.%. Aqueous solutions containing As (III) 
in a concentration of 3.5 ppm were treated with the composite membranes in varied 
doses that ranged from 2 to 20 mg/50 mL of solution. Kinetic studies demonstrated 
that the adsorption of As (III) increases with the increasing of Ce content in the 
fibers, with the 80% of As being adsorbed between the first 10 min treatment. The 
adsorption process followed a Langmuir model with adsorption capacity of 
18.0 mg/g. These electrospun membranes were able to remove As (III) from water 
below the limit concentration stablished by EPA of 15 ppm for this metal.

Alongside to chitosan other biopolymers such as cellulose have been also used 
as affinity membranes in water remediation. Electrospun cellulose-montmorillonite 
nanofibers were assessed as adsorbent materials for Cr6+ removal from polluted 
water [47]. Batch adsorption experiments were conducted by immersing electros-
pun cellulose  - montmorillonite membranes in K2Cr2O7 aqueous solution under 
constant agitation. The effects of the pH solution (pH 3–11), temperature (25–
65 °C), and contact time (10–240 min) on the removal of Cr6+ were evaluated.

The adsorption capacity of electrospun composite nanofibers was higher than the 
exhibited by bare cellulose nanofibers at the same experimental conditions. The Cr6+ 
removal capability of the composite nanofibers decreased with the increasing of the 

Fig. 6 Chitosan-metal complexation model proposed by Wang and coworkers. Reproduced from [110]
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initial pH, with optimal removal capability achieved at pH 3.0. The Cr6+ removal 
capability of the composite nanofibers increased with increasing in the contact time 
until reaching equilibrium approximately at 120 min. Overall the composite electro-
spun cellulose-montmorillonite nanofibers exhibited high selectivity toward Cr6+.

Electrospun membranes of cellulose and chitosan were used as packed material 
for the removal of Cd, Pb, Cu, Cr and Ni from natural water and treated water [112]. 
The retention columns were able to pre-concentrate the metal ions present in the 
water samples in a 20×fold. The treated waste water exhibited a content of lead and 
copper of 217 μg/mL and 782 μg/mL respectively, while the river samples con-
tained lead and copper in a concentration of 58 μg/mL and 81 μg/mL respectively.

Electrospun alginate-PEO nanofibers were evaluated as adsorbent material for 
the removal of Cu2+ from water [56]. The metal removal capability of the mem-
branes was assessed at different temperatures (25, 40, and 60 °C and different pH 
values (2.0, 4.0, 6.0). The concentration of the membranes used in the experiment 
was 0.005 g/mL, while the concentration of the Cu2+ in the tested solutions ranged 
from 0 to 1000 mg/L. The adsorption tests revealed that the alginate-PEO mem-
branes effectively removed Cu2+ ions from water with a maximum adsorption capa-
bility of 15.6  mg/g at 25  °C and a pH 4.0. The adsorption process followed a 
Langmuir model.

The use of biopolymer based nanofibers is not only limited to the removal of 
heavy metals from water, these had been also successfully used in the removal of 
organic compounds. As an example, cellulose nanofibers functionalized with TiO2, 
TiO2/Ag and TiO2/Au were used in the photodegradation of metilene blue [113]. 
Under irradiation at 664 nm the membranes containing TiO2/Ag and TiO2/Au were 
able to degrade in 75% the organic compound. Additionally, the incorporation of Ag 
and Au contributes to minimize the mechanical deterioration in the composites 
membrane extending in this way its lifetime.

4.3.3  Filtration

The use of biopolymers in water filtration is mainly in the chemical modification of 
synthetic polymers to improve properties such as resistance to biofouling formation 
or impart hydrophilicity [31]. However, some researchers have reported the use of 
cellulose acetate based electrospun nanofibers for this application [114].

This ester derived from natural cellulose was used in the fabrication of electros-
pun membranes coated with 5% chitin nanocrystals for filtration applications [115]. 
Mechanical characterization revealed that the surface modification of the cellulose 
acetate nanofibers increased its strength by 131% and its stiffness by 340%. 
Additionally, the coated membranes also exhibited higher hydrophilicity. These 
presented a contact angle of 0°, compared to 132° for the uncoated membranes. The 
resistance to fouling formation of the coated membranes was determined after the 
filtration of bovine serum albumin and humic acid solutions at a flux of 
14,217 L m−2 h−1 and 0.5 bar of pressure. The chitin coated membranes exhibited 
higher resistance to fouling formation compared to the bare cellulose acetate mem-
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branes. The researchers also reported reduction in biofouling and biofilm 
formation.

The efficiency of the filtration process not only relies on the pore size and pore 
distribution of the filters, but in its resistance to fouling formation. Chitosan has 
been incorporated into membrane filters to helps to reduce biofouling formation 
[116].

Chitosan - iron oxide nanoparticles were coated onto polyacrylonitrile hollow 
fibers to modify its antibacterial and antifouling properties [116]. P. aeruginosa and 
S. aureus were used in this research for their capacity to develop biofilms. The 
coated membranes demonstrated to be effective for the bacterial removal after 5 h 
of filtration. The bacterial removal efficiency was attributed in part to the positively 
charged surface of the ferrite nanoparticles. It was not found evidence of fouling 
formation after 10 h of treatment.

In an alternative approach chitosan-PCL electrospun membranes were used to 
filtrate particles sized in 300  nm as same as to remove S.  Aureus from aqueous 
media [38]. The electrospun membranes containing 25% chitosan supported a water 
flux of 7000 L m−2 h−1 while preserving their integrity. The addition of chitosan in a 
25 wt.% reduced by 50% the adhesion of S. Aureus to the membranes when com-
pared to the neat PCL membranes.

5  Conclusion 

Electrospinning is a manufacturing technique for the synthesis of tridimensional 
structures constituted by fibers. The morphological features and size of electrospun 
fibers are mainly influenced by processing, environmental and solution factors. 
However, its chemical behavior relies not only in the chemical properties of the 
fibers precursors, or in its functionalization treatments but also in the size of the 
fibers which could affect their reactivity.

The careful control of these factors during the synthesis allows to produce elec-
trospun nanofibers for a wide number of applications including: tissue engineering, 
filtration, affinity membranes, disinfection, catalysis, sensors, protective clothing, 
drug delivery, wound healing, food packaging, among others.

The current environmental preservation necessity, along with the intrinsic prop-
erties of biopolymer based nanofibers has motivated its use in most of the aforemen-
tioned applications. However, their low stability in aqueous environments is a 
challenge to overcome in order to broadening its applications.

Several stabilization approaches have been used to overcome this problem. 
However, most of them exhibit toxicity at some extent or does not provide the ade-
quate stabilization to the fibers. Crosslinking with glutaraldehyde remains as the 
more effective method regarding its reported cytotoxicity. Incorporating glutaralde-
hyde into the electrospinning solutions at low concentrations and assisting the 
crosslinking process with heat treatment are feasible strategies to minimize its cyto-
toxic effect.
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Cytotoxicity could be also minimized by mean of greener synthesis process. For 
example, the use of mild toxic solvents such as acetic acid, ethanol, ethyl acetate or 
blends of those instead of the traditionally used TFA, THF, HFIP mainly used in the 
electrospinning of collagen and chitosan.

Functionalization by addition of appropriated co-polymers, active nanoparticles, 
antibiotics, vitamins, plant extracts, etc., or by chemical modification, are a widely 
used alternatives to improve or impart desired characteristics to the electrospun 
membranes. Some examples are the improvement of the bactericidal properties by 
immobilization of Ag nanoparticles, metal oxide nanoparticles, and antibiotics into 
the electrospun membranes, the generation of virus adsorbent chitosan membranes 
after its chemical modification with a quaternary amine, the improvement of cells 
proliferation in collagen and in gelatin scaffolds by addition of hydroxyapatite, or 
the improvement in the antifouling properties of filters after modification with chi-
tosan, among others.

Despite the high extent of the literature focused in electrospinning of biopoly-
mers and their applications, there is still room to research in critical subjects includ-
ing electrospinning of biopolymers for water treatment, the development of 
formulations that allows to minimize the integrity loss of the native structure of 
biopolymers during processing, also in the use of modern characterization tech-
niques that allows to elucidate the interactions between biopolymer based nanofi-
bers, living organisms and environment.
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Abstract Green electrospinning, starting from its definition, achieved great inter-
est in the scientific community for the fabrication of electrospun products for bio-
medical, filtration, pharmaceutical and cosmetics applications. The use of green 
electrospinning results particularly relevant for the fabrication of biomaterials, in 
particular for tissue engineering and regenerative medicine applications. The focus 
of the present book chapter is on the definition of green electrospinning and the 
description of the pivotal parameters affecting the electrospinning process with par-
ticular focus on the solvent selection. The process parameters and the potential final 
applications of obtained electrospun mats starting from natural and synthetic poly-
mers, their blends and composites will be also reported and highlighted.

Keywords Electrospinning • Green electrospinning • Benign solvents • Biomaterials 
• Electrospun scaffolds

1  Introduction

The electrospinning process is a technique used for the fabrication of nano and micro-
sized fibrous mats, widely used in the biomedical field, as scaffolds for tissue engi-
neering (TE), regenerative medicine applications [1], and other applications in 
pharmaceutical, cosmetic, food packaging, filtration, sensor and agriculture fields [2].

For applications in the biomaterials field, there are electrospun products avail-
able on the market, such as coronary balloon expandable stent system (Papyrus, 
Biotronik AG and BiowebTM, Zeus Inc.), vascular access graft (AVflo™, Nicast 
Ltd), dural patch (ReDuraTM, Medprin Regenerative Medical Technologies Co. 
Ltd) and synthetic bone (Rebossis, Ortho ReBirth Co. Ltd).

In the electrospinning process, fiber formation is driven by electrostatic force, 
starting from a polymeric solution or a melt. The process is regulated by the 
 application of high voltage between two electrodes with electric charges of opposite 
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polarity. In fact, the surface tension of the charged polymeric solution is overcome 
by the electrostatic forces. Fibers are collected on the grounded (or negative charged) 
target after the polymer jet is ejected from the Taylor cone (conical shape instability 
region due to drop elongation, related to the electrical potential). During the time of 
flight between the needle and the fiber collector, the solvent evaporates and poly-
meric fibers are collected on the target. It could happen that solvents residuals are 
still detected in the obtained fibrous mats, which should be treated in order to 
remove or neutralize these residuals. Considering that the most commonly used 
solvents for the electrospinning are organic toxic solvents, the presence of these 
residuals will affect the field of application of the obtained electrospun mats, which 
are not suitable for any biomedical applications.

The type of solvents used for the electrospinning and their toxicity could repre-
sent a pivotal issue not just for what concerns final application of the obtained elec-
trospun mats (i.e. biomedical or pharmaceutical applications), but also for the safety 
and environmental impact related to the use of these solvents. For this reason, the 
concept of “Green Electrospinning” has been introduced. In 2010, Green 
Electrospinning was defined as “an approach which would alleviate concerns 
regarding safety, toxicology and environmental problems and it could be accom-
plished by electrospinning from aqueous suspensions” [1, 2].

In the last years, an increasing number of research papers have been focused on 
electrospinning, also an increasing number of publications deal with green electro-
spinning. However, the number of these publications represents a low percentage of 
the overall number of publications on electrospinning, as reported in Fig. 1. Even 
lower is the amount of publications dealing with the benign solvents for the electro-
spinning (see Sect. 3.1), but the trend is increasing in the last year.

This book chapter is focused on the rationale of the use of green electrospinning 
and its applications in the biomedical field. In details, devoted paragraphs will 

Fig. 1 Bar chart illustrating annual research number of published papers in the field of electros-
pinning, green electrospinning and benign solvents for electrospinning in article title, abstract or 
keywords between 2010 and 2016 (Search data from http://www.scopus.com using the keywords 
electrospinning, green electrospinning and benign solvents for electrospinning. Updated October 
2016)
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report the processing of natural and synthetic polymers, as well as composites. Post- 
processing of the obtained electrospun samples will be the focus of a separated 
paragraph. Conclusions and future perspectives of the applications of green electro-
spinning will be also reported.

2  Electrospinnability

Many different parameters affect the electrospinning process. They could be 
grouped in three categories: solution property parameters, electrospinning process 
parameters and environmental parameters, briefly summarized in Table 1.

It is possible to define “electrospinnability” as the regime, related to the solution 
properties, in which continuous uniform fibers are obtained [3]. It was reported that 
electrospinnability correlates with the polymeric solution viscoelastic properties [4, 
5]. In particular, this evidence has been widely reported for natural polymers, which 
have the tendency to form viscous gel-like solutions at low concentrations, inhibit-
ing the possibility for these solutions to be processed by electrospinning [4]. 
Moreover, it has been also proven that there is a correlation between chain entangle-
ments in the polymer solution and electrospinnability [6]. The degree of chain 
entanglements is affected by the length of polymer molecular chain and the confor-
mation of polymer chain in solution. These characteristics are related to the solvents 
quality in polymer solution rheology. In particular, it is possible to define good 
solvents, those in which polymer–solvent interactions are favored, while in poor 
solvents mainly polymer–polymer self-interactions are favored. It is relevant to 
underline that the correlation reported by Shenoy et  al. is valid only for good 
 solvents and under the hypothesis that the polymer–polymer interactions are 
negligible.

Table 1 Summary of the classification of the main parameters affecting the electrospinning 
process

Parameter group Parameter list

Solution property 
parameters

Selection of suitable solvent (or solvent system), polymeric solution 
concentration, addition of organic particles and/or drugs, solution 
conductivity, viscosity, density, surface tension, solvent volatility and 
dielectric effect

Electrospinning 
process parameters

Applied voltage, feed rate of polymeric solution, solution temperature, 
capillary-to-collector distance, effect and type of collector, needle 
diameter and the configuration of the nozzle
Additional tools added to the standard setup and their settings (i.e. 
accessory for the stabilization of Taylor Cone by solvent vaporization 
close to the needle; parameter to regulate: solvents system and inert gas 
flow rate)

Environmental 
parameters

Temperature, humidity, pressure and type of atmosphere
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Recently, LeCorre-Bordes et al. reported that, by using a new spinneret design, it 
is possible to improve the electrospinnability of high-viscosity polymers, by apply-
ing shear forces to the polymer solution at the spinneret. In this way, they demon-
strated the electrospinnability of solutions that are not spinnable with a standard 
setup [4].

Recently, several works have been focused on the use of novel techniques in 
order to make electrospinnable solutions that are usually not spinnable with the 
standard electrospinning setup, like using atmospheric pressure non-equilibrium 
plasma treatment [7], introduction of salt additives [8] or by the addition of bifunc-
tional hydrogen-bonding molecules, allowing the formation of crosslinks in the 
electrospinning solution, improving the electrospinnability of low molecular weight 
polymers [9].

3  Effect of Solvent Selection

Among the other parameters affecting the obtained electrospun mats, the selection 
of a proper solvent plays a pivotal role [10], in particular the two solvents proper-
ties which affect mostly the electrospinning process are boiling point and the 
dielectric constant. In fact, these characteristics could promote solvent evaporation 
during the time of flight and could be triggered by solvent mixtures in order to 
obtain porosity on the fiber surface [11]. Some research works in the literature have 
focused on the investigation of the effects using different solvents on the electros-
pinning of a target polymer, the most investigated one being polystyrene, poly 
(ε-caprolactone) (PCL) and poly lactic acid [12–15]. In particular for PCL, consid-
ering the relevance of polymer solubility in correlation with the polymeric solution 
electrospinnability, Luo et al. developed a map, reported in Fig. 2, which include 
the investigations of 32 solvents for PCL and the electrospinnability of the relative 
solutions, providing an effective tools for the development of optimized solution 
for the electrospinning [14].

Beside the extensive evaluation of different solvents, statistical Taguchi design of 
experiments (DoE) was used to analyze the effects of polymeric solution concentra-
tion and electrospinning parameters on polymethyl methacrylate (PMMA) fibers 
morphology to obtain optimized process conditions for getting the smaller fiber 
diameter possible. These conditions were evaluated, by using the following electro-
spinning variables: voltage, polymeric solution feed rate, tip-to-collector distance, 
needle diameter and polymer solution concentration. The smallest fiber diameter 
(about 228 nm) was obtained with the following values of the electrospinning vari-
ables: 20 kV, 1 mL/h, 15 cm distance, 19 needle gauge and 15 wt% polymer con-
centration. Among these variables, the most significant factor on fiber diameter was 
the polymeric solution concentration. The experimental results were closed to the 
predicted values, demonstrating the validity of the Taguchi DoE [16].
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3.1  Solvent Classification and Evaluation of Solvents 
Residuals in Electrospun Mats

Besides, the relevance of the solvent selection and its influence on the fibers mor-
phology, the concerns about solvent toxicity, in particular for biomedical applica-
tions of the electrospun mats, have been a pivotal topic in the last years [17]. In fact, 
Xie et al. stated that the residual toxic solvents in the electrospun fibers should be 
removed, by post-processing the samples (i.e. freeze drying or drying under vac-
uum) and the content of these residuals should be less than the exposure limits 
reported in the regulations [17].

According to the classification reported in ICH (International Conference on 
Harmonisation of Technical Requirements for Registration of Pharmaceuticals For 
Human Use) harmonised tripartite guideline – Q3C: Impurities: guideline for resid-
ual solvents, there are 3 classes of solvents [18].

These three classes are grouped as follows: Class 1 (Solvents to Be Avoided, 
related to known human carcinogens, strongly suspected human carcinogens, and 
environmental hazards), Class 2 (Solvents to Be Limited, related to non-genotoxic 
animal carcinogens or possible causative agents of other irreversible toxicity such 
as neurotoxicity or teratogenicity. Solvents suspected of other significant but 

Fig. 2 Map based on the Teas graph of electrospinnability–solubility for PCL in 32 different sol-
vents. Reprinted with permission from Luo et al. [14]. Copyright 2012 American Chemical Society
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 reversible toxicities) and Class 3 (Solvents with Low Toxic Potential, including 
solvents with low toxic potential to man and no health-based exposure limit is 
needed. Class 3 solvents have a permitted daily exposure (PDE) of 50 mg or more 
per day) [18].

In Table 2, the solvents properties and class are briefly summarized, according to 
ICH, for the most used electrospinning solvents. Most of the solvents used for the 
electrospinning belong to class 1 or 2, like chloroform and dichloromethane, while 
acetic acid and formic acid belong to class 3. For this reason, the solvents belonging 
to class 3 could also be defined “benign solvents” for electrospinning and their use 
is increasing in the last years, as already reported in Fig. 1.

In particular, when toxic solvents are used, but also in case of benign solvents, 
the detection of possible solvents residuals in the electrospun mats is crucial. Several 
techniques could be used for the evaluation of solvents residual, such as Fourier 
transform infrared (FTIR) analysis [20, 21], scanning electron microscopy (SEM) 
analysis to evaluate the effects on fiber surface due to the different rate of solvent 
evaporation [22] and electro-spray ionization mass spectroscopy, able to provide a 
quantitative measurement of the solvent content in the electrospun mats [23]. In 
particular, in this research work developed by Nam et al., a correlation between the 
solvent retention and electrospun polymer was highlighted. In fact, PCL resulted 
more stable with less retained solvent, having less affinity with the solvent 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), respect to gelatin; while in the blend 
PCL-gelatin samples, the amount of retained solvent increased with the increase of 
the amount of gelatin in the blend [23].

Table 2 Most used electrospinning solvents properties [19] and class, according to ICH guidelines 
[18]

Boiling point 
[°C]

Dielectric constant [ε, 
25 °C]

Solvent class according to 
ICH [18]

Dichloromethane 40 9.1 Class 2
Chloroform 62 4.8 Class 2
Dimethylformamide 153 37 Class 2
Tetrahydrofuran 66 7.6 Class 2
Methanol 64.7 33 Class 2
Ethyl acetate 77.1 6 Class 3
Ethanol 78.3 25 Class 3
Acetic acid 117.9 6 Class 3
Formic acid 100.6 59 Class 3
Acetone 56.3 21 Class 3
Dimethylsulfoxide 189 47 Class 3
Water 100 79 –
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4  Emulsion and Suspension Electrospinning for Biomedical 
Applications

Emulsion and suspension electrospinning has been already correlated to green elec-
trospinning in literature by Agarwal and Greiner [24]. Emulsion electrospinning 
allows encapsulation and sustained release of water soluble drugs in hydrophobic/
amphiphilic polymers [25]. In fact, by using this technique it has been reported the 
successful encapsulation of nerve growth factor (NGF) [26], proteinase K [27] and 
lysozyme [28]. The process is constituted by emulsification to form water/oil emul-
sion, dissolution of polymer (suitable for the electrospinning process) and the elec-
trospinning of the obtained emulsion. This technique still required the use of toxic 
solvents, which even if diluted, could represent a critical issue for biomedical 
applications.

A promising area closer to the green electrospinning concept is represented by 
suspension electrospinning [24]. It is based on the electrospinning of a suspension 
obtained by emulsion polymerization (primary latex suspension) mixed with a small 
amount of fiber forming water-soluble polymer (like PEO), used as template and 
removed after the obtainment of the electrospun mats [29]. Some disadvantages are 
also reported by the use of this technique, like the use of toxic tensides and the lim-
ited number of polymers from which it is possible to synthesize primary lattices 
suitable for electrospinning. At the same time, it is very interesting the electrospin-
ning of water-based secondary suspensions, namely dispersion in water of water- 
insoluble polymers, of biodegradable polyesters [2]. The requirements for this 
process are the use of water-insoluble polyester with low melting point and the 
chemical attachment of water-soluble polymer to the polyester block, to ensure the 
suspendability of the polyester in water, suitable for the electrospinning process. In 
Table 3, a summary of main applications of emulsion and suspension electrospin-
ning, including details about polymers, solvents, fiber diameter, in vitro tests and 
applications is reported.

5  Electrospun Fiber Mats from Benign Solvents

In the last years, the use of benign solvents for electrospinning was focused mainly 
on the electrospinning of collagen, because benign solvents could preserve the col-
lagen triple helical structure [33, 34]. In fact, Zeugolis et al. [35] demonstrated that 
the use of fluoroalcohols (i.e. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) or 
2,2,2- trifluoroethanol (TFE)) as electrospinning solvents, lead to the denaturation of 
collagen, and formation of gelatin, characterized by destroyed α-chain and dis-
rupted triple-helical structure. Similar results were obtained also by the co- 
electrospinning of collagen with PCL with the same solvents [35]. Also other natural 
polymers, like gelatin, silk, chitosan, soy and zein have been successfully electros-
pun using benign solvents as, ethanol, acetic acid and formic acid [36–38]. In 
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particular, several works, even before the introduction of the term “Green 
Electrospinning”, were focused on the electrospinning of silk fibroin and the avoid-
ance of solvents like HFIP and hexafluoroacetone (HFA) [39]. In fact, it is possible 
to obtain electrospun neat silk fibroin fibers using formic acid, as obtained by the 
authors and reported in Fig. 3, by optimizing the protocol reported by Min et al. 
[37], and even the use of water was reported as solvents for the blend of silk fibroin 
and PEO [40].

A summary of polymers or blends, solvents used, crosslinking process, cell line 
for the in vitro tests and indication of the TE field of application is reported in the 
following Table 4.

Even if only few studies have been published investigating the electrospinning of 
polyesters using benign solvents, like PCL and PLLA [53, 54, 60, 61], recently 
there is an increased interest in the fabrication of electrospun scaffolds of their 
blends with natural polymers. Positive results were reported from in  vitro and 
in vivo studies on the electrospun mats obtained using benign samples. One exam-
ple was reported by Da Silva et al. [55]. In fact they reported promising results from 
the implant of PCL electrospun nanofibers into the vitreous cavity of female Lewis 
rat for 10 days, as showed in Fig. 4.

6  Composites Electrospun Scaffolds from Benign Solvents

In order to well describe the topic of this paragraph, it is mandatory to define a 
composite as a material composed by a “matrix” and a “reinforcement” phase, usu-
ally in the form of particles, incorporated in the matrix. There are not molecular 
bonding between the two phases, but the interface between them plays a pivotal role 
in the definition of the composite properties [62].

Currently, it has not been widely investigated the possible interaction of inor-
ganic particles and the solvents for electrospinning, in the same papers dealing with 
the incorporation of inorganic particles in polymeric matrix before the  electrospinning 

Fig. 3 SEM micrographs of electrospun silk fibroin in formic acid (12 wt%) as-spun (a) and after 
immersion in methanol (b), (electrospun mats fabricated and characterized by the authors, unpub-
lished data, with an optimized protocol from Min et al. [37])
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process. In this paragraph, an overview about the fabrication of composites by using 
benign solvents, will be reported.

Ghosal et al. reported the addition of TiO2 nanoparticles (20 nm size) to PCL, in 
order to obtain scaffolds with antibacterial properties. The obtained PCL fibers were 
coated with collagen to modulate and enhance their mechanical properties, suitable 
for skin substitutes applications [63].

As already reported in literature for toxic solvents, also for benign solvents, the 
addition of particles in the electrospinning solution affects the solution properties 
and influences the obtained fibers morphology. In particular, a reduction in the 
obtained average fibers diameter was reported by Liverani and Boccaccini [21] after 
the addition of bioactive glass (BG) particles (45S5 composition), with sizes around 
2 μm, into the PCL solution before electrospinning. The incorporation of the parti-
cles in the electrospun polymeric mats was investigated by SEM and EDX analyses, 
in vitro mineralization was observed on the samples after immersion in SBF solu-
tion, demonstrating that the incorporation of the BG particles in the PCL, does not 
affect their bioactivity, highlighting the suitability of these scaffolds for applications 
related to bone tissue engineering or interface tissue engineering.
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Fig. 4 Digital image of the rat with PCL implant, 10 days after the implantation (a); histological 
examination of the posterior and anterior segments of the eye with the PCL nanofibers after 10 
days (b); histological examination of the same segment, without PCL nanofibers (c); Choroid and 
retinal layers thickness of the animals of both groups (d). Reprinted with permission from Da Silva 
et al. [55]
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A similar method for the obtainment of composite electrospun fibers, by the 
addition of BGs particles in PCL/gelatin blend was reported by Gönen et al. [64]. In 
particular, they used ion-doped BG particles, doped with Copper and Strontium. 
The introduction of BG particles induced an increase in average fiber diameter, 
while after immersion in SBF solution, not all the ions-doped samples showed min-
eralization on their surface. These results demonstrated that the bioactivity depends 
on the amount of BG particles in the polymer matrix, but also on the ions release.

