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Abstract 

 
Tissue repair and regeneration is a complex physiological process that requires 

multiple biological and physico-chemical cues acting together. Electrical regimes are 

particularly effective in controlling the cellular response of electrically sensitive 

tissues such as nerve, highlighting the need to develop new electroconductive/active 

microenvironments. This thesis describes the development of electroconductive/active 

micro/nano- fibrous scaffolds based on Bombyx mori silk fibroin (SF) for neural tissue 

engineering applications. Composites based on the incorporation of graphene oxide 

(GO) at controlled loadings (1 to 10% wt.) followed by in situ post-reduction into 

reduced GO (rGO) were first explored, but the electrical conductivity achieved was 

limited. On the other hand, functionalisation with poly(3,4-ethylenedioxythiophene)-

polystyrene sulfonate (PEDOT–PSS) led to much higher conductance, readily tuned 

in terms of the coating concentration or by treating it with dimethyl sulfoxide 

(DMSO). Decoration of silk with intrinsically conductive recombinant reflectin, 

reported among the highest proton conductors in nature and involved in cephalopod 

brain neurogenesis, was also investigated. Experimental work was conducted to 

characterise the physico-chemical properties of the developed scaffolds. In vitro 

studies with neuroma NG108-15 cells showed that cellular viability was maintained 

in all scaffold groups, while metabolic activity and proliferation were greatly 

promoted from the early stages of the cell culture. Furthermore, these families of 

electroconductive/active scaffolds supported cell differentiation with neurite 

sprouting. Neurite outgrowth was observed after 5 days of culture, with neurite 

extensions up to 150-250 μm. The data reported here suggests that these 

electroconductive/active microenvironments may be beneficial and could potentially 

outperform unmodified silk scaffolds. Overall, the study conducted here provides 

useful information about the combined use of silk and various 

electroconductive/active moieties that could be useful for the regeneration and repair 

process of peripheral nerves, and hint at the potential of using these 

electroconductive/active scaffolds in combination with exogenous electrical regimes 

to allow direct delivery of electrical signals and trigger the controlled release of 

therapeutics to the site of interest.  
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Chapter 1 
Introduction  

 

1.1 Overview 

Regeneration of the nervous system is a complex biological process with a large 

personal, social and economic burden. The gold standard approach for repairing nerve 

injuries depends upon the type of nerve. Nerve damage to the peripheral nervous 

system occurs in about 3-10% of trauma patients, with one million surgical 

reconstruction procedures performed annually between Europe and the US [1,2]. 

Unlike the central nervous system, peripheral nerves are capable of self-regeneration 

by extending and reconnecting with the nerve stump, typically when the injuries are 

small (e.g. less than 5 mm nerve gap) [3,4]. In severe cases when the nerve gap is too 

large, the axon is unable to reach across and the connection is terminated. When the 

injury consists of nerve gaps of more than 5 mm in length, suturing of the two stumps 

is the standard method. If more severe but less than 3 cm in length, autologous nerve 

grafting is the gold standard. Several limitations are known, though, such as donor site 

morbidity and lack of donor nerve, scar tissue invasion, or aberrant regeneration [5,6]. 

When the damage to the nerve tissue is even more extreme, allografts and 

vascularised/avascularised nerve grafts may be used [5]. Nevertheless, even in the 

most optimal scenario axonal regeneration may not necessarily result in full recovery 

of nerve functionality. Failure of the nerve to regenerate leads to loss of functional and 

structural support, reduction in the quality of life of the patient and an associated high 

social impact.  

Regeneration of peripheral nerves primarily focuses on the development of 

alternatives to nerve autografts, such as the use of nerve guides and conduits to 

facilitate axonal growth [4,7]. While these approaches may overcome some of the 

limitations of autografts, there is no current solution available for a completely 

successful treatment. Current commercial nerve conduits do not offer the proper 
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physical or spatial guidance; they take the form of hollow tubes with a single lumen 

and no internal substructure or stimulatory cues. Such a lack of relevant architectural 

features and stimulatory cues is the major drawback leading to differing biological 

responses compared with the original healthy tissue, since normal cellular behaviour 

requires spatial cues from the surrounding environment. Therefore, these conduits do 

not stimulate neuronal or Schwann cell adhesion, migration or differentiation for nerve 

repair purposes. 

The use of growth factors, tissue engineered constructs and ‘smart’ biomaterials 

are alternatives being explored to enhance the repair and regeneration process. Many 

of these approaches focus on delivering stimulatory cues to promote the biological 

process. Electrical regimes in particular play an important role in the repair and 

regeneration process of many biological systems. Nerve tissues are electrically 

sensitive since neurons rely on sending electrical impulses to communicate between 

each other. Therefore, electrical regimes have been employed as a useful tool [8]. 

Electrical regimes can alter cellular process such as growth, proliferation, migration 

or differentiation [9], and have great potential in regenerative medicine applications. 

For this reason, the use of electroconductive/active biomaterials, capable of 

conducting electricity, are gathering increasing interest in the repair and regeneration 

process of peripheral nerves. By making nerve conduits that are electrically 

conductive, the wound healing response and regenerative process could be enhanced 

by conducting native pulses sent by the regenerating axon, or by providing means for 

direct stimulation to promote communication across the nerve gap. Direct exogenous 

electrical stimulation (ES) (e.g. electrotherapy) of cells and tissues has been explored 

by many research groups, but its translation into the clinic is challenging. 

Alternatively, a particularly interesting option that has been explored to a less extent 

is making use of endogenous electrical regimes (e.g. passive stimulation) provided by 

an electroconductive/active substrate to promote the cellular response.  

Developing an electroconductive/active microenvironment as a standalone 

material is difficult. Instead, electroconductive/active moieties are employed with a 

host material. Silks are very attractive biological materials with a unique combination 

of properties in terms of strength, elasticity, toughness, slow degradation and aqueous 

processability [10] – properties that could be suitable for peripheral nerve repair. SF 
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obtained from silkworm cocoons is inexpensive, readily available, and easily 

processed into films, fibres, sponges or hydrogels, with demonstrated success in many 

biomedical applications [10,11]. SF is not electroactive, but its (bio)functionality 

could be harnessed in combination with electroactive/conductive moieties for 

peripheral nerve tissue engineering. 

1.2 Project aim and objectives  

As highlighted in the overview, previous research has demonstrated that 

electrical regimes play a key role in the regeneration of electrically sensitive tissues 

such as nerve. In addition, silk is a promising host material to develop an 

electroconductive/active microenvironment towards peripheral nerve repair. Bearing 

this in mind, the central hypothesis tests that electroconductive/active micro/nano- 

fibrous scaffolds based on silk will promote neuronal cell behaviour to a greater extent 

compared with unmodified silk for the potential application of improving neuronal 

and Schwann cell growth during the nerve repair and regeneration process.  

The main aim of this thesis is to explore the use of electroconductive/active in 

vitro models based on SF for peripheral nerve tissue engineering, in the absence of 

external direct ES. The specific objectives of this project and related experimental 

work objectives are as follows: 

(1) Production of micro/nano- fibrous composites based on SF and an 

electroactive carbon-based nanomaterial (i.e. electron/ion charged carrier).  

o Comparison of unmodified silk scaffolds to composites containing 

different loadings of electroactive rGO in relation to GO.  

▪ To understand the effects of the carbon-based filler in terms of 

the physico-chemical properties of the scaffold, and their 

biological properties with the perspective of tissue engineering. 

▪ To understand the effects of the carbon-based filler with respect 

to conductivity, and to assess the influence of dry and wet 

conditions. 

▪ To understand the challenges, advantages and limitations of the 

endogenous electrical regime provided by a carbon-based 

nanomaterial. 
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▪ To establish the correlations between the response of neuronal-

like cells and the role of electron/ion conduction provided by a 

carbon-based nanomaterial. 

(2) Production of micro/nano- fibrous silk scaffolds functionalised with an 

inherent conjugated polymer (i.e. electron/ion charged carrier).  

o Comparison of unmodified silk scaffolds to scaffolds functionalised 

with different concentrations of doped PEDOT–PSS. 

▪ To establish the correlations between the structure and 

conductive properties of the scaffolds regarding their 

functionalisation degree with a conjugated polymer, and to 

compare their physico-chemical and biological properties with 

the perspective of tissue engineering.  

▪ To assess the influence of dry and wet conditions with respect 

to the achieved conductance. 

▪ To understand the challenges, advantages and limitations of the 

endogenous electrical regime provided by a conjugated 

polymer in comparison to the use of an electroactive carbon-

based filler. 

▪ To assess the biological response of the scaffolds with analogue 

neuronal-like cells, and to investigate the role of electron/ion 

conduction provided by a conjugated polymer. 

(3) Production of micro/nano- fibrous silk scaffolds functionalised with an 

intrinsic conductive naturally occurring protein (i.e. proton/ion charged 

carrier).  

o Comparison of unmodified silk scaffolds to scaffolds functionalised 

with recombinant reflectin and its derivatives. 

▪ To establish the correlations between the structure and 

conductive properties of the scaffolds regarding their 

functionalisation with different reflectin isoforms, and to 

compare their physico-chemical and biological properties with 

the perspective of tissue engineering. To understand the 

challenges, advantages and limitations of the proposed strategy. 
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▪ To establish the correlations between proton/ion conduction 

with respect to the number of repeat motifs of a biosynthetic 

isoform. 

▪ To assess the influence of reflectin functionalisation in 

regulating the neuronal cell response. 

1.3 Thesis outline  

The content of this thesis is structured based on the overall hypothesis and 

thematic objectives 1-3, and it has been split into three experimental chapters apart 

from this introductory chapter, the literature review chapter and the conclusions and 

future perspectives chapter. Each experimental chapter consists of an individual 

introduction, results and discussion of the experiments performed, and conclusions 

and suggestions for future work. In addition, author contribution statements are 

detailed at the beginning of each experimental chapter, along with a brief chapter 

synopsis to include details of the objectives achieved and their content. References 

have been included as a single section at the end of the thesis. Two appendices 

regarding avenues for future research have been included after the references section 

(Appendix A has been published in Biomacromolecules, 2018; Appendix B has been 

published in Pharmaceutics, 2020).  

A detailed outline of each chapter follows:  

• Chapter 1 provides an overview of the field and the clinical relevance of the 

research, highlighting the aim and objectives of this study. 

• Chapter 2 includes a comprehensive literature review of the field and 

highlights the research opportunities of this study. A version of this chapter 

has been published in Advanced Healthcare Materials (September 2018), but 

it has been updated to include more recent contemporary studies. 

• Chapter 3 focuses on a comparative study of micro/nano- fibrous silk 

composites based on GO or rGO, and the role that electroactive rGO has on 

the neuronal cell response in comparison to GO containing composites. A 

version of this chapter has been published in Materials Science and 

Engineering: C (October 2020). 
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• Chapter 4 focuses on optimising the conductivity of silk-based scaffolds by 

exploring surface functionalisation with doped PEDOT–PSS, along with the 

effects on neuronal cell behaviour with respect to PEDOT–PSS treatment with 

DMSO. A version of this chapter has been published in ACS Biomaterials 

Science & Engineering (November 2020). 

• Chapter 5 focuses on the use of a naturally occurring proton conductor as an 

alternative to electron/ion charged carriers provided by carbon-based 

nanomaterials and inherent conductive polymers. In particular, the role of 

reflectin, an intrinsic conductive protein involved in neurogenesis in 

cephalopods, is explored as an active material. 

• Chapter 6 includes a summary of the findings of this thesis and provides 

insight into several research avenues that could be further explored.  
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Chapter 2 
Literature review  

 

Note: A version of this chapter has been published as Magaz et al. “Bioactive silk-

based nerve guidance conduits for augmenting peripheral nerve repair”. Advanced 

Healthcare Materials. 2018;7(23):1800308 

2.1 Introduction  

Peripheral nerve injury (PNI) is a common condition that for the injured patient 

results in impaired sensation and reduced motor function of the affected region 

alongside pain and cold intolerance [12]. As a result, the psychological well-being and 

ability to function in a daily life (e.g. employability, psychological distress and 

relationships) are affected [13,14]. Current treatment options are surgical only, 

insufficient even in the most optimal setting, with a large societal and economical cost 

[15]. Current standard practice for nerve gap repair is autologous nerve autografting, 

despite several deficiencies such as limited availability and harvesting of functioning 

nerve, donor site morbidity, time consuming surgeries or incomplete recovery [16].  

Clinical use of nerve conduits remains limited due to a lack of good clinical 

data, relative expense, and inability to bridge large nerve defect gaps. Clinical 

evidence suggests that conduits are currently no better than autografts for small nerve 

gaps and should not be used in the presence of large nerve gaps. Novel approaches 

that consider the complex biology underlying PNI are required to physically support 

tissue growth and elicit desired cellular-specific responses. In particular, silk (Figure 

2.1) is a relatively inexpensive biomaterial that has showed promise in the field of 

nerve tissue engineering and has gained prominence over the last few years due to its 

physico-chemical, mechanical and biological properties.  
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Figure 2.1 Schematics on the use of natural and synthetic recombinant SF and SP for peripheral nerve 

regeneration. On the left-hand side: synthetic recombinant silk expression, spider (black widow 

Latrodectus hesperus) silk, and silkworm (Bombyx mori) silk. Ideal property criteria of nerve conduit 

scaffolds on the right-hand side: suitable porosity to allow a vascular plexus within, mixture of neuronal 

and Schwann cells, and presence of biochemical and biophysical guidance cues (e.g. mimicking of the 

endoneurial-like structure, electroactivity, and growth factors) 

2.2 Neurobiology and peripheral nerve repair 

PNIs (Table 2.1) are common and disproportionately impact the young and 

working population. It is estimated that there are more than a million new cases of PNI 

worldwide each year, of which around 40% occur in Europe [17–19]. The aetiology 

of PNI is almost always trauma, yet this may also be iatrogenic or nerve sacrifice 

during tumour excision. PNI are not temporary but rather lifelong injuries: the 

percentage of people returning to work after upper extremity nerve trauma has been 

reported to be less than 60% a year [13], with affected prospects of returning to 

previous employment as 1 out of 20 patients tend to suffer from plexus injuries [14]. 