A summary of polymers matrix and reinforcement inorganic phase, solvents 
used, fiber diameter, crosslinking process, cell line for the in vitro tests and indica-
tion of the TE field of applications is reported in the following Table 5.

The promising results obtained by using benign solvents for the fabrication of 
composites laid down the basis for further studies oriented on the investigation of 
the possible influence that the solvent could have on the physic-chemical properties 
of the particles after their addition in the polymeric solution.

7  Post Processing: Crosslinking and the Use of Toxic 
Chemicals

As already reported before, the electrospinning of natural polymers often leads to 
the fabrication of mats that are not stable in aqueous solution. For this reason, cross-
linking is mandatory and also useful for enhancing electrospun mats mechanical 
properties, but often toxic crosslinkers, like glutaraldehyde, glyoxal, etc. [38, 65] 
are used to increase the fiber mats stability in aqueous environment, as reported in 
Tables 4 and 5. The future trends and research focus are actually oriented on the 
decrease of the use of these toxic crosslinkers and towards the use of less or non- 
toxic one, like citric acid and genipin [47, 57, 70]. Beyond the solvents and the 
crosslinkers, the same trend could involve also all the other chemicals relevant for 
the fabrication of composite samples, like the selection of natural extracts as reduc-
ing agents [71].

8  Conclusions and Future Perspectives

Green electrospinning and related improvements for the reduction in the use of 
toxic harsh solvents is a relevant topic and focus of many research publications in 
the last years. Even if the use of less suitable solvents implies longer and more accu-
rate optimization of the process parameters, promising results have been obtained 
for what concerns the electrospinning of natural, synthetic polymers and their 
blends. The use of these solvents resulted also suitable for the fabrication of com-
posites for tissue engineering applications.

L. Liverani et al.



163

Ta
bl

e 
5 

Su
m

m
ar

y 
of

 c
om

po
si

te
, s

ol
ve

nt
 s

ys
te

m
s,

 fi
be

r 
di

am
et

er
, c

ro
ss

lin
ki

ng
 p

ro
ce

ss
, i

n 
vi

tr
o 

te
st

s,
 in

di
ca

tio
n 

of
 a

pp
lic

at
io

n 
in

 ti
ss

ue
 e

ng
in

ee
ri

ng
 (

T
E

) 
fie

ld
 

an
d 

re
fe

re
nc

e

Po
ly

m
er

 m
at

ri
x 

an
d 

in
or

ga
ni

c 
ph

as
e

So
lv

en
t 

sy
st

em
A

ve
ra

ge
 fi

be
r 

di
am

et
er

 
[n

m
]

Po
st

-t
re

at
m

en
ts

In
 v

itr
o 

te
st

s 
(c

el
l t

yp
e)

A
pp

lic
at

io
n

R
ef

er
en

ce

C
ol

la
ge

n/
hy

dr
ox

ya
pa

tit
e 

(H
A

)
A

ce
tic

 a
ci

d
34

2 
±

 6
7 

nm
C

ro
ss

lin
ki

ng
 w

ith
 

gl
ut

ar
al

de
hy

de
 v

ap
or

M
C

3T
3-

E
1

B
on

e 
T

E
C

as
til

la
- 

C
as

ad
ie

go
 

et
 a

l. 
[6

5]
Si

lk
 fi

br
oi

n/
nH

A
Fo

rm
ic

 
ac

id
24

2 
±

 3
4 

nm
M

in
er

al
iz

at
io

n 
ob

ta
in

ed
 

af
te

r 
se

ri
es

 o
f 

ca
lc

iu
m

 a
nd

 
ph

os
ph

at
e 

tr
ea

tm
en

ts

M
C

3T
3-

E
1

B
on

e 
gr

af
t 

ap
pl

ic
at

io
ns

W
ei

 e
t a

l. 
[6

6]

PC
L

/T
iO

2 
na

no
pa

rt
ic

le
s

A
ce

tic
 a

ci
d

20
0–

80
0

C
ol

la
ge

n 
co

at
ed

 fi
be

rs
–

Sk
in

 s
ub

st
itu

te
s

G
ho

sa
l e

t a
l. 

[6
3]

PC
L

/b
io

ac
tiv

e 
gl

as
s 

(B
G

) 
pa

rt
ic

le
s 

(2
 μ

m
)

A
ce

tic
 a

ci
d

50
0 

±
 2

00
–

–
B

on
e 

T
E

L
iv

er
an

i a
nd

 
B

oc
ca

cc
in

i 
[2

1]
PC

L
/b

io
ac

tiv
e 

gl
as

s 
(B

G
) 

pa
rt

ic
le

s 
(<

25
 μ

m
)

A
ce

tic
 a

ci
d

80
0–

35
00

–
–

B
on

e 
T

E
L

ep
ry

 e
t a

l. 
[6

7]

PC
L

/g
el

at
in

/B
G

 
pa

rt
ic

le
s 

io
n 

do
pe

d 
(C

u 
an

d 
Sr

)

A
ce

tic
 

ac
id

/f
or

m
ic

 
ac

id

G
t/P

C
L

/S
r-

B
G

: 
2.

5 
w

t%
B

G
: 4

48
 ±

 1
11

 
7.

5 
w

t%
B

G
: 5

32
 ±

 1
90

G
t/P

C
L

/C
u-

B
G

: 
2.

5 
w

t%
B

G
: 4

00
 ±

 7
1

7.
5 

w
t%

B
G

: 4
63

 ±
 1

07

C
ro

ss
lin

ki
ng

 w
ith

 
gl

ut
ar

al
de

hy
de

 v
ap

or
–

B
on

e 
T

E
G

ön
en

 e
t a

l. 
[6

4]

G
el

at
in

/s
ilv

er
 

na
no

pa
rt

ic
le

s 
(A

gN
Ps

)
A

ce
tic

 a
ci

d
N

ea
t: 

23
0 

±
 3

0 
an

d 
w

ith
 

A
g:

 2
80

 ±
 4

0
C

ro
ss

lin
ki

ng
 w

ith
 

gl
ut

ar
al

de
hy

de
 v

ap
or

–
W

ou
nd

-d
re

ss
in

g 
m

at
er

ia
ls

 w
ith

 
an

tib
ac

te
ri

al
 a

ct
iv

ity

R
uj

ita
na

ro
j 

et
 a

l. 
[6

8]

C
hi

to
sa

n/
ge

la
tin

 
A

gN
Ps

A
ce

tic
 a

ci
d

22
0–

40
0

–
–

G
en

er
al

 in
di

ca
tio

n
Z

hu
an

g 
et

 a
l. 

[6
9]

Biomaterials Produced via Green Electrospinning



164

Future perspectives will be oriented in the avoidance or reduction in the use not 
only of the toxic solvents for the electrospinning, but also of toxic crosslinkers or 
surfactants, in order to completely fulfill the initial definition of Green 
Electrospinning.
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Abstract Electrospun biomaterials have been extensively utilized in tissue engi-
neering and drug delivery; however, more recently, these biomaterials have been 
employed to address various challenges in cancer research. Tunable topography, 
morphology and surface chemistry coupled with bio-compatibility/degradability, 
render electrospun biomaterials suitable for the development of anti-cancer drug 
delivery systems. The ability of electrospun biomaterials to preserve the properties 
of genetic materials has led to their applications in targeted gene therapies for can-
cer. In addition, electrospun biomaterials can be engineered to recapitulate the 
tumor microenvironment and have been found to regulate cellular processes; mak-
ing them suitable for the development of disease models and cell based therapies in 
cancer. Electrospun biomaterials are also being investigated as biosensors for early 
detection and diagnosis of cancer. This chapter explores the utility of electrospun 
biomaterials in the field of cancer research and highlights its future prospects.
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1  Introduction

Cancer is one of the leading causes of death worldwide [1]. WHO, a leading health 
organization, projects a substantial rise in cancer cases from 14 million in 2012 to 
22 million in next two decades [1]. Currently, cancer therapy regimen typically 
includes surgery, radiation, and administration of chemo or targeted therapies based 
on the type and staging of the disease. However, delayed cancer diagnosis, ineffi-
cient delivery of chemotherapeutics, drug resistance and poor prognosis of the dis-
ease often leading to disease recurrence, continue to be key challenges in cancer 
treatment [2, 3]. For example, failure in detecting cancer in its early stages makes it 
difficult to manage the disease as it has already entered the advanced stage; asymp-
totically decreasing the survival chances of the patient. Similarly, inefficient deliv-
ery of chemotherapeutics has been associated with many side-effects involving 
damage to normal cells inducing toxicity [3]. Moreover, recent studies have showed 
that certain sub-population of cancer cells can enter dormancy and become resistant 
to radio-/chemotherapies resulting in relapse years after surgical resection of pri-
mary tumor [4]. These therapeutic challenges have motivated research in the devel-
opment of targeted anti-cancer drug delivery systems, physiologically relevant 
in vitro cancer models for robust anti-cancer drug screening, and technologies for 
early cancer diagnosis. With advances in material science and nanotechnology, bio-
materials have become a key platform for addressing challenges in cancer research 
[5]. In particular, electrospun biomaterials (i.e., electrospun fibers) have been widely 
investigated for applications in targeted cancer therapy, in vitro cancer modeling 
and disease sensing because of their biocompatibility and biodegradability (Fig. 1).

The ability to encapsulate a variety of drugs with high loading efficiencies com-
bined with high surface areas make electrospun fibers an attractive platform for 
targeted drug delivery as well as delivery mediated by external stimuli [3]. These 

Fig. 1 Applications of 
electrospun biomaterials in 
cancer research
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materials could also be designed to provide controlled and sustained drug release 
for extended periods of time and to deliver multiple therapeutics. A wide variety of 
polymers (natural and synthetic) provides flexibility in choosing a suitable polymer 
for delivery of a particular drug. In addition, electrospun fibers have been utilized as 
carriers for gene delivery owing to their ability in retaining the properties of genetic 
material such as plasmid DNA and viral vectors [6]. Moreover, electrospinning 
technique is economically efficient enabling development of low cost targeted drug 
delivery systems.

In addition to anti-cancer drug and gene delivery, electrospun fibers have been 
employed as disease models to study cancer biology. Rapid development in the 
fields of tissue engineering, molecular biology and genomics have enabled studies 
of cancer cell behaviors in physiologically relevant environments in vitro. It is well 
appreciated that the tumor microenvironment plays a vital role in cancer progres-
sion in addition to genetic mutations [7]. The tumor microenvironment mediates 
the behavior of cancer cells by providing them with biochemical, cellular, and bio-
mechanical cues. Biochemical cues consist of growth factors, extracellular matrix 
(ECM) proteins and soluble factors that regulate tumor-stroma interactions and can 
activate various signaling pathways in the cancer cells due to binding of cell sur-
face receptors [8]. Biomechanical cues include matrix stiffness which trigger 
mechanotransduction pathways in cancer cells ultimately regulating cell fate [9]. 
Owing to their large surface area, cyto-compatibility, tunability of mechanical stiff-
ness and versatile chemistry; electrospun fibers have been utilized as a scaffold for 
studying cancer cell behaviors [10]. In particular, electrospun fibers enable reca-
pitulation of specific topographical aspects in the tumor microenvironment like the 
fibrous collagen network evidenced in vivo [11]. Electrospun fibrous scaffold facil-
itates cell adhesion, cell-cell/matrix interactions and provides mechanical cues to 
the cancer cells recapitulating the microenvironment in vitro to study cancer cell- 
microenvironment interactions.

More recently, researchers have been investigating electrospun fibrous scaffolds 
for their application in anti-cancer stem cell based therapies [12]. Apart from their 
application in disease modeling and delivering anti-cancer therapeutics, electrospun 
fibers have also been employed in fabrication of biosensors for cancer diagnostics 
[3]. The following discussion focuses on the key process parameters for fabrication 
of electrospun biomaterials and the applications of electrospun biomaterials in diag-
nosing, understanding, and treating cancer.

2  Electrospinning and Associated Process Parameters

Electrospinning utilizes electro-hydrodynamic forces to draw fibers from a polymer 
solution with diameters ranging from hundreds of micrometers to a few nanometers 
[13]. Fibers of desired morphologies, surface or mechanical properties can be 
obtained via optimization of electrospinning process parameters (discussed below) 
based on the polymer material chosen.
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2.1  Solution Properties

Solution properties mainly consist of solution concentration, viscosity, conductiv-
ity, polydispersity index of the polymer and solvent volatility. Solution properties 
dictate the morphology of the fibers. For example, if the polymer solution concen-
tration is low, then the fibers may collapse into fragments forming rings, discs and 
beads before reaching the collector [14] (Fig. 2). However, if the solution concentra-
tion is increased beyond this critical value, it leads to blockage of capillary tip yield-
ing undesired beaded polymer fibers [15]. Solution concentration also dictates the 
viscosity of the polymer solution and therefore must be carefully optimized to get 
smooth fibers [16]. Similarly, polymer solution conductivity is crucial as the elec-
trospinning process is dependent on the charges building upon the polymer solution. 
Higher the conductivity of the polymer solution, lower is the diameter of the fibers 
[17, 18]. In some cases, salts are added to the polymer solution to increase their 
conductivity making them feasible for electrospinning [19]. Polydispersity index 
has also been found to dictate the diameter distribution of the fibers [3]. Lower the 
polydispersity index, narrower is the distribution of fiber diameter yielding fibers 
with more or less uniform diameters [3]. All the above solution properties are unique 
to the polymer being used; however, it has been observed that solvent volatility also 
impacts the fiber morphology. Generally, a solvent with a moderate boiling point is 
used for electrospinning applications as the solvents with low or very high boiling 
points hamper the drying characteristics resulting in undesired fiber morphology 
[14]. Very recently, researchers have been using a solvent system instead of a single 
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Fig. 2 Effects of electrospinning solution flowrate, concentration and the applied voltage on the 
fiber morphology (reprinted with permission from Zamani et al. [13])
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solvent, as the differences in the boiling point of solvents in the system can yield 
highly porous fibers [20, 21].

2.2  Operating Parameters

Operating parameters consist of solution flowrate as well as distance and applied 
voltage between capillary and collector. Solution flowrate affects the drying of 
fibers and hence the fiber morphology. For example, an increase in the solution flow 
rate beyond certain point can cause the formation of beads in the fiber due to inef-
ficient drying [14, 22] (Fig. 2). Similar to solution flowrate, the distance between the 
collector and the capillary tip is also crucial for efficient drying of the fiber. A larger 
distance is suitable for better drying. Typical distance between the capillary and the 
tip is in the range of 10–20 cm. The applied voltage between capillary and collector 
significantly impacts the fiber diameter. Generally, increasing the applied voltage is 
known to decrease the fiber diameter [20] (Fig. 2). Typically, a voltage of 10–25 kV 
is applied between the capillary tip and the collector.

2.3  Ambient Factors

Ambient factors like ambient temperature and humidity are known to affect the fiber 
diameter and morphology [3]. Generally, the diameter of fiber decreases with the 
increase in the humidity [23, 24]. Humidity also plays a crucial role in forming 
porous fibers [25]. Similar to humidity, an increase in the ambient temperature leads 
to a decrease in the fiber diameter [3, 26].

The parameters described above generally apply for most electrospinning pro-
cesses; however, one must conduct rigorous trials for observing the trends between 
fiber morphology and stated parameters and optimize the system accordingly to 
yield fibers suitable for a particular application in cancer research.

3  Electrospun Biomaterials in Anticancer Drug and Gene 
Delivery

3.1  Drug Delivery

The concept of drug delivery itself evolved around half a century ago [2]. Modern 
era of drug delivery focuses on delivery of a wide spectrum of drugs possessing dif-
ferences in physicochemical parameters and having different sources viz. synthetic 
as well as naturally occurring therapeutic molecules [27]. Another aspect critical for 
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drug delivery is the ability to provide controlled release and retain the drug without 
losing its efficacy over a desired time within the body. Traditional cancer therapies 
were not targeted which led to toxicity in normal cells, affecting other vital func-
tions like cardiovascular functioning. With advances in drug delivery, efficient sys-
tems for targeted delivery of anti-cancer therapeutics have been developed. 
Electrospun fibers have been traditionally and extensively utilized for delivery of a 
variety of drugs targeting various diseases. Further discussion emphasizes on the 
application of electrospun fibers in developing targeted anticancer therapies.

As electrospun fibers possess high surface area and high drug encapsulation/
retention efficiency, they serve as an ideal platform for engineering anti-cancer drug 
delivery systems [3]. With better understanding of electro-hydrodynamics followed 
by advancement in electrospinning techniques, it is now possible to engineer the 
fiber topology, morphology, and surface chemistry for designing efficient anti- 
cancer drug delivery systems. In addition, the low costs associated with electrospin-
ning techniques have potential to yield drug delivery systems affordable to patients 
across wide socio-economic strata. For developing anti-cancer drug delivery sys-
tems based on electrospun fibers, choosing an appropriate polymer and technique 
for drug loading is vital as they impact the drug release kinetics and mechanisms.

3.1.1  Polymer Selection

The biodegradability of polymer decides the release mechanism of the anti-cancer 
drug [20]. The drug release is guided by two mechanisms: (a) Diffusion and (b) 
Polymer degradation. Generally, diffusion controlled drug release is desired as it 
gives precise control over the release kinetics [20]. However, if the selected polymer 
undergoes faster biodegradation, then it adds complexity to the drug release kinetics 
and also results in sudden initial burst release. Therefore, both the aspects viz. deg-
radation kinetics of polymer and desired drug release kinetics as well as the biocom-
patibility of the polymer should be taken into consideration [20].

3.1.2  Techniques for Anti-cancer Drug Loading on Electrospun Fibers

Current electrospinning techniques offer variety of strategies to load anti-cancer 
drugs onto the fibers. The drug can be loaded (or encapsulated) onto the electrospun 
fibers by using techniques such as co-electrospinning, co-axial electrospinning, 
emulsion electrospinning, side by side electrospinning, multi-jet electrospinning 
and surface immobilization [2]. Of these, co-electrospinning is the most widely 
used technique to load anti-cancer drugs onto the electrospun fibers followed by 
emulsion and co-axial electrospinning (Fig. 3). Every technique has its own merits 
and based on the requirements such as extent of drug loading and drug release char-
acteristics, the most suitable technique can be adopted.
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Co-electrospinning Technique

Co-electrospinning/blending technique is the most common technique used to load 
an anti-cancer drug onto the electrospun fiber mainly due to its simplicity and low 
costs associated with the equipment setup [13]. In this technique, the polymer solu-
tion and the drug solution (may or may not be in same solvent) are mixed together 
to form a homogenous electrospinning solution from which the fibers are drawn. 
This technique yields fibers having uniform drug distribution throughout with a 
high extent of drug loading. This loading strategy can result in an initial burst release 
of drugs which may or may not be desirable. Moreover, co-electrospinning does not 
entirely shield the drug from organic solvents and high voltage during electrospin-
ning process which may have detrimental effects on sensitive drugs [28].

Co-electrospinning has been used with various drug/polymer systems to develop 
electrospun fiber based delivery systems (Table  1). In one such study, co- 
electrospinning technique was used to produce electrospun fiber mats from PEG- 
PLA copolymer which were loaded with BCNU [29]. The average diameter of the 
fibers was reported to be less than 1500 nm. It was observed that with an increase in 
BCNU loading, release rate and the initial burst also increased. However, the anti- 
tumor activity of BCNU loaded on fibers against rat glioma C6 cells lasted for more 
than 3 days whereas the free BCNU lost its activity in around 2 days [29]. To address 

Fig. 3 Schematic representation of most commonly used techniques for encapsulating anti-cancer 
drugs into electrospun fibers
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Table 1 Electrospun fibers utilized for anti-cancer drug delivery

Polymer used for 
electrospinning Drugs encapsulated Targeted cancer Reference

Co-electrospinning

PCL doped with 
hydrophobic PGC-C18

CPT-11, SN-38 Colorectal [56]

PLA Doxorubicin hydrochloride, 
Paclitaxel, Doxorubicin base

N/A [30]

PLGA Paclitaxel Glioma [31]
PLA Titanocene dichloride Lung [57]
PEG-PLA BCNU Glioma [29]
QCh-coPLA Doxorubicin Graffi myeloid 

tumor
[36]

PLA & PLA-PLGA Cisplatin Glioma [58]
PLGA Paclitaxel Glioma [59]
PLA Dichloroacetate Cervical [32]
PLA Sodium dichloroacetate, 

diisopropylamine dichloroacetate
Colorectal [33]

PELA with HCPD HCPT Breast [60]
PEG-polybutylene 
succinate

Curcumin, Triclosan N/A [61]

QCh-coPLA Doxorubicin hydrochloride HeLa cells 
(Cervical)

[35]

PVA-Chitosan Curcumin Breast, Hepatoma [34]
PCEC Curcumin Glioma [62]
PCL containing UNCPS 
nanoparticles

Doxorubicin, Indomethacin Hepatoma [63]

PLGA Doxorubicin hydrochloride 
immobilized on CNT

HeLa cells 
(Cervical)

[64]

PCL-Gelatin Piperine HeLa cells 
(Cervical), Breast

[65]

PLA 5-FU, Oxaliplatin Colorectal [66]
Emulsion electrospinning

PEG-PLA Paclitaxel, Doxorubicin 
hydrochloride

Glioma [39–41]

PELA with HCPD HCPT Hepatoma [42]
Co-axial electrospinning

P(LLA-CL) Paclitaxel HeLa cells 
(Cervical)

[43]

Other technique (surface adsorption)

Chitosan with HA coating Paclitaxel Prostate [67]
Smart anti-cancer drug delivery systems

P (NIPAAm-MAA-VP) Doxorubicin Lung [45, 46]
P (NIPAAm-MAA-VP) Doxorubicin Melanoma [47]
Tetra-peptide substrates of 
cathepsin

Doxorubicin N/A [48]

(continued)

Electrospun Biomaterials for Cancer Research



178

the issue of initial burst release associated with co-electrospinning approach used 
for drug loading, Zeng et al. showed that by using a compatible drug/polymer/sol-
vent system, the initial burst can be avoided [30]. Paclitaxel, doxorubicin hydro-
chloride and doxorubicin base were used as model drugs and were loaded onto PLA 
electrospun fibers using co-electrospinning. An initial burst release was observed in 
case of doxorubicin hydrochloride as it localizes near the surface of fibers, whereas 
no initial burst was observed in case of paclitaxel and doxorubicin base suggesting 
the role of drug/polymer/solvent compatibility in overcoming the initial burst [30]. 
Using the same drug loading technique, the impact of fiber diameter on the drug 
release kinetics was demonstrated. For example, paclitaxel loaded PLGA nanofi-
bers had a faster drug release rate releasing 80% of the drug in 60 days compared to 
60% release in case of microfibers [31]. In a recent study, Liu et al., reported a drug 
delivery system wherein dichloroacetate loaded onto PLA fiber mats using co- 
electrospinning technique proved to attack the aerobic glycolysis process in cervical 
cancer cells in vivo inducing necrosis [32]. Almost 50% mice were found to recover 
from the disease in less than 3 weeks following implantation of dichloroacetate 
loaded PLA fiber mats [32] (Fig. 4). In a follow up study, the same group validated 
this drug delivery system against colon cancer [33].

Chitosan and its derivative (quaternized chitosan) have been found to possess 
intrinsic anti-tumor, anti-bacterial, anti-fungal and wound healing properties [34–
36]. Therefore, recent studies have reported drug delivery systems utilizing chitosan 
based electrospun fibers loaded with anti-cancer drugs using co-electrospinning 
approach for targeted anticancer therapy against breast cancer, hepatoma and cervi-
cal cancer [34–36]. However, it is relatively difficult to electrospin chitosan alone 
due to the repulsive forces generated by positive charges in the polymer; therefore 
it is generally electrospun in presence of another polymer such as coPLA or PEO 
[37, 38]. Such a drug delivery system has potential in targeting both the cancer cells 
as well as microbial infections following tumor resection and implantation of drug 
loaded mats [34]. Studies utilizing co-electrospinning technique to encapsulate the 
anti-cancer drugs have been summarized in Table 1.

Table 1 (continued)

PCL poly(ε-caprolactone), PGC-C18 poly(glycerol monostearate-co-ε-caprolactone), PLA 
poly(L-lactide), PLGA poly(D,L-lactic-co-glycolic acid), PEG poly(ethylene glycol), QCh quater-
nized chitosan, coPLA poly(L-lactide-co-D,L-lactide), PELA poly(D,L-lactic acid)-poly(ethylene 
glycol), HCPD 2-hydroxypropyl-β-cyclodextrin, PCEC poly(3-caprolactone)-poly(ethylene 
glycol)-poly(3-caprolactone), P(LL-CL) poly(L-lactic acid-co-ε-caprolactone), PEO poly(ethylene 
oxide), HA hyaluronic acid, P(NIPAAm-MAA-VP) poly(N-isopropylacrylamide-acrylamide-vinyl 
pyrrolidone), UNCPS NaGdF4:Yb/Er@NaGdF4:Yb@mSiO2-polyethylene glycol, CNT carbon 
nanotube
BCNU 1,3-bis(2-chloroethyl)-1-nitrosourea, HCPT hydroxycamptothecin, 5-FU 5-fluorouracil
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Emulsion Electrospinning

To protect anti-cancer drug against direct interactions with the body fluids and avoid 
undesired release and interactions, emulsion electrospinning technique for encapsu-
lating drugs into the fibers is widely utilized [2]. In this technique, the drug and 
polymer are dissolved in two different solvents. The two solutions are later mixed 
together to form an emulsion which is used for electrospinning. When this emulsion 
is electrospun, it generally yields fibers with a core-shell structure, with drug largely 
in the core part surrounded by the polymer. In doing so, the initial burst release of 
drugs is also reduced. This technique can be adopted easily with no or minimal 
modifications required in the conventional electrospinning setup and parameters 
rendering it economically efficient. The main disadvantage of the process is that it 
does not yield a perfect core-shell structure, with the diffused core containing drug 
as well as some polymer and vice versa in case of the shell [2].

Emulsion electrospinning has been used to produce electrospun fibers from 
PEG-PLA copolymer loaded with doxorubicin hydrochloride [39]. The polymer 
dissolved in chloroform formed oil or organic phase and aqueous solution of doxo-
rubicin hydrochloride formed the water phase. The two solutions were mixed to 
form an emulsion, which were then electrospun yielding fibers having doxorubicin 
hydrochloride entirely encapsulated within them. The in vitro drug release studies 
suggested that in the initial timeframe, drug release was mediated via diffusion, 
which later shifted towards the enzymatic degradation mechanism of the polymer. 
In vitro cytotoxicity studies revealed that the drug loaded PEG-PLLA fibers showed 
similar cytotoxicity against C6 glioma cells as that of free drug but with controlled 

Fig. 4 In vivo anti-tumor activity of dichloroacetate loaded polylactide (PLA) electrospun fibrous 
mats against cervical cancer. The fraction of necrosis clearly indicates the anti-tumor activity of 
dichloroacetate loaded PLA electrospun fibrous mats against cervical cancer (Group D) over a 
period of 19 days compared to the control group (Group C). Group O represents the tumors in the 
mice treated by oral administration of dichloroacetate and Group P represents the tumors in the 
mice implanted with blank PLA mats (reprinted with permission from Liu et al. [32])
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release. A follow up study revealed the core-shell structure of the doxorubicin 
hydrochloride loaded PEG-PLA fibers and showed that the release kinetics fol-
lowed Fick’s second law of diffusion [40]. Interestingly, it was observed that with 
an increase in the drug loading, the release rate decreased indicating a reservoir type 
delivery system. Emulsion electrospinning can be used to load multiple drugs with 
different physio-chemical properties on to the fibers. For example, paclitaxel 
(hydrophobic) and doxorubicin hydrochloride (hydrophilic) were loaded onto PEG- 
PLA polymer simultaneously forming a multidrug delivery system for combination 
therapies [41] (Table 1). The efficacy of drug loaded fibers formed by emulsion 
electrospinning has been tested and validated in  vivo by Luo et  al., where they 
observed inhibitory effects of hydroxycamptothecin loaded PELA fibers against 
H22 hepatoma tumors in mice [42].

Co-axial Electrospinning

In order to overcome the inability of emulsion electrospinning in forming anti- 
cancer drug loaded fibers with a distinct core-shell structure, co-axial electrospin-
ning can be employed. In the co-axial spinning method, the polymer and drug 
containing solutions are spun separately using a specialized spinneret having two 
separate co-axial reservoirs. The inner reservoir consists of the drug solution sur-
rounded by the polymer solution in the co-axial outer reservoir. The electrospinning 
of these solutions yields fibers with distinct core-shell structure with drug trapped in 
the core [28]. Another advantage of this method is that the drugs are shielded from 
the high electric field by the polymer solution; therefore this technique can be used 
for encapsulating sensitive drugs [2]. This technique has been used to develop pacli-
taxel loaded P(LLA-CL) fibers [43] (Table 1). An initial short burst release of pacli-
taxel was observed in  vitro followed by a steady release of paclitaxel over time 
period of 60 days and the efficacy of this system against HeLa cells was demon-
strated in vitro.

3.1.3  Smart Anti-cancer Drug Delivery Systems Based on Electrospun 
Fibers

The onset of cancer is often followed by physicochemical changes in the ECM such 
as pH and temperature changes [44]. Efforts have been directed to take advantage of 
these changes in the tumor microenvironment to develop smart drug delivery sys-
tems which release drug in response to external stimuli [45, 46]. For example, doxo-
rubicin loaded poly (N-isopropylacrylamide-acrylamide-vinylpyrrolidone) 
electrospun fibers have been developed for pH sensitive drug delivery [45, 46]. 
These fibers retain their morphology in slightly alkaline pH (7.4) but collapse in 
acidic pH delivering the drug [45, 46]. Similarly, a temperature sensitive drug deliv-
ery system based on doxorubicin loaded poly (N-isopropylacrylamide-acrylamide- 
vinylpyrrolidone) electrospun fibers bearing magnetic nanoparticles has been 
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developed [47] (Fig. 5, Table 1). When the fibers were exposed to an alternating 
magnetic field (AMF), interaction between magnetic nano-particles and AMF led to 
self-heating of the fibers triggering drug release acting as ‘on’ and ‘off’ switch [47].

In addition to physicochemical changes in cancerous tissue, secretion of various 
ECM proteins and enzymes also occurs. Taking advantage of these secreted 
enzymes, electrospun fibers which respond to the secretion of cathepsin enzyme and 
release anti-cancer drugs have been reported [48]. The drug loaded fibers are made 
up of peptides which serve as substrates for the cathepsin enzyme. As the cathepsin 

Fig. 5 Schematic of a smart drug delivery system based on electrospun fibers. Doxorubicin loaded 
poly (N-isopropylacrylamide-acrylamide-vinylpyrrolidone) electrospun fibers bearing magnetic 
nanoparticles were developed which release doxorubicin in response to the external alternating 
magnetic field (AMF) due to self-heating caused by magnetic nanoparticles (reprinted with per-
mission from Kim et al. [47])
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degrades the peptides, the fibers release the anti-cancer drug. More recently, the 
biomimetic aspects of electrospun nanofibers have been coupled with drug delivery 
to design a smart therapeutic system [49]. For example, aligned electrospun PCL 
fibers mimicking white matter tracts were used to trick the highly migratory glioma 
cells to migrate along the fibers away from primary tumor towards a drug containing 
sink [49].

Overall, electrospun fibers serve as a versatile and cost effective platform to 
develop anti-cancer drug delivery systems. Owing to the ability to tune the electro-
spinning process parameters and drug loading techniques coupled with a wide vari-
ety of polymers to choose from; electrospun fibers can be engineered to deliver a 
variety of anti-cancer drugs. They also provide close control over pharmacokinetic 
properties such as the drug release kinetics. The use of electrospun biomaterials as 
smart anti-cancer drug delivery systems is an emerging area in modern drug 
delivery.

3.2  Electrospun Biomaterials in Targeted Gene Delivery

Recent advances in genetic engineering have resulted in employing gene delivery as 
a powerful platform for anti-cancer therapies. Delivery of therapeutic genes can 
potentially activate apoptosis pathways in cancerous cells [6]. However, direct 
administration of these therapeutic genes causes toxicity in normal cells and can 
lead to a hyper immune response [6]. This necessitated the development of targeted 
gene delivery carriers. Electrospun fibers prove to be a versatile platform for gene 
delivery as they present a high surface area to volume ratio, tunable morphology, 
and chemistry. With advances in electrospinning techniques, different strategies of 
encapsulating therapeutic genes into the fibers were devised; protecting them from 
external environment, retaining their therapeutic properties and maintaining a 
steady release rate. The potential of electrospun fibers in encapsulating and immo-
bilizing bio-macromolecules like enzymes have been investigated almost a decade 
ago [50]. However, it was not until recently that they were investigated for potential 
applications in anti-cancer gene delivery [2, 6].

Co-electrospinning is a very easy and cost effective way of encapsulating genetic 
material on to the fibers. In this technique, the genetic material and polymers are 
dissolved together in the solvent forming a homogeneous electrospinning solution 
[6]. The release rate of genetic material from the polymer is modulated by bulk 
degradation and surface erosion of polymer by enzymes [6]. Achille et al., recently 
demonstrated the anti-proliferative effects of electrospun PCL fibers encapsulating 
plasmid DNA encoding Cdk2 silencing shRNA against MCF-7 breast cancer cells 
[51] (Fig. 6). The plasmid DNA was encapsulated in fiber by co-electrospinning and 
~20–60 ng/mL of plasmid DNA was released over 21 days causing 40% decrease in 
the proliferation of MCF-7 breast cancer cells [51]. Nanoparticles containing 
genetic material can also be encapsulated within fibers which provide additional 
control over release of the genetic material and additional protection from external 
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environment [6]. To this end, PLGA electrospun fibers with encapsulated chitosan/
siRNA nanoparticles enabled silencing of EGFP activity by 50% in H1299 lung 
cancer cells within 48  h of transfection [52]. Similarly, miRNA-145 containing 
polyethyleneimine (PEI) nanoparticle coated electrospun PCL fibers loaded with 
paclitaxel using co-electrospinning have been reported for the treatment of liver 
cancer with simultaneous drug and gene delivery [53].

Co-axial electrospinning can be utilized to create a core-shell fiber which can be 
used for simultaneous gene and drug delivery. By using co-axial electrospinning, 
core-shell PEO fibers with the core containing cytotoxic drug 5-fluorocytosine and 
the shell containing RhoB-bPEI-pDNA, a plasmid DNA polyplex, which functions 
as efficient suicide gene have been developed and shown to exert cytotoxic effects 
against A549 lung cancer cells in vitro [54].

In addition to the above techniques, Layer-by-layer deposition of multiple DNA 
layers on the fibers have also been employed for enhanced gene delivery [6]. Using 
this approach, multiple DNA films were deposited on the electrospun PCL fibrous 
matrices due to poly(β-amino esters) in the PCL fibers which interact with anionic 
DNA molecule leading to DNA adsorption [55]. Iterative adsorption steps yielded a 
multi layered pEGFP-N1 DNA coating onto the PCL fibers. The sustained release 
of pEGFP-N1 DNA from the fibers was accompanied by 60–80% transfection effi-
ciency in primary human glioblastoma cells (GB-319) [55].

In sum, electrospun fibers provide a versatile template for targeted gene delivery 
which can help overcome the challenges associated with direct administration of 
genes. Innovation in targeted gene therapy strategies can play a pivotal role in wid-
ening the applications of gene therapy using electrospun fibers.

Fig. 6 Electrospun PCL fibers encapsulating plasmid DNA encoding Cdk2 silencing shRNA 
exhibit anti-proliferative effects against MCF-7 breast cancer cells (bottom panel). a, d—live cells; 
b, e—dead cells; c, f—merged images of live and dead cells (reprinted with permission from 
Achille et al. [51])
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4  Electrospun Biomaterials as Disease Models for Cancer

In addition to drug and gene delivery, electrospun fibers are extensively used in tis-
sue engineering applications [10]. Because of their versatile surface chemistry, tun-
ability of mechanical properties and surface topology, high surface area to volume 
ratio, and low cost of production with flexibility of choosing appropriate polymer, 
electrospun biomaterials are attractive for applications in tissue engineering as scaf-
folds [10]. Scaffolds serve as three dimensional (3D) templates recapitulating the 
key aspects of the tissue environment in vitro. Cells are known to behave differently 
in a 3D context compared to a 2D context (i.e., in traditional 2D culture flasks) 
which closely mimics the cellular behavior in vivo [68]. In particular, electrospun 
fibers have been shown to modulate several aspects of cell behaviors including mor-
phology, adhesion, and expression of cytoskeletal proteins such as vinculin, actin 
and focal adhesion kinases [10]. These aspects are critical for tissue engineering 
applications in creating a relevant microenvironment and directing them to form 
tissue. Inspired by their tissue engineering applications, more recently, electrospun 
fibers are being investigated for their potential in recapitulating the tumor microen-
vironment in vitro. This has led to the development of engineered 3D cancer models 
for investigating cancer cell behavior in vitro, resulting in better understanding of 
cancer cell biology as well as robust drug screening platforms (Table 2).

4.1  Electrospun Fibers for Recapitulating Tumor 
Microenvironments In Vitro

Electrospun fibers provide a relevant 3D context in vitro which recapitulates the 
tumor microenvironment evidenced in vivo in terms of topography, mechanics and 
chemistry [69, 70]. In order to serve as 3D substrates for cancer cells, it is essential 
for the electrospun fibers to promote cell adhesion, proliferation and viability. To 
this end, Szot et al., demonstrated that PCL/collagen electrospun fibers promoted 
cell adhesion and proliferation across a variety of cancer cell types (viz. prostate 
cancer cell line PC-3, murine renal cancer cell line RENCA and human breast can-
cer cell line MDA-MD-231) over conventional bacterial cellulose fibers [71]. The 
polymer concentration in the electrospinning solution and fiber diameter affected 
the cancer cell proliferation and viability [71]. In addition to cancer cells, the PCL/
collagen electrospun fibers supported the adhesion and proliferation of HMEC-1 
endothelial cells, one of the main components in the tumor stroma [71].

The alignment, stiffness and surface chemistry of electrospun fibers strongly 
influence cancer cell morphology, migration and biomechanics. Generally, the can-
cer cells (viz. MDA-MB-231, U-87, U-251) elongate and stretch in the direction of 
the fiber orientation specifically in the case of aligned fibers, whereas they tend to 
take up a flat stellar or round shape on random fibers [72–75] (Fig. 7). However, 
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Table 2 Electrospun fibers as disease models to study cancer biology

Polymer
Fiber 
orientation Cell type

Type of 
cancer

Key aspects of the 
study Reference

PCL (Shell) 
& gelatin, 
PES, PDMS 
(Core) 
(Core-shell)

A Patient derived 
GBM cells

Glioma Employed core-shell 
nanofibers to 
recapitulate white 
matter tracts

[79]

PCL A Patient derived 
GBM cells and 
rat astrocytes

Glioma Modeled interactions 
between GBM cells 
and astrocytes 
(stromal cells)

[81]

PCL A Patient derived 
GBM stem like 
cells

Glioma Modeled the shift in 
the invasion strategy 
of GBM cells

[80]

PCL R, A MCF-7, MCF-7 
10A, 
MDA-MB-231

Breast Fiber orientation has 
significant impact on 
migration

[76]

Chitosan- 
PCL

R, A U-87 MG Glioma Aligned fibers lead to 
elongated cell 
morphology, 
increased migration 
and a mesenchymal 
shift

[73]

PCL R, A U-87 MG, A172 Glioma Fiber orientation 
dictates cytoskeletal 
stiffness, aligned 
fiber increase the 
expression of 
migratory genes

[78]

PCL R, A U-87, U-251 Glioma Upregulation of JAK/
STAT pathway in 
cells on aligned 
fibers

[75]

PCL R, A U-251, Patient 
derived GBM 
stem like cells

Glioma Fiber orientation has 
significant impact on 
cell migration

[77]

PCL R Co-culture of 
CT-26 cells and 
bone marrow 
dendritic cells

Colorectal Co-culture 
recapitulates cancer 
cell-immune cell 
interaction

[93]

PCL A H605 Breast Fibers induce EMT 
in H605

[72]

PCL R, A MDA-MB-231, 
T47D

Breast Aggressive breast 
cancer cells enter 
dormancy

[74]

PCL R MCF-7, T47-D, 
SK-Br-3, 
MDA-MB-231

Breast Upregulation in stem 
cell markers OCT3/4, 
Sox2 following EMT

[11]

(continued)
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Table 2 (continued)

Polymer
Fiber 
orientation Cell type

Type of 
cancer

Key aspects of the 
study Reference

PLGA & 
PLA-PEG 
copolymer

R LLC1, PC-3, 
B16, MCF-10A, 
MDA-MB-231, 
BG1

Lung, 
Prostate, 
Melanoma, 
Breast & 
Ovarian

Cells underwent 
EMT followed by an 
increase in drug 
resistance

[87]

PCL- 
Chitosan

A MCF-7, T47-D Breast Fibers enriched the 
population of stem 
like breast cancer 
cells, an increase in 
drug resistance 
towards docetaxel 
and doxorubicin

[89]

PCL R TC-71 Ewing’s 
Sarcoma

Increased drug 
resistance to 
doxorubicin

[85]

Collagen R C4-2B Prostate Increased drug 
resistance towards 
docetaxel and 
camptothecin

[84]

Silk R HN-12 Head and 
neck 
squamous 
carcinoma

Increased drug 
resistance to 
paclitaxel in cells 
seeded on the fiber 
compared to 2D 
cultures

[88]

PHBV- 
Collagen 
peptide

R MKN-28 Gastric 
cancer

Increased drug 
resistance to 5-FU, 
oxaliplatin, cisplatin, 
paclitaxel, irinotecan 
in cells seeded on 
fibers

[86]

PCL & 
PCL-gelatin

R C4-2B Prostate Electrospun fibers 
were functionalized 
with perlecan heparin 
sulphate to 
recapitulate bone 
marrow architecture 
for studying 
metastasis

[90]

PCL A Human OBs, 
MDA-MB-231 
bone seeking, 
MCF-7 10A

Breast The PCL fibers 
functionalized with 
BMP-7 were used to 
create tissue 
engineered bone 
serving as a 
humanized metastatic 
site in mice

[91, 92]

(continued)
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random fibers can recapitulate the initial random orientation of collagen fibers in the 
ECM before the cancer cells reorganize them into an aligned orientation [11].

Apart from influencing morphology, fiber alignment has been shown to strongly 
influence cancer cell migration and cytoskeletal stiffness. For example, Nelson et al. 
found that the random PCL electrospun fibers did not affect the MDA-MB-231 
breast cancer cell migration in presence of CXCL12 gradient whereas the same 
cells on aligned PCL electrospun fibers displayed 82% higher migration in presence 
of CXCL12 gradient [76]. Similar trends between fiber alignment and cell  migration 

Table 2 (continued)

PCL poly(ε-caprolactone), PLA poly(L-lactide), PLGA poly(D,L-lactic-co-glycolic acid), PEG 
poly(ethylene glycol), PES poly(ether sulphone), PDMS poly(dimethylsiloxane), PHBV poly(3- 
hydroxybutyrate- co-3-hydroxyvalerate)
R random, A aligned
GBM glioblastoma multiforme, OB osteoblasts
EMT epithelial to mesenchymal transition, BMP-7 bone morphogenetic protein-7

Fig. 7 Effect of fiber alignment on cancer cell morphology. H605 rat mammary tumor cells 
exhibit a spindle like elongated morphology on the aligned electrospun PCL fibers as examined via 
fluorescence microscopy (a) and SEM (b). In contrast, H605 cells exhibit a flat stellar morphology 
on the random electrospun PCL fibers as examined via fluorescence microscopy (c) and SEM (d) 
(fluorescence microscopy images: scale bar = 40 μm, SEM images: scale bar = 20 μm) (reprinted 
with permission from Saha et al. [72])
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has been observed with glioblastoma (GBM) cells [73, 77]. A recent study provided 
mechanistic insight into the effect of fiber alignment on migration by demonstrating 
activation of JAK/STAT pathway in U87 and U251 GBM cells when they were 
seeded on aligned PCL electrospun fibers [75]. Inhibition of STAT3 in these cells 
hindered migration on aligned fibers [75]. Cytoskeletal stiffness of cancer cells 
could also be modulated by fiber alignment. For example, cytoskeletal stiffness of 
U-87MG and A172 GBM cells was lower when they were seeded on the aligned 
PCL electrospun fibers compared to the random fibers [78]. Pro-migratory genes 
viz. SNAI1 and NOTCH1 were found to be upregulated in GBM cells seeded on 
aligned PCL fibers [78]. Overall, the aligned electrospun fibers support cancer cell 
migration and can be used to recapitulate the in vivo migratory pathways.

The surface chemistry and electrospun fiber stiffness have been shown to pro-
foundly impact cancer cell behaviors. The effect of surface chemistry and electros-
pun fiber stiffness on the behavior of patient derived GBM cells was demonstrated 
in a study by Rao et al., which employed aligned electrospun core-shell nano-fibers 

Fig. 8 Effect of fiber stiffness and surface chemistry on the migration of GBM cells. (a) TEM 
image of core-shell electrospun fiber for studying effect of surface chemistry and fiber stiffness on 
the patient derived GBM cells. Scale bar = 0.2 μm. (b) GBM cells exhibit enhanced migration on 
the electrospun PCL fibers of moderate stiffness of 8 MPa compared to gelatin-PCL (2 MPa), 
PDMS-PCL (33.3 MPA) and PES-PCL (28.6 MPa). (c) Hyaluronic acid as a shell decreases the 
GBM migration speed indicating the role of surface chemistry in mediating GBM migration 
(reprinted with permission from Rao et al. [79])

A.A. Narkhede and S.S. Rao



189

to recapitulate the migration of GBM cells over white matter tracts [79] (Fig. 8). To 
study the effect of fiber stiffness, core-shell fibers with common shell material 
(PCL) and varying core materials (viz. Gelatin, PES and PDMS) were used. GBM 
cells were found to migrate faster on fibers with intermediate stiffness (8 MPa) com-
pared to those with higher (30 MPa) or lower (2 MPa) stiffness respectively [79]. To 
study the effect of surface chemistry, core-shell fibers with common core material 
(PCL) and varying shell material (viz. hyaluronic acid, collagen and Matrigel®) 
were used. Hyaluronic acid reduced cell attachment and migration of GBM cells on 
the fibers whereas the collagen and Matrigel® did not have any significant effect 
[79]. Electrospun fibers closely recapitulate the topography of white matter tracts 
evidenced in vivo; making them suitable candidates for recapitulating the migration 
of GBM cells over the white matter tracts in the brain [69]. Effect of stromal cells 
(viz. astrocytes) and ECM components (viz. hyaluronic acid) on the migration of 
patient derived GBM cells over the electrospun fibers has also been studied; indicat-
ing the potential of electrospun fibers in providing a versatile platform for modeling 
the tumor stroma by incorporation of relevant stromal components [80, 81].

Overall, electrospun fibers prove to be excellent substrates for recapitulating the 
tumor microenvironment in vitro. A variety of tunable parameters associated with 
electrospun fibers enable researchers to modify the cancer cell behavior in vitro by 
providing them with a relevant 3D context and unravel various aspects of cancer 
biology.

4.2  Electrospun Fibers for Studying Phenotypic Changes 
in Cancer Cells

Most of the cancers are characterized by a phenotypic shift conferring them with an 
invasive potential or dormancy. For instance, the Epithelial to Mesenchymal 
Transition (EMT) process has implications in cancer progression and metastasis as 
it confers cancer cells with an invasive mesenchymal phenotype [82]. Recently, it 
was found that the electrospun fibers can induce EMT in breast cancer and GBM 
cells [72, 73]. In a study by Saha et al., H605 mouse mammary tumor cells were 
found to undergo EMT when seeded on aligned PCL fibers [72]. Induction of EMT 
was confirmed by increase in the expression of genes such as Ck14, Sma, TGF-β, 
Snail, STAT3, Fsp-1 and SMAD3, which are implicated in EMT [72] (Fig. 9). An 
increase in the expression of the similar genes was observed when U87MG GBM 
cells were seeded on the aligned Chitosan-PCL nanofibers indicating a mesenchy-
mal shift [73]. Furthermore, Feng et al. noted an upregulation in stem cell markers 
in MCF-7, T47D and SK-BR-3 breast cancer cells seeded onto electrospun random 
PCL fibers following EMT linking EMT to stemness in cancer cells [11]. The stem-
ness in breast cancer cells was characterized by an increased expression of SOX4 
and CD49f [11]. Similarly, electrospun fibers have been used to create a 3D model 
of dormancy wherein the aggressive MDA-MD-231 cells were found to become 
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dormant when seeded on PCL fibers [74]. Cell cycle analysis revealed that the cells 
were arrested in S phase of cell cycle [74]. Dormancy in cancer cells is also associ-
ated with drug resistance and metastasis [4]. Overall, 3D in vitro models based on 
electrospun fibers provide a platform to study and target the phenotypic changes in 
cancer cells which are typically difficult to recapitulate in traditional 2D cultures.

4.3  Electrospun Fibers for Studying Drug Resistance 
in Cancer Cells

Drug resistance continues to be a key challenge in treating many types of cancer. 
Traditionally, anti-cancer drug screening is performed on conventional 2D cultures. 
These 2D cultures do not provide cancer cells with a relevant context they experi-
ence in vivo ultimately resulting in an inefficient and unreliable drug screen leading 
to poor drug performance in vivo and eventually drug resistance [83]. To overcome 
the drawbacks of 2D in vitro drug screening, novel 3D in vitro drug screening mod-
els are being developed. Electrospun scaffolds have proved to be promising in 
developing 3D models for anti-cancer drug screening. For example, cancer cells 
seeded onto the electrospun scaffolds exhibited higher drug resistance compared to 
cells cultured on 2D surfaces. In particular, Hartman et al. showed that C4-2B pros-
tate cancer cells seeded onto electrospun collagen fibers exhibited higher drug resis-
tance towards docetaxel and camptothecin compared to the cells grown on tissue 
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Fig. 9 Aligned electrospun PCL fibers induce EMT in H605 rat mammary tumor cells indicated 
by an increase in the expression of genes implicated in the EMT process such as Ck14, Sma, 
TGFβ1, Snail, Stat3 and Fsp1 compared to Random PCL fibers or tissue culture polystyrene (TCP) 
(reprinted with permission from Saha et al. [72])
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culture polystyrene (TCPS) [84] (Fig.  10). Similarly, subsequent studies showed 
increased drug resistance in TC-71 human Ewing’s sarcoma cells to doxorubicin 
and in MKN28 gastric cancer cell line to 5-FU, Oxaliplatin and Cisplatin when 
seeded onto electrospun PCL and PHBV fibers, respectively [85, 86].

Drug resistance is also associated with EMT shift in cancer cells [82]. Cancer 
cells having mesenchymal phenotype are found to be resistant to drugs. Girard et al. 
showed that the LLC1 lung cancer cells undergo EMT on PLGA/PLA-PEG co- 
polymer electrospun fibers exhibiting higher drug resistance [87]. Similarly, 
Bulysheva et al. showed increased chemo-resistance in HN12 head and neck squa-
mous carcinoma cells towards paclitaxel when seeded onto electrospun silk fibers 
following EMT [88]. Certain subpopulation of cancer cells exhibit properties simi-
lar to stem cells. These are referred to as cancer stem like cells (CSCs). They are 
implicated in cancer metastasis and are known to exhibit radio/chemo-resistance 
[82]. Electrospun fibers have been used to enrich the CSCs population in cancer 
cells [11]. For example, aligned PCL electrospun scaffold were found to enrich the 
breast cancer CSCs population when MCF-7 and T-47D breast cancer cells were 
seeded onto the fibrous scaffold [89]. These breast cancer CSCs exhibited higher 
drug resistance to docetaxel and doxorubicin [89]. Overall, electrospun fibrous scaf-
folds can be used to create robust 3D models for anti-cancer drug screening as they 
provide a relevant 3D context to the cancer cells and recapitulate cellular behavior 
typically observed in vivo.
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Fig. 10 Cancer cells exhibit enhanced drug resistance when seeded onto electrospun fibers. 
C4-2B prostate cancer cells exhibit enhanced resistance to camptothecin and docetaxel when cul-
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4.4  Electrospun Fibers for Studying Cancer Metastasis

The spread of cancer from a primary tumor site to a distant organ resulting in metas-
tasis is a critical event which defines the most advanced stages of cancer. The mech-
anisms underlying cancer metastasis are not well understood, primarily because of 
lack of 3D in vitro models to recapitulate the complex metastatic cascade. Because 
of their ability to support growth of a wide range of cell types and versatile chemis-
try allowing functionalization with various ECM proteins, electrospun fibers pro-
vide versatile platforms for recapitulating the 3D microenvironment a cancer cell 
experiences at a metastatic site. To this end, electrospun PCL-gelatin fibers func-
tionalized with Perlecan domain IV (PlnDIV) peptide were employed as 3D mimics 
of bone marrow [90]. When C4-2B prostate cancer cells were seeded on these 
fibrous scaffolds, they displayed enhanced adhesion and infiltrated the scaffold 
recapitulating the metastatic infiltration in vivo. In addition, an increase in focal 
adhesion kinase (FAK) and its tyrosine 397 activity was noted suggesting that the 
scaffold activated physiologically relevant signaling pathways, thus providing a 
platform to study prostate cancer metastasizing to the bone [90].