Despite best microsurgical interventions, functional restoration is always incomplete 

[20]. Long-term disability of the patient is therefore expected, with health and living 

expenses of an employed person to be estimated in around 50,000 EUR [15]. 

 



41 

 

 

Table 2.1 Three main types of PNI can be described [21]. 

Injury type Degree Outcome 

Neuropraxia Mild Structure of nerve remains intact: recovery can occur within days 

Axonotmesis Severe 
Disruption of the axon, but distal connective tissue architecture remains 

intact: regeneration can occur within weeks to years 

Neurotmesis Critical 
Complete disruption of the nerve and surrounding connective tissue: surgical 

intervention required for partial recovery 

2.2.1 Structure and organisation of peripheral nerves 

Peripheral nerves are cordlike structures consisting of bundles of hundreds or 

thousands of axons with a defined path, conveying impulses between the central 

nervous system and some other body region. They differ in length and diameter 

throughout the body and within populations [22–24].  

2.2.1.1 Anatomy of peripheral nerves 

Histologically speaking, peripheral nerves comprise three distinct layers 

(Figure 2.2). From inwards to outwards these are the epineurium, the perineurium and 

the endoneurium [4,25,26]: 

• The epineurium is the outermost layer, surrounding the entire nerve trunk and 

mainly composed of bundles and fibrils of collagen type I and type III [26]. 

Some elastic fibers, fibroblasts and adipocytes are present as well. A vascular 

network within the epineurium accounts for nutrients supply and waste product 

removal.  

• The perineurium is a protective elastic sheath rich in type I and type II collagen 

fibrils, and elastic fibers that are longitudinally and circumferentially arranged; 

proteoglycans and fibronectin are usually present in the basal lamina as well 

[4]. The perineurium surrounds fascicular bundles of longitudinally oriented 

axons.  

• Each axon is encompassed by the so-called endoneurium, a basement 

membrane comprising loose connective tissue of type I and type II collagen 
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fibers longitudinally arranged, and a basal lamina of type IV collagen, 

fibronectin and heparin sulfate [25].  

 

Figure 2.2 Structure of a peripheral nerve. The epineurium, perineurium and endoneurium, from 

outwards to inwards, make up the three main layers. Connective tissue of type I, type II and type IV 

collagen, fibronectin and proteoglycans, elastic fibers and heparin sulfate mainly comprise the various 

layers. Adapted from Servier Medical Art. 

Axons vary vastly in width (e.g. 1-20 μm for the sciatic nerve), and are 

surrounded by a lipid and protective covering (i.e. myelin sheath) formed by several 

layers of Schwann cell membrane [27]. Some parts of the axons are not myelinated, 

forming gaps in between regular intervals (i.e. nodes of Ranvier, about 10 μm in 

length). These are important for how action potentials are propagated, jumping from 

one node to the other in the so-called saltatory conduction and leading up to faster 

conduction speeds. The outermost cytoplasmic nucleated Schwann cell layer covering 

the myelin sheath is the so-called neurolemma. 

2.2.1.2 Cellular composition  

Peripheral nerves are composed of two main cell types: neuron cells and 

neuroglia cells. 

Neurons are the functional units of the nervous system, and similarly to muscle cells, 

they are electrically self-excitable. This means they are able to respond to a stimulus 

(i.e. any chemical change in the internal or external environment strong enough to 

initiate a nerve impulse) and convert it into an action potential (i.e. an electrical signal 
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that propagates along the surface of the neuronal cell down its corresponding pathway) 

[4]. Neurons consist of two parts: a cell body and cell processes (either dendrites or 

axons). The cell body keeps a single nucleus with a prominent nucleolus, surrounded 

by a cytoplasm containing typical organelles. Dendrites are the input regions of 

neurons, while axons are the output portions that conduct nerve impulses away from 

the neuron to a dendrite, cell body of another neuron, or to an effector organ of the 

body. Neurons can be classified upon function into sensory afferent neurons, motor 

efferent neurons and interneurons [28]. 

Neuroglia cells are generally both smaller and more numerous than neurons, and do 

not generate or propagate nerve impulses [29]. Only one type of neuroglia cells is 

found in peripheral nerves: Schwann cells. Schwan cells are mainly responsible for 

producing myelin sheets around the axons of neurons, creating a growth-supportive 

milieu, and secreting and producing extracellular matrix (ECM). The ECM (Table 

2.2) facilitates nerve regeneration of peripheral nerves by regulating axonal growth 

regeneration, and its interaction with Schwann cells is essential for the release of 

specific neurotrophic factors needed for neurite extension [30].  

Table 2.2  Main components of the ECM of peripheral nerves. 

ECM components Function 

Collagen 
Major structural protein, with collagen type I accounting for around 90% of the tissue. 

Provides physical support for adhesion of Schwann cells and neurite extension [31–

33] 

Laminin 
Modulates proliferation and survival of Schwann cells and their cytoskeleton dynamics 

[33]; being laminin a preferred surface to extend  along [34]. Enhances axonal growth 

of some sensory neurons [35] compared with other ECM components [36–38] 

Fibronectin Predominantly located in the perineurium. Modulates Schwann cell motility and 

neurite outgrowth [39] 

Glycoproteins and 

proteoglycans  

Heparan, keratin, chondroitin and dermatan are involved in axonal growth regulation, 

Schwan cell proliferation and migration, and chemotaxis of neutrophils in nerve 

regeneration (e.g. nidogen) [40]. High levels of chondroitin sulfate negatively affect 

neurite extension after injury [41] 
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2.2.2 Nerve biology and current treatments 

2.2.2.1 Natural nerve repair 

Some functional recovery is possible whereby peripheral nerve axons are able 

to regenerate (e.g. neuropraxia and axonotmesis), however the probability of 

spontaneous recovery decreases as the level of injury increases (e.g. neurotmesis). 

Whether crushed or cut, a cascade of cellular events unfolds with extensive changes 

in the phenotype of injured neurons and Schwann cells distal to the injury that dictates 

neuronal survival and subsequent regeneration. The remaining surviving axons retract 

behind the injury front, while the distal segments undergo a process known as 

Wallerian degeneration (Figure 2.3). This process, starting 24–48h after injury, 

involves fragmentation of the axon and the surrounding myelin. Macrophages 

infiltrate and engulf the cellular debris during degeneration in a synergetic mechanism 

along with Schwann cells that aid to clear and prepare the injury site for regeneration. 

This process may last up to several months upon the length of injury [42]. In the most 

severe cases, the lack of guidance cues and the presence of fibrin deposition and dense 

scarring may create physical obstacles to regenerating axons.  

Such regenerating process is mediated by several biochemical signals, where 

the usual flux of growth factors in the healthy state is hindered upon injury and primes 

the regenerative machinery [43]. During this process, the end bulbs of the axons sprout 

out sampling for survival and directional cues [44]. Some of these cues are provided 

by the presence of Schwann cells [45]. Following injury, Schwann cells lose their 

characteristic gene expression pattern [46] and activate a repair-related program, 

shifting from a myelinating phenotype into a regenerating status. This includes first an 

upregulation of surface proteins and several neurotrophic factors (e.g. nerve growth 

factor (NGF), leukaemia inhibitory factor (LIF), glial derived nerve growth factor 

(GDNF), growth associated protein GAP-43 and glial growth factor) [47]. Axonal 

elongation and survival of the injured neurons are promoted this way, and the 

activation of an innate immune response with an upregulation of cytokines follows 

[48]. This allows the recruitment of macrophages to the injured nerve that promote 

vascularisation at the distal site [49] and co-operate with Schwann cells to degrade 

myelin debris [50] that inhibit axonal growth. Macrophages are also attracted to the 
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site by cytokines such as interleukin 6 (IL-6) or LIF, and act directly on neurons to 

promote axonal regeneration [48]. During this repair process, Schwann cells at the 

distal stump loose axonal contact and continue to proliferate and align longitudinally 

into solid tube-like structures. These are the so-called bands of Büngner, which along 

with trophic factors secreted by Schwann cells, serve as the track that enables guided 

axonal regeneration. However, axonal outgrowth rate is limited to 1-3 mm/day, and 

the fact that axons regenerate down the path does not determine a successful functional 

outcome [51].  

 

Figure 2.3 Regulation process in the regeneration of the peripheral nervous system. Schwann cells help 

macrophages remove myelin debris (i.e. Wallerian degeneration) and provide neurotrophic factors and 

physical support required to help the innate re-growth ability of the axons. Adapted from [52]. 
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2.2.2.2 Current treatments for peripheral nerve repair 

Several treatments for nerve reconstruction after segmental defects are 

currently available (Table 2.3) and have been previously reviewed [21,53]. However, 

where surgery is required, techniques have little changed over recent years, with many 

factors (i.e. age, time, extent of injury, and surgeon’s skill) influencing the outcome. 

Table 2.3 Available treatment options for PNIs. 

Treatment Advantages Disadvantages 

Primary repair, 

end suture 

Most common approach for short 

nerve defects (i.e. <5 mm length) in 

which there is not too much tension 

[54,55] 

Mismatching and misalignment of the fascicles 

and bundles is common. 

Scar tissue formation and compression of the 

axons may take place [56] 

Not practical for extended gap lengths: tension is 

generated and there is a reduction in blood supply 

to the damaged site 

Nerve autograft 

Gold standard technique for nerve 

defects with gaps up to 30 mm; 

tension-free and non-immunogenic 

Donor site morbidity, availability and scar 

formation [57]. Need of a second surgery and 

loss of functionality. Sensory nerves are mainly 

used [58] but they may be inappropriate to 

replace injuries in a mixed nerve due to incorrect 

alignment, size disparity and morphogenic 

mismatches [59] 

Nerve allograft 
Temporary ECM for axon 

regeneration, tension-free 

Long-term immunosuppression drugs, risk of 

infection and tumor formation 

Entubulation 

Alternative for nerve defects up to 30 

mm; tension-free; relatively easy 

modification and may be patient 

specific and bespoke 

Do not mimic ECM, hollow tubes with not 

subluminal structure. Performance has yet to 

surpass that of nerve autografts 

When tensionless direct repair cannot be achieved, autografting is the 

benchmark. However, increased surgical times and donor site morbidities [56–59] 

have justified the search for better nerve conduit options. 
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2.2.2.3 Clinically approved nerve conduits  

Several nerve conduits (entubulation) from natural and synthetic sources have 

been clinically [2] approved (Table 2.4).  

Table 2.4 Clinically approved nerve conduits from natural and synthetic sources 

Material Product Type 
Degradation 

rate 

Maximum 

length  

Inner 

diameter 

Processed human 

nerve allograft 
Avance (AxoGen) Conduit 3 to 4 months 70 mm 1 to 5 mm 

Porcine small 

intestine 

submucosa ECM 

AxoGuard Nerve 

Connector (AxoGen) 
Conduit 3 to 4 months 10 mm  

1.5 to 7 

mm 

AxoGuard Nerve 

Protector (AxoGen) 
Wrap 3 to 4 months 40 mm 

2 to 10 

mm 

Collagen type I 

NeuroMatrix/Neuroflex Conduit 4 to 8 months 25 mm 2 to 6 mm 

NeuroMend Wrap 4 to 8 months 25 mm 
4 to 12 

mm 

NeuraGen Conduit 36 months 30 mm 
1.5 to 7 

mm 

NeuraWrap Wrap 4 years 40 mm - 

Poly(L-lactide-co-

ε-caprolactone 

(PLCL) 

NeuroTube Conduit 6 months 30 mm 2 to 8 mm 

Poly(D,L-lactide-

co-caprolactone) 
NeuroLac Conduit 16 months 25 mm N/A 

Poly(vinyl alcohol  Salubridge/Salutunnel Wrap Not degradable 40 mm - 

 

Based on data available from clinical studies in the literature, NeuroTube can 

provide positive functional recovery in 70% of patients achieving significant increase 

in myelination as well as improvement in sensation of transected nerve [60–68]. 

NeuroLac seems to be unsuitable due to inflexibility and collapse of the lumen because 

of stiffness and swelling [69–71], with a high incidence of complication including 
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extrusion of the device [72]. Others, such as SaludBridge, are non-degradable and 

should be avoided due to chronic nerve compression and fibrosis. On the other hand, 

collagen-based nerve conduits such as NeuraGen could be an effective treatment 

option in 43% of the cases [73–76]; safety and effectiveness have been demonstrated 

in small nerve gap repair of non-critical nerve injuries. Rigidity of the tube and high 

cost of manufacturing, however, are some of their concerns [77]. AxoGen 

decellularised grafts, the only commercially-available decellularised allografts and 

most recent to be FDA approved (2010-2013) [1], have been successfully used for 

repair of human facial [78] and hand nerve defects [79] of 3 cm bridge length, and 

were able to restore sensation to near normal levels within 9 months of implantation. 

In rat models, they have been found superior to other currently available conduits such 

as NeuraGen but failed to conferred advantages over the use of an autograft [80].  