An emerging area to study metastasis is to create a tissue engineered organ 
implant which when implanted into mice serves as a humanized metastatic site [91, 
92]. Following the implantation, cancer cells are orthotopically injected into mice; 
which then colonize the implant. Electrospun fibers have been utilized to create tun-
able tissue engineered organ implants which serve as a humanized metastatic site 
[91, 92]. Such an approach was used to study breast cancer metastasis to bone. The 
tissue engineered bone mimics were created using aligned electrospun PCL fibers 
functionalized with bone morphogenetic protein-7 (BMP-7) [91]. These tissue engi-
neered bone was implanted into mice followed by the orthotopic injection of 
MDA-MB-231 bone seeking breast cancer cells which colonized the engineered 
bone in vivo recapitulating breast cancer bone metastasis [91]. In a follow up study, 
the same strategy was used to study the effect of β1-integrins on breast cancer bone 
metastasis [92] (Fig. 11).

Overall, electrospun fibers can be successfully utilized to create 3D models for 
studying cancer cell behaviors in vitro. In particular, electrospun fibers can be engi-
neered to model certain cancer cell behaviors or recapitulate certain aspects of the 
tumor microenvironment as they provide the necessary 3D context to the cancer 
cells partially or closely mimicking the in vivo setting. Their ability to capture phe-
notypic shifts and drug resistance observed in cancer cells makes them suitable for 
robust anti-cancer drug screening applications.

A.A. Narkhede and S.S. Rao



193

5  Electrospun Biomaterials in Cancer Diagnostics

Diagnosis of cancer at later stages and a lack of personalized therapeutic regimen 
worsen the chances of patient survival. Poor prognosis of the disease is the main 
factor leading to relapse and metastasis [94]. Therefore, continual efforts are being 
made to develop biosensor technologies for early detection of cancer and to capture 
prognostic markers to determine the progression of disease [3]. Owing to precise 
control over the mechanical and chemical properties, reliability, easy and cost effec-
tive processing; electrospun fibers have been widely investigated for their applica-
tion as biosensors in recent years [3]. Versatility of electrospinning technique also 
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Fig. 11 Electrospun fibers to create tissue engineered humanized bone implants for studying can-
cer metastasis reveals the role of β1-integrins in cell spreading on tissue engineered bone implants 
in vitro. Left panel: Control group without the knockdown of β1-integrins shows spreading of 
MDA-MB-231 and MDA-MB-231 BO (bone seeking) breast cancer cells on the tissue engineered 
bone implants examined via confocal fluorescence microscopy. Right panel: MDA-MB-231 and 
MDA-MB-231 BO breast cancer cells take up a rounded morphology on tissue engineered bone 
implants following the knockdown of β1-integrins (Red: F-actin staining, Green: GFP positive 
cells) (scale bar = 75 μm) (reprinted with permission from Thibaudeau et al. [92])
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allows metals and metal oxides to be spun into fibers as they play a key role in the 
signal transduction and amplification.

5.1  Electrospun Fibers for Electrochemical Impedance Based 
Biosensors

Electrospun fibers have been used to develop electrochemical impedance based bio-
sensors to detect surface markers over expressed on cancerous cells and even genetic 
mutations for early detection of cancer [3]. Recently, an electrochemical impedance 
based biosensor was developed by taking advantage of such an over expressed sur-
face protein—human epidermal growth factor receptor 2 (ErbB2) for diagnosis of 
breast cancer [95] (Fig. 12). ErbB2 is particularly over expressed in breast cancers. 
To create the sensor, mesoporous electrospun zinc oxide (ZnO) nanofibers were 
oxygen treated for conjugation of anti-ErbB2 antibody on the fiber surface [95]. 
This antibody can bind the EGFR expressed on the surface of breast cancer cells 
which generates an electrochemical signal that is detectable. A wide range of con-
centration (1 fM–0.5 μM) of ErbB2 was detected using this device [95]. In addition 
to proteins, changes in gene levels could also be detected. For example, an electro-
chemical biosensor that can sense mutation in K-ras gene and transduce it to a 

Fig. 12 Process flow diagram for fabricating electrochemical impedance based biosensor using 
electrospun ZnO nanofibers for early diagnosis of breast cancer. The electrospun ZnO fibers are 
conjugated to anti-ErbB2 antibody which can detect EGFR expressed on the surface of breast 
cancer cells over a wide concentration range of 1 fM–0.5 μM and produce a detectable electro-
chemical signal (reprinted with permission from Ali et al. [95])
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detectable electrical signal has been reported [96]. The biosensor was fabricated out 
of carboxylated multi-walled carbon nanotube doped nylon-6 electrospun fibers. 
The biosensor was found to successfully detect the K-ras mutation in SW480 
colorectal cancer cells with detection limit as low as 30 fM [96].

5.2  Electrospun Fibers for Fluorescence/Luminescence Based 
Biosensors

Electrospun fibers have also been utilized in developing fluorescence/luminescence 
based biosensors for early detection and prognosis of cancer. For example, fluores-
cence based chemo-sensors fabricated using electrospun PCL-metalloporphyrin 
fibers have been developed recently to detect histamines [97]. An increased level of 
histamines in the human urine is attributed to a variety of diseases including cancer 
[3, 97]. Metalloporphyrins were used as probes for sensing histamines [97]. 
Similarly, electrospun fibers have been utilized to develop luminescence based bio-
sensors to detect hypoxia in the tumor microenvironment [98, 99]. Real time oxy-
gen sensors were fabricated using core-shell electrospun nanofibers containing 
luminescent organometallic compounds (viz. metalloporphyrins) as oxygen sensing 
probes and were tested in vitro in presence of U-251 and CNS1 GBM cells [98, 99] 
(Fig. 13). Hypoxia in the tumor microenvironment has been implicated in radio-/
chemo-resistance and metastasis [100]. Therefore, sensing hypoxia can serve as 
excellent prognostic marker.

Fig. 13 Luminescence based hypoxia detection in tumor microenvironment using metalloporphy-
rins doped electrospun fibers. Core-shell electrospun fibers containing metalloporphyrins doped 
polycarbonate core and PCL shell support U251 GBM cell adhesion and luminesce in presence of 
U251 GBM cells under hypoxic conditions (0% O2, left panel) and do not luminesce under nor-
moxic conditions (21% O2, right panel) (reprinted with permission from Xue et al. [99])
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5.3  Electrospun Fibers for Chemo-Resistive Gas Sensors

Exhaled breath contains a variety of volatile organic compounds (VOCs) formed as 
metabolites [3, 101]. Certain VOCs are present at a higher concentration in the 
exhaled breath of a diseased individual compared to a healthy individual [101]. 
Specifically, in the case of lung cancer, 2–3 folds higher concentration (80–100 ppb) 
of toluene is present in the patient’s breath compared to a healthy person [101]. 
Inspired by this, researchers have successfully designed chemo-resistive gas sensors 
based on electrospun fibers [3, 101, 102]. Recently, Kim et al., developed a tungsten 
oxide (WO3) electrospun fiber based toluene detection biosensor which can sense 
toluene in the exhaled breath with a high toluene detection sensitivity (response 
(Rair/Rgas) = 5.5 @ 1 ppm) [101]. It was observed that by coating the WO3 fibers with 
Palladium (Pd) catalyst decreased the activation energy, thus increasing the gas 
sensing ability of the sensor [101] (Fig. 14).

Fig. 14 Chemo-resistive gas sensors based on electrospun fibers for early detection of lung can-
cer. Cyclic response levels of pristine Tungsten oxide (WO3) nanofibers and Palladium (Pd)-
nanoparticles (NPs)/Pd-embedded WO3 nanofibers indicating higher toluene sensing ability in 
presence of palladium catalyst (reprinted with permission from Kim et al. [101])
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5.4  Electrospun Fibers for Capturing Circulating Tumor Cells 
(CTCs)

In addition to their applications in biosensors, electrospun fibers have been used for 
capturing circulating tumor cells (CTCs). Cancer cells at the primary tumor disen-
gage from the primary tumor and enter the blood circulation. These cancer cells 
(CTCs) are known to colonize a distant organ forming metastasis. If captured, CTCs 
can be analyzed for certain biomarkers and genetic variations providing crucial 
information for therapeutic decision making [3]. Electrospun fibers serve as a 3D 
template with high surface area and porosity to which the cancer cells can adhere 
and hence are being investigated for their application in capturing CTCs. However, 
detection of CTCs faces a major technical challenge because of an extremely low 
population (up to hundreds per mL of blood) amongst large number of blood cells 
(109 per mL of blood) [103, 104]. To address this issue, Zhang et al. developed a 
new CTC detection system based on electrospun TiO2 nanofibers with epithelial cell 
adhesion molecule antibody (anti-EpCAM) grafted onto the fiber surface for captur-
ing colorectal (HCT116) and gastric cancer cells (BGC823) in vitro [103]. Similarly, 
another group devised anti-EpCAM grafted MnO2 nanofibers fabricated into micro- 
channels to trap the MCF-7 breast cancer CTCs with 80% capture efficiency at 
0.1 mL h−1 flowrate of cell suspension in phosphate buffered saline [104]. Hyaluronic 
acid is one of the ECM components which interacts with the CD44 receptors over-
expressed in the aggressive cancer cells. CD44+ breast cancer cells are known to be 
highly metastatic [105]. Taking advantage of over expressed CD44 receptors, 
recently, electrospun PVA/polyethyleneimine nanofibers conjugated with hyal-
uronic acid were developed to trap HeLa cells as they overexpress CD44 [106].

One of the major limitations hindering analysis of trapped CTCs relates to the 
contamination caused by white blood cells (WBCs) creating a need for better cell 
sorting system along with isolation [107]. To address this issue, Zhao et al. devised 
PLGA nanofiber based setup to efficiently capture prostate CTCs reducing the 
impurities [107] (Fig. 15). Similarly, Blackstone et al. showed that MCF-7 breast 
cancer cells can be specifically sorted out of human fibroblasts and keratinocytes by 
using CF4 plasma treated electrospun nanofibers based on differences in their adhe-
sion potential [108]. PVA/polyethyleneimine nanofibers can be chemically modi-
fied by introducing Folic acid, which renders them hemocompatible and can be 
further used in cancer cell capture [109]. Integrating the CTC capture with thera-
peutic aspects, electrospun polystyrene fiber containing iron oxide nano-particles 
functionalized with collagen were used to capture ovarian (SKOV-3) cancer cells 
and kill them [110]. The iron oxide nano-particles generate heat when exposed to 
alternating magnetic field killing the captured cancer cells. The fibers can undergo 
multiple heating cycles without loss of heating capacity [110].

Overall, electrospun fibers exhibit superior structure dependent properties which 
make them suitable for developing biosensors sensing various cues ranging from 
microenvironmental changes to genetic mutations as well as cancer cell capture. 
These ultra-sensitive electrospun fiber based biosensors can potentially be used to 
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develop point of care cancer detection strategies leading to better prognosis and 
personalized therapies.

6  Electrospun Biomaterials in Targeted Stem Cell Delivery

Because electrospun fibers can be engineered to mimic the topography of the ECM 
closely, it makes them ideal for supporting stem cell cultures [111]. Stem cells are 
known to interact with the microenvironment around them and this interaction is 
crucial in maintaining stemness and supporting their proliferation. By controlling 
the structural properties of electrospun fibers, it is possible to closely mimic the 
stem cell niche evidenced in vivo and provide them with crucial microenvironmen-
tal cues [111].

Stem cells have received great attention for their potential in regenerative medi-
cine. The stem cell niche has striking similarities to the tumor microenvironment 
due to which stem cells exhibit unique tumor-homing properties [12, 112]. This 
makes stem cells potential candidates for anti-cancer drug and gene carriers. Though 
this proposition seems promising, retaining the viability and stemness as well as 
delivering to and retaining them at the target site is not without challenges. 
Electrospun fibrous scaffolds can immobilize these stem cells at the therapeutic site 
and simultaneously provide them with essential cues while retaining their stemness 
and viability. A recent study developed poly-lactic acid (PLA) electrospun nano- 
fibrous scaffolds loaded with bioengineered mesenchymal stem cells specifically 
for targeting residual GBM cells in the surgical cavity following resection of the 
primary tumor [12]. The mesenchymal stem cells were bioengineered to secrete 
tumor-necrosis factor-related apoptosis-inducing ligand (TRAIL) known to induce 

Fig. 15 Electrospun PLGA fiber based device for high purity capture of prostate cancer CTCs for 
whole exome sequencing. Streptavidin is covalently attached to electrospun PLGA fibers to facili-
tate the conjugation of biotinylated anti-EpCAM antibody onto the fibers which binds to the 
EpCAM expressed on the CTCs (reprinted with permission from Zhao et al. [107])
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apoptosis in the cancerous cells. The poly-lactic acid (PLA) electrospun nano- 
fibrous scaffolds loaded with bioengineered mesenchymal stem cells were implanted 
in the post-surgical cavity to induce apoptosis in the residual GBM cells which 
prevents or lowers the risk of relapse (Fig. 16). In vivo, the bioengineered stem cells 
seeded onto the fibrous scaffold remained viable for over 3 weeks and induced 
apoptosis in residual GBM cells following tumor resection. In a murine model, 
almost 2.3 fold increase in the median survival was noted [12]. The potential of 
electrospun fibers for targeted stem cell delivery is promising and could be pursued 
for targeting other types of cancers.

7  Conclusions

Electrospun biomaterials have been applied in multiple areas in cancer research 
including targeted drug and gene delivery, biomimetic 3D models, drug screening, 
bio-sensing, as well as stem cell delivery. Advances in electrospinning technique 
have made it possible to engineer electrospun scaffolds with a range of properties 
providing a modular platform for cancer research. Because of the high surface area 
to volume ratio, biocompatibility and easy tailoring, electrospun fibers prove to be 
excellent templates for delivering bioactive molecules ranging from synthetic drugs 
to genetic materials. The fibers can be engineered by tailoring the process 

Fig. 16 In vivo therapeutic effect of electrospun PLA scaffold bearing bioengineered mesenchy-
mal stem cells (MSCs) against the residual GBM cells in the post surgical cavity. Delayed relapse 
of GBM was observed in the mice implanted with electrospun PLA scaffold bearing therapeutic 
bioengineered MSCs (bENSsTR) following surgical resection of GBM tumor compared to control 
group (bENScontrol) over a period of 11 days (reprinted with permission from Bago et al. [12])
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parameters to yield desired pharmacokinetic properties. Multiple strategies such as 
co-electrospinning, emulsion electrospinning, co-axial electrospinning, can be 
applied for loading the therapeutic agents onto the fibers. Whereas, several studies 
in the context of drug delivery using electrospun fibers exist, relatively fewer studies 
have been done in context of gene delivery. Future research would likely focus on 
exploring anti-cancer gene delivery. Most of the drug delivery systems have been 
studied in vitro which provides further scope for their in vivo evaluation.

Electrospun fibers have been applied as disease models to study various aspects 
of cancer biology as well as anti-cancer drug screening. These materials provide 
controlled environments to study cancer cell-matrix interactions as well as the 
molecular pathways involved in cancer progression. Because of the ability of elec-
trospun fibers to support stem cell culture; they provide an attractive platform for 
stem cell bioengineering and targeted anti-cancer stem cell therapies. Apart from 
providing a platform for studying and treating cancer, electrospun fibers have be 
utilized to develop biosensors which demonstrate their potential in early detection 
of cancer. Sophisticated strategies are being devised using electrospun scaffolds to 
capture CTCs to serve as prognostic markers for cancer metastasis. Although a lot 
of progress has been made, particularly using in vitro studies, additional studies 
would be needed to validate the performance of these biosensors for clinical 
applications.

Overall, electrospun biomaterials have enormous potential in the field of cancer 
research. Future work would likely focus on successful translation of electrospun 
biomaterial-based drug delivery and bio-sensing techniques into clinical trials. 
Considering the advent of anti-cancer immunotherapies; investigation into the role 
of electrospun biomaterials in enhancing the efficacy of these immunotherapies is 
much awaited. Future studies into adapting the electrospun biomaterial-based dis-
ease models to serve as high throughput anti-cancer drug screens could transform 
current cancer treatment strategies.
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1  Introduction

The human nervous system is responsible for the thought processes and action con-
trol that occurs in our bodies. The nervous system consists of two main parts: the 
central nervous system (CNS) and peripheral nervous system (PNS), which are 
based on location and functions. The PNS collects and integrates somatic and auto-
nomic information from different sensory nerves and organs throughout the trunk 
and extremities. The CNS determines the responses based on the collected informa-
tion and sends commands throughout our body via the PNS. These processes are 
conducted literally millions of times each minute of our daily lives [1].

Despite being connected systems and having similarities in functions and gross 
anatomy, the CNS and PNS show distinct differences. For instance, the healing 
capacities of PNS injuries are considerably greater than those of CNS lesions owing 
to the difference in the intrinsic properties of neurons and extrinsic cellular 
environments.

With the nervous system playing such a major role, an injury to the system can 
cause not only a socio-economic problem but a decline in an individual’s quality of 
life. For example, spinal cord injuries (SCI) can cause various clinical manifesta-
tions including loss of motor control and sensation, pain, numbness in related areas, 
and rarely death. The one-year survival rate of SCIs in the U.S. (2015, NSCISC 
annual statistical report) was reported to be higher than 95.5%, due in part to the fact 
that damage to the spinal cord below the cervical level rarely leads to death. 
However, many American Spinal Injury Association (ASIA) Classification “com-
plete” injury cases result in permanent disabilities because neuronal cells generally 
fail to regenerate in a CNS injury [2–4]. The lifetime healthcare costs for a 25-year- 
old patient with cervical level tetraplegia are expected to be more than $4 million. 
Even though there are various biological, pharmacological, mechanical, and surgi-
cal treatments to overcome these problems, there is no established treatment strat-
egy yet [5–7].

Even if these therapeutic strategies do not guarantee full recovery from spinal 
injury, by facilitating functional recovery in the early stages of post-trauma, overall 
lifetime expenses are reduced and quality of life is increased. On the other hand, 
peripheral nerve injuries can be healed and can recover to some degree from neurot-
mesis, although complete functionality is not recovered and some complications 
may arise even after recovery [8].

Physicians decide how to go about treatment by taking into account many differ-
ent factors, but the deciding factor is the size of the defective gap between the two 
stumps. Surgical approaches, tensioned direct repair, and grafting techniques have 
been the conventional treatments for nerve injuries in the past. The autograft trans-
plantation has become the most popular surgical technique since Berger and Millesi 
demonstrated its superiority over direct tension repairs if the injured nerve gap is 
narrow enough to avoid tension [9]. The autograft is an instantly available source in 
most cases and also offers the following advantages: a peripheral nerve-friendly 
environment, guidance cues, perineurium scaffolding, and the support of Schwann 
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cells. Although autograft transplantation has been the treatment of choice for the 
past few decades, many complications and limitations still remain [10].

The reported complications from autograft nerve repair include tender neuroma 
formation, dysesthesia, paresthesia, paralysis, contracture, etc. excluding iatrogenic 
complications. They are more frequently found in wounds with inadequate tension 
and vascularization. Also, the donor site from where the autograft tissue is harvested 
suffers from a permanent nerve injury and potential postoperative complications 
from the required additional incision. More recently, alternative sutureless nerve 
repair techniques by coaptation using fibrin glue and laser have come into the lime-
light offering competitive benefits [11]. Sutureless techniques are arguably more 
efficient than conventional techniques, eliminate the tension caused by suturing, and 
improve the alignment of fascicles.

Another emerging technology, the bioartificial nerve conduit, is a supporting tube-
like scaffold proposed as a promising new alternative or complementary therapeutic 
technology to autografts. With extensive researches and advantages, nerve conduit 
techniques are considered to be the current gold standard for nerve repair [12]. This 
scaffolding technique focuses on entubulation, the guiding of axonal regrowth 
through an enclosed tubal structure. One of the significant advantages of the entubu-
lating nerve conduit is that it is able to be used to upgrade other conventional suture 
techniques and sutureless techniques or even as a stand-alone procedure.

Various artificial nerve conduit researches are being carried out to enhance func-
tionality and improve properties such as biomimetics, nanotopography, material 
selection, and enhancement by the addition of biomolecules [13]. The biodegrad-
able aligned electrospun nanofibrous nerve conduit is currently the option with the 
best nanotopographic properties.

The aligned electrospun nanofibrous nerve conduit is fabricated by electrospin-
ning, which is one of the most suitable techniques for producing nerve conduits. 
Electrospinning is also one of the simplest methods that can produce aligned topog-
raphy with tunable porosity from a large variety of materials and additive sub-
stances. The tailored surface topography and porosity of aligned electrospun 
nanofibrous nerve conduits foster nerve regeneration by providing guidance cues, 
permissiveness, and a cell-friendly environment [14, 15]. Also, the polymer compo-
sition for nerve conduit and doping substances also influences nerve regeneration 
with controllable drug loading capacity of electrospun nanofibers. Although nerve 
conduit technology is commonly used to facilitate nerve regeneration in the PNS, it 
is also expected to take part in CNS injury treatment combined with other therapeu-
tic strategies such as cell transplantation, neurotrophic factors, and nanoparticles 
[16, 17].

We will discuss in brief nerve regeneration physiology, electrospinning methods 
for obtaining aligned nanofibers, and the role of aligned nanofibers in cell guidance 
in vitro and in vivo, by comparing aligned fibers with randomly oriented nanofi-
brous fibers.
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1.1  Anatomy of a Nerve and Neuroregeneration

The human nervous system has two main components: the central nervous system 
and the peripheral nervous system. The CNS is composed of the brain and spinal 
cord while the PNS can be categorized into spinal nerves and cranial nerves accord-
ing to the initiation lesion/level or three groups according to the direction of signal 
conduction: afferent nerves, efferent nerves, and mixed nerves. A nerve is a cord- 
like axonal bundle in the PNS that delivers electric and chemical signals from the 
CNS to the innervated organ and vice versa. Axons are covered by the endoneurium, 
an outer layer of connective tissue, and bundle up into fascicles, which are wrapped 
in the perineurium. These fascicles are bundled together to finally form the hierar-
chical structure of the nerve covered by the epineurium, the outermost layer of con-
nective tissue as seen in Fig. 1 [1].

As seen in Fig. 2, the two nervous systems show several big differences in their 
functions, structures and, more importantly, in their regeneration processes. The dif-
ference in regenerative capacities between the two systems is explained mainly by 
their intrinsic regenerative potentials and different glial cells, also known as signal 
transduction assistants, and their different reactions to a damaged neuron [19, 20].

Slender peripheral nerves are usually located at mechanically vulnerable posi-
tions surrounded by tissues. They can be easily injured by various traumatic events 
including cuts and compressions. Once a nerve is damaged, the remnant distal nerve 
tissues undergo Wallerian degeneration, the fragmentation and disintegration of the 
axon, to start the regenerative process in which Schwann cells, the basal lamina, and 
the neurilemma around the damaged sites begin to construct a primitive regenera-
tion tube [22–24]. Upregulation of regeneration-associated genes (RAGs) with 
nerve growth factors (NGFs) also highly contributes to this process. Once the regen-
eration tube is completed, the nerves grow guided by the tube to reach its destina-
tion [25]. However, this entire regenerative process takes several months and 
incomplete functional restoration often occurs when the regenerative processes are 
not able to complete their tasks. Regeneration in the CNS used to be regarded as an 
unachievable goal due to the limited intrinsic capacity for axonal growth and inhibi-
tory milieu. The inhibitory environmental cues in the CNS were experimentally 
demonstrated by David and Aguayo, transplanting peripheral nerve graft to the CNS 
and vice versa. The transplanted PNS nerve graft vastly promoted CNS neuron 
regeneration but the CNS grafts dampened the regeneration capabilities of the PNS 
neuron [26]. The incapability of the CNS neuron to recover postpones prompt initia-
tion of axonal regeneration. Moreover, the injury site is further beset by secondary 
reactive events.

First, the glial cellular function of oligodendrocytes as a scavenger is generally 
unsuccessful. As a result, they fail to rejuvenate and to make matters worse, the 
astrocyte-supported oligodendrocytes secrete inhibitory substances instead of help-
ful trophic factors. Secretory inhibitors including myelin-associated inhibitors 
(MAIs) and chondroitin sulfate proteoglycans (CSPGs) coincide the upregulation of 
RAGs such as c-Jun, activating transcription factor-3 (ATF-3), SRY-box containing 
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gene 11 (Sox11), small proline-repeat protein 1A (SPRR1A), growth-associated 
protein-43 (GAP-43) and CAP-23 [27–31]. Finally, they initiate fibrosis and a dense 
scar formation, or sometimes a cyst formation, which acts as a natural obstacle that 
prevents the nerve stumps from reuniting by blocking neural cell migration. Figure 3 
is a graphical representation of the regeneration process of the axon.

Fig. 1 The schematic of layered-structure of a nerve (a), histologic picture of a nerve (b) (tissue 
source: simian). LM × 40. Image by OpenStax College, licensed under CC BY 3.0 [18]
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1.2  Nerve Guide Conduits

1.2.1  Requirements of Nerve Conduit

The history of manufactured nerve conduits is traced back to the tube-shaped decal-
cified bone made by Gluck and his colleagues for the connection of transected nerve 
ends in the 1880s before the microsurgery [32]. This trial for the treatment of neurot-
mesis injuries by an encapsulation strategy continued until Dahlin and Lundborg’s 
silicon-based nerve conduit. Dahlin and Lundborg characterized the mechanism of 
nerve regeneration in a tube-structured nerve conduit. The nerve conduit encases 
both nerve stumps within the lumen of the tube to provide a gross alignment and fluid 
accumulation between the stumps for nerve regeneration. The fluid accumulated 

Fig. 2 Schematics of the nervous system responses to axon injury; (a) response in the PNS and 
(b) response in the CNS. Adapted from Ref. [21] with permission from Elsevier [21]
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inside the tube’s inner chamber initiates a rudimentary fibrin matrix formation that 
connects the two nerve stumps. When the accumulation reaches a sufficient amount, 
this primitive fibrin matrix can serve as a bridge for cell migration [23]. Once the 
cells have migrated, connecting structures called Büngner’s linear band forms within 
the disordered rudimentary fibrin matrix. The juvenile neurites grow along these lin-
ear bands surrounded by newly-created pseudo nerve sheaths.

This process depends heavily on the sufficiency of fluid leakage volume from 
both nerve ends. If the volume of fluid is insufficient to fill up the inner lumen, the 
newly formed fibrin matrix and neo nerve can often be too thin and weak due to the 
mechanical contraction. The thinner nerve regeneration alters the functional regain 
because the axonal regeneration is proportional to the thinnest cross sectional diam-
eter of the cable [33]. Also, there has been another issue that can cause neuroma 
formation by tightly holding neurites to prevent them from potential escape. Even 
with these limitations, the nerve encapsulation strategy demonstrates apparent ben-
efits. The axoplasm and milieu-containing nerve conduits provide treatment to the 
injured nerve tissue by keeping it away from the inflammation of the wound bed.

A series of mixed nerve repairs in the forearm were researched by the Lundborg 
group and a 5-year follow-up study reported that the peripheral nervous tubal scaf-
folding strategy is highly comparable to direct sutures. They showed a greater sen-
sory recovery in less than 5 mm gaps even with non-permissive, permanent silicon 
tubes [23].

After a series of researches with efforts to improve the nerve conduit, some 
requirements have been explored and are being optimized. As a tissue scaffold, a 
nerve conduit must be composed of biocompatible materials to avoid rejection and 
further wound inflammation. The porosity and permeability of a scaffold are also 
important for invasion and migration of nerve cells, including Schwann cells and 
neural stem cells, and also neurological biomolecules (such as laminin-1, NGF, & 
BDNF). The porosity of a scaffold should be kept in a proper range to avoid compli-
cations. If the pores are too big, the fluids and cells needed to form a fibrin matrix in 
the early stages escape before the cells can attach, leading to failed neuroregeneration 

Fig. 3 The axon regeneration equation. Pro-regenerative and anti-regenerative factors in axonal 
regeneration process. Reprinted from Ref. [21] with permission from Elsevier [21]
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in the later stages. On the other hand, if pores are too narrow, the supportive cells 
cannot penetrate through to their destinations [14]. Also, the biodegradability of the 
nerve conduit also supports the dynamic neuroregeneration condition. When the 
active neuroregeneration process ends, a permanent nerve conduit that remains sur-
rounding the neo-tissue may generate unwanted compression as an unnecessary 
structure.

Recently, the microscopic alignment of the scaffold surface and the electrical 
conductivity of the scaffold have emerged as new supporting strategies [34, 35]. 
Nanotopography is considered to provide nerve cells and neurites with guidance 
cues since the nerve cells need to directionally regenerate. Biodegradable aligned 
electrospun nanofibers have been attracting attention for their ability to fulfill the 
described requirements as nerve conduit materials.

2  Electrospun Nerve Conduits

2.1  Nanotopography of Nerve Conduit and Alignments

The nervous system comprises central and peripheral branches and functions to 
deliver information to all parts of the body. An extensive network of neurons and 
glia support the communication process. Nerve injury could result in painful neu-
ropathies because of reduction in sensory perception and motor function depending 
on the location of the injury. There are many limitations in microsurgery techniques 
for the treatment of serious peripheral nerve injuries. NGCs are limited to treating 
nerve gaps of less than 4 cm in length, and sometimes the postoperative nerve is not 
well connected after implanting [36]. For this reason, recent developments in bio-
materials and tissue engineering approaches seek to overcome the limitations asso-
ciated with these methods of treatment. The incorporation of topographical guidance 
features and intraluminal structures have been studied to induce Schwann cell 
migration and regrowth of the axon toward their distal target. Several similar studies 
have been performed using various combinations of intraluminal guide structures 
and external conduit materials. One approach to this intraluminal guidance struc-
ture, including gels, sponges, films, filaments, and fibers, taken alone or with mul-
tiple support factors, is to add nanoscale guidance cues to micrometric in situ 
guiding structures [35, 37, 38].

Nanofiber-based scaffolds are most commonly used to add nanoscale guidance 
functionality to micrometric in situ guidance structures. Nanofibers are generally 
fabricated using three methods: self-assembly, phase separation, and electrospin-
ning. Of these three, electrospinning is more widely used because of the excellent 
tunability of the nanotopography and diameter of the nanofibers [39]. Many studies 
have demonstrated the superiority of nanofibrous scaffolds in terms of cell activity. 
Also, nanofibrous scaffolds with specific patterning exhibit excellent mechanical 
strength as well as significant advantages in terms of cell proliferation processes 
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associated with cell proliferation such as cell attachment, migration, and orienta-
tion. For example, highly aligned nanofibers, when compared to randomly distrib-
uted nanofibers, play an important role in neurite outgrowth in the case of neurons 
[40]. The reason is that the extracellular matrix of neural cells and neurites tend to 
grow parallel to the nanofibers aligned along the nanofiber array [14].

The environment at the single-cell level is considered to be key in elucidating the 
fundamental mechanisms of tissue regeneration [41]. While the extracellular matrix 
(ECM) has been a main target to reproduce or mimic, it has been revealed that the 
various properties of ECM including not only the soluble chemical factors, but also 
the physical characteristics, regulate cellular processes such as attachment, migra-
tion, proliferation, and differentiation. The architecture (structural and morphologi-
cal properties) of the ECM is also a major determinant of the fate of both stem cells 
and differentiated cells in its vicinity, aiding them to inherit the characteristics of the 
original tissue [42].

The cell’s behaviors and functions heavily depend on the cell polarity and shape 
[43]. A single abnormal polarity among many different cell types can cause an 
organ malformation during fetal development and is also closely related to the 
pathophysiology of various human diseases, including cancer metastasis. There are 
reported cellular regulators of polarity such as Par (partitioning defective) complex 
and associated Rho GTPase signaling involved in various cellular activities. 
Although the physiological mechanism of the architecture of native ECM in situ is 
yet unclear, the influence of topography on cell polarity in various cell types has 
been researched and proven by employing an experimental process known as con-
tact guidance [44].

The polarizations of the affected cells were investigated with nano-patterned sur-
faces that had various modifications such as gradients and isotropic and anisotropic 
nanotopographies. The many different cells grown on the nano-patterned substrate 
were noted to prefer elongation and parallel alignment to the patterned nanogrooves. 
For instance, the PNS neurons are also polarized along the fabricated nanogrooves 
as they regenerate in neurite bundles. The cell proliferation rate is greatly dependent 
on and sensitive to the size of the nanostructures and cell type. For example, neural 
stem cells cultured on electrospun nanofibrous meshes with larger nanostructures 
proliferated much less than on flat surfaces while proliferation increased with 
decreased fiber size [45]. In contrast, the cell proliferation rate of mouse osteoblasts 
was enhanced on hollow 100 nm diameter nanotubes.

Even though the underlying molecular mechanisms of cellular response remain 
elusive, some clues can be found from investigating the integrin family of adhesion 
molecules which play a key role in adhesion and mechanical signal transduction and 
its related intrinsic pathways. Since the nerve acts as an electric wire, neural cell 
orientation and polarization in the correct direction are crucial for nerve regenera-
tion [46]. Aligned patterned nano-sized scaffolds can support nerve regeneration not 
only at the macroscopic level but also at the nano level by providing neuronal cells 
with anchors in the form of nanogrooves.
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2.2  Aligned Electrospun Nanofibers

Aligned nanofibers provide topographic cues for nerve regeneration. Randomly ori-
ented nanofibers are generally fabricated without preferential direction by a typical 
electrospinning set-up because the polymer jet that travels from nozzle tip to collec-
tor is disordered [14, 47]. It is challenging to produce a conduit from a neat aligned 
nanofibrous mat. In addition, aligned nanofibers have not been used for surgical 
applications as a nerve guide conduit due to their insufficient mechanical strength. 
For these reasons, a conduit with a highly aligned electrospun mat is produced with 
double coating using randomly oriented nanofibers by a modified electrospinning 
method. This double coated conduit favorable features like selective permeability 
and good hydrophilicity were made as nerve guide conduits [14, 48]. The inner part 
of the nerve guide conduit is covered with ordered nanofibers for enhancement of 
the proliferation of neural cells and the outer part of the conduit is double-coated 
with random nanofibers over ordered nanofibers for strengthening the mechanical 
properties of the inner part of the aligned nanofibrous conduit as shown in Fig. 4.

2.3  Fabrication Methods

A nerve conduit made of aligned nanofibers is favorable for nerve regeneration 
because of their superior nerve cell proliferation and attachment. However, it is 
challenging to fabricate a neat mat form with aligned nanofibers for biological 
applications as a nerve guide conduit because of their insufficient tensile strength. 

Fig. 4 (Left) Cross-sectional SEM image of a bilayer membrane consisting of a randomly ori-
ented outer layer and an aligned inner layer. (Right) Closer view of the outer and inner layer inter-
face. From Ref. [14] by Kim et al., licensed under CC BY 4.0 [14]
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For this reason, extensive efforts have focused on producing aligned nanofibers and 
controlling the orientation of the fibers to meet requirements for medical applica-
tions. The most common fabrication technique for aligned nanofibers is the intro-
duction and the modification of the collectors like a rotating drum, cone and disk as 
shown in Fig. 5.

Many researchers have used high-speed rotating drums to collect ordered nano-
fibers which are parallel to each other along a common axis. Increasing the speed of 
the rotating collector results in highly aligned nanofibers. Edwards et al. reported 
that the structures of aligned polycaprolactone (PCL) nanofibers are influenced by 
the speed of the rotating collector [40, 49]. Theron et al. investigated an electrospin-
ning set-up with a thin rotating disk that has a tapered edge to fabricate continuous 
aligned nanofibers. Afifi et al. proposed a modified rotating collector covered with 
insulating materials and fixed with conductive fins to produce aligned nanofibers. 
By setting up a gap between grounded conductive materials, one can obtain ordered 
nanofibers between the conductive materials. Li et al. reported the density of col-
lected aligned nanofibers can differ according to the width of the gap between con-
ductive materials. Sun et  al. investigated that a rotating grooved collector could 
achieve the results of fabricating ordered nanofibrous mat in the electrospinning 
[50]. The charged nanofibers are stretched and spun across a gap between grooved 
collectors and form axially aligned nanofibers. Kim et al. demonstrated a modifica-
tion of the electrospinning process in order to collect both aligned and random nano-
fibers on a mat via a single step electrospinning process. The copper wires were 
attached to a rotating collector and a semi-conductive mat was attached to the fixed 
copper wires in the horizontal and vertical axes for fabrication of aligned nanofibers. 
In this process of fabricating aligned nanofibers, the collector base was rotated at a 
rate of about 1000 rpm to get a neat mat with aligned nanofibers as shown in Fig. 6.

Aligned nanofibers can achieve a better cell viability and migration compared to 
randomly oriented nanofibers and act as a guide for neurite growth (Fig. 7). These 
processing methods for ordered nanofibers can be promising candidates for manu-
facturing scaffolds for neural tissue engineering.

2.4  Improvement of Electrospun Nerve Conduit

2.4.1  Cell-Seeded Constructs

Therapeutic cell transplantation technology has taken its place in SCI treatment in 
the last few decades as the importance of the supportive cellular environment in 
neuroregeneration is highlighted. Several approaches to understanding more effi-
cient cell delivery routes also have been under investigation [21, 51]. Reports have 
observed that the treatment outcome of cell transplantation is highly influenced by 
the volumetric cell density, type, and delivery route [52, 53].

While the cell density and type are adjustable, the optimal delivery routes and 
methods for cell transplantation vary from direct injection to scaffolds—seeding 
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Fig. 5 Schematics of electrospinning methods for fabricating ordered nanofibers
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Fig. 6 Morphological analysis of PU and PLGA nanofibrous mat with diameter graph (a) SEM 
image of randomly oriented PU nanofibers (d) SEM images of aligned PU nanofibers at a speed of 
1000  rpm. (g) SEM image of randomly oriented PLGA nanofibers (j) SEM images of aligned 
PLGA nanofibers at a speed of 1000 rpm (b, e, h, k) FFT output images (c, f, i, l) Pixel intensity 
plots against the angle of acquisition for the aligned and random nanofibers. From Ref. [14] by 
Kim et al., licensed under CC BY 4.0 [14]
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according to the target site. For SCI cell transplantation, injection through lumbar 
puncture is less invasive, cost-effective, and readily available [52, 54]. The prelimi-
nary cell transplantation therapeutic outcomes of the epicenter, rostral, and caudal 
injection sites at 1–2 weeks after SCI appeared to have similar levels of functional 
restoration. However, the result may imply the injection requires a higher popula-
tion of therapeutic cells to reach a favorable cell density for filling up the spinal 
cavity.

As a combinatorial treatment, a cell-seeded nerve conduit or a nerve conduit- 
mediated cell transplantation along with additional mechanical supports and guidance 
cues can be a promising alternative in providing the injured tissue with the appropriate 
cell density needed in order to efficiently utilize the limited supply of cells.

Fig. 7 (a, b) Confocal microscopy images of PC12 cells attached after 1 day of culture on a ran-
domly oriented and aligned nanofibrous PLGA scaffold (c, d) Confocal microscopy images of 
PC12 cells attached after 5 day of culture on a random and aligned nanofibrous PLGA scaffold (e, 
f) Confocal microscopy images of S42 cells attached after 1 day of culture on a random and 
aligned nanofibrous PLGA scaffold (g, h) Confocal microscopy images of S42 cells attached after 
5 day of culture on a random and aligned nanofibrous PLGA scaffold. Actin Green 488 (green) was 
applied for actin filament and DAPI (blue) for staining nuclei (i) Z stack from a PLGA scaffold 
with aligned nanofibers in which S42 cells. Images were collected at 0.37 μm intervals using the 
488 laser. From Ref. [14] by Kim et al., licensed under CC BY 4.0 [14]
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Among the many types of cells available Schwann cells, neural stem cells 
(NSCs), neural progenitor cells (NPCs), ectomesenchymal stem cells (EMSCs), 
mesenchymal cells (MSCs) and olfactory ensheathing cells (OECs) are considered 
to be the most promising in bringing out the best outcome from cell-seeded nerve 
conduit treatments. Particularly, Schwann cells are most studied neurotrophic cell 
type and have demonstrated the most superior effect in treatments for both spinal 
cord and peripheral nerve injuries. For example, Schwann cells are reported to 
improve propriospinal axons around the injury site and also enhance the axonal 
regrowth of dorsal root ganglia (DRG). However, Schwann cells alone are incapable 
of helping axonal sprouts penetrate into the proximal destination so Schwann cell 
therapy should be aided by a secondary scaffold such as aligned nerve conduits with 
a directional topology for better therapeutic results [53].

To determine the best option and understand the behaviors and environmental 
cues of the potential cells, the types and characteristics of a few neurotrophic cells 
will be briefly discussed.

Schwann Cells

Schwann cells, named after physiologist Theodor Schwann, or neurolemmocytes, 
are the principal glial cells of the PNS. They can be categorized into myelinating 
and nonmyelinating Schwann cells depending on the myelin sheath wrapping 
around the axons of neurons in the PNS. All glial cells including Schwann cells 
functionally support neurons by supporting the conduction of electric signals and 
synaptic activity. However, different glial cells play roles in the development and 
regeneration of nerves, extracellular matrix synthesis, and immunologic monocytic 
antigen presentation.

One of the many roles of glial cells and Schwann cells, in general, include reju-
venating the distal portion of the damaged area and making it permissive for further 
neuronal regrowth and re-innervation. Following this cellular debridement, the 
Schwann cells layer upon on each other to form what are known as bands of 
Büngner, tunnels that guide axon regeneration toward the destination. Axons begin 
to regenerate at a rate of approximately 1  mm per day under favorable cellular 
milieu [55]. Schwann cells contribute to axonal regeneration by providing direction 
and the synthesis of ECM and neurotrophic biomolecules such as NGF, BDNF, and 
cell adhesion molecules. Once nerve fibers in the PNS get injured, the genes related 
to Schwann cell formation are quickly upregulated. The most well-known genes 
that contribute to Schwann cell formation and maintenance are SOX10 and 
Neuregulin 1. SOX10 is known as a determining transcription factor for glial cell 
generation from trunk crest cells and Neuregulin 1 (NRG1) promotes the formation 
of Schwann cells and support the survival of immature Schwann cells [56, 57].

Owing to their neurotrophic properties, Schwann cells are popularly used in 
attempts to treat neuronal injuries in a variety of ways. Novikova et  al. seeded 
Schwann cells on poly-β-hydroxybutyrate (PHB) nerve conduit and implanted the 
nerve scaffold to cervical SCI rat models. They reported the nerve conduit enhanced 
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axonal regeneration by supporting cell attachment and proliferation in the vicinity 
of the injury [58]. Xu et al. evaluated the influence of Schwann cell-seeded PAN/
PVC mini-channel on a SCI rat model. Significant axonal regrowth in both direc-
tions, myelination, and improved vasculature were observed only in the cell-seeded 
group [59]. Blits et al. also loaded Schwann cells to their PAN/polyvinyl chloride 
(PVC)-based nerve conduit with other substances such as fibrinogen, gentamycin, 
and aprotinin to promote neuroregeneration. Two adenovirus-associated vectors 
were additionally administrated to two groups separately to evaluate the roles of 
BDNF and NT-3 and significantly improved functional gains of the hind-limb in 
both groups were observed [60].

Meanwhile, through various assessments such as histologic findings, electro-
physiologic analyses and walking track analyses, the neuroregenerative effect of 
Schwann cells seeded on nerve conduits were confirmed by Keeley et al. [61]. The 
supportive cellular mechanisms of Schwann cells are also gradually being revealed. 
Williams et al. reported for the first time that the supportive roles of Schwann cells 
in nerve regeneration are performed mainly during the early stages [54]. The guid-
ance cue provided by Schwann cells was emphasized by Brayan et al. through their 
experiment on Schwann cell-seeded poly-L-lysine precoated polyethylene (PE) 
nerve conduit implanted in a 20 mm neurotmesis rat model [53, 62].

To recapitulate briefly, once PNS nerve injury occurs, Schwann cells convert to 
a cell phenotype that is specialized to promote nerve repair and rapidly divide, 
migrate, express an appropriate set of genes, and facilitate axonal regrowth in the 
early phase of nerve regeneration. Because of their many supportive properties, 
Schwann cells have been extensively studied to be exploited in various neural injury 
treatments [3]. Schwann cells are the most studied and potentially most favorable 
candidate for cell loading nervous scaffold use, however, their application is 
restricted by low availability owing to insufficient nerve donors and the time- 
consuming culture processes for cell expansion.

Neural Stem Cells (NSCs) & Neural Progenitor Cells (NPCs)

Neural stem cells (NSCs) refer to multipotent cells closely involved in the embry-
onic development of the nervous system. More specifically, the neurons and glia of 
the animal nervous system are generated in embryonic development by NSCs and 
some NSCs will remain in the adult brain and continue to produce neurons [63, 64]. 
Neural stem cells can be divided into two daughter cells through asymmetric or 
symmetric cell division. When NSCs undergo asymmetric cell division, one of the 
daughter cells is differentiated into another cell type, primarily astrocytes, neurons, 
or oligodendrocytes, while the other daughter cell remains multipotent [65]. NSCs 
can also improve axonal regeneration by releasing metalloprotease-2 and multiple 
neurotrophic factors [66].

Olson et  al. reported the supportive influence of NSCs and Schwann cells on 
neuroregeneration. In the study, Schwann cells and NSCs were seeded separately on 
a multi-channel PLGA scaffold which was implanted in an SCI-injury rat model. 
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Increased axonal regeneration was observed in both the Schwann cell and NSC 
seeded-scaffolds, although the number of newly developed axons appeared to be 
slightly higher in the Schwann cell scaffold [67]. Another group, Lee et  al., 
 confirmed the positive effects of NSCs in a canine SCI model instead of the conven-
tional rodent model.

Stem cell transplantation always carries with it concerns of toxicity and graft- 
versus- host disease (GVHD) along with post-transplantation fever. Therefore, regi-
mens for stem cell transplantation using preventive strategies such as alloimmunization 
and upregulation of Regulatory T cells, have been extensively studied [68]. Neural 
progenitor cells (NPCs) are also multipotent as differentiated into hierarchically 
lower cell types similarly to NSCs. The differences of NPCs from NSCs can be 
found in the more specific differentiating potentials and the finite replication capa-
bilities of the cells [69]. However, these two types of cells are sometimes considered 
to be equal and the concept of NPCs is still evolving.

Other Cells

Ectomesenchymal Stem Cells (EMSCs) are capable of differentiating into Schwann 
cells and also supporting neuroregeneration. Nie et al. reported the effect of EMSCs- 
loaded PLGA nerve conduit model in a rat sciatic neurotmesis model. The EMSCs- 
loaded nerve conduit showed statistically similar results as the autograft transplant 
group in a 3-month follow-up study using the sciatic functional index (SFI) while the 
result of the cell-free PLGA group was substantially inferior to the other groups [70].

Mesenchymal Stem Cells (MSCs), usually referred to as bone marrow stromal 
cells, are also available for cell-loaded nerve conduit technology. Although MSCs 
do not differentiate into nerve cells, many studies have reported improved neuro-
genesis with MSCs transplantation. Through a lumbar puncture, human BMSCs 
transplanted into a SCI rat model by Pal et al. appeared to guide axonal growth and 
also significantly improved nerve functions. The transplanted hBMSCs survived in 
the spinal cavity for at least 1 month and the functional regain was found to be 
dependent on the volume of the transplanted cells [71]. Pereira Lopes et al. reported 
the supportive effect of BMSCs as seeded on biodegradable collagen tube implanted 
in a sciatic neurotmesis rat model with a 3 mm nerve gap. Compared to the control 
group, a significantly greater number of regenerating clusters including both myelin-
ated and non-myelinated fibers were observed in the BMSC-loaded nerve conduit 
after 6 weeks. They also confirmed the secretion of two neural growth factors, 
BDNF and NGF β [72].

Olfactory ensheathing cells (OECs) also known as olfactory ensheathing glia 
(OEG), are a type of glial cells distributed throughout the olfactory epithelium, 
olfactory nerve, and also olfactory bulb. By phagocytosing pathogens, they contrib-
ute to the immunoprotection of the olfactory nerve which lies under a mucosal layer 
of the upper nasal cavity. The human olfactory system keeps regenerating its neu-
rons even in adulthood because the exposed nerve ends must degenerate to maintain 
the function [73]. During the regeneration processes, OECs play an important role 
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in functionalization of new olfactory receptor neurons by cleaning up debris and 
providing damaged neurons with a favorable environment for neuroregeneration. 
Since the 1990s, the therapeutic possibility of transplantation of OECs to SCI to 
promote axonal regeneration and neurogenesis began to be reported possibly owing 
to the similar function of OECs in the olfactory system. In 2014, a Polish patient 
suffering from SCI-induced paraplegia regained mobility via therapeutic OEG 
transplantation. It was the first report of paraplegia recovery by SCI treatment [74]. 
The supportive mechanisms of OECs are still under investigation, but widely 
thought to be due to the upregulation of NGF receptors rather than the release of 
neurotrophic factors.

Neurotrophic Factors

Neurotrophic factors (NTFs) are various biomolecules related to neuronal growth, 
survival, and differentiation. This family of biomolecules is widely studied to under-
stand the mechanisms of neuronal regeneration in both the CNS and PNS. NTFs are 
categorized into three main groups: the neurotrophin family, the CNTF family, and 
the GDNF family, based on the neurotrophic mechanisms at the cellular level [75]. 
Neurotrophin-3 (NT-3) of the neurotrophin family, is known for its significant role 
in neuronal survival in the PNS, and improves neuroregeneration in the CNS, spe-
cifically in the corticospinal tracts. Fan et al. reported that the addition of NT-3 onto 
PLGA nerve conduits promotes neural regrowth and motor function [76].

Another neurotrophin family member, brain-derived neurotrophic factor (BDNF) 
is one of the most studied biomolecules in various different aspects among neuro-
trophic factors. BDNF shares structural similarities to other family members such as 
NGF, NT-3 and NT-4/5 but BDNF is more closely related to the survival of neurons, 
particularly of dorsal root ganglion neurons, compared to other factors although the 
mechanism is still unclear [77]. Liang et al. suggested that collagen-bound BDNF 
enables sufficient BDNF delivery to the injured tissue [78].

Other neurotrophic factors, acidic fibroblast growth factor (a-FGF) and basic 
fibroblast growth factor also demonstrate neuroprotective effects and increase pro-
liferation of NSCs and NPCs [79]. There are also other potential neurotrophic 
growth factors reported and used to support neuronal regeneration.

Vascular endothelial growth factor (VEGF) produced by cells is another support-
ing biomolecule that promotes neuronal reconstruction. Excluding traumatic neural 
injury in the CNS, these angiogenetic factors have demonstrated clinical signifi-
cances in prognosis and treatment strategies of many other different diseases such 
as breast cancer, rheumatoid arthritis, diabetic retinopathy, age-related macular 
degeneration, and angiosarcoma. The members of the VEGF family are activated 
through tyrosine kinase receptors, similar to the cellular activation mechanism of 
most NTFs [80]. After the spinal cord is injured, VEGF represses apoptosis of nerve 
cells in order to spare neural tissues. Improved behavior, increased vascularization, 
increased spare tissue and decreased apoptosis levels were observed in rat SCI mod-
els with VEGF injection [81]. VEGF administration to SCI rat model also resulted 
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in attenuated cavity formation and the production of a more permissive tissue envi-
ronment for axonal ingrowth as reported by Sundberg et  al. [82]. However, the 
 clinical VEGF therapy for acute SCI is controversial because other studies exhibit 
few adverse effects including chronic pain after VEGF injection and acute exacer-
bation to injured neural tissue possibly due to VEGF-induced microvascular 
permeability.