While conduits of various lengths are available, this does not indicate that the 

maximum stated manufacturing lengths can be clinically addressed. Furthermore, 

direct comparison of the commercially available products is lacking; despite advances 

made, the clinical reality is that none of these conduits have been highly effective for 

nerve regeneration and none of these devices have been subjected to properly powered 

randomised controlled trials to conclude real effectiveness. Most clinical studies have 

targeted repair of sensory nerve defects, however, nerves with mixed motor and 

sensory fibres have not been well studied. Functional recovery is often poor (e.g. 

reduced motor function alongside pain and impaired sensation), and all of the 

commercial conduits have failed to meet the regenerative ability of the gold standard 

nerve autografting (likely due to the combination of ECM, Schwann cells and 

biological milieu). None can meet the clinical challenge to treat nerve defects in which 

there is a significant loss of tissue, with a generally accepted upper limit of 30 mm. 

None of them seek to address the biology of the regenerating nerve, and scar tissue 

formation is an issue. Current clinically approved conduits are mostly empty or filled 

with inner physiological solutions that provide no physical barrier. Furthermore, there 

are no topographical cues to direct growth within the lumen, nor delivery of culture 

cells or growth factors is facilitated this way. 
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2.2.3 Tissue engineering of the peripheral nerve: bioactive nerve 

conduits 

Entubulation alone does not add further elements to the repair process, and 

rather than providing only a simple architecture, an active environment with further 

elements must be developed to control the interaction of cells with their surrounds and 

promote axonal regeneration. As such, tissue engineering has been widely proposed 

as a promising strategy to repair PNIs and serve as the gold standard of care in the 

future. It draws on principles from engineering and life sciences to restore and repair 

the tissue function by providing an appropriate physiological environment at the 

damaged site. One common approach is to grow cells in vitro on a three-dimensional 

(3D) scaffold to be later delivered to the desired site in the patient’s body. An 

alternative is to implant a scaffold directly in vivo and make use of the host’s 

environmental factors and the active cues of the scaffold to promote and direct tissue 

formation in situ [81–83]. However, the requirements of scaffolds for peripheral nerve 

repair are manifold due to the challenging injury-healing process of the tissue. For 

optimal nerve regeneration, the construct must maintain longitudinal strength in the 

repair to prevent loss of continuity. Schwann cell migration should be facilitated, and 

the tropic and trophic guidance cues that draw neurites to the distal nerve and reduce 

neuroma formation should be optimised while blocking the ingrowth of non-neural 

tissue that can impede regeneration [84]. The idea is therefore to develop a bioactive 

nerve conduit (Figure 2.4) that can mimic the elements of a nerve autograft required 

to promote regeneration – barrier function from the epineurium, physical integrity to 

maintain repair, directional guidance cues from the endoneurial tubes, mixture of 

immune compatible support cells, and availability of a vascular plexus within. 
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Figure 2.4 Property criteria for ideal bioactive scaffolds for tissue engineering of the peripheral nerve. 

Nerve conduits should maintain physical integrity to direct growth and exhibit desirable porosity for 

availability of a vascular plexus within, while keeping soft tissue out by maintaining the barrier function 

(e.g. epineurium). Nerve conduits should also provide appropriate biochemical and physical guidance 

cues required to stimulate regeneration across the nerve gap (e.g. mixture of immune compatible 

support cells, presence of growth factors, electroactive properties to facilitate electrical stimulation of 

cells and propagation of nerve action potentials, and presence of endoneurial-like tubes for mimicking 

the native tissue structure).  

2.2.3.1 Use of synthetic and natural polymers: a biodynamic construct 

A vast range of materials, both synthetic and of natural origin, have been well-

investigated as potential candidates for tissue engineering nerve conduits.  

Synthetic materials hold the promise that their properties can be easily tuned 

and controlled, however they lack the presence of biological sites for proteins to bind 

and cells to interact with, so there is an insufficient integration with the native tissue. 

As a result, their biological response has to be enhanced; yet the natural temporal and 

spatial complexity that the native ECM presents are poorly replicated. As previously 

reviewed [85–88], several synthetic polymers have been widely tested. However, they 

are limited to small diameter nerves and only small gap injuries can be bridged, and 
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although some regeneration does occur, a poorly functional recovery is achieved and 

subsequent surgeries must follow. This is mainly due to poor mechanical properties, 

lack of cellular guidance, or concerns about the generated by-products and associated 

inflammatory responses. In addition, there is a lack of robust clinical data. 

Natural materials have the advantage of conferring the needed biological sites 

for proteins to bind and biological cues for cell behaviour to be controlled. Natural 

scaffolds for peripheral nerve regeneration include the use of decellularised scaffolds 

for nerve guidance conduits (NGCs), glycosaminoglycans such as hyaluronan, 

polysaccharides such as chitosan and alginate, or fibrous protein gels such as collagen, 

laminin or gelatin [53,89]. Other than availability, the major drawback of 

decellularised scaffolds is the discrepancy in the decellularisation and post-processing 

technique that can result in the incomplete removal of cellular components and for 

damage to the microarchitecture; another problem being the fact that they may act as 

a nidus for disease transmission and immune responses. On the other hand, 

glycosaminoglycans, polysaccharides and protein gels do not generally present 

sufficient mechanical properties required to withstand compression and tend to swell 

and collapse over time in aqueous environments. Crosslinking agents may overcome 

this problem; however, the clinical use of most ECM components is limited since they 

are generally derived from animal or tumorigenic tissues.  

No single material seems to hold dramatic benefit over any other in terms of 

nerve regeneration, and further active elements may need to be added to address the 

biology of the regenerating nerve. Indeed, to tackle the disadvantages of both synthetic 

and natural polymers alike, hybrid composites and co-polymer based systems have 

been used in the fabrication of NGCs to obtain tuneable ECM-like properties [90]. 
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2.3 Silk for peripheral nerve regeneration  

Technologies to aid nerve regeneration and to communicate with neurons are 

required from better biomaterial based bioactive conduits that can both physically 

support tissue growth and elicit desired cellular-specific responses.  

2.3.1 Why silk is a suitable material for peripheral nerve repair 

Substrates approved for current clinical use in peripheral nerve repair include 

collagen and synthetic polyester-based materials; however, their use has been limited 

due to the lack of good clinical data (e.g. there are no randomised controlled trials, and 

grading of outcomes by two-point discrimination is not standardised) [91], as well as 

their relative expense and inability to bridge large nerve gaps.  

The use of silk, a natural occurring fibrous protein, has demonstrated great 

promise as an inexpensive biomaterial for nerve tissue engineering [92,93], useful for 

surgical implantation due to its physico-chemical, mechanical and biological 

characteristics. These have been covered in great detail by Guinea et al. [94] and Das 

et al. [95]. In brief, silk is an FDA approved material (e.g sutures for soft tissue repair) 

[96] from natural origin that possess many features that would suggest an ideal 

substrate in nerve repair. For instance, silk-based materials promote oxygen and water 

permeability [97,98], essential for transport of nutrients and other water-soluble 

metabolites. Silk has also been shown to support cell attachment and proliferation of 

neurons and Schwann cells [92], with no significant differences in cell phenotype or 

proliferation observed and no deleterious effect on their culture [99]. Silk also presents 

high biodegradation kinetics and solid physical strength with flexibility [11,100], 

desirable to avoid collapse of the conduit and to avoid second operations or long-term 

adverse effects of the implant. Relatively low inflammatory response and antigenicity 

are well-tested and reported compared with other biodegradable polymers [92,101–

103]. In addition, silk can contain cell-friendly peptide sequences (e.g. RGD) upon the 

particular strain (i.e. breed, stock, or variety) [104,105], and silk proteins can be 

engineered to include designer peptide sequences [106] that can be more cell 

friendly/instructive towards nerve repair [107]. 
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2.3.2 Use of purified silk and blended formulations in nerve repair 

Silkworms and spiders are the two main sources of silk protein (i.e. silk fibroin, 

SF, and silk spidroin, SP, respectively). While their structural composition may vary 

in terms of amino acid sequences [108–110] and protein conformations [111,112], 

significant progress has been made towards developing adequate silk-based 

formulations that can be used in biomedical applications for NGCs.  

2.3.2.1 From regenerated solutions to recombinant synthetic formulations 

Most of the work conducted on silk towards peripheral nerve regeneration has 

been based on regenerated silk fibroin (RSF) solutions from Bombyx mori, and shown 

feasibility for use in nerve grafts due to appropriate cell-material interactions, cellular 

viability and proliferation [92,113]. However, the use of SP and regenerated silk 

spidroin (RSP) solutions, although limited, have been explored in vitro as well [114–

116], and some of these spider silk-based conduits have been successfully translated 

into large animal models [117–119] in long distance nerve defects explored by Radtke 

et al. [117,120]. In one of these studies, a nerve conduit was produced from 

decellularised vein grafts filled with spider silk fibres to bridge a 6 cm tibial nerve 

defect in adult sheep [117]. Axons were shown to regenerate through the scaffold and 

were myelinated indicating Schwann cell migration; electrophysiological recordings 

in terms of the motor nerve conduction velocity and the amplitude of the compound 

motor action potential were comparable to those of an autologous experimental control 

[117]. The same strategy was used to characterise the in vitro regeneration on defects 

measuring up to 15 cm in length [120]; results indicated that these spider silk-based 

conduits were a favourable environment for Schwann cell attachment, proliferation 

and distribution independent of the construct length, over distances up to 15 cm in 

vitro. 

Synthetic recombinant SF [121] and recombinant SP [122–131] proteins have 

been produced. These recombinant proteins reduce possible issues of batch-to-batch 

variations of natural silk proteins guaranteeing reproducible quality in the necessary 

protein quantities. Recombinant silks enables mass production issues to be overcome 

(i.e. spider silk) and to create specific genes with the appropriate sequences to tune 

specific properties [132], for example by introducing different binding peptides to 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Radtke%20C%5BAuthor%5D&cauthor=true&cauthor_uid=27916868
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have special functionalities. However, no silk gene has been cloned in its entirety and 

only partial sequences have been reported [133]. As consequence, recombinant spider 

silk studies in vitro and in vivo are limited [134–138], widely reviewed by Rising et 

al. and Widhe et al. in 2011-2012 [133,139]. The particular use of recombinant spider 

silk and recombinant SF formulations for peripheral nerve repair is barely found in the 

literature, which roots from the difficulty in producing recombinant silk proteins 

[140]. Mainly only in vitro studies have been performed [123,141–143] on the 

suitability of these synthetic recombinant proteins. For instance, films made out of 

rMaSp1 were shown to present a more suitable surface charge and substrate stiffness 

compared with that of rMaSp2 to support the growth of primary rat cortical neurons 

and promote axon extension and network connectivity in vitro; in addition, increased 

neural cell adhesion molecule expression at both mRNA and protein levels were 

exhibited [141], hypothesised to be in part due to the inherently positively charge 

nature of rMaSp1 at neutral pH. In a different study, Lewicka et al. showed that neural 

stem cells could proliferate on 4RepCT films and that they could mature into neurons 

when stimulated with bone morphogenetic protein [123]. Furthermore, in a study by 

Moisenovich et al. [143], a film scaffold based on a genetically engineered analogue 

of Nephila clavipes spidroin 1 (rS1/9) was shown to promote ingrowth of de novo 

vascularised connective tissue elements as well as ingrowth of nerve fibres when 

implanted into midline dorsal subcutaneous areas of adult mice.  

2.3.2.2 Blended silk formulations in peripheral nerve repair  

The mechanical properties of silk differ upon their manufacturing source and 

processability conditions [144]; a comprehensive up-to-date overview of these 

properties can be found in [145]. SF has been blended with various other polymers, 

which include both natural and synthetic molecules (Table 2.5). This enables facile 

tuning of its physico-chemical, mechanical and biological properties. Nevertheless, 

inter-study comparison between them is difficult in terms of scaffold fabrication and 

assessment criteria, and none so far have matched the outcome obtained with nerve 

autografts. One variable worth considering towards the future translation of a tissue 

engineered product from the lab to the clinic is the type of solvent the hybrid system 

can be processed in. Some solvents are very toxic, and the use of solvent-free green 

techniques would be more suitable (Appendix A).  
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Table 2.5 Silk-based composite blends used for peripheral nerve guides 

Material Properties Ratio (*)  Conduit type Assessment Outcome 

Chitosan  

Antimicrobial and 

wound healing 

properties [146]. 

Similar structure to 

that of 

glycosaminoglycan

s in the ECM. 