Many ongoing researches on immobilization techniques and a number of poten-
tial substances including glial cell line-derived neurotrophic factor (GDNF), nerve 
growth factor (NGF), ciliary neurotrophic factor (CNTF), and alpha-1 glycoprotein 
(α1-GP) are expected to achieve great improvements in the treatment of neural 
injury.

2.4.2  Nanoparticles

Nerve guide conduits have benefited from the many recent advances in nanotech-
nology, in particular aligned nanofiber membranes and nanoparticles (NPs). Various 
materials from gold, silica, poly(lactide-co-glycolide) (PLGA), and titanium diox-
ide have been used to make nanoparticles for the delivery of drugs and growth fac-
tors to the injured site [83–85]. Other materials such as carbon nanotubes were 
utilized to promote and direct the growth of neuronal cells [86].

Nanoparticles have the great advantage of being able to penetrate the blood-brain 
barrier for more efficient and effective treatment of the CNS. To be used as drug 
carriers to the brain, NPs must be smaller than 100 nm, stable in blood, avoid plate-
let aggregation as well as meet many other conditions [87]. Besides being excep-
tional drug carriers, NPs have also been reported to promote the growth of neuronal 
cells and elongate neurites uniaxially for enhanced recovery rates. A property of 
metallic nanoparticles that is particularly attractive is their distinctive optical prop-
erties. When metallic NPs are illuminated by external light, they generate an oscil-
lation that is called localized surface plasmon resonance. Depending on the 
wavelength of the absorbed light the localized surface plasmon resonance can match 
the therapeutic window of biological tissues to help with regeneration. For example, 
silica-coated Au nanorods irradiated with near infrared light can stimulate electrical 
activity in auditory neurons by inducing temperature increases between 0.5 and 6 °C 
[88]. Metallic NPs have also been used to deliver small-interfering RNA (siRNA) 
into neural stem cells for controlling their differentiation as depicted in Fig. 8.

Polymer NPs have the advantage of being biocompatible and biodegradable, 
making them a prime choice in neuroprotective therapeutic strategy and drug 
release. Rittchen et al. reported the delivery of pro-remyelinating factors to the CNS 
using PLGA nanoparticles and targeting antibodies to induce oligodendrocyte pre-
cursor cell maturation and improve remyelination. PLGA, like other FDA-approved 
polymers, degrades to biocompatible agents in the body, eliminating the need for a 
surgery to recover the particles. Silica NPs have large surface areas for protein bind-
ing, but they also can be easily functionalized for targeted delivery of cargos to 
neuronal cells. One study utilized transferrin-modified mesoporous silica nanopar-
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ticles (TF-MSNs) conjugated with HI-6 to prevent brain damage caused by soman 
poisoning [89]. These NPs were chosen because of their mesoporous structure for 
storage and rapid release, important for fighting toxic nerve agents.

Carbon nanotubes (CNTs) are cylindrical nanostructures comprised of graphene 
sheets that are wrapped onto themselves. The most frequently used CNTs are single 
(SWCNT) and multi-walled (MWCNT) carbon nanotubes, which are made of one 
layer of graphene and several concentric graphene cylinders, respectively. CNTs 
have many important applications in neuroscience currently and of these is acting as 
a platform to promote neuronal growth and performance. They have had unexpected 
and exciting impacts on neuronal signaling and behavior.

2.4.3  Conductive Polymers

There are many different types of polymers that have unique properties and charac-
teristics such as biocompatibility and conductivity. Polymers that are conductive 
can conduct charge because electrons can jump within and between the chains of 
the polymer with ease. The polymers contain a conjugated backbone, meaning that 
single and double bonds alternate along the polymer chain. Both single and double 
bonds contain chemically strong localized σ-bonds that hold the atoms together, 
while double bonds also have a weaker π-bond that allow electrons to be more eas-
ily delocalized and move freely. Moreover, doping conducting polymers can 

Fig. 8 Magnetic core-shell nanoparticles (MCNPs) for the delivery of small-interfering RNA 
(siRNA) into rat neural stem cells (rNSCs). (a) MCNPs functionalized with siRNA. (b) 
Transmission electron microscopy image of MCNPs. Scale bar: 10 nm. (c) MCNPs dispersed in 
water attracted to a magnet. (d) Schematic of magnetically facilitated delivery of siRNA to induce 
neural differentiation of rNSCs using MCNPs. Fluorescence images of neuronal (top) and oligo-
dendrocyte (bottom) differentiation after siSOX9 and siCAV delivery, respectively. Adapted with 
permission from Ref. [85]. Copyright 2016 American Chemical Society [85]
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increase their conductivity even further by introducing oxidizing or reducing agents 
and is dependent on the type and molecular size of the dopant.

Conductive polymers typically allow excellent control of the electrical stimulus, 
possess very good electrical and optical properties, and can be made biocompatible 
and biodegradable [34]. Many conductive polymers such as polypyrrole (PPy) are 
not inherently biodegradable, but there are ways to make them be so. One method is 
to prepare a composite containing both the conducting polymer with a biodegrad-
able polymer. However, a downside to this method is that the conductive polymers 
are not degraded in the body. A second route is to modify the polymer structure 
itself. Studies have reported that the addition of ionizable or hydrolysable side 
groups to the backbone of PPy have successfully made the PPy degradable [90].

Considering the electroactive nature of our nervous system, conductive polymers 
such as PPy and PEDOT are attractive for use in neural engineering applications. 
Recent studies have used these conductive polymers as neural electrodes and scaf-
folds for nerve regeneration in neural-tissue engineering [91, 92]. Conductive poly-
mers allow for the electrical stimulation of cells cultured on the polymers, as shown 
by Schmidt et al. [93]. PC12 cells were cultured on PPy and subjected to electrical 
stimulation, resulting in a significant increase in neurite lengths when compared to 

Fig. 9 Left column. (a) Uncoated PLGA mesh (left) and PPy-PLGA mesh (right). (b) SEM of 
single strands of PPy-PLGA fibers. (c) SEM image of section of the PPy-PLGA meshes. Right 
column. (a) PC12 cells cultured on PPy-random fibers and (b) PPy-aligned fibers for 2 days. Black 
arrows indicated neurites. Reprinted from Ref. [94] with permission from Elsevier [94]
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the passive control group. Another group explored the possibilities of combining 
electrical stimulation and nanotopography as shown in Fig. 9 [94]. Several studies 
have also combined neural growth factors with conductive polymers for enhanced 
neurite outgrowth and obtained positive results.

3  Conclusion

Since the introduction of electrospinning technology, a number of studies on col-
lecting various types of polymers into nanofibrous architectures have been reported. 
The nanofiber producing technique is also useful for tissue engineering applications 
because it creates scaffolds with a fibrous structure that is similar in structure to that 
of natural extracellular matrix. The biomimetic structure of electrospun nanofibers 
is favorable for cell viability, attachment, growth, migration, and division. In par-
ticular, uniaxially aligned nanofibers have been reported to aid in neuronal lining 
growth. Aligned nanofibrous nerve conduits meet the requirements of porosity, bio-
compatibility, biodegradability, and mechanical strength that scaffolds need while 
providing guidance cues. However, in  vivo transplantation of the nerve conduit 
itself requires further studies such as a development of optimal surgical access to the 
spinal cord, long-term adverse effects, and graft-versus-host disease. Various meth-
ods have been studied to develop nanofibrous nerve conduits, and the incorporation 
of Schwann cells, neurotrophic factors, CNTs, and conductive polymers have been 
reported to showing remarkable results.
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Electrospun Scaffold for Retinal Tissue 
Engineering
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Abstract Many treatment strategies have been planned to slow down the progres-
sion of retinal diseases. Although cell based therapies showed promising results for 
retinal diseases, but the injection of cell suspensions into the subretinal space may 
result in inadequate cell survival, organization and differentiation. For efficient cell 
therapy, cell populations need to survive and function suitably inside the trans-
planted environment. With the emergence of tissue engineering, regenerative medi-
cine is being advanced and offers great promise for treatment retinal diseases. There 
are some innovative and developing approaches for retinal tissue engineering. To 
date, different types of cellular sources and electrospun scaffolds have been consid-
ered to define the best donor cell and delivery system to set the degenerating retina 
free. It seems that fibrous scaffolds, as a substrate, may hold many advantages for 
retinal stem cell transplantation. In this book chapter, the advantages of electrospun 
fibrous scaffold and challenges in front of retinal tissue engineering have been 
discussed.

Keywords Electrospun Scaffold • Retinal • Tissue Engineering • Cell Delivery  
• Drug and Growth Factor

1  Introduction

Retina, a light-sensitive tissue, lines the back of the eye and converts focused light 
into neural signals. Nerve fibers send these signals into the brain, which then inter-
prets them as visual images [1].

The retinal tissue is made up of numerous layers including pigment epithelium, 
rods and cones cells, Müller cells, bipolar cells, amacrine cells, ganglion cells, inner 
fiber layers and inner limiting membranes. Three layers of nerve cell bodies and two 
layers of synapses exist in all vertebrate retinas. The outer nuclear layer contains 
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cell bodies of the rods and cones, the inner nuclear layer contains cell bodies of the 
bipolar, horizontal and amacrine cells and the ganglion cell layer contains cell 
 bodies of ganglion cells and displaced amacrine cells. Central retina near the fovea 
is significantly thicker than peripheral retina due to the increased density of photo-
receptors, and their associated bipolar and ganglion cells in central retina.

Degenerative diseases of the retina include glaucoma (17% of world blindness), 
macular degeneration (the third leading cause of world blindness), diabetic reti-
nopathy (17% of world blindness) and retinitis pigmentosa. Macular degeneration, 
retinitis pigmentosa and glaucoma are categorized by the degeneration of the pho-
toreceptors, retinal pigmented epithelium (RPE) and retinal ganglion cells (RGCs), 
respectively [2, 3]. These degenerations can lead to significant vision difficulties 
and blindness if left untreated [3].

Existing treatments for glaucoma include a surgical procedure named trabecu-
lectomy. The trabeculectomy can lead to problems such as the control of intraocular 
pressure, invasive procedure, inflammation [4] and infection.

Many treatment strategies have been designed to decelerate the progression of 
macular degeneration or diabetic maculopathy, such as administration of growth 
factors along with gene therapy, neuroprotective treatment, anti-angiogenic therapy 
and intravitreal injections containing ocular drug treatments [5–9]. However, the 
injections are invasive, require repeated treatments and can lead to endophthalmitis, 
a potentially blinding infection [10]. To date, no commercially available treatments 
for retinitis pigmentosa have been reported.

Therefore, there is a need for more effective treatments for retinal diseases. Cell 
based therapies showed promising results for retinal diseases. However, the injection 
of cell suspensions into the subretinal space may result in inadequate cell survival, 
integration, organization/alignment and differentiation [7, 11–13]. Furthermore, 
overcoming the problem of immune rejection and the guidance of axonal growth to 
create valuable networks are challenges with aspects of cell delivery and integration 
of regenerative materials to the retinal tissue [14]. For efficient cell therapy, cell 
populations need to survive and function suitably inside the transplanted environ-
ment [15]. With the emergence of tissue engineering, where cell populations are 
delivered via a material scaffold, regenerative medicine is being advanced and offers 
great promise for treatment retinal diseases [7].

2  Retinal Tissue Engineering

Tissue engineering should be able to overcome problems such as donor shortages, 
graft rejections, and inflammatory responses following transplantation. There are two 
main strategies in tissue engineering: (1) cell-based and, (2) scaffold-based. In retina, 
both cell and substrate-based tissue engineering approaches have been examined 
mainly in animal models. There are some innovative and developing approaches for 
retinal tissue engineering [16]. Cell transplantation with a bio-compatible polymer 
scaffold enhances survival [17], differentiation [18] and integration of cells in host 
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retinal tissue [18, 19]. In retinal tissue-engineered approach, the aim is to integrate cell 
populations into the retina, differentiate and organize them into effective cells, and 
provide a promising treatment to restore vision in patients with retinal degeneration.

3  Cells

To date, different types of cellular sources have been considered to define the best 
donor cell to set the degenerating retina free (Table 1).

Among these, Retinal Progenitor Cells (RPCs), photoreceptor precursor cells, 
pluripotent (ES and iPSc) cell lines and Retinal Pigment Epithelium (RPE) cells 
have been widely investigated [63]. RPCs and RPE have shown the capability of 
self-renewal and differentiation into the different retinal cell types including photo-
receptors in vitro. They have revealed ability as a source of cell transplantation in 
experimental models of retinal degeneration. RPE cells are hexagonal shaped and 
have a complex structural and functional polarity which helps them to perform 
numerous special functions [64]. Photoreceptor precursors (Late-stage) isolated 
from the retina cannot be expanded in vitro but can be used for retinal regeneration 
with the best functional outcome [65]. Pluripotent cell-derived photoreceptors (ES 
and iPSc) have suitable self-renewal properties; however, they exhibit no effective 
differentiation capability for retinal regeneration [24].

Despite the fact that different cell sources are considered to be well-accepted for 
retinal tissue engineering, the clinical use of these cells have presented problems 
including ethical issues, risk of teratoma formation, painful aspiration, low photore-
ceptor efficiency, complication of microsurgical procedures for extraction [66], lim-
ited availability of pluripotent retinal stem cells, formation of an abnormal cell 
orientation (rosette cells) [67, 68] and rejection by the host immune system in either 
allogeneic or xenogenic host species recipients [69, 70]. This has led many research-
ers to investigate alternate sources for retinal tissue engineering. It has been observed 
that mesenchymal stem cells (MSCs) can differentiate into photoreceptor cells [66].

Bone marrow mesenchymal stem cells (BMMSCs) were differentiated within 
2 weeks using a mixture of growth factors in vitro. However, BMMSC is not an 
appropriate candidate for retinal therapy as researchers have never detected any 
expression of main photoreceptor markers [71].

Previous studies have demonstrated that merely 20–30% of CD90 positive 
MSCs, express photoreceptor-specific markers (rhodopsin and recoverin) [66, 72, 
73]. Due to down regulation of some of the genes involved in cell proliferation and 
cell cycle progression during cell isolation by immunodepletion method, CD90 
positive MSCs cannot be expanded very well in vitro [74, 75].

Recently, conjunctiva mesenchymal stem cells (CJMSCs) and trabecular mesh-
work mesenchymal stem cells (TMMSCs), isolated from conjunctiva and trabecular 
meshwork, have shown a good proliferation capability and differentiation into 
mature photoreceptor cells in vitro. Surprisingly, the photoreceptor differentiation 
rate of CJMSCs and TMMSCs are higher than other sources of MSCs.
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Table 1 Source of cells used in different retinal cell differentiation and treatment of retinal disease

No. Cell type Advantages Disadvantages References

1 Pluripotent stem 
cells (ESCs/iPS)

Successfully differentiate 
into Retinal progenitor cells 
(RPCs) or photoreceptors 
up to 80% efficiency 
in vitro using growth 
factors
Successfully integrate into 
retinal layers

Risk of teratoma 
formation
Ethical issue (in the case 
of ESCs)

[20–36]

2 BM-MSCs
NSCs

Protect retinal cells by 
releasing paracrine factors
Successfully integrate into 
retinal layers

Painful aspiration and 
contamination with 
non-MSCs 
Differentiation into 
retinal cells with low 
efficiency

[37–47]

3 DP-MSCs Neuroprotect retinal 
ganglion cells (RGCs) 
survival and axon 
regeneration after optic 
nerve injury

Do not differentiate into 
retinal cells
Fails to integrate into 
retinal layers

[48]

4 AD-MSCs Conserve the retinal 
vasculature in mouse 
models of diabetic 
retinopathy by 
differentiation into 
pericytes

Differentiate into retinal 
cells with low efficiency
Fails to integrate into 
retinal layers

[49, 50]

5 Corneal-derived 
MSCs 
(TMMSCs, 
CJMSCs)

High yield differentiation 
into photoreceptor-like 
cells in vitro and in vivo 
(data not published)

Required person skilled 
at cell culture

[51, 52]

6 RPCs High capacity for 
differentiation into 
retinal-like cells and 
photoreceptor
Capability of integration 
into retinal layers

Complication of surgical 
procedures

[5, 53, 54]

7 RPE/IPE Do not require synaptic 
connection to perform their 
role,
Improve recurrence rate of 
CNV
Prevent further loss of 
vision

Ethical issue,
Immune rejection 
(Allogenic PREs)
Slow integration and 
phagocytosis properties

[55–62]

ESCs embryonic stem cells, iPS induced pluripotent stem cells, BM-MSCs bone marrow-derived 
mesenchymal stem cells, NSCs neural stem cells, AD-MSCs adipocyte-derived mesenchymal stem 
cells, DP-MSCs dental pulp mesenchymal stem cells, RPCs retinal progenitor cells, RPE retinal 
pigment epithelium, IPE iris pigment epithelium, CNV choroidal neovascularization. Corneal- 
derived MSCs include trabecular meshwork mesenchymal stem cells (TMMSCs) and conjunctiva 
mesenchymal stem cells (CJMSCs)
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4  Electrospun Scaffold

Scaffolds can be categorized into three different types: cylindrical, hydrogel and 
fibrous. Due to their mimicking of the extracellular matrix (ECM), Fibrous scaf-
folds have become very common in tissue engineering (Fig. 1). The fibers offer a 
large surface area for cell attachment and create interconnected pores for transport 
of nutrients and gases within scaffold [76]. While a wide range of techniques have 
been investigated for fabrication of fibrous scaffolds in tissue engineering and sub-
retinal space transplantation, one of the most common is through electrospinning 
[77–79]. Electrospinning technique uses high electrostatic forces to create polymer 
fibers [80]. Electrospun scaffolds in retinal tissue engineering are established to 
study the cellular response to nano/microtopological cues [81].

In recent years, polymeric scaffolds have been employed to increase the number 
of viable cells delivered to the degenerated retina. Suitable polymer substrate design 
is critical to provide a three-dimensional environment (mimic the fibrous nature of 
natural extracellular matrix (ECM)) that can facilitate cell adhesion, proliferation 
and post transplantation migration into the host environment [19].

The ideal scaffold for retinal tissue engineering should have criteria including, 
porosity, biodegradability, elasticity, and permeability. Scaffold material must be 
biocompatible, does not induce immunogenic responses [82], and contains the cor-
rect Young’s modulus and capability for drug and protein loading.

Due to the small size of the subretinal chamber, fabricated scaffold must be 
extremely thin (thinner than 50 μm) [83] and should be implantable by a minimally 
invasive methods [84, 85]. Thick scaffolds formed large retinal detachments and 
caused retinal damage to the retina during implantation. Scaffolds, less than 50 μm 
in thickness, permit the interaction of seeded cells on scaffold with retinal cells 
in vivo. To hold out the necessary surgical manipulation and to escape damages to 
the surrounding tissues, the scaffold materials must be mechanically strong and 

Fig. 1 SEM micrographs of aligned (a) and random (b) nanofibrous scaffolds fabricated using 
electrospinning methods
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flexible [86]. To limit the damage during insertion into the subretinal space, scaf-
folds were scrolled, which was probable due to the higher elasticity of materials 
(such as PGS) [6]. Furthermore, it should provide sufficient signals for proper cell 
attachment and alignment. To improve cell binding, these scaffolds were coated 
with extracellular matrix component (such as laminin, Fibronectin etc.).

Numerous polymers fulfill this criteria including poly(lactic-co-glycolic acid) 
(PLGA), poly(lactic acid) (PLLA), poly(caprolactone) (PCL) and poly(glycerol 
sebacate) (PGS) [87]. A few studies have revealed promising results using these 
polymers for retinal tissue engineering applications.

RPCs grown on electrospun PCL scaffolds coated with laminin [88] were trans-
planted onto retinal explants, which migrated into Rho−/− retinas and differentia-
tion into glial cells.

Fibrous electrospun scaffolds produced from a blended PCL and chitosan, which 
cause a reduction in hydrophobicity of scaffold, not only influenced the capability 
of the RPCs to attach on the scaffold but also improved the proliferation rate of 
cultivated RPCs [89]. Retinal Progenitors cells (RPCs) cultivated on fibrous scaf-
folds have revealed limited ability to photoreceptor differentiation following trans-
plantation. RPCs seeded on electrospun PCL were differentiated into glial cells 
(GFAP-positive) [88]. When cells were cultured on chitosan/PCL composite scaf-
folds, expression of recoverin and rhodopsin (as a main photoreceptor marker) and 
GFAP were upregulated [81, 89] (Table 2).

Table 2 Electrospun scaffolds used in retinal tissue engineering

No. Polymer Cell Description Reference

1. PLGA RPCs MMP-2 control-released of electrospun fibers 
increased cell migration into retina (three to 
fourfold) and PRC differentiation into 
photoreceptors (10–15-fold)

[90]

2. PCL RPCs Transplanted cells onto retinal explants migrated 
into control and Rho−/− retinas and only 
differentiated into glial cells

[88]

3. CS-PCL/
PCL

RPCs Better proliferation and differentiation of RPCs 
into photoreceptors and glial cells

[89]

4. SF:PLCL RPCs SF: PLCL yielded the best RPC growth, 
proliferation and preferentially differentiation 
toward retinal neurons (photoreceptors)

[91]

5. PLLA CJMSCs High yield of photoreceptor-like cells (rod 
photoreceptor genes) on randomly-oriented 
compared to aligned nanofibers

[51]

6. PEG/PCL CJMSCs Core/shell PEG/PCL fibrous scaffold 
incorporated taurine could increase the 
expression of rhodopsin genes in vitro

[92]

PLGA poly(lactic-co-glycolic acid), PCL polycaprolactone, CS-PCL/PCL cationic chitosan-graft- 
poly(ε-caprolactone)/polycaprolactone, SF:PLCL silk fibroin and poly(l-lactic acid-co-ε- 
caprolactone), PLLA poly-l-lactic acid, PEG polyethylene glycol, RPCs retinal progenitor cells, 
MMP-2 matrix metallopeptidase 2, CJMSCs conjunctiva mesenchymal stem cells
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SF/PLCL nanofibrous scaffolds have shown good cytocompatibility due to no 
up-regulation in expression levels of IL-6 (a pro-inflammatory cytokine) [93], 
MCP-1 (key gene in the migration of immune-competent cells) [94], and Caspase 3 
(a major terminal cleavage ribozyme in the apoptosis process) [95] in RPCs cul-
tured on SF/PLCL. SF: PLCL scaffolds with a suitable pore diameter (less than 
2 μm) would offer larger surface areas, which mimic the topographic structures of 
the ECM contributing to increases in attachment, proliferation and differentiation of 
cells into photoreceptors [96, 97]. Furthermore, electrospinning of SF (with its pow-
erful hydrophilicity) along with PLCL will improve the hydrophilicity of PLCL and 
the introduction of biological functional groups, such as –NH2 and –COOH, via SF 
in SF/PLCL may increase the proliferation and photoreceptor differentiation of 
RPCs, respectively [76].

Recently, CJMSCs were cultured on PLLA fiber matrices made of electrospun 
nanofibers, and subsequently, differentiation into photoreceptor cells was exam-
ined. Electrospun scaffolds could enhance (recoverin) and diminish (CRX, GFAP 
and Nestin) the expression of some specific photoreceptor genes. Taken together, 
CJMSCs on scaffolds are more likely to differentiate toward photoreceptors and 
retinal neural cells, while those cultured on tissue culture plates (TCPS) preferen-
tially differentiate into glial cells.

Aligned fibers with various degrees of order and fiber directions for two- and 
three-dimensional assemblies have been developed using electrospinning. 
Electrospun aligned fibers are usually achieved using a pair of parallel conducting 
electrodes to produce an electric field or a rotating drum at a speed of 1000–2500 rpm 
to collect aligned fibers [51]. Fiber orientation strongly influences growth and other 
related functions in cells [80]. On aligned fibrous scaffolds, the CJMSCs direction 
of elongation and its neurite outgrowth were parallel to PLLA fiber direction 
(Fig. 2). The significant changes were observed on the photoreceptor gene expres-
sion with respect to the fiber orientation. CJMSCs cultured on aligned nanofibrous 

Fig. 2 SEM micrographs of CJMSCs differentiated on aligned (a) and random (b) PLLA nanofi-
brous scaffolds
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scaffolds demonstrated a higher rate in expressing photoreceptor and retinal neuro-
nal genes including PKC and nestin compared to random nanofibers. Aligned nano-
fiber scaffolds could discourage the differentiation of CJMSC cells into retinal 
neuronal cells, which is much desirable in therapies targeting retinal diseases. 
CJMSCs on random nanofibrous scaffolds demonstrated a higher expression rate of 
rhodopsin gene than on aligned nanofibrous scaffolds [51]. By blending PLGA with 
PLLA, the flexibility profile of PLGA can be increased (low modulus) [98]. Good 
mechanical properties of a scaffold are helpful for successful cell transplantation. 
Retina is a soft and flexible tissue with elastic modulus of 0.1 MPa. PLGA has an 
elastic modulus of 1.4–2.8  GPa while SF: PLCL has an elastic modulus of 
105.3 MPa, which is closer to that of retinal tissue [99]. Such scaffolds may be 
mainly related to subretinal applications. The excellent mechanical properties (stiff-
ness ~0.056 to 1.5 MPa after curing), high flexibility, biodegradability and minimal 
swelling of PGS are fine matched to the subretinal space. Although a wide range of 
natural and synthetic polymers, such as PCL, PLLA, PLGA, collagen and gelatin, 
have been fabricated by electrospinning, PGS crosslinks into an elastomer cannot 
be dissolved in organic solvents and so could not be electrospun. However, the 
modification of PGS with rigid polymers such as PMMA and formation of PGS- 
PMMA leads to the fabrication of nanofibrous scaffold [100].

5  Cell Delivery

Retinal tissue engineering displays huge potential in treatment of retinal degeneration 
by using scaffold-based delivery systems of cells into the subretinal space. Cell trans-
plantation with a scaffold has been defined as an effective approach to improve sur-
vival [17, 101], differentiation [18] and integration of cells in host retinal tissue [19]. 
The formation of synapses and right tight junction with each other are essential for 
rescue of vision after cell transplantation and differentiation into mature retinal cell 
types [102, 103]. Scaffolds can also direct the organization of retinal cell populations.