1:1; 3:7 

 

Film conduit 

pre-seeded with 

adipose derived 

stem cells 

10 mm gap, 

rat 

Significant 

enhancement of 

nerve 

conductivity 

and functional 

recovery [147] 

1:1 A 

Film conduit 

with lumen 

filled with SF 

fibres 

10 mm gap, 

rat 

Comparable 

morphological 

and 

electrophysiolog

ical results to a 

control nerve 

graft [148] 

Collagen  

Major component 

of the ECM; 

provides suitable 

surfaces for cell 

adhesion and 

migration 

2:1 

Film conduit 

pre-seeded with 

a co-culture of 

Schwann and 

adipose derived 

stem cells 

10 mm gap, 

rat 

Comparable 

morphological 

results to nerve 

autograft [149] 

Tropoelastin 

Improves cell 

adhesion, 

proliferation and 

migration [150] 

1:0; 9:1; 

3:1; 1:1; 1:3 
Film In vitro 

Improved 

neurite 

extension and 

enhanced 

Schwann cell 

process length 

with increased 

tropoelastin 

content [151] 

Poly(lactide-co-

glycolide) 

Good mechanical 

properties, 

appropriate 

degradation rate 

1:1 A 

Electrospun 

conduit 

(randomly 

aligned fibres) 

Under rabbit 

skin 

Mild 

inflammatory 

reaction [152] 

1:2 A 

Electrospun 

conduit (aligned 

fibres) 

10 mm gap, 

rat 

Similar 

histology to 

nerve autograft 

[153]  

PLCL 

Good mechanical 

properties, 

appropriate 

degradation 

1:3 A 

Electrospun 

conduit (aligned 

fibres) 

10 mm gap, 

rat 

Significant low 

outcome 

compared with 

nerve autograft 

[154] 

Polyacrilamide 

Model of 

elasticity-cell 

interactions 

1:1; 2:1; 4:1 Casted film In vitro 

In situ 

scaffolding but 

poor mechanical 

outcome [155] 

Poly(p-

dioxanone) 

Strong wet-state 

strength and 

excellent 

toughness 

1:1 
Lyophilised 

conduit 
In vitro 

No in vivo 

studies [156] 

*Ratio values are expressed in terms of SF:X (i.e. X being the other component) in (v/v) unless specified 

otherwise. A: (w/w) 
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2.4 Controlling the neuronal cell response 

The attention has turned into the wall and lumen of conduits as a provision of 

a scaffold to ensure (1) directional neurite growth, Schwann cell migration and 

phenotypic expression, (2) maintenance of cells and (3) a reservoir for exogenous 

growth factors.  

2.4.1 Cell-material interactions and topography 

2.4.1.1 The role of contact guidance in nerve tissue repair  

Connectivity of nerves is largely dependent on the directionality of the growing 

regenerating axons towards their genuine targets. If regenerating axons do not succeed 

in elongating appropriately, nerves will not mature, leading to their degradation and 

loss of function in the long term. In this regard, a way to lead neural axons and 

Schwann cells is by the presence of physical supports and guidance structures at the 

cellular level by creating highly ordered micro/nanostructured surface topographies 

(Figure 2.5) [157–160]; this is known as contact guidance theory. 

Indeed, previous studies have demonstrated that neural cells respond to a range 

of linear guidance cues, and it has been shown that topographical cues in the form of 

channels and microgrooves enhance cellular alignment and neurite outgrowth 

[161,162]. For instance, Mobasseri et al. demonstrated comparable experimental 

outcomes between an autograft and a PCL/PLA conduit with inner lumen 

microstructured sloped wall-shaped grooves, being a potential alternative treatment 

[162].  
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Figure 2.5 Physical support guidance structures in NGCs: lumen (e.g. single-channel vs multi-channel, 

hollow vs filled conduit) and inner wall (e.g. plain vs grooved vs fibrous). 

Topographical cues in the form of aligned micro/nanofibres [154,163] have 

also been considered in peripheral nerve repair as oriented internal pathways to mimic 

endoneurial tubules and maximise the chance of target re-innervation by physically 

guiding neurons to grow. Aligned nano/microfibres (250 nm – 2 μm) present unique 

topographical properties that significantly enhance cell function, and act as cellular 

contact guidance by improving alignment [164–168] of the f-actin filaments (<25 nm) 

of the cytoskeleton of neural cells, their axons (1-20 μm), and the subsequent transition 

of Schwann cells towards the so-called bands of Büngner. Other than the fibre 

orientation, variations in the fibre diameter have also been reported to have a vital role 

in regulating proliferation and differentiation behaviours. For instance, it has been 

shown that higher degree of proliferation, differentiation and cell stretching along 

single fibre axis of neural stem progenitor cells occurred as the fibre diameter was 

decreased, with a lower degree of cellular aggregation [169]. In addition, a fibrous 
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architecture can be designed to tune mechanical properties, as opposed to plain 

conduits for example. 

2.4.1.2 Physical guidance cues in silk-based nerve conduits and their 

performance 

Tubular constructs represent the major NGCs. In particular, hollow constructs 

present a suboptimal performance for large nerve gap defects, and many researchers 

have turned into the use of filled conduits to provide for an additional supporting 

structure in order to enhance their biological performance. While hydrogels may 

represent the simplest structural modification of a nerve conduit in terms of a luminary 

filler [170], they do not provide on their own the nano/microscale guidance 

architecture needed for axonal extension. The goal is not to recreate the architecture 

of nerves, but rather to provide the proper physical guidance cues as wall/luminary 

fillers to promote cells to rebuild the ECM and direct regeneration. However, control 

over the physical cues that tubular conduits can provide is limited by the availability 

of suitable fabrication techniques.  

2.4.1.2.1 Macro-luminal cues in nerve conduits: 

Injection moulding and metal wire dip-coating frameworks of SF solutions 

have been regarded as the simplest architectural modifications at the macroscale level. 

Indeed, several in vivo studies based on RSF are available on these techniques. For 

instance, a 6-month post-implantation study of a SF conduit filled with oriented SF 

filaments within the lumen was used to bridge a 10 mm sciatic nerve rat gap [93,171]. 

Results revealed low-to-non systemic inflammation, and neither electrophysiological 

nor morphological studies of the sensory and ventral motor neurons showed 

significant differences compared with the use of a nerve autograft; nevertheless, 

reversal of muscle atrophy due to denervation was less pronounced in the silk graft 

scaffold. Comparable performances to that of a nerve autograft and a collagen type I 

nerve guide in terms of inflammatory response, fibrotic formation and re-myelination 

capacity were also observed when a RSF casted conduit of empty lumen was used to 

bridge a 8 mm defect of a rat sciatic nerve [172]. Improved outcomes in terms of 

axonal growth and functional recovery have also been made possible by incorporating 

co-cultures of DRG and Schwann cells within the conduit for regenerating a 10 mm 
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sciatic nerve defect in rats [173]. However, all these studies present a crude macro-

luminal hollow structure. 

The manufacture of RSF multichannel nerve conduits has been explored 

therefore as a way to provide control over another hierarchical level. The rationale 

behind is that a number of channels within the luminal space of the construct can help 

reduce axonal dispersion and aid controlling targeted axonal re-innervation when 

compared with a hollow NGC [174]. However, although multi-channel conduits can 

reduce axonal dispersion, a macroscale luminal cue on its own does not provide the 

required cell-material interactions needed for enhanced axonal pathfinding and 

Schwann cell migration. That is why spinning techniques for the hierarchical control 

over the inner structure of nerve conduits have recently gained traction [175] (Figure 

2.6). 

 

Figure 2.6 Physical guidance cues on SF-based NGCs: hollow vs multi-channel NGC, nanofibres vs 

microchannels on wall, microporosity. Reproduced with permission [93,175–177]. Copyright 2007, 

2012, 2014 Elsevier, and 2013 Wolters Kluwer. 
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2.4.1.2.2 Micro-luminal cues in nerve conduits: 

Microscale modifications of the luminal architecture have been made possible 

with the availability of more advanced fabrication techniques. Microscale guidance 

cues provide the ability to direct unidirectional alignment to enhance repair at the 

cellular level by influencing axonal pathfinding and increasing Schwann cell 

migration. For instance, in the late 90s the use of polyamide microfilaments (10-20 

μm) showed success over small to large nerve gap defects [178,179], and can be used 

either on its own or as part of the luminal space. Interestingly, the number of filaments 

within the luminal space of the tubular construct was shown to influence repair 

success, with lower number of polyamide filaments needed for small gap repairs [178] 

and larger numbers of polyglycolic acid filaments capable of regenerating gaps up to 

30 mm in dogs [180]. Although not many in vivo studies with RSF microfilaments 

have been performed [173,181], the use of advanced lyophilisation/freeze-drying and 

liquid-liquid phase separation techniques for the fabrication of unidirectional aligned 

porous microarchitectures have been investigated over SF scaffolds [93,149,176,182–

185] as means to support unidirectional cell migration in vitro.  

Interestingly, other than enhancing axonal growth and Schwann cell migration, 

microscale cues have shown to reduce the inflammatory response and limit foreign 

body reaction of the constructs [186]. In this regard, therapeutic strategies based on 

the incorporation of anti-inflammatory cytokines have been developed with SF to 

modulate macrophage phenotype from M1 towards M2 polarisation (i.e. decrease 

inflammation and encourage tissue repair) [187–189] and may be used to provide an 

enhanced regenerative response for neural repair [190]. 

2.4.1.2.3 Nano-luminal cues in nerve conduits: 

Patterning at the nanoscale is now possible and may be applied towards nerve 

regeneration. Most studies on SF have been carried out so far on 2D substrates [191–

193], as patterned nanostructures have yet to be engineered into tubular constructs. 

While grooves between 500 nm to 2 μm in width have been explored for better neural 

alignment compared with non-patterned substrates [194], studies have reported that a 

2D surface patterning smaller than the size of a neural progenitor cell (<20 μm) leads 

to excellent cell alignment and maximises neurite length by restricting the number of 
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neurites per cell, limiting the risk of off-target re-innervation [195]. This opens up the 

possibility of applying such patterning techniques for tubular constructs with 

nano/microscale structural modifications. However, what groove/fibre size is the most 

suitable for nerve repair remains under debate, with some research groups arguing that 

larger sizes perform much better in terms of the neuronal/Schwann cell response [196]. 

A wide range of fabrication techniques used in nerve scaffolding are currently 

available, recently reviewed by Wieringa et al. [197]. Most fibrous silk-based 

scaffolds for nerve repair to date have been based on electrospun structures [198]. 

Electrospinning is a simple and versatile low cost technique widely used to generate 

porous nerve conduits of aligned nano/microfibres [154,163]. For instance, 

electrospun RSF fibres in the range of 250-400 nm have been used as nanotopography 

patterns for hollow nerve conduits implanted in vivo, and have shown favourable 

motor function recovery comparable to that of a nerve autograft [177,199]. Improved 

regenerated outcome and functional recovery of the graft has also been proved in a 10 

mm sciatic nerve defect gap in rats, with incorporation of bone-marrow derived 

mesenchymal stem cells that longitudinally aligned with the fibres (700 nm) axis as 

compared to RSF fibres alone [200]. The use of templating electrospinning by which 

microchannels are micropatterned with aligned sutures within three‐dimensional 

electrospun constructs has been employed as a way to mimic the fascicular 

architecture and fibrous ECM found in native nerve [201]. However, issues with these 

electrospun scaffolds are the need to roll them up and combine them sometimes with 

multiple conduits – therefore sterilisation and handling may become problematic. 

Techniques such as cell electrospinning [202], reviewed elsewhere [203], and 

more recently aerodynamically assisted bio-threading [204], have been used to 

incorporate cells directly into fibres. Whilst these methods allows the fabrication of 

continuous threads (50 to 350 μm) with a range of viable living cells types [204–207], 

there might be issues with increasing post-threading cell viability, optimizing mean 

thread diameter and avoiding non-continuous cellular populations within fibres; cells 

also cannot be allowed to become dehydrated during processing. To the authors’ 

knowledge these techniques have not yet been applied to silk or for nerve tissue 

engineering; however, microfluidic spinning has been employed to generate silk-

alginate fibres laden with L929 fibroblast cells [208]. Electrospinning and 
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microfluidic spinning for functional biomedical fibres have recently been reviewed 

elsewhere [209].  

Advances in materials science suggest that nanoscale cues will soon be fully 

incorporated into the next generation of nerve guidance constructs, and allow us to 

postulate that a combination of micro/nanoscale alignment within the walls and lumen 

of the conduit may allow for directed maximal neurite extension mediated solely by 

topographical cues.  

2.4.2 Cell-loaded nerve conduits  

While most silk-based conduits that have been tested in vivo are cell-free, other 

routes of investigation have focused on the addition of cells within the matrix to 

enhance the inner lumen of the constructs, making them more bioactive and facilitate 

regeneration. The regenerative potential of cell-based therapies alongside biomaterials 

may enhance nerve regeneration. 

The key question is what cells are most appropriate to use. Autologous 

Schwann cells are the benchmark as they drive the normal regenerative process. They 

are immune competent and secrete a favourable cocktail of neurotrophic and tropic 

cues [210]. Schwann cells have been shown to increase the gap length that can be 

bridged compared with acellular constructs and allografts [211,212]. However, their 

isolation, harvest and culturing for expansion are costly and very time-consuming. 

Stem cells, on the other hand, present an alternative source to autologous Schwann 

cells without some of their associated limitations. The therapeutic potential of stem 

cells in nerve repair has been previously reviewed [213]. Bone-marrow derived 

mesenchymal stem cells can be harvested from an autologous source to reduce the risk 

of immune response and they have the potential to differentiate into a Schwann cell 

phenotype prior to transplantation. When differentiated, they can synthesise and 

secrete neurotrophins and they have been shown to upregulate myelin genes and 

protein expression in vitro [214]. Adipose derived stem cells have also been loaded 

into silk-based conduits. They can be easily harvested and isolated from the fat tissue, 

with faster proliferation rates and can be differentiated more readily in vitro prior to 

implantation to express Schwann cell phenotype markers [215]. However, 

maintenance of a Schwann cell-like phenotype in differentiated adipose derived stem 
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cells requires the synergistic action of multiple growth factors [216]. While induced 

pluripotent and embryonic stem cells are another cell source of interest, to the authors’ 

knowledge no studies on silk-based nerve conduits have been reported so far. 

A summary of these cell types loaded into silk-based nerve conduits is 

presented in Table 2.6. While all these studies acclaim the effect of loading cells into 

the lumen of the scaffold, with a beneficial regenerative outcome superior to that in a 

cell-free control, inter-study comparison is challenging and none match the 

reproducibility obtained with nerve autografts. The material formulations, the scaffold 

fabrication technique and the physical guidance cues present are different, and they 

are evaluated within different defect gap lengths. 

Table 2.6 Cell-loaded silk-based nerve conduits for peripheral nerve regeneration 

Cell type Pros / Cons Conduit type Assessment 

Autologous 

Schwann cells 

 

Phenotype (●●●) 

Immunity (●●●) 

Cost (●) 

Availability (●) 

Isogenic veins filled with SP 

fibres 

20 mm rat sciatic nerve 

[118] 

SF/chitosan film with conduit 

lumen filled with SF fibres 

10 mm rat sciatic nerve 

[148] 

SF/collagen film conduit 
10 mm rat sciatic nerve 

[149] 

SF film with lumen filled with 

15 μm SF filaments 

10 mm rat sciatic nerve 

[173] 

Adipose derived 

stem cells  

Phenotype (●●) 

Immunity (●●●) 

Cost (●●) 

Availability (●●●) 

SF/chitosan film conduit 
10 mm rat sciatic nerve 

[147] 

Bone marrow 

derived stem 

cells 

Phenotype (●●) 

Immunity (●●●) 

Cost (●●) 

Availability (●●) 

SF film with conduit lumen 

filled with 15 μm SF filaments 

10 mm rat sciatic nerve 

[181] 

Phenotype (● different; ●●● very similar), likelihood to elicit an immune response (● quite likely; ●●● 

unlikely), cost (● high; ●●● low), and availability or ease of culture (● difficult; ●●● easy) for the 

various cell sources as compared with autologous Schwann cells 
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2.4.3 Targeted therapeutics with proteins and growth factors 

A third route to make silk-based nerve conduits more bioactive is by 

incorporating elements that can reduce neuronal death and enhance cell function to 

promote tissue repair and regeneration following injury. Most of these therapies target 

covalent attachment of biochemical cues such as proteins, peptide sequences and 

growth factors [121,142,184,217–222] (Figure 2.7). 

 

Figure 2.7 Surface engineered and peptide/growth factor release scaffold for nerve tissue engineering. 

The inner lumen of nerve conduits can be immobilised with cell specific ligands for cell adhesion and 

enhanced repair. These can be in the form of fixed growth factors (top image) or cell-adhesive peptides 

(middle image), or even as gradients (bottom image) longitudinally established along the inner lumen 

of the conduit with different growth factors/peptides and/or concentrations. 
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2.4.3.1 Modifications with proteins and peptide sequences 

Development and repair of peripheral nerves are critically influenced by the 

presence of laminin and fibronectin, two basal laminal proteins found in peripheral 

nerves and closely associated with Schwann cells [223]. Laminin modulates 

proliferation and survival of Schwann cells and enhances axonal growth of some 

sensory neurons compared with other ECM components [33,36–38]; however, there 

remains no clear understanding of the signalling pathways involved. On the other 

hand, fibronectin is crucial in the migratory pathways of cells from the peripheral 

nervous system [224]; for instance, Schwann cell motility and neurite outgrowth are 

modulated by fibronectin [30,225]. Incorporation of fibronectin derived sequences by 

genetic engineering have been previously reported in recombinant SP and SF studies 

to further enhance their cell supportive ability [121,226], and it has been reported that 

covalent binding of these basal laminal proteins to SF may enhance nerve regeneration 

[184,217]. Elastin is another protein located in all three connective layers of peripheral 

nerves [227], and chimeric materials based on silk and elastin blocks have been 

engineered [228,229] for improved controlled delivery of therapeutics [230] in nerve 

tissue engineering applications by tuning the net charge of the protein [151,231]. 

Another chimeric material of interest is based on reflectins, proteins that possess 

unique self-assembling properties [232]. Reflectins have been detected during key 

stages of neurogenesis in cephalopods [233], and it has been shown that substrates 

based on reflectin A1 isoforms can facilitate neural progenitor stem cell growth in 

vitro [234,235]. 

Peptide sequences have also been investigated for improved outcomes in nerve 

tissue repair. The use of Arg-Gly-Asp (RGD), found in fibronectin, is well-known to 

improve cell attachment and differentiation by initiating specific internal signalling 

pathways [236,237]. Other sequences such as Ile-Lys-Val-Ala-Val (IKVAV) and Tyr-

Ile-Gly-Ser-Arg (YIGSR), mainly found in laminin, are known to promote and 

facilitate neurite outgrowth and enhance attachment of migrating Schwann cells over 

the substrate [238–240]. Non-mulberry SF scaffolds containing cell-binding RGD 

motifs have been previously explored [218] and functionalised with IKVAV peptide 

sequences for neural tissue repair [219], which may serve as landmark for their use in 

peripheral nerve regeneration. Functionalisation of recombinant spider silk films with 
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RGD, IKVAV and YIGRSR cell binding peptides was also studied on Schwann cells 

by Widhe et al. [142]. Cells acquired a star-shaped morphology with long neurite-like 

outgrowths, however positive effects on both cell adhesion and survival were found 

with incorporation of IKVAV. Recombinant peptides based on the sequence of SF 

have also shown potential to support peripheral nerve regeneration [241]. For instance, 

in 2013 a new peptide compound known as SF16 was incorporated into a SF hydrogel-

based scaffold and their outcome evaluated in a 10 mm rat sciatic nerve injury [107], 

with electrophysiological results showing improvement in amplitude recovery in the 

in vivo model. 

In essence, data from these studies suggest that further structural modifications 

to silk-based tubular constructs can be undertaken by incorporating basal lamina 

proteins or peptide sequences that can significantly improve their regenerative 

capacity.  

2.4.3.2 Addition of growth factors  

Neurotrophic factors are naturally involved in survival, growth and 

differentiation of neural cells; they are predominantly produced by Schwann cells and 

play a homeostatic role in the neural cell turnover. Given their role in nerve injury and 

regeneration [242], their targeted delivery might be expected to reduce neuronal death, 

enhance regeneration and support the Schwann cell population. This has been 

demonstrated in experimental studies where several of these biomolecules have been 

incorporated alone or in combination into silk-based nerve conduits 

[119,175,183,220,221,243,244]. For instance, NGF was blended with a RSF solution 

and casted into a film conduit; in vitro testing reported the slow released of NGF – 

with their potency retained – over a period of 3 weeks, and significantly increased 

outgrowth of neurites [183]. In another study, co-delivery and bioactivity of GDNF 

and NGF were evaluated over a 4-week period by blending the growth factors with a 

SF solution that was electrospun into a conduit [220]; in vitro assays showed 

augmented axonal growth rate of sensory neurons and motor neurons of chicken 

embryos, with glial cells migrating in close association. In a similar study, NGF and 

GDNF were blended into a RSF based solution that was spin-coated into a nerve 

conduit [244]. Co-delivery of both growth factors over a 28 day period was reported 
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to synergistically enhance neural cell activity compared with control [244]; however, 

the potency of the growth factors was not determined.  

In vivo studies of loaded growth factors into RSF and RSP nerve conduits have 

also been explored. In 2014, NGF was blended with a RSP based solution and 

electrospun into a nerve conduit that was implanted to bridge a 20 mm rat sciatic nerve 

gap [119], and more recently, NGF and ciliary neurotrophic factor (CNF) were 

blended into an RSF solution that was electrospun into a multichannel nerve conduit 

[175]. While an overall improved outcome was demonstrated, results showed that 

much of the loaded factors’ amount was not released over 10 days, and rapid 

degradation was observed after the first 3 days. In another work, an aligned 

electrospun RSF conduit was manufactured by loading brain-derived neurotrophic and 

vascular endothelial growth factors into an RSF solution [243]. In vitro assays 

demonstrated that the release of the factors was well maintained only up to 2 weeks, 

while in vivo results of the scaffolds implanted under the skin of adult mice revealed 

de novo innervation and vascularisation without chronic inflammatory response [243]. 

Although various in vitro and in vivo studies using several of these growth 

factors, alone or in combination, have shown promising results, there has not been a 

real effect on the clinical management of nerve injuries using any of these, and no 

trials are underway to the authors’ knowledge. In addition, they may have 

unpredictable interactions: an oversupply of growth factors might be detrimental to 

regeneration, and for the cells to re-differentiate and re-myelinate, levels of growth 

factors might need to be gradually reducing in time. Repair of the neural tissue is 

regulated by a multistep process with multiple growth factors and cytokines that act in 

a concentrated and time-dependent fashion and whose actions may be contingent on a 

variety of different elements [53]. An ideal cocktail of factors may not be possible, 

and controlling their tethering attachment and temporal profile release remains 

challenging. As a consequence, the use of concentration gradients as guidance cues 

has recently received much attention [245–252]. 
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2.4.3.3 Use of concentration gradients 

The use of gradients avoids cell overdose (i.e. aberrant repair) and enhances 

long-term repair of the nerve by providing sustained delivery over longer periods of 

time, making sure cells receive a more appropriate timely exposure dose. 

Concentration gradients are currently being investigated in a wide variety of pattern 

shapes and distributions to direct cells [253]. For instance, a concentration gradient of 

NGF was immobilised in a poly(2-hydroxyethylmethacrylate) microporous gel and its 

release was maintained over an 8-day period to guide neurite outgrowth in vitro [245]. 

More recently, a spatially controlled multicomponent gradient of NGF and GDNF 

were immobilised in a 3D printed silicon/gelatin-methacrylate hydrogel conduit and 

their release was shown to be well-maintained over a 1-month period, although their 

stability were not determined [252]. Other than growth factors, peptides and protein 

molecules such as neurotrophins have been bound as well. For example, Shoichet et 

al. immobilised in 2006 for the first time well-defined concentration gradients of NGF 

and neurotrophin-3 in a cell-penetrable adhesive scaffold of poly(2-

hydroxyethylmethacrylate) and poly(L-lysine) [247]. Since then, several gradient 

concentrations of ECM molecules have been explored, typically involving 

combinations of fibronectin and laminin, showing to promote axon extension along 

more intricate patterns [248–250,254]. For instance, surface-bound laminin and a 

gradient of a short peptide of laminin-1 containing the IKVAV sequence was shown 

to be sufficient in directing axonal growth [246]. 

Data from these studies suggest that similar strategies can be applied on silk 

substrates to further enhance response of silk-based nerve tubular guides [221,255]. 

However, directly embedding growth factors onto the surface of a nerve guide may 

not provide a suitable method for long-term delivery due to the growth factor’s short 

half-life in vivo [251]. In this regard, a concentration gradient of NGF on electrospun 

aligned RSF fibres was prepared by embedding the growth factor in the spinning 

solution, and their bioactivity assessed over a 5 day period [255]. It was observed that 

neurites extended about 209 μm per day in the presence of a four-step gradient, 

compared to about only 132 μm per day in a uniform growth factor concentration. 

Neurotropic growth factors have also been coaxially spun with SF at different 

concentrations, showing that the activity of the growth factors were well-maintained 
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over long periods and that they enhanced differentiation of neural stem cells [222]. 

Other arrangements in the form of microparticle-based delivery systems [256] in 

combination with the use of gradients have also been explored [221]. For instance, 

GDNF-loaded silk microspheres were distributed either uniformly or in a gradient 

manner over a silk tube conduit implanted in a 15 mm rat sciatic nerve gap [221]. 

Results showed significantly increased density of nerve tissue in the GDNF treated 

groups compared with the empty microsphere-based conduit. In addition, significantly 

higher density of PGP 9.5 protein, a neuroendocrine marker, was reported in the 

middle-distal part of the conduit for the GDNF gradient scaffold compared with the 

GDNF uniformly distributed one [221]; increase in the density and number of 

regenerated axons resulted. 

2.4.4 Exogenous and endogenous electrical regimes  

2.4.4.1 Adequate electrical stimulation is pivotal for enhanced repair  

Neuronal cells use ions to generate electricity, which is required for the nervous 

system to send signals throughout the body. These signals, travelling throughout 

nerves, are known as action potentials – waves of electrical depolarisation that 

propagate within the neuronal cell membrane. Furthermore, small electric potential 

gradients co-exist in healthy tissues. When the healthy tissue is injured, epithelial 

barriers are breached and the transepithelial potential differences are short-circuited to 

form an electric current that flows towards the compromised epithelium and establish 

laterally oriented electrical fields [257,258]. These are thought to be the result of 

passive ion leaking and play a role in the control and integration of multiple cell 

behaviours (e.g. proliferation, division, migration and nerve sprouting) [259].  

Exogenous direct ES (active ES) attempts to mimic these endogenous electrical 

regimes, and since their basis to promote nerve regeneration back in 1952 [260], 

numerous studies have shown that ES can promote Schwann cell proliferation, neural 

cell differentiation, axonal growth and extension [261,262], and production of 

neurotrophic factors [263]. It has been suggested that redistribution of the cytoplasm 

in terms of cellular polarisation and organisation, changes in the ionic currents across 

the cell membrane, upregulation of gene expression or release of growth promoting 

molecules [264–268] are all influenced and regulated by extracellular electrical cues. 
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For instance, ES has been found to accelerate and increase neuronal expression of 

cytoskeletal proteins (e.g. actin and T-α1-tubulin) and growth-associated proteins (e.g. 

GAP-43) [269,270] with key roles in neuronal formation and repair [271]. 

Several electroconductive/active materials exist (Table 2.7), and they can be 

classified according to the mechanism of electrical conduction, differing upon the 

charge used as a carrier: (1) electrons (i.e. external electrical currents; electron 

mobility arising from the constitutive bonds between atoms or the presence of 

electroconductive moieties percolated in the matrix), ions (i.e. electrolytes from 

aqueous media, polyelectrolytes, ionic groups in the polymeric backbone or ionic 

groups appended to or complexed with conjugated polymers) and protons (i.e. 

molecules of bound water or amino acid side groups of protein-based materials) [272–

274]. Conductive and piezoelectric substrates are well-known to allow direct delivery 

of ES to cells. However, induced ES may have a dual effect on tissue repair upon 

different parameters. For instance, the magnitude of the applied frequency was 

revealed to affect nerve fibre density, showing that a frequency of 2 Hz led to a 

significantly long duration, fast nerve conduction speed and large axonal densities 

compared with no stimulus and higher frequencies between 20 and 200 Hz [275]. 

Current intensities around 1 mA have also been reported to improve the number of 

axons and blood vessels compared to currents above 4 mA, suggesting that while an 

appropriate intensity accelerates nerve maturation, an excessive one might hinder its 

functional recovery [276,277]. Similarly, a short delay in the appliance of ES, between 

one to two weeks post-injury, has been demonstrated to enhance maturity of the neural 

components in sciatic rat nerve defects [278]. 
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Table 2.7 Conductive polymers, piezoelectric materials and carbon-based fillers used in peripheral 

neuronal applications 

Material Type 
Conductivity 

(S/cm) 
Key findings in neural applications 

Polypyrroles (PPy) 
Conductive 

polymer 
1×102 - 7.5×103 

PPy films and fibre mats have shown significant 

increase in neurite length of PC12 neurons 

[279,280], while PPy composite nerve conduits 

have shown enhanced regeneration in vivo [281] 

Polyanilines (PANI) 
Conductive 

polymer 
30 - 200 

PANI-PPy nanofibres have shown to report 10-

fold increase in density of viable neurons, with 

enhance growth and neurite extension [282] 

Poly(3,4-

ethylenedioxythioph

ene) (PEDOT) 

Conductive 

polymer 

 

1×103-1.7×105 

PEDOT substrates have shown good viability 

and proliferation of neuroblastoma-derived cells 

in vitro [283,284]; no animal studies have been 

reported to the author’s knowledge to date 

Polycarbazoles 

(PCB) 

Conductive 

polymer 
More than 10−3  

Limited success has been reported on PCB. 

However, an aminopropyl carbazole derivative 

was reported to induced neurogenesis by 

increasing final cell division of neural stem cells 

[285] 

Poly(vinylidene 

fluoride) (PVDF) 

Piezoelectric 

polymer 
Up to 6 

Several neural related studies have been reported 

on PVDF [286,287]. For instance, PDVF 

membranes have exhibited significantly superior 

PC12 neural cell activity [288], and significantly 

higher levels of neurite outgrowth and 

differentiation of neuroblastoma cells [289,290] 

PDVF based nerve conduits implanted in vivo 

have shown significantly higher number of 

myelinating axons as compared to unpoled 

PDVF conduit as control [291] 

Poly(vinylidene 

fluoride–

trifluoroethylene) 

(PVDF-TrFE) 

Piezoelectric 

polymer 
Up to 6 

PVDF-TrFe nerve conduits have shown 

improved neurite outgrowth in a sciatic nerve 

gap in adult rats [292], and addition of NGF and 

collagen gel as a filler has reported enhanced 

regenerative outcome [293] 

Graphene Carbon-based  Around 1×106 

Higher degree of neural stem cell differentiation 

in 2D graphene substrates has been reported 

compared to glass surfaces [294]. Neurite 

outgrowth into organised interconnected neural 

networks on 2D graphene substrates has also 

been demonstrated [295], with an average of 

30% increase in neural signalling and 

significantly more spontaneous calcium 

oscillations compared to control [296] 

Nanoparticles of GO have shown significantly 

higher embryonic stem cell differentiation into 

dopamine neurons compared to graphene 

nanoparticles and carbon nanotubes alone, and 

that the differentiation rate could be controlled 

by tuning their concentration [297] 

Carbon nanotubes Carbon-based 1×105 – 1×106 

MWNTs may improve hippocampal neural 

signal transfer and support dendrite elongation 

and neurite extension [298], while manipulation 

of the carried charge may control outgrowth and 

branching of hippocampal neurons [299,300]. 

Embryonic rat-brain neurons grown on MWNTs 

coated with 4-hydroxynoneal have also exhibited 

extensive neurite branching [301] 
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2.4.4.2 Endogenous electrical regimes to stimulate electrically responsive 

cells 

Incorporating electroactive moieties to the substrate can enhance the 

regenerative ability of the injured tissue. Exogenous ES could be a challenge in their 

translation to clinical applications, and studies have emerged showing that scaffolds 

incorporating electroconductive/active moieties (no need of exogenous ES, i.e. passive 

ES or inherent endogenous electrical regimes) can significantly enhance 

differentiation of stem cells when compared to their growth on the non-conductive 

counterpart [302]. For instance, it has been reported that a polylactide (PLA) based 

composite enhanced with an electroconductive/active moiety of aniline tetramer 

significantly promoted proliferation and osteogenesis of bone-marrow derived 

mesenchymal stem cells when compared to the PLA alone [302]. Enhancement of the 

biological response due to the incorporation of electroconductive/active moieties into 

the scaffold has also been reported in self-excitable cells such as cardiomyocytes 

[303–306]. These studies have reported that adding electrically active moieties, such 

as aniline, pyrrole, carbon-based fillers or gold particles, show a more extensive effect 

on the expression of cardiac genes involved in muscle contraction, relaxation and 

electrical coupling, as well as in cytoskeleton alignment, with or without ES. However, 

the effects of these electroconductive/active moieties on tissue repair are rarely 

studied. Although the exact mechanisms are not fully exploited, this is presumably 

through enhanced transmission of electrical signals between neighbouring cells. 

Conductive substrates can alter the local electrostatic charge of the scaffold modifying 

protein adsorption [307]; greater serum proteins are adsorbed on the scaffold, which 

in turn affects cell-material interactions by accelerating cell adhesion [308] and 

improving proliferation and migration [306,309]. The presence of these 

electroconductive/active moieties in the scaffolds also act as electrical binding sites to 

electrostatically attach the negative charged cell membrane, bringing the cells closer 

to the scaffold surface and establishing stronger attachment sites [308]. This in turn 

may assist in restoring certain conduction of action potentials in the damaged tissue, 

facilitating tissue growth and cell differentiation [306]. 

A similar effect of inherent electroconductive/active properties can be expected 

on other electrically responsive tissues such as nerve, to promote cellular proliferation 



73 

 

 

and neurite growth and extension across the gap defect [280,307] with improvement 

of conduction velocities [263,310] and motor function [311]. Endogenous electric 

fields play a major role in regulating regeneration and embryonic development of 

tissues by a modulated cytokine secretion [312], and efforts to regulate cell function 

by exogenous ES may not be necessary.  

2.4.4.3 Novel conductive properties of silk for neural tissue repair 

Imparting conductive functionalities to silk is a promising approach, and there 

remains much scope for exploration (Table 2.8).  

Conductive properties to biomedical applications of silk have been imparted by 

coating or in situ polymerisation of conductive polymers such as PPy [313–317], 

PANI [318–322], PEDOT [125,318] and their copolymers [323], incorporation of 

carbon-based materials such as graphene [324–327] and carbon nanotubes 

[184,193,328–330], by gold nanoparticles [311,331], or by silver plating coating 

[332]. In particular, some in vitro and in vivo studies using conductive silks for 

peripheral nerve repair have been explored. For example, conductive composite films 

of SF and single-walled carbon nanotubes (SWNTs) were fabricated for neural 

applications [193]. Results showed that the composite SF-SWNTs films exhibited an 

electrical conductivity of 2.8 S/cm at 0.3 V, just one order of magnitude lower than 

that of bare SWNTs. However, no major significant differences on viability of rat 

DRG neurons or their neurite length were exhibited with respect to SF alone during in 

vitro testing. In 2013, a NGC based on the incorporation of SWNTs, fibronectin and 

RSF was implanted into a 10 mm sciatic rat nerve defect [184]. The electrical 

conductivity of the substrate was found to be about 2.1×10−5 S/cm, while that for pure 

SF was reported to be around 1×10−17 S/cm (upper limit at 1×10−7 S/cm). Post-

implantation results showed acceptable functional recovery. Although the nerve 

conduction velocity of the normal nerve was found to be significantly higher than that 

of the regenerated nerve using the conduit, they were within similar magnitudes, and 

the study suggested that the SF-SWNT-fibronectin conduit provided enough electrical 

conductivity compared to natural nerve [184]. Some studies have also been reported 

on conductive SF fibres to enhance the repair ability of peripheral nerve conduits, such 

as that reported by Xia and Liu in 2008 [318], in which fibres were coat-immersed in 
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PPy, PANI and PEDOT solutions, exhibiting electrical conductivities in the range of 

5×10−3 to 3×10−1 S/cm; however, no cell culture studies were conducted. A peripheral 

nerve conduit fabricated by coating with PPy an electrospun mat of RSP and PCL 

exhibited electrical conductivities between 8.5 ×10−6 and 1.4 ×10−4 S/cm [333], and 

was effective at bridging a 20 mm sciatic nerve gap in rats, with exogenous ES 

promoting Schwann cell migration and axonal growth. Neural proliferation and 

differentiation via ES of a PPy coated SF film (electrical sheet resistance of around 

124 kΩ/sq) was also enhanced [317], while spider silk-PPy films (conductivity around 

16.7 S/cm) with topographical cues were reported to improve and direct DRG neurite 

outgrowth [119]. In a different study, the synergic effect of ES and NGF on neuronal 

growth was studied by coaxial electrospinning the growth factor in a PANI/RSF 

blended solution, with results showing that growth factor release from the nanofibre 

could be increased by direct ES [319]. In vivo studies with silk-based gold 

nanocomposite conduits have also been reported [311]. A high degree of functional 

neuro-muscular regeneration (in terms of nerve conduction velocity, compound 

muscle action and motor unit potentials) was shown with a silk-based gold 

nanocomposite conduit pre-seeded with Schwann cells to bridge a rat sciatic nerve, 

compared to those values observed in normal nerves [311]. Another material of 

interest to conjugate with silk for potential use in nerve repair is reflectin. Reflectins 

are intrinsic conductive proteins found in nature that function as effective proton 

conductors [334], and they have been shown in vitro to facilitate adhesion, 

proliferation, and differentiation of relatively difficult to culture neural progenitor 

stem cells [234,235]. 

Data from these studies suggest that silk proteins can be rendered 

electroconductive/active upon several methods, and that they may be used in a multi-

step wise way to improve regenerative ability of bioactive nerve guides in a near 

future. 
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Table 2.8 Electroconductive/active silk in biomedical applications 

Electroactive 

component 

Incorporation 

method 
Scaffold fabrication Application 

PPy 

Blending Casting Undefined [313] 

Coat-immersion  Electrospinning Undefined [314] 

In situ polymerisation - Nerve repair [318] 

In situ polymerisation Electrospinning Nerve repair [333] 

In situ polymerisation Electrospinning Nerve repair [119] 

In situ polymerisation Casting Nerve repair [317] 

In situ polymerisation Casting Undefined [315] 

In situ polymerisation Casting Undefined[316] 

PANI 

In situ polymerisation Dispersion Nerve repair [318] 

Blending Electrospinning Nerve repair [319] 

Blending Electrospinning Nerve repair[322] 

Blending Electrospinning Muscle repair [320] 

Blending Phase-separation Muscle repair[321] 

PPy + PANI In situ polymerisation Salt leaching Bone repair [323] 

PEDOT 
In situ polymerisation - Nerve repair [318] 

In situ polymerisation Self-assembly Undefined [125] 

Graphene 

Coat-immersion and 

in situ reduction 
Electrospinning Undefined [324] 

Coat-immersion Electrospinning Nerve repair [326] 

Blending Electrospinning Bone repair [325] 

Blending Wet spinning Undefined [327] 

MWNTs 
Blending 

Wet spinning Undefined [328] 

Electrospinning Undefined [329] 

Coating Extrusion Undefined[330] 

SWNTs 
Wet-templating Casting 

Nerve repair [193] 

Nerve repair [184] 

Blending Casting and freeze-drying Undefined [325] 

Pigmented 

melanin 
Blending 

Drop casting and 

electrospinning 
Skeletal muscle repair [335] 

Gold 

nanoparticles 

Coating Electrospinning Nerve repair [311] 

Blending Electrospinning Undefined [331] 

Silver plating Coating - Antibacterial [332] 
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2.5 Current status, challenges and opportunities  

Currently approved nerve conduits for peripheral nerve repair are generally 

hollow structures, and only a limited fraction of patients suffering from PNI have 

benefited from these due to their limited ability to bridge and repair gaps effectively. 

This highlights the fact that commercially available nerve conduits are currently only 

best for small injury defects, and tubular constructs with further elements (filled 

conduits, physical guidance cues, growth factors, conductivity amongst others) may 

show further improvement.  

The complexity of nerves in terms of how they are injured and repaired is 

manifold and challenging. Silk is a popular material for use in tissue engineering of 

nerve conduits, and significant progress has been made towards their clinical 

translation. However, standardisation across animal studies in terms of gap defect 

length and proper use of controls would make it more efficient and allow for more 

accurate comparisons among studies. Correlation with the benchmark nerve autograft 

should also be a must to make these studies clinically more relevant. 