Building on these advantages, proliferation and integration dynamics of mouse 
RPC (mRPC) were examined on fabricated ultra-thin (15 μm-thick) electrospun 
PCL scaffold [104]. In strategy of electrospun PCL scaffold, a middle porosity per-
centage (the diameter of mRPC is 10–20 μm) and scaffold thickness of 15 μm (the 
thickness of mouse retina is 200–300 μm), with the goal of upholding nutrient, gas 
exchange, three-dimensional cellular infiltration is selected to reduce disorder to 
retina while protects scaffold rigidity for transplantation purposes [105–107]. After 
Ex vivo transplantation, healthy migration of mRPCs from the scaffolds into mice 
retinal tissue was observed. Most of mRPCs took the round shape characteristic of 
proliferating progenitor cells, but the integrated cells showed retinal neuronal mor-
phology [108]. However, ultra-thin electrospun PCL scaffold is capable of deliver-
ing high numbers of localized cells to mouse retinal explants, with strong migration, 
integration and differentiation.
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6  Drug and Growth Factor Delivery

Local delivery of bioactive molecules by an implantable device could decrease the 
amount of required drug dose as well as non-target site toxicities. Recently, electro-
spinning methods have been used to improve drug or protein-loaded nanofibrous 
scaffold for use as a novel implantable delivery system.

Coaxial electrospinning, as an advanced extension of electrospinning, could be 
used to fabricate unique core-shell or hollow structures due to multichannel spin-
neret consisting of core and shell channels (Fig. 3) [109]. As those seen in the con-
ventional one, under an adequate electrical field, the core-shell jets become ejected 
and after an electrospinning process, the core-shell fibers will be collected on the 
collector. Core-shell structures are aiming to deliver therapeutic molecules such as 
proteins, growth factors, and drugs. The growth factors such as Vascular endothelial 
growth factor (VEGF), recombinant human bone morphogenetic protein 2 (rhBMP-
 2) incorporated into core-shell nanofibers have been used for the repair and regen-
eration of tissues [110, 111]. The macromolecules could be released gradually from 
the core-shell nanofibrous scaffolds. The shell layer acts as an obstacle to avoid the 
early release of the core contents. Promising work has been reported with coaxially 
electrospun fiber incorporated with growth factors or bioactive agents for use in tis-
sue engineering. The potential of the coaxial electrospinning methods for controlled 
release of taurine for retinal tissue engineering has been reported. PEG/PCL fiber 
matrices incorporated taurine could increase the expression of photoreceptor genes 
such as rhodopsin compared to CJMSCs differentiated on TCPS dishes [92].

In another study, to further enhance integration of RPCs in the retina, the enzyme 
Matrix Metallopeptidase-2 (MMP-2) was incorporated at the core of the PLGA 
electrospun fibers [90, 112, 113]. The encapsulation of MMP-2 to the scaffold fibers 
increased the total number of cells able to migrate into retinas and significantly 

Fig. 3 TEM images of 
PEG/PCL with distinct 
core-sheath structure
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increased the efficacy of RPC differentiated into photoreceptors (10–15-fold) when 
compared with electrospun scaffolds without MMP-2 [90]. Also, when transplanted 
on PLGA nanoscaffolds, an increase migration of RPCs (three to fourfold) in ani-
mal model (Rho−/− retinas) has been documented within the retina. In a similar 
study, a significant overexpression of recoverin and rhodopsin was gotten using a 
PLGA nanofiber scaffold in the presence of MMP-2 compared with PLGA scaf-
folds [90].

7  Challenge and Limitation

The main limitation of retinal tissue engineering study is the use of cell lines as an 
alternative of primary cells or stem cells which are identified to be diverse in terms 
of their behavior.

Photoreceptor precursors (late-stage) isolated from the retina cannot be expanded 
in  vitro and unsuitable differentiation of pluripotent cell-derived photoreceptors 
limits the potential of these sources for retinal regeneration [114].

Thickness, surface topography, mechanical properties and degradation charac-
teristics as critical challenges, should be considered during fabrication of the scaf-
fold to avoid damages to the retina and to let interactions between the retina and 
post-transplant cell population. Although electrospinning is a quick and simple 
method to fabrication of nanofibrous scaffolds, it is still a big challenge to produce 
scaffolds with complex structures for retinal tissue engineering. Toxicity of sol-
vents, inhomogeneous distribution and insufficient size, and problems in obtaining 
3D structures, are main disadvantages of electrospinning.

Cell manufacture, delivery, survival, physiological behavior, immune response, 
and a potential risk of cancer development are chief challenges opposing clinical 
application of cell-scaffold therapy for degenerative retinal disease. Technical chal-
lenges still keep on a room for further study before cell-scaffold based therapies can 
be successful for retinal tissue engineering. The improvement of such techniques, 
materials and scaffolds can only be attained by means of a collaborative effort 
among stem cell biologists, nanotechnologies, biomaterial experts, and skilled oph-
thalmic surgeons. However, the challenge here is to be able to get the scientists, 
engineers, and clinicians to work together in order to solve challenges and give our 
patients the best possible treatment.

8  Conclusion

Retinal tissue engineering approaches have been shown to be serious to increasing 
our understanding of the nano-microscale biology of stem cells, and to supplying 
valid mechanisms to support regenerative cell transplantation for retinal degenera-
tion. A positive tissue-engineered therapy would be able to restore vision to patients 
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with progressive RPE and photoreceptor loss. Cell-substrate interactions play a 
critical role in cellular behavior and may demonstrate to be an active device in man-
aging stem/progenitor cells to a differentiated cell fate.

It seems that fibrous scaffolds, as a substrate, may hold many advantages for reti-
nal stem cell transplantation. However, more study is required to expand the proper-
ties of the electrospun scaffolds in order to better match to those of retinal tissue. 
This, however, remains to be seen.
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Electrospun Polymeric Smart Materials 
for Tissue Engineering Applications

S. Ribeiro, D.M. Correia, C. Ribeiro, and S. Lanceros-Méndez

Abstract Smart materials are increasingly being implemented in different areas 
and, particularly in tissue engineering applications. In tissue engineering, cells and 
materials interplay a central role, the scaffold strongly affecting cell behavior 
through specific physico-chemical interactions. In this context, smart materials 
show strong advantages with respect to conventional scaffolds providing additional 
clues to the cell and supporting the development of suitable microenvironments. 
Thus, smart and functional materials are being developed to mimic the response 
capabilities of natural living systems through suitable electromechanical or 
 thermomechanical responses, among others. Among the different shapes and forms 
in which those materials can be processed for tissue engineering applications, 
electrospun mats stand out as one of the most promising substrates, allowing to 
tailor fiber size and orientation as well as degree of porosity, among others, allowing 
to mimic micro and nanoscale properties and structural characteristics of native 
extracellular matrix for tissue engineering applications.

The present chapter will provide an insight on the main smart materials interest-
ing for biomedical applications. Further, it will focus on those smart materials that 
have been processed in the form of electrospun fibers and summarize the main 
obtained results in tissue engineering applications. Thus, it will be shown that elec-
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trospinning of smart materials represents an increasingly growing and interesting 
that hold great promise for finally achieved suitable and implementable tissue 
engineering strategies.

Keywords Smart materials • Tissue engineering • Electrospinning • Micro environ-
ments • Functional materials • Active materials • Cell response

We cannot live only for ourselves. A thousand fibers
connect us with our fellow men; and among those fibers,
as sympathetic threads, our actions run as causes,
and they come back to us as effects.

Herman Mellville (1819–1891)

1  Introduction

Smart or field responsive materials are playing an increasing role in different areas, 
such as sensors, energy, aerospace, communications and biomedical. The large 
interest in this topic is related to the possibility to assemble smarter structures and 
achieve higher performance systems with potential for recognition, discrimination 
and adjustability, by the use of smart materials [1].

In particular, smart materials can be used as innovative active biomimetic tem-
plate for the regeneration of damaged tissue [2]. The three main components of 
tissue engineering strategies are: cells, biomaterials, and growth factors [3]. Among 
these, biomaterials play an important role on triggering cell behavior, including 
adhesion, morphology, proliferation and differentiation, and can act as an artificial 
extracellular matrix (ECM) [1, 4]. In this way, smart biomaterials can be tailored not 
only to be passively tolerated by the organism, but also to provide the appropriate 
environment to assist specific cell responses, such as biological, physical and 
mechanical functions of native ECM found in the body tissues [5, 6]. For example, 
smart piezoelectric scaffolds can be used not only passively as support for bone cell 
culture, but can be also actively used for the mechano-electrical stimulation of such 
cells, optimizing cell growth [5]. This added value of smart scaffolds is related to 
the fact that cells from living systems have the capability to modify their environ-
mental conditions with the objective to respond to external stimulus. Aiming to 
mimic these situations, polymer-based smart materials emerge as the class of mate-
rials ideal for such approach. Polymer-based smart materials, particularly shape- 
changing, electrically-responsive and metamorphic materials exhibit attractive 
properties appropriate for tissue engineering applications.

The properties of those engineered biomaterials are the main concerns in the search 
to fabricate ultimate scaffolds for tissue engineering applications, being the design 
and selection of the biomaterial a critical step in the tissue engineering process. The 
ideal biomaterial must be able to control the function and the structure of the tissue 
in a preplanned manner by interacting with host cells or/and the transplanted cells. 
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In a general way, the perfect biomaterial should be biocompatible, promote specific 
cellular interaction and tissue development, and possess proper mechanical and physi-
cal properties [1].

Polymer-based smart biomaterials are particularly attractive for the development 
of smart scaffolds due to the ability to be processed by different techniques in order 
to tailor their shape for permanent or temporary cell supports [7]. Those advantages 
are well demonstrated by the large number of cells and tissues grown in polymer- 
based smart materials, including skin, cartilage, liver, heart valves and arteries, 
bladder, pancreas, nerves, corneas, and various other soft tissues [8].

Among all the different biomaterials forms used in tissue engineering applica-
tions, polymer electrospun mats show to be a promising substrate as they can mimic 
the micro and nanoscale properties and structural characteristics of native ECM [9]. 
Polymer electrospun fibers have been used for several tissue repair applications 
such as, bone [10, 11], cartilage [12, 13], muscle [14, 15], neuronal [16, 17] and 
vascular [18, 19], among others. However, most of these polymeric fibers have been 
used just as cell support, not taking in to consideration the physical signal existing 
in the body. So, the use of polymer-based smart electrospun materials are attracting 
increasing interest once they can respond to different stimuli, making it an advan-
tage for the development of suitable microenvironments for cell culture.

2  Smart Materials

Smart materials represent a key technology supporting novel products with unique 
capabilities [20]. The adjective “smart” implies that these materials are able to react 
to changes in their environment in a predetermined way [20, 21].

Thus, smart materials are able to respond to specific single or multiple external 
stimuli in a controllable, predictable and reproducible way [21]. Only some materi-
als show certain intrinsic characteristics which can be exploited in products, sys-
tems or structures that in turn exhibit “smart” behavior [22]. Examples of this 
behavior include shape changes in response to an external stimulus; self-sensing, 
detection and/or quantification in response to an external stimulus; self-actuating, 
actuation in response to an external stimulus; self-healing, self-repair in response to 
damage; and self-diagnostic.

Shape-changing materials are based on shape-memory alloys, shape memory 
polymers and piezoelectric materials. They are capable of reversibly change their 
shape and/or dimensions when subjected to physical, chemical or biological exter-
nal stimuli [20]. They play a key role in the biomedical field, including tissue engi-
neering, diagnostic and therapeutic applications, as well as in robotics and artificial 
muscle actuators, among others [23]. Some of them are able to change their dimen-
sions maintaining their shape, while others change their shape without changing 
their dimensions [24]. Shape changing materials are closely allied by self-actuation 
materials that develop a significant strain or displacement in response to an external 
stimulus. Composites containing piezoelectric elements, magnetostrictive elements, 
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shape memory alloys and electrorheological fluids are examples of materials which 
exhibit this property [20].

Another possible function of smart materials is the introduction of self-healing 
characteristics that can be defined as the ability of a material to heal (recover/repair) 
damages automatically and autonomously. The different strategies of designing 
self-healing materials are release of healing agent, reversible cross-links and mis-
cellaneous technologies [25]. An example of this approach involves the use of 
microcapsules containing a healing agent [26] (Fig. 1): when a crack reaches the 
microcapsule, the capsule breaks and the monomer bleeds into the crack, where it 
can polymerize and initiate the repair.

Self-sensing materials refer to materials sensing themselves and therefore the 
structure they are part of. An example of such behavior is the evaluation of structural 
damage through the electrical resistivity of a carbon fiber composite [27].

All these categories of smart materials are not necessarily mutually exclusive and 
more than one function can be present in a specific material. For example, self- 
sensing may be combined with, or initiate, self-healing [27].

Smart materials and system have a wide range of applications due to their varied 
response to external stimuli. There are a number of types of smart materials and they 
can be classified depending on the stimulus to which they are sensitive (Table 1) [28].

These materials have an increasingly important role in different areas of applica-
tions [58], including automotive [59], aerospace [60], biomedical [61] and tissue 
engineering [2] applications, among others.

In particular, the literature describes a variety of smart materials playing an 
increasing role in a wide range of tissue engineering strategies. This strong increase 
of the development of smart materials for tissue engineering applications is due in 
order to improve the limitations of conventional scaffolds, which are just used in a 
passive way, as support for the cells and tissues. It is observed that for specific cells 
and tissues, the active behavior of the material used for the scaffold can be taken to 
advantage, providing the necessary stimuli for proper tissue regeneration [2].

Crack Matrix

Sealed CNT
Sealed crackReleased healing agentCNT filled healing agentCatalyst

a b c d

Fig. 1 Concept of the self-healing process using carbon nanotubes (From Aïssa [26]). Images a) 
to d) illustrate the differen steps of the self-healing process.
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Table 1 Smart material types depending of the external stimuli for different applications and their 
function

External stimuli Group of materials Principle of response References

Heat Thermochromic Change in color [29, 30]
Thermoelectric Convert temperature differences into 

an electrical signal and vice versa
[31, 32]

Shape memory 
materials

Return to its pre-deformed shape 
when heated

[33, 34]

Stress/pressure 
(mechanical)

Smart gels Respond to changes in environment 
by shape changes

[35]

Piezoelectric Produce a voltage when stressed and 
change shape/produce stress when a 
voltage is applied

[5, 36]

Electrical 
current/voltage

Electrochromic Change color [37, 38]
Dielectric elastomers Produce large (up to 300%) strains 

under the influence of an external 
electric field

[39, 40]

Electrorheological 
fluids

Shape variation when an electrical 
signal is applied

[41]

Electrostrictive Change their dimensions or shape 
under the application of an electric 
field

[42]

Electroactive 
polymers

Exhibit a shape variation when an 
electrical stimuli is applied

[43–45]

Piezoelectric Produce a voltage when stressed and 
change shape/produce stress when a 
voltage is applied

[5, 36]

Thermoelectric Convert temperature differences into 
an electrical signal and vice versa

[31, 32]

Magnetic field Magnetorheological 
fluids

Produces a shape variation when a 
magnetic field is applied

[46, 47]

Magnetostrictive Materials that change their 
magnetization under stress or change 
their shape if subjected to a magnetic 
field

[48]

Magnetocaloric Reversible temperature variations are 
obtained under the application of a 
magnetic field

[49]

Magnetorheological 
elastomers

Variation of the mechanical 
properties under the application of a 
magnetic field

[46, 50]

pH-change/
solvent moisture

Smart gels Mechanical or morphological 
variations under the applications of 
the specific stimulus

[51]

Halochromic Environmental pH variation by 
means of change in color

[52]

(continued)
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Many stimuli can be found to play an important role in the development and 
function of the human body. Some of these stimuli can be artificially controlled, 
such as light, magnetic or electric field, or naturally promoted by a physiological 
environment, such as electrical, temperature or pH changes, within the body. Thus, 
variations of pH can be found in muscle cells after muscle activity or in the brain, 
and pH variations also promote many cellular processes [23]. Mechanical stimuli 
are also constantly happening in the life of human body cells, playing a particularly 
relevant role in bone formation and ECM production [5].

Among the smart materials most often used for tissue engineering applications, 
are piezoelectric polymers. Many tissues of human body such as bone [62], nervous 
[63] and muscle [14] are controlled by electrical signals, piezoelectric materials 
allowing to apply electrical signals to the cells by mechano-electrical transduction. 
They have shown suitability for tissue engineering due to their ability to vary their 
surface charge when a mechanical load is applied, without need of direct connection 
to an external voltage source (Fig. 2).

As mechanical stimuli, can be found in many human body activities, piezoelec-
tric materials and mechano-electrical transduction demonstrate large potential for 
tissue engineering. Table  2 summarizes the main studies with different scaffold 
morphologies that can be used to produce piezoelectric materials in the form of 
films, fibers, porous membranes and 3D scaffolds [5] for tissue engineering 
applications.

Further, in cases when the patient is immobilized due to serious health condi-
tions, or when the natural mechanical stimulus does not occur, decreasing the effec-
tiveness of piezoelectric materials, another type of smart materials can be taken to 
advantage. Thus, magnetoelectric composite materials have attracting increasing 
attentions as they allow to use of an external magnetic field to remotely trigger 
mechanical and electrical stimuli to growing tissues [93].

Another category of smart material that have often being used in tissue engineer-
ing, are thermoresponsive polymers. These materials are mainly used as substrate 
for cell culture, regulating the attachment and detachment of the cells from the 
substrate [94]. With this type of smart materials, it is possible to generate a technol-

Table 1 (continued)

External stimuli Group of materials Principle of response References

Light Photochromic Change color as a response to a light 
stimulus

[53, 54]

Photomechanical Change shape under exposure to light [55]
Molecular or 
biomolecular

Glucose-responsive Physical changes are triggered in 
response to a changing glucose 
concentration

[56]

Enzyme responsive Macroscopic property changes when 
triggered by the biocatalytic action of 
an enzyme

[57]

Adapted from [22]
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ogy to fabricate different types of functional tissues for several tissue engineering 
applications such as bone, skin, cardiac and nerves, among others [23]. Further, 
thermoresponsive polymers are also commonly used as injectable gels, where the 
cells are encapsulated in a 3D structure within the body. In situ formation of cell/
scaffold allows the delivery of encapsulated cells, nutrients and growth factors, 
minimizing the immune rejections in vivo. The main topography of thermorespon-
sive biomaterials for tissue engineering applications are hydrogels [95]. However, it 
is possible to obtain other structures such as specific 3D structures, interpenetrating 
networks, micelles, films and particles [94].

Nevertheless, it was verified that not only the stimulus is important to obtain 
promising results in regenerating, maintaining, or improving tissue functions of the 
human body. The architecture of the scaffolds used for tissue engineering also has 
critical importance. Intuitively, the best scaffold for an engineered tissue should be 
the extracellular matrix of the target tissue in its native state [96]. The fabrication 
technique for tissue engineering scaffolds depends almost entirely on the bulk and 
surface properties of the material and the proposed function of the scaffold. Each 
method presents distinct advantages and disadvantages, the appropriate technique 
being selected to meet the requirements for the specific type of tissue [8]. In the last 
years, significant advances have been achieved in the development of specific scaf-
folds geometries including hydrogels, three-dimensional polymeric scaffold, micro-
spheres, acellular scaffolds and fibers scaffolds, among others [8].

Scaffolds should have an interconnected pore structure and high porosity to 
ensure cellular penetration and adequate diffusion of nutrients to cells within the 
construct and to the extracellular matrix formed by these cells [6]. The development 
of nanofibers has enhanced the scope for fabricating scaffolds that can potentially 
mimic the architecture of natural human tissue at the nanometer scale. There are 
three main techniques available for the synthesis of nanofibers: electrospinning, 
self-assembly and phase separation [8]. Electrospinning (ES) has attracted much 

Fig. 2 Schematic representation of the piezoelectric effect (piezoelectric material representation 
at the bottom of the image) and corresponding cell culture on piezoelectric supports (a) without 
and (b) with mechanical stimulus, the later leading to an electrical potential variation of the materi-
als which is, in turn, influences cell response (From Ribeiro et al. [5] with permission from the 
publisher (Elsevier))
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attention not only because of its versatility in spinning a wide variety of polymeric 
fibers but also because of its consistency in producing fibers with submicron thick-
ness [97]. Electrospun fiber scaffolds have a high surface to volume ratio and com-
bined with their microporous structure enhance cell adhesion, migration, 
proliferation and differentiated function, all of which are highly desired properties 
for tissue engineering applications [98].

Table 2 Scaffold designs from piezoelectric materials for different tissue engineering applications

Applications Scaffold design Piezoelectric materials References

Bone regeneration or 
bone tissue 
engineering

Films Poly(vinylidene fluoride) (PVDF)/
copolymers

[62, 
64–68]

Poly(l-lactic acid) (PLLA) [69]
Poly(hydroxybutyrate) (PHB)/
copolymers

[70]

Fibers PVDF/copolymers [71]
PLLA [72]
PHB/copolymer [70, 73]
Composite poly(lactic acid) (PLA)/
demineralized bone powders

[74]

3D blends/blends 
membranes 
(porous)

PVDF/copolymers [75]
PHB/copolymers [76]
Composite PVDF/starch/natural 
rubber (NR)

[75]

Composite poly(vinylidene 
tri-fluoroethylene) (PVDF-TrFe)/
starch/NR

[75]

Membranes PVDF-TrFe/barium titanate (BT) [77]
3D porous scaffold PLLA covered with bonelike apatite [78]

Apatite/collagen [78]
Muscle regeneration Films PVDF [14]

Fibers PVDF [14, 79]
Composite Au-PLLA [80]

Meshes PVDF [81]
Nerve regeneration Films PVDF [82–84]

PVDF-TrFE [82, 85]
Fibers PVDF-TrFE [16, 85]

Collagen [86]
Blends membranes 
(porous)

PVDF [87]

Channels/tubes PVDF [88, 89]
PVDF-TrFe [90]

3D porous scaffold PLLA [91]
3D gel matrices Collagen [92]

Adapted from Ref. [5]
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Various engineering materials, including ceramics, metals (alloys), polymers 
and composites, have been developed to replace/support the function of biological 
materials. Metal, alloys and ceramics materials are being replaced by polymers 
because the developing scaffolds with the optimal characteristics, such as the 
strength, rate of degradation, porosity, and microstructure, as well as their shapes 
and sizes, are more readily and reproducibly controlled in polymeric scaffolds. 
Polymers are light weight, inexpensive, mechanically and electrically tough and 
show excellent compatibility with other organic and inorganic materials for the 
development of multifunctional hybrid systems [96]. Polymers can be easily pro-
cessed by electrospinning and consequently, this potential leaves smart electros-
pun polymers materials as viable candidate for bone, neuronal, cardiac, and 
muscle, among others, tissue engineering applications. Table 3 summarizes some 
 electrospun polymers with specific smart function, together with the respectively 
application.

In some cases, the scaffolds structures should be achieved with the few natural 
and synthetic materials available for a specific smart response, reinforced by other 
(nano)materials in order to achieve multifunctional smart materials. Some of these 
materials are for example the inclusion of magnetic sensitivity by using magnetic 
fillers and electrical sensitivity/conductivity by using electrically conducting fillers 
such as carbon or silver nanotubes or nanowires, among others [22].

Table 3 Some relevant electrospun smart materials for different tissue engineering

Effect of smart 
material Tissue engineering applications Polymers References

Piezoelectric Bone Collagen [99]
Cellulose [100]
Chitin [101]
Keratin [102]
PVDF [71]
PHB [103]
PLLA [104]

Muscle Collagen [105]
PVDF [14]

Nerve PHB [106]
PLLA [107]

Other applications (skin substitutes or 
wound healing, cartilage)

PHB [108]
PLLA [109]
Collagen [110, 111]

Conductive 
scaffolds

Cardiac Poly(aniline) 
(PANI)

[112, 113]
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A wide variety of electrospun smart materials have revealed interesting properties 
for applications in tissue engineering, as will be presented in detail in the follow-
ing section.

3  Smart Piezoelectric and Conductive Polymer Electrospun 
Mats for Tissue Engineering

Different electrospun scaffolds based on smart materials have been processed in 
recent years mainly due to their morphological similarity to the extracellular matrix 
of the most tissues, large surface area to volume/mass ratio, possibility for surface 
functionalization and enhanced specific mechanical performance.

Natural and synthetic smart polymers have been electrospun in order to obtain 
fibers scaffolds with the ability to play a key role in signal transduction. As the most 
used smart materials have been the electrically active ones, this section is devoted to 
the main works on piezoelectric, conductive and magnetoelectric electrospun poly-
mers for tissue engineering applications. The present report does not pretend to be 
exhaustive but to highlight the main materials, effects, cells and achievements 
obtained with these types of electrospun smart materials.

3.1  Piezoelectric Electrospun Nanofibers

Electroactive electrospun scaffolds, namely based on piezoelectric polymers, are 
among the most used smart materials for tissue engineering applications. Collagen, 
cellulose, chitin, amylose, keratin and fibrin are recognized as natural piezoelectric 
polymers [5]. Also synthetic polymers such as PLA, PHB, PVDF, PVDF-TrFe, and 
poly(amide) (PA) have been widely used to produce electrospun scaffolds [5].

Collagen is the most abundant protein in mammalian cells and the principal 
structural element of the mammalian ECM [114] and it has been used as biomaterial 
for tissue engineering applications. Collagen was primarily electrospun into fibers  
[115] using a collagen-poly(ethylene oxide) (PEO) solution and obtaining fibers 
with a diameter range from 100 to 150 nm. Pure collagen fibers of type I and III 
were successfully prepared from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) solvent 
with average diameters ranging from 100 to 730 nm [115]. The electrospinning of 
collagen into fibers using different solvents (Fig. 3) [116] has been also reported, as 
well as their applicability in tissue engineering.