The real impact of these upcoming tissue engineered NGCs will come when 

Schwann cell and neuronal cell behaviours can be radically altered to reduce axonal 

escape, and when the rate of regeneration across the injured site and out into the distal 

nerve stump is increased. To this regard, several strategies are being put into practice 

on how to shape more bioactive silk-based nerve conduit guides for enhanced repair. 

Recombinant and synthetic biology approaches have gained traction in recent years to 

overcome any mass production difficulties and tune specific functionalities; however, 

only partial gene sequences have been reported, and the complete removal of 

endotoxins, a common by-product from gram negative bacteria, remains an issue 

[132]. On the other hand, advances in the field have identified both structural and 

biochemical cues to enhance the repair capacity of nerve conduits. Various approaches 

of how silk can be modified in terms of blends, physical guidance cues and 

incorporation or tethering of growth factors, proteins and peptide sequences have been 

reviewed, opening up new opportunities in the use of combined functionalities for 

nerve repair. Indeed, cell-free and neurotrophic factor-free silk-based conduits are 

generally outperformed by cell-loaded or their neurotrophic factor-loaded 
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counterparts, demonstrating that the use of biochemical cues could provide a 

significant improvement over currently available treatments. Related challenges are 

the elucidation of the impact of neurotrophic growth factors onto the silk scaffold 

including dose and long-term effect, and whether the same benefits of cell-loaded 

constructs could be achieved by neurotrophic factors in cell-free silk-based nerve 

conduit scaffolds. However, what growth factors to use and how/when to release them 

are still ongoing questions. The strategy of concentration gradients and tandem 

delivery of neurotrophic factors has been considered; however, this may incur in 

significant costs and further research is required to fully exploit their potential in silk-

based materials to optimise their cost-benefit balance. Another issue is that 

incorporation of biomolecules does not allow extreme temperature ranges or 

extremely aggressive chemical conditions during processing, which may be a 

challenge to overcome in the scaffold fabrication process. Looking at different 

immobilisation and embedding routes of such biomolecules to control protein 

adhesion and release kinetics is another window of opportunity. Nevertheless, all these 

therapies have yet to be clinically proven and approved by regulatory agencies for use 

in nerve repair. 

There is a significant scope in the application of electroconductive/active 

moieties within scaffolds as passive electrical stimulators, and could be a promising 

approach to aid in nerve regeneration [311]. Studies have showed that silk can be 

rendered electroconductive/active [119,313,314,318,319,324,325,328,332,333,335]; 

however, despite the inspiring progress made in the field, such active scaffolds have 

been barely studied. More research needs directing at assessing the suitability of 

electrically conductive/active silk-based scaffolds for tissue engineering (i.e. issues 

over degradability and toxicity) and their impact in peripheral nerve repair and/or in 

combination with other chemical factors. In particular, inclusion of carbon-based 

moieties seems promising, not only to enable novel conductive functionalities but also 

to further tailor the cell-material interactions of the construct based on their high 

surface area to volume ratio. Much of the work has focused on assessing the effects 

upon direct ES (active ES, exogenous electrical regimes), yet the effects of introducing 

electroactive moieties into the scaffolds (passive ES, endogenous electrical regimes) 

have not been fully investigated. This opens up opportunities for the usefulness of 
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electrically conductive/active scaffolds in increasing the repair process of the damaged 

nerve tissue by amplifying cell to cell communication and modulating growth and cell 

differentiation without the need of an exogenous stimulus [302–309].  

In summary, while there is significant research ongoing in the field of silk for 

peripheral nerve repair and new technologies are continuously emerging, increased 

efforts on novel strategies would promote development of silk-based scaffolds that 

can address the biology of the regenerating nerve. In addition, increased research to 

overcome the existing regulatory barriers associated with translating a silk-based 

nerve conduit into the clinic is required before a tissue engineering nerve conduit 

approach can replace the benchmark of nerve autografts. However, it should be noted 

that the injured site is only one of the many elements of the neurobiology of the injury 

and repair process of nerve, and further strategies should be addressed for patients to 

regain full restoration of nerve functionality (i.e. rehabilitation therapy). 
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o Nerve tissue engineering applications of graphene family 

nanomaterials 

o Role of electron/ion currents in conductivity and their effect on cellular 

behaviour 

o Role of GO and rGO in altering neuronal proliferation and 

differentiation 

• Study design following advice from the supervisory team 

o Selection of materials and preparation techniques 

o Selection of cell line and experimental points 

o Characterisation methods 

• Experimental work 

o Optimisation methods for the manufacturing of GO and rGO silk-based 

composites using electrospinning 

o Characterisation of the scaffolds in terms of fibre morphology, surface 

topography, chemical structure, conductivity and biological response 

• Manuscript preparation 

o Writing initial draft 

o Revision following comments from the supervisory team 

Overview  

Electroconductive/active biomedical materials have gained interest in the last 

few years to promote the repair of electrically responsive cells and tissues. In 

particular, the use of carbon-based nanomaterials has attracted significant interest in 

the field of tissue engineering. The work described in this chapter provides a 

comprehensive comparative study on the effects of blending GO with SF into 

manufacturing electrospun composites, followed by optionally in situ post-reduction 

into electroconductive/active rGO/SF. It was hypothesised that the presence of GO 

within the silk matrix could enhance the biological properties of the scaffolds 

compared to neat silk, and that following GO reduction, the observed cellular 

responses could be further upregulated. The use of rGO over GO is a preferable choice 

to imbue the scaffolds with certain levels of conductivity. The produced scaffolds were 

physico-chemically characterised and biologically assessed with analogue neuronal 

cells. 
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Composite SF scaffolds with presence of GO or rGO up to a 10% wt. loading 

were successfully fabricated in a reproducible manner with no major influence among 

the different substrates, helping to decouple the effects of GO/rGO and the role of 

conductivity on cell response from other substrate traits. In line with the hypothesis, 

the biological response of the scaffolds was substantially improved – particularly by 

the presence of rGO over GO. 

Abstract 

This study systematically investigates the role of GO and reduced GO/silk-

based composite micro/nano- fibrous scaffolds in regulating neuronal cell behaviour 

in vitro, given the limited comparative studies on the effects of graphene family 

materials on nerve regeneration. Fibrous scaffolds can mimic the architecture of the 

native ECM and are potential candidates for tissue engineering peripheral nerves. 

Silk/GO micro/nano- fibrous scaffolds were electrospun with GO loadings 1% to 10% 

wt., and optionally post-reduced in situ to explore a family of electrically conductive 

non-woven silk/rGO scaffolds. Conductivities up to 4×10−5 S cm−1 were recorded in 

the dry state, which increased up to 3×10−4 S cm−1 after hydration. Neuroma NG108-

15 cells adhered and were viable on all substrates. Enhanced metabolic activity and 

proliferation were observed on the GO-containing scaffolds, and these cell responses 

were further promoted for electroactive silk/rGO. Neurite extensions up to 100 μm 

were achieved by day 5, with maximum outgrowth up to ~250 μm on some of the 

conductive substrates. These electroactive composite fibrous scaffolds exhibit 

potential to enhance the neuronal cell response and could be versatile supportive 

substrates for neural tissue engineering applications. 

Keywords: Neuronal scaffold; silk fibroin; reduced graphene oxide; graphene oxide; 

electrospinning; neuronal cells 

3.1 Introduction 

Nerve tissue is electrically sensitive, and the inhibition of electrical signalling 

can impede normal tissue function. As electrical integrity is essential for this native 

tissue, one of the main strategies to enhance regeneration is through ES [336–338]. 

Consequently, extensive effort is invested in improving conduction to provide direct 

electrical activation to enhance cell and tissue function. A particularly interesting 
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option to improve the outcome of nerve repair is the introduction of endogenous 

electrical regimes within the conduit lumen, where the physiological cues provided by 

endogenous electric fields at the wound site could help regulate cell behaviour and 

promote healing. Conductivity can be enhanced by facilitating ionic, protonic or 

electronic transport depending on the charged carrier [272–274]. Usually, the 

introduction of electroconductive moieties in tissue constructs is challenging due to 

aggregation, limited biocompatibility and poor dispersibility [339,340]. Several 

conjugated polymers based on polypyrrole (PPy), PANI and poly(3,4-

ethylenedioxythiophene) (PEDOT) have been previously investigated to provide 

scaffolds for nerve regeneration with certain levels of conductivity [341]. In recent 

years, carbon-based materials (i.e. graphene family nanoplatelets and carbon 

nanotubes) have received great attention due to their high versatility and functionality 

[8]. 

Graphene is a strong candidate for developing scaffolds due to its electrical 

conductivity [342], mechanical strength [343], topographical features and high surface 

area [344]. GO is more readily dispersible thanks to oxygen-containing functional 

groups on its surface, and stands out for its easy processability, high affinity to specific 

biomolecules [345], and appropriate cell-interface interactions [346]. GO-based 

substrates can support adhesion, proliferation and differentiation of neurons [347–350] 

without the use of chemical inducers. Schwann cell secretion of neurotrophic factors 

has also been promoted on GO substrates [351], along with modulation of stem cell 

differentiation towards the neural lineage [297,352,353]. Graphene has demonstrated 

as well potential to improve neuronal cell responses, including cell attachment, 

proliferation and stem cell differentiation for neural tissue engineering applications 

[354,355]. In particular, graphene has been shown to promote neuro-specific gene 

expression, and neurite outgrowth and sprouting in several neuronal-like cells [356–

358]. Differentiation of neuronal stem cells into neurons, rather than glia, has also 

been accelerated on graphene substrates [359]. Schwann cell behaviour has also been 

regulated on graphene-containing substrates by promoting migration, proliferation and 

myelination [360]. However, the underlying molecular mechanisms behind have 

remained largely unanswered. Only recently, a study showed that graphene could 

modulate the active and passive bioelectric properties of the cellular membrane [361].  
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Most research using graphene family materials are reported on traditional 2D 

coated surfaces, making them difficult to be developed into suitable 3D assemblies for 

tissue engineering. Therefore, despite the great potential of the various forms of 

graphene in neural applications, their use as implantable scaffolds is limited, 

decreasing their suitability for their clinical translation and applicability in more 

biological contexts. Instead, biohybrids manufactured from the combination of native 

polypeptides found in nature, along with graphene family materials, can offer a 

multifunctional platform in tissue engineering to develop suitable fibrous scaffolds. 

Of the many naturally occurring proteins, silks have been extensively investigated in 

nerve tissue repair and regeneration [362]. In particular, SF obtained from Bombyx 

mori silkworms is widely available as a raw material and easily processable. SF has 

demonstrated great potential due to its physicochemical, mechanical and biological 

properties: these include aqueous preparation, superior mechanical properties, suitable 

elasticity, adequate angiogenicity and controlled biodegradability [362,363]. 

Immobilizing graphene on silk via electrostatic adhesion is common, but thin coatings 

tend to lack the interfacial adhesion required in between the surfaces since graphene 

lacks polar groups to induce strong interactions [364]. A way around has been to coat 

silk fibres with GO instead and reduce it afterwards [365,366], with the interfacial 

strength arising from the polar groups of GO and the amide groups of silk. However, 

a thorough post-reduction of the GO coating can weaken the interfacial strength with 

silk and its conductive stability. More recently, graphene flakes were entrapped in 

between the silk fibres prior to fibre contraction induced by ethanol immersion [364], 

but the fibre morphology and underlying topography tend to be lost. Composite blends 

prior to fibre formation might be a better alternative.  

This study explores composite micro/nano- fibrous scaffolds based on SF and 

GO or reduced GO (rGO). Decoupling the role of conductivity on cell behaviour is 

challenging, since manufacturing scaffolds with similar physico-mechanical 

properties but different levels of conductivity is difficult. Hybrid composites were 

fabricated here by dispersing GO into an SF solution at increasing controlled loadings 

(1%, 5% and 10% wt.) prior to electrospinning and in situ post-reduction to give 

electroactive SF/rGO. Micro/nanofibres with a multiscale structure similar to that of 

the native ECM have been widely investigated in nerve tissue engineering due to their 
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suitability for neuronal cell growth. We hypothesise that the presence of (r)GO (i.e. 

GO or rGO) in the system positively influences the neuronal cell response, and that 

this can be further modulated by the electroactivity attributed to rGO. The biological 

performance of the scaffolds was assessed with analogue neuronal NG108-15 cells 

over their growth and differentiation phase. To the best of the author’s knowledge, this 

is the first comparative study of silk-based composite micro/nano- fibrous scaffolds 

with GO and rGO for neural tissue engineering applications. 

3.2 Materials and Methods  

3.2.1 Preparation of silk fibroin 

Extraction and purification of SF from Bombyx mori silkworm cocoons was 

carried out as previously described [367], with some modifications (Scheme 3.1A). 

Briefly, cocoons (Wildfibres, UK) were dewormed, sliced into small pieces, and 

degummed in a boiling aqueous solution of 0.02 M sodium carbonate (Na2CO3) 

(Sigma-Aldrich, UK) for 60 min. Degummed SF fibres were thoroughly washed in 

deionised water (DI water) and air-dried at room temperature (RT) overnight. The 

fibres were then dissolved in 7.9 M aqueous lithium bromide (LiBr) (Sigma-Aldrich, 

UK) to form a 16% w v−1 solution, under gentle continuous stirring at 60°C for 4 h. 

The resulting solution was centrifuged (10,000 ×g, 20 min) and dialyzed (10k MWCO 

SnakeSkin) (Thermo Fisher Scientific, UK) against 5L of DI water at 4°C for 2-3 days, 

with regular water changes. Presence of LiBr ions was tested with a simple silver 

nitrate test, with no precipitate observed after the first three changes of DI water. The 

concentration of SF post-dialysis was ~5-6% w v−1. The RSF solution was centrifuged 

again, cast onto polystyrene dishes (Sigma-Aldrich, UK) and dried at 60°C for 2 h in 

a forced air-circulation oven (Memmert Universal, Germany). The resulting films 

were subsequently peeled off and kept in sealed vials as stock material. 

3.2.2 Preparation of silk fibroin/graphene oxide solutions 

GO flakes (2-DTech, UK) (with lateral dimension and number of layers quoted 

by the manufacturer as <4 μm lateral width and <2 layers) were used as filler. The GO 

powder was dispersed in ≥98% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Sigma-

Aldrich, UK) (Scheme 3.1B1) and sonicated at 80 Hz for 2 h using a temperature 

controlled (RT) ultrasonic bath (Elmasonic P60H, Germany).  
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Following sonication, the lateral width of the GO flakes was determined by 

field emission scanning electron microscopy (FESEM) (JEOL JSM6700F, SG). 

Briefly, silicon wafers were sonicated in acetone for 10 min for cleaning and left to 

dry at 60°C. A 10 μL drop of GO solution (at 0.0025 mg mL−1) was then pipetted onto 

the centre of the wafer and left to dry overnight before imaging. The lateral width size 

of ∼200 flakes was measured manually with Fiji 1.28 (NIH, USA). Measurements 

were performed in the horizontal direction through the centre of the flake.  

SF films were then dissolved in the GO dispersion by mixing for up to 3 days 

at 250 rpm in an oil bath heated at 50°C. Solutions of 10% w v−1 SF/HFIP were 

obtained at increasing GO loading: control 0, 1, 5, and 10% wt.  

 

 

Scheme 3.1 (A) Schematic of the extraction and synthesis of SF. (B) Manufacturing of silk-based 

scaffolds: (B1) Preparation of silk-based dopes for spinning and (B2) schematic of the electrospinning 

of SF/GO solutions and in situ post-reduction into SF/rGO. 
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3.2.3 Fabrication of graphene oxide/silk fibroin composites and post-

reduction treatment 

Fibrous scaffolds of SF/GO blends were fabricated by electrospinning, giving 

SF/1G, SF/5G and SF/10G substrates. Briefly, the spinning solution was transferred 

into a disposable 6 mL Normject™ syringe (Thermo Fisher Scientific, SG) capped with 

a 19G blunt metallic needle (0.686 mm inner diameter) (Terumo, SG), fixed in a 

SP100iZ single-syringe infusion pump (World Precision Instruments, SG). A voltage 

of 15 kV was generated by a high-voltage DC power supply applied to the needle. A 

15 cm × 15 cm static ground collector covered in aluminium foil was placed at a 

distance of 10 cm and the solution was dispensed at a constant rate of 0.8 mL h−1. All 

experiments were performed at RT (~22°C) with relative humidity 25% controlled by 

a dehumidifier device (EuropAce, SG) inside a closed chamber. 

The substrates were annealed by immersion in a bath of 80% v v-1 ethanol for 

20 min to induce β-sheet conformational transition, thoroughly rinsed in DI water, and 

dried for 24 h sandwiched between filter paper (Whatman®) (Sigma-Aldrich, UK) to 

prevent curling or folding. The SF/GO scaffolds were post-reduced in situ (Scheme 

3.1B2) by treating them with a 1% w v-1 solution of L-ascorbic acid (Sigma-Aldrich, 

UK) at 95°C for 1 h [326,366], giving SF/1R, SF/5R and SF/10R substrates. The 

scaffolds were subsequently washed thoroughly with DI water afterwards. 

Unmodified SF scaffolds were also treated under similar conditions to use as control.  

3.2.4 Characterisation of the composites 

3.2.4.1 Morphology and surface topography 

Fibre morphology and surface topography of different batches of the scaffolds 

were examined via FESEM (JEOL JSM6700F, SG) at 5 kV with a working distance 

of ~8 mm. Fibre diameters were determined manually with Fiji software by measuring 

a minimum of 100 fibres. 

3.2.4.2 Estimation of porosity and water sorption 

Water sorption capacity of the scaffolds (n=3 per type) was investigated by 

weight differences between the hydrated and the dry state (Eq. 3.1). Briefly, samples 

(15 mm × 15 mm) were immersed in 10 mL of molecular biology grade water 
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(AccuGENE™) (Lonza, UK) and incubated at 37°C in a water bath overnight. Excess 

water was removed by sandwiching the samples in filter paper and weighting 

immediately afterwards with a high precision balance scale. Three measurements were 

taken per sample. 

Water sorption (%) =
𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑖𝑒𝑑

𝑊𝑑𝑟𝑖𝑒𝑑
 × 100       (Eq. 3.1) 

 The overall percentage porosity of the scaffolds (n=5 per type) was determined 

through gravimetric analysis (Eq. 3.2) [368]. Briefly, the apparent density of the 

scaffolds in the dry state was calculated on the basis of mass (m), thickness (t) and 

area (A). Samples were punched into discs (12.7 mm in diameter) using a carbon steel 

hollow punch (Drapper, UK), and their thickness determined using a digital thickness 

gauge (Mitutoyo, Japan). The corresponding density of the composite was calculated 

on the basis of the mass fraction of its components, where the density of SF was taken 

as ~1.25 g cm−3 and that of graphene as ~1.8 g cm−3 [369,370]. 

Porosity (%) = 1 −

m
t ∗  A

𝜌0
 × 100                    (Eq. 3.2) 

where 

1

𝜌0 
=

χA

𝜌A
+

χB

𝜌B 
 and χ denotes the mass fraction of each component A − B 

The gravimetric estimate of the percentage porosity of the scaffolds was then 

used to model the pore size through statistical considerations derived by Eichhorn and 

Sampson [371], where the average equivalent pore diameter can be related to the fibre 

diameter and network porosity (Eq. 3.3):  

Pore size =
2 ∗ fibre diameter 

log(
1

porosity)
                                 (Eq. 3.3) 

3.2.4.3 Chemical bond analysis  

The conformational changes to the secondary structure of silk were evaluated 

within the spectrum of the amide I region ranging from 1700 to 1600 cm−1, by means 
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of Fourier self-deconvolution (FSD). The spectrum for each scaffold (n=2 per type) 

was taken with a Fourier transform infrared (FTIR) spectrometer (PerkinElmer 2000) 

equipped with a zinc selenide (ZnSe) crystal on attenuated total reflectance (ATR) 

mode. For each measurement, 32 scans were recorded with a resolution of 4 cm−1 and 

wavenumbers from 4000 to 600 cm−1. Spectra within the amide I region were analysed 

using the peak analyser feature in Origin Pro 8.5.1 (Origin Lab). The peaks were 

assigned to different secondary structures (i.e. intermolecular/intramolecular β-sheet, 

random coil, α-helix, β-turn, and side chains) based on the second order derivative, 

and fitted using a Gaussian function [372–375]. 

3.2.4.4 Electroconductive properties  

An automated electrical conductivity and resistivity system (A4P-200 

MicroXACT, US) with a Jandel 4-point probe head (Tungsten Carbide tips, 40 μm tip 

radius and 1 mm tip spacing) (Scheme 3.2) was used to determine the conductivity 

[366,376,377] at different positions across the surface of the scaffolds (n=4 per type). 

Measurements were conducted at RT (~20°C) in the dry state, in the hydrated state, 

and in the dry state after one-day hydration. Precise positioning of the probe was 

controlled by two VXM stepper motors (Velmex Inc., SG), and supplied by a 

combined DC current source and digital voltmeter (Jandel RM3000). The 

MicroXACT LabView-based automated software was used to control the station. A 

relatively low input current was supplied through the two outermost tips of the probe 

to pass across the material. For hydrated scaffold testing, scaffolds were immersed in 

10 mL PBS overnight, and excess removed using filter paper. For testing the samples 

in the dry state after one-day hydration, the scaffolds were immersed in 10 mL PBS 

over a 24 h period, washed with DI water and subsequently dried overnight at RT prior 

to testing.  
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Scheme 3.2 Schematic of the experimental set-up of the four-point probe electrical station. 

3.2.4.5 Raman spectroscopy  

The presence of GO and rGO within the scaffolds (n=2 per type) was evaluated 

using a confocal LabRAM HR Evolution Raman microscope (HORIBA Scientific, 

SG), by acquiring the Raman spectra at different positions along the surface of the 

sample. Raman was acquired with a 785 nm wavelength laser beam, with a D1 optical 

density filter and a 200 μm confocal pinhole to prevent thermal damage to the sample. 

The laser was focused on the surface of the samples with a 50× long working distance 

objective (1.87 mW power). Raman measurements were taken with 300 mm−1 grating 

and spectral resolution of about 1 cm−1 in the range 600 to 3400 cm−1. LabSpec 

software (HORIBA Scientific, SG) was used to control the Raman system and acquire 

the Raman spectra. Data acquisition times varied between 5 and 10 s depending on the 

Raman efficiency and background fluorescence of each individual sample. The laser 

beam position was calibrated by LabSpec. Due to the strong fluorescence background 

of some of the samples, the spectra signals were baseline corrected and normalised; 

background noise signal was removed in Origin with a Savitzky-Golay algorithm.  

3.2.4.6 Profilometric surface analysis 

Differences to the surface topography of the scaffolds (n=2 per type) were 

analysed at RT on a Countour GT-K1 3D optical profilometer (Veeco, USA) with light 

interferometer [378]. The device was calibrated prior to use with a golden sample. In 

order to ensure a near flat surface, scaffolds for testing were cut into 16 mm × 16 mm 

squares and positioned onto glass coverslips (12 mm × 12 mm, 0.13-0.16 mm 

thickness) (VWR, UK), with the excess length (~2 mm in each direction) wrapped 

around the edges. The scaffolds were fixed onto the coverslips with 80% v v−1 ethanol, 
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and the surface of the scaffolds was firmly pressed. Annealed mounted scaffolds were 

treated with 70% v v−1 ethanol for 30 min and pre-conditioned in culture media 

overnight to reproduce the effects of the procedures used in cell culture. The scaffolds 

were then dehydrated in a series of ethanol dilutions (30, 50, 70-100% v v−1) and dried 

at RT overnight prior to imaging. Samples were imaged in vertical scanning 

interferometry mode, with a ×50 interferometric objective (working distance of 3.4 

mm) and a ×2 field of view multiplier tube. A total of 10 micrographs (66 μm × 87 

μm analysed area for each image) were taken per sample at different fields of view, 

with an average of five measurements taken per image. Analysis of the surface 

roughness was carried out using Vision64 Map™ (Bruker, USA) software. The 

arithmetical mean surface height (Sa) and root mean square surface height (Sq) 

parameters of the 3D profile ordinates were analysed for each image taken, and the 

average values for each sample type determined. 

3.2.4.7 Protein adsorption 

The capacity of the scaffold (n=3 per type) to adsorb protein was evaluated 

using Engelbreth-Holm-Swarm murine laminin (Sigma-Aldrich, UK) and the 

NanoOrange® protein quantification kit (Thermo Fisher Scientific, UK), based on the 

amount of remaining protein in solution after adsorption. Scaffolds were incubated 

with 200 µL of 5 µg mL−1 laminin in sterile molecular biology grade water for 2 h at 

37°C. Supernatants were collected after incubation. Samples of 200 μL were 

transferred to Eppendorf® tubes containing 200 μL of 1× NanoOrange reagent working 

solution, and then heated at 95°C for 10 min in a QBD2 Grant block heating system 

(Gem Scientific, UK) following the manufacturer’s instructions. Samples were then 

cooled down at RT for 20 min prior to taking the reading. Protein concentration was 

calculated using a generated standard curve obtained from the protein solution of 

interest within the range of measured concentrations. All samples were conducted in 

triplicate. Scaffolds incubated in molecular biology grade water served as blanks, and 

DI water was used as negative control. Fluorescence intensity was read (ex./em. 

485/590 nm) with a FLUOstar Optima microplate reader (BMG Labtech). 
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3.2.5 In vitro study 

3.2.5.1 Cell culture of neuroma NG108-15 cells 

In vitro cell culture experiments were conducted using a NG108-15 

neuroblastoma × glioma rat/mouse hybrid neuronal-like cell line. Cells were 

subcultured in CellStar® tissue culture polystyrene (TCP) treated T25-75 flasks 

(Greiner Bio-One, UK). Cells were grown with high glucose (4.5 mg mL−1) 

Dulbecco's modified Eagles medium (DMEM-HG) containing L-glutamine and 

without sodium pyruvate (Sigma-Aldrich, UK), 10% v v−1 foetal bovine serum (FBS) 

(Sigma-Aldrich, UK), 1% v v−1 100× penicillin-streptomycin (Pen/Strep) solution 

(10,000 IU Pen and 10,000 µg mL−1 Strep) (Sigma-Aldrich, UK), and supplemented 

with a HAT 50× solution (Thermo Fisher Scientific, UK) to a final working 

concentration of 100 µM hypoxanthine, 0.4 µM aminopterin, and 16 µM thymidine. 

Cells were cultured in a humidified atmosphere incubator at 37°C (5% CO2 and 95% 

air), with half of the medium changed every 2 days. Cells were used between passage 

P17-30 after they became 70-80% confluent.  

For cell culture experiments, scaffolds (13 mm