The major drawback associated to collagen electrospun scaffolds is the lack of 
mechanical properties upon hydration [115]. The fibers of collagen can be cross- 
linked to stabilize fiber structure and to keep the fibers from dissolving in an aque-
ous buffer. Further, the processing of collagen composite scaffolds with natural or 
synthetic polymers improve the properties of collagen-based scaffolds [115]. 
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Electrospun collagen scaffolds promote stem cell adhesion, proliferation and 
differentiation of several cell types. The biological properties of electrospun col-
lagen fibers were explored in wound dressing applications [115] and to repair and 
regenerate bone defects and injuries [117]. B. Shekhar Jha et al. [114], observed 
that electrospun collagen fibers have unique biological activity in a wide variety of 
tissue engineering applications. Cell adhesion experiments revealed that both 
native and denatured collagen chains show distinctive biological properties. 
Endothelial cells (ECs) were cultured in collagen scaffolds with an average cross-
sectional fiber diameter lower than 1.0–1.50 μm and it was observed that the physi-
cal arrangement of fibers, namely the pore characteristics, allows ECs infiltration 
into the scaffolds [114]. Furthermore, it was also observed that electrospun colla-
gen fibers induce osteoblast differentiation and subsequent formation of hydroxy-
apatite crystals [114]. Also collagen based composites found applications in tissue 
engineering: J. Venugopal et al. [105] found that human coronary artery smooth 
muscle cells (SMCs) seeded in poly(caprolactone) (PCL) nanofibers scaffolds 
coated with collagen migrated inside to the nanofibers scaffold forming a smooth 
muscle tissue. Electrospun collagen-blended poly(l-lactic acid)-co-poly(epsilon-
caprolactone) (P(LLA-CL)), nanofibers enhanced the viability, spreading, and 
attachment of human coronary artery ECs preserving the phenotype [111]. 
Furthermore, when encapsulated with bovine serum albumin and recombinant 
human transforming growth factor-β3 (rhTGF-β3) it represents a promising tissue 
engineered scaffold for tracheal cartilage regeneration [111]. The deposition of 
collagen fibers on top of PLA fibers followed by a final layer of PLA fibers find 
applicability in vascular graft applications as it confers improved mechanical 
strength, the proper alignment of the fibers promoting the arterial SMCs orienta-
tion in the direction of the main stress directions [118]. It has been also reported 
that scaffolds based on collagen combined with proteins such as elastin allow 
developing more natural blood vessel [105].

Others electroactive scaffolds with a piezoelectric properties have been pro-
cessed by electrospinning, including chitin, cellulose, amylose, keratin and fibrin. 

Fig. 3 SEM micrographs of as-spun and crosslinked scaffolds: (a) electrospun-trifluoroethanol 
(TFE); (b) electrospun-acetic acid (AcOH) (From Fiorani et al. [116] with permission from the 
publisher (Springer))
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Cellulose is a linear polysaccharide and the most abundant natural resource on earth 
[119]. It is biodegradable and biocompatible [119, 120]. There have been few stud-
ies based on cellulose electrospun nanofibers mainly due to the difficulties during 
the electrospinning process, as it is difficulty to dissolve cellulose in the most com-
mon solvents [119]. N-methyl-morpholine N-oxide solution/water (NMMO/H2O), 
lithium chloride/dimethyl acetamide (LiCl/DMAc) and ionic liquids are the usual 
solvents used to dissolve cellulose for electrospinning, due to the dielectric constant 
requirements for successful electrospinning [119]. An alternative approach emerged 
by developing scaffolds from cellulose derivatives including cellulose acetate, 
hydroxyl propyl, and others, obtained via reactions with hydroxyl side groups on 
the cellulose backbone [121, 122]. The electrospinning conditions, polymers, cel-
lulose type and derivatives, solvents and average diameters were summarized by 
Kousaku Ohkawa [122]. Among the cellulose derivatives, cellulose acetate is the 
most promising for tissue engineering applications, particularly for bone tissue 
engineering, due to its electrospinnability and good mechanical properties [123]. 
Scaffolds based on cellulose acetate support osteoblast growth in vitro and imma-
ture form of bone formation in vivo. Also, cellulose based blends can be electrospun 
into fibers. Uniform, bead-free, porous, and non-woven morphology of cellulose 
derived hydroxyethyl cellulose (HEC)/poly(vinyl alcohol) (PVA) blends (10:90) 
(Fig. 4) with an average diameter of 524 ± 31 nm and with a tensile strength of 
3.5 ± 1.01 MPa have been reported [120], the fiber diameter of HEC/PVA decreas-
ing with increasing HEC content [120].

Chitin is another type of piezoelectric material that can be applied as scaffolds 
for tissue engineering [124, 125]. Chitin is a polysaccharide composed by 
N-acetylglucosamine and glucosamine repeating units in its structure and derives 
from a range of natural resources [101]. When the number of N-acetyl-glucosamine 
units is higher than 50%, the biopolymer is termed chitin. Its nontoxicity, biocom-
patibility and biodegradability make this polymer a strong candidate for applica-
tions in tissue engineering such as bone reparation and wound healing [126]. 
Few reports are known on the electrospinning of chitin, chitin derivatives or chitin 

Fig. 4 SEM micrographs of HEC/PVA electrospun nanofibers (10:90) (From Chahal et al. [120] 
with permission from the publisher (Elsevier))
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composites with other polymers. This fact has is explained by its inherent poor 
electrospinnability, intractability, and insolubility [124]. H.R.  Pant et  al. [124] 
reported that chitin butyrate (CB) coated nylon-6 nanofibers prepared using single-
spinneret electrospinning of blend solution increases its compatibility with osteo-
blast cells and bone formation ability (Fig. 5).

A.  Pangon et  al. [101] reported the development of chitosan/chitin whisker 
(CTWK) bionanocomposites in the form of hydroxyapatite (HA)-hybridized nano-
fibers. The nanofiber scaffold was nontoxic to osteoblast cells and cell viability and 
proliferation could be enhanced by increasing CTWK [101]. Y. Ji et al. evaluated the 
effect of the incorporation of chitin nanofibril into PCL matrix on cell attachment 
and proliferation by seeding human dermal fibroblasts on the fiber mat scaffolds and 
observed that the addition of chitin nanofibrils into PCL matrix facilitated fibro-
blasts attachment and infiltration [125].

Keratin electrospun fibers, also present a strong potential for tissue engineering 
[127–129]. Keratin can be found in hair and can be used in a variety of biomedical 
applications due to their biocompatibility and biodegradability [127]. Its amino acid 
sequences are the main responsible for its outstanding cytocompatibility [127]. 
However, due to its poor mechanical properties, several researchers have combined 
keratin with synthetic biodegradable polymers such as poly(3-hydroxybutyrate-co- 3-
hydroxyvalerate) (PHBV) and PLA [130, 131], among others. Y.  Li et  al. [127] 
reported the potential of co-electrospun of keratin blended with PCL to produce bio-
degradable cytocompatible mats to improve the cytocompatibility and hydrophilicity 

Fig. 5 Morphology of osteoblast cells on pristine nylon-6 mat after (a) 1 day and (b) 3 days, and 
on composite nylon-6/CB (N2) mat after (c) 1 day and (d) 3 days cell culture (From Pant et al. 
[124] with permission from the publisher (Elsevier))
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of PCL.  PCL/keratins fiber scaffolds with averages diameters ranging of 
477.3 ± 68.2 nm, 433.2 ± 65.1 nm and 330.6 ± 72.1 nm for different PCL/Keratins 
ratios were obtained. These composite nanofiber mats are characterized by good 
blood compatibility being a good candidate as scaffold for vascular tissue engineer-
ing [127]. Also Z.S. Thompson et al. [132] explored the potential of PCL/keratin 
fibers for tissue engineering and observed that the PCL/keratin composite scaffold 
presented excellent mechanical properties such as Young’s modulus and failure point. 
The cell culture experiments showed that the blended scaffold promotes fibroblast 
cells adhesion and proliferation [132]. Keratin/PEO blends were developed by J. Fan 
et al. [128]. The cell culture performed with mouse fibroblasts revealed that the kera-
tin/PEO blend nanofiber mats promote cell adhesion, spreading and growth [128]. 
Keratin and fibroin composites with different ratios were electrospun into fibers by 
Yen et al. [133] to tissue-engineered blood vessel in order to mimic the structure and 
morphology of the natural vascular structure. Moreover, Keratin/fibroin scaffolds 
offer temporary supports and guides for vascular tissue re- organization and regenera-
tion. Human umbilical vein ECs were attached to the scaffold and showed no cyto-
toxicity and the phenotype of the keratin-fibroin membrane was not altered. The 
study reveal that a fibroin/keratin scaffold (8:2) can be considered as a tissue-engi-
neered vascular grafts due to its similarity to native vessels [133]. A novel wound 
dressing based on nanofibrous PHBV–keratin mats was developed in [129]. The 
introduction of keratin enhanced cell proliferation, accelerating wound regeneration 
relatively to the control PHBV scaffold as shown by the histological examination 
results (Fig. 6). The study of viability and proliferation of osteoblast cells on the 
surface of PLLA and PLLA/keratin electrospun membranes also revealed more 
MC3T3-E1 pre-osteoblasts cells on PLLA/keratin scaffolds [134]. Similar results 

Fig. 6 MTT assay and ALP activity of osteoblast cells seeded on PLLA membranes with and 
without keratin. Error bars represent means ± standard deviation for n = 3 (p < 0.05) (From Li et al. 
[134] with permission from the publisher (Elsevier))
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were obtained in [102] indicating that keratin can promote cell attachment and 
proliferation.

Fibrin is a biopolymer resulting from enzymatic reactions by the thrombin 
mediated cleavage of fibrin peptide A and B from the polypeptide Aα and Bβ chains 
of fibrinogen [135]. Fibrin plays an important role during wound healing and skin 
regeneration in skin injuries. Due to its properties, such as, blood clotting, cellular 
and matrix interactions, inflammatory response, wound healing and angiogenesis, 
fibrin has been used as a versatile scaffold for a variety of tissue engineering appli-
cations such as cardiovascular, liver, skin, bone and cartilage [135]. Furthermore, 
fibrin can be also used as a coating material for vascular constructs. M. Bacakova 
et al. [136] developed fibrin coated electrospun PLA nanofibers and results suggests 
that fibrin surrounded the individual fibers in the PLLA membrane, forming a thin 
fiber mesh in different places of the membrane surface, influencing the behavior of 
human dermal fibroblasts being particularly advantageous for skin tissue engineer-
ing. When used as a coating of on a synthetic surface, fibrin can enhance the 
endothelialization [135].

Also as keratin, fibrin possess poor mechanical properties limiting their use as an 
ideal scaffold [135]. P.R. Sreerekha et al. [135], developed a fibrin based multiscale 
hybrid scaffold by sequential electrospinning fibrin and PCL. The combination of 
the advantages of fibrin (natural wound healing matrix) with the biodegradable 
PCL, with excellent mechanical properties, resulted in nanofibers with an average 
diameter of 50–500 nm. The viability of human mesenchymal stem cells (MSCs) 
revealed that the scaffold is non-toxic and supports cell attachment, spreading and 
proliferation [135]. The multiscale scaffold enhances the growth and differentiation 
of human MSCs into cardiomyocytes [137].

Novel biocompatible materials based on electroactive electrospun synthetic 
polymers with favorable biocompatibility, good mechanical strength, known com-
position and simple design to minimize immune response were also electrospun in 
nanofibers scaffolds for tissue engineering. Among all polymers, semi- crystalline 
PVDF and its co-polymer PVDF-TrFe are recognized as the polymers with the 
larger piezoelectric constants (−24 to −34 and −38 pC/N, respectively) [5]. Due to 
their biocompatibility, non-toxicity and chemical stability, they have been explored 
as scaffold materials for exploring the concept of mechano-electrical transductions 
in bone tissue and nerve or neural and muscle regeneration [5]. Several studies 
reported the processing of these polymers by electrospinning into non-woven fiber 
mats randomly/oriented nanofibers. P. Martins et al. [14] demonstrated that PVDF 
electrospun random and aligned nanofibers are suitable for skeletal muscle tissue 
engineering. It was observed that fiber orientation influences the cell behavior into 
the scaffold, C2C12 myoblast cells aligning along the direction of the fibers within 
the matrix comparatively (Fig. 7) [14].

P. Hitscherich et al. [138] produced promising aligned PVDF-TrFe fibers for car-
diovascular tissue constructs. The culture of cardiomyocytes and vascular endothelial 
cells derived from mouse embryonic stem cells on PVDF-TrFe scaffold reveal that 
the scaffold efficiently promotes the attachment and survival of both cardiovascular 
cell types. PVDF-TrFe scaffold can also be applied in neural repair applications [16], 
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promoting neuronal cell growth and neurite extension for neural applications [16]. 
Recently, novel PVDF nanofibers with ionic liquids bis(trifluoromethanesulfonyl) 
amide ([C2mim][NTf2]) emerged for tissue engineering applications, allowing the 
introduction of large strain mechanical actuation on the cells [139].

Due to its biocompatibility, non-toxicity, biodegradability, good solubility in 
some organic solvents and non-toxic degradation products, PLLA gained special 
attention for tissue engineering applications, being widely used for bone tissue 
engineering [104, 140]. PLLA nanofibers also find applications in musculoskeletal, 
nervous, cardiovascular, and cutaneous tissue engineering [5, 141]. M.  Ali 
Derakhshan et al. [142] developed PLLA randomly oriented nanofiber scaffolds to 
reconstruct or replace the problematic bladder smooth muscle. Human bladder 
SMCs efficiently attach and interact with the random nanofibers scaffold and spread 
into the nanofibers. As Fig. 8 shows, the cells achieved highly elongated morphol-
ogy and aligned direction in randomly arranged nanofibers [142].

H.  Qi et  al. [140] prepared smooth PLLA/PCL/HA composite scaffolds with 
average diameters ranging from 106 ± 18 nm to 195 ± 24 nm. Cell proliferation and 
osteogenic differentiation were evaluated with osteoblast cells and results suggested 
that the presence of HA in the composite is advantageous for osteoblast  proliferation 
and osteogenic differentiation of MC3T3-E1 cells [140]. Biocompatible and non-
toxic alginate/PLA nanofibers with an average diameter about 250 ± 90 nm pro-
duced by emulsion electrospinning emerged as an innovative type of tissue 
engineering material [143]. These fiber composite promotes the cell adhesion and 
growth of cells on nanofibers and the subsequently proliferation and differentiation 
[143]. PLLA fibers reinforced with strontium-bioactive borosilicate glass micropar-
ticles also can induce the osteogenic differentiation of bone marrow MSCs [104]. 
M. Salehi et al. [144] fabricated PLLA/collagen nanofiber scaffolds with sustained 
release of aloe vera gel using a chitosan layer for wound healing applications. These 
hybrid scaffold enhanced the low tensile strength of PLLA after coating with a 
chitosan layer. The in vitro tests performed by the interaction of the scaffold with 

Fig. 7 Cell morphology of C2C12 myoblasts seeded on aligned PVDF fibers (a) and randomly 
oriented PVDF fibers (b). Adapted from (From Martins et al. [14])
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mouse fibroblasts demonstrated that the scaffold supports attachment, viability, and 
proliferation of the cells. Silk fibroin (SF)/PLLA scaffolds were produced by W. Liu 
et al. [145] with excellent biocompatibility for chondrocyte attachment with a good 
spreading and ECM secretion of chondrocytes on the surface of the fibers SF/PLLA 
scaffolds representing a promising material for potential application in cartilage 
tissue engineering.

PHB is a biocompatible polymer, non-toxic and shows high mechanical strength 
(comparatively to natural polymers). The main disadvantage of this polymer is asso-
ciated with its low hydrophilicity and slow mass loss rate. As in the case of some 
natural polymers, to overcome this drawback, PHB can be blended with other poly-
mers such as poly(hydroxybutyrate-hydroxyhexanoate) (PHBHHx), PHBV, PANI, 
PCL and chitosan [108]. S. Kosé et al. [106] explored whether random-PHB and 
aligned-PHB nanofiber PHB membranes changed the phenotype and features of 
human MSCs cells. The study confirmed that fiber orientation influenced the pheno-
type and biological behavior of human MSCs. While cells expanded in an 
 aligned- PHB scaffold showed fibroid-like morphology, cells interacting with the 
random-PHB membrane being placed homogeneously and demonstrating polygo-
nal morphology. Moreover, the adhesion and proliferation of human MSCs was 
higher on the aligned-PHB membrane than on the randomly oriented one [106]. 
These nanofibers can be also used for bladder tissue repair [146].

Coaxially electrospun fibers of PHB blended with gelatin and also with PVA find 
applicability in skin regeneration, supporting the growth of human dermal fibroblasts 
and keratinocytes with normal morphology [147, 148]. Other blends with natural 
polymers such as collagen demonstrated their applicability as a good scaffold for 
tissue engineering [149]. D. Sadeghi et al. [108] processed blended PHB electrospun 
scaffolds with chitosan and evaluated their potential for tissue engineering, namely 
the production of hydrophilic fibers scaffolds with higher mass loss rates for cartilage 

Fig. 8 The hBSMCs 30 days after seeding on smaller-PLLA (a–c) and also on the thicker-PLLA 
nanofibers (d–f) in different magnifications. The arrows show the direction of cell elongations 
(a–d) (From Derakhshan et al. [142] with permission from the publisher (Springer))

Electrospun Polymeric Smart Materials for Tissue Engineering Applications



268

tissue engineering applications. The blended scaffolds induced chondrocytes attach-
ment to the surface [108]. Furthermore, PHB scaffolds nanofibers can also be used 
for nerve tissue engineering due to their ability to induce neural progenitor cells and 
embryonal cell lines to neuronal differentiation [150, 151].

In vitro assay with pre osteoblasts and PHB blended with HA nanofibers revealed 
that PHB/HA scaffolds induce the pre-osteoblasts and MSCs cell viability and cell 
spreading on the fibers scaffold [103, 152, 153]. The combination of PHB/HA fibers 
with modified gelatin/HA hydrogel in a single tri-layered scaffold also provides 
mechanical strength and a suitable environment for mouse calvarial pre-osteoblasts 
(MC3T3-E1) cell encapsulation and proliferation [154].

Also PHB/PCL/58S Sol-gel nanofiber scaffolds can be applied in bone engineer-
ing [155]. Furthermore, D. Daranarong et al. [156] developed PHB/PCL nanofibers 
as scaffolds for nerve repair due to its ability to support the attachment and prolif-
eration of murine olfactory ensheathing cells. Other in vitro studies with PHB/PCL 
and PHB/PHBV scaffolds have carried out and are suggested for application in tis-
sue engineering [156–158].

3.2  Conductive Electrospun Smart Scaffolds

Conductive polymers are a class of electroactive materials with applicability in tis-
sue engineering mainly due to their electrical conducting properties, but also to the 
ability to tailor their chemical, electrical and physical properties by incorporating 
antibodies, enzymes and other biological moieties [43]. Several conductive poly-
mers have been electrospun into fibers for tissue engineering. Table 4 summarizes 
the main works based on the electrical stimulation for tissue engineering strategies 
based on conductive electrospun scaffolds.

Conductive polymers can be electrospun alone but the resulting fibers are unsuit-
able for biological applications. In this sense, conductive polymers are typically 
combined with spinnable polymers such as PEO, polystyrene, PLA, and PCL, coat-
ing the electrospun fibers with the respective conductive polymer [43, 159].

The application of conductive nanofibers in tissue engineering is very recent and in 
this sense, few studies have been reported yet. The most commonly conductive poly-
mers processed into fibers by the electrospinning are poly(pyrrole) (PPy) and PANI.

Table 4 Relevant works on electrical stimulation in tissue engineering strategies based on 
conductive electrospun scaffolds

Conductive scaffolds DC current (A), potential (V) Duration of the stimulus Ref.

PPy/PLA DC, 100 mV Lasting 30 min/day for 5 days [160]
PANI/PLCL DC, 0–200 mA 48 h [161]
PANI/PCL/gelatin DC, 100 mV 1 h [162]

Adapted from Ref. [5]
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PPy [5] promotes cell growth and proliferation, in particular for axon growth 
in vitro and in vivo experiments [5, 163]. S. Aznar-Cervantes et al. [164] developed 
conductive electrospun SF scaffolds by chemical polymerization coating with PPy 
with higher ability (comparatively to the SF scaffold) to support the adhesion and 
proliferation of MSCs and fibroblasts (Fig. 9).

PPy coated electrospun poly(lactic-co-glycolic acid) (PLGA) nanofibers may be 
suitable applicability for neuronal tissue scaffolds. These conductive nanofibers 
induced longer neurites formation when stimulated with a potential of 10 mV/cm 
comparatively to unstimulated PC12 cells [165]. Other approach to fabricate con-
ductive scaffolds is to is to blend them with a carrier material before the electrospin-
ning process.

To the best of our knowledge, few studies have been reported based on PPy elec-
trospun scaffolds for tissue engineering. J. Zhou et al. [160, 166] developed a con-
ductive and biocompatible PLA/PPy aligned nanofibers scaffold with a conductivity 
of 1 × 10−5 s/cm (for a PPy content above 10%) with potential application in periph-
eral nerve regeneration. The elongation of human umbilical cord MSCs and 
Schwann cells onto the PLA/PPy scaffold was parallel to the direction of the fibers, 
being the nanofibers capable to tune the cell orientation (Fig. 10) [166].

Fig. 9 (a) MTT results for fibroblasts growing on SF and SF-PPy coated mats at different times 
(seeding density 2 × 105 cells cm−2). (b) MTT results for human MSCs growing on SF and SF-PPy 
coated mats at different times (seeding density 2 × 105 cells cm−2) (From Aznar-Cervantes et al. 
[164] with permission from the publisher (Elsevier))
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Human umbilical cord MSCs seeded on aligned PLA/PPy fibers can be electri-
cally stimulated with a DC power supply of 100 mV/mm inducing the differentia-
tion of human umbilical cord MSCs into nerve cells [160].

PANI blended with PCL was electrospun into fibers with potential application as 
substrate for skeletal muscle [167, 168] and cardiac tissue engineering [112] due to 
the synergistically stimulation of the cells, increasing the electrical conductivity of 
the PANI/PCL scaffolds with increasing PANI content [168]. Nanofibers scaffolds 
based on PANI/poly(L-lactide-co-e-caprolactone) (PLCL) also presents potential as 

Fig. 10 (a) Representative fluorescent images of C2C12 myoblasts cultured on the aligned PCL 
and aligned PCL/PANI nanofibers for 1, 2 and 3 days and stained using a live/dead cell viability 
kit (green, viable cells; red, dead cells). Arrows indicate the major directions of the aligned fibers 
in the images. (b) Quantification of the cell viability of C2C12 myoblasts in (a) using a CCK-8 kit. 
*Significantly different compared with pure PCL nanofibers (p < 0.05, n = 5) (From Chen et al. 
[168] with permission from the publisher (Elsevier))
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substrate to support the adhesion of NIH-3T3 fibroblasts and C2C12 myoblasts 
cells [161], cell growth being controlled by the application of an electrical stimula-
tion [161]. PANI and blended poly(methyl methacrylate) (PMMA) as a supporting 
polymer has been also implemented for the regulation of the differentiation and 
proliferation of nerve cells [169]. Poly(acrylonitrile) (PAN)-PANI blends have 
been also demonstrated as a suitable scaffolds for muscle tissue engineering once 
promotes cell proliferation and also differentiation of the satellite cells [170]. PANI 
blended with gelatin demonstrated its potentiality to support the attachment, migra-
tion, and proliferation of H9C2 rat cardiac myoblasts [113]. With increasing PANI 
the average fiber size is reduced by approximately 1 order of magnitude to <100 nm 
and the conductivity increases [113]. The electrical stimulation of PANI/PCL/gela-
tin electrospun nanofibers also enhanced significantly cell proliferation and neurite 
growth when compared to non-stimulated scaffolds [162].

3.3  Magnetically Active Electrospun Smart Scaffolds

A novel approach in smart materials for tissue engineering applications has been 
achieved by electrospun fibers based on materials with a magnetoelectric (ME) 
response [93]. ME emerges as a class of materials allowing the use of an external 
magnetic field to remotely control tissue stimulation without the need of patient 
movement, based on the combination of magnetostrictive and piezoelectric materi-
als [93]. The potential application of ME materials in tissue engineering was evalu-
ated in Terfenol-D/PVDF-TrFe composite films able to provide mechanical and 
electrical stimuli to MC3T3-E1 pre-osteoblast cells being the stimuli remotely trig-
gered by an applied magnetic field films [93]. ME electrospun fibers based on cobalt 
ferrite (CoFe2O4)/PVDF [171] have been also reported, with suitable ME response 
for tissue engineering applications.

4  Conclusions

Electrospun materials based on smart polymers has been gaining increasing interest 
for tissue engineering applications, emerging as promising substrates with the abil-
ity to mimic the properties and structural characteristics of the ECM and allowing 
to contribute to the development of suitable cell microenvironments. Electrospun 
mats present interesting characteristics for tissue engineering applications, includ-
ing large surface area to volume/mass ratio, large variety of possibilities for surface 
functionalization and improved mechanical performance. Further, when electros-
pinning is performed from smart and responsive materials, they can be used as bio-
mimetic templates with the ability to respond to an appropriate environment and to 
assist specific cell responses, such as biological, physical and mechanical functions 
of native tissues.
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This chapter has reported shown that smart materials based on electrospinning of 
piezoelectric natural polymers such as collagen, cellulose, chitin, amylose, keratin 
and fibrin and synthetic polymers such as PLA, PHB, PVDF, PVDF-TrFe, and PA 
have gained an increase interest for tissue applications. In vitro and in vivo studies 
reveal that fibroblasts, myoblasts and chondrocytes cultured into electrospun scaf-
folds (random and aligned fibers) based on these smart materials are a promising 
approach to wound dressings, vascular dressings, and to repair and regenerate bone 
defects and injuries. Also, conductive polymers, such as PPy and PANI, are recog-
nized as interesting materials for biomedical applications. The synergistically stim-
ulation of the cells, increasing the electrical conductivity promotes a significant 
enhancement of cell proliferation and growth when compared to non-stimulated 
scaffolds. Further, ME materials allow the use of an external magnetic field to 
remotely control tissue stimulation combining magnetostrictive and piezoelectric 
materials have been explored. Other smart materials effects, such as thermorespon-
sive or pH responsive, among others, have been scarcely investigated yet. Even for 
the most applied smart materials, most of the conducted tests have been performed 
under static conditions, proving the suitability of the developed material for tissue 
engineering but not proving the effect of the smart material active response (e.g. 
mechano-electrical transduction in piezoelectric, magneto-mechanical or magneto- 
electrical in magneto-electrics or the effect or the electrical signal in conductive 
polymer scaffolds) on cell behavior.

Thus, in order to properly evaluate the great potential of electrospun polymers 
for tissue engineering applications, not only a larger variety of materials with tai-
lored specific active properties have to be processes, but also suitable bioreactors 
must be developed to fully take advantage of the materials during the cell culture 
procedure. This will allow the proper evaluation of the effect of the active response, 
to develop suitable microenvironments suitable for cell and tissue oriented tissue 
engineering strategies and, finally, to advance in the true challenge of understanding 
the cell differentiation and proliferation process and to develop proper functional 
tissue regeneration strategies.
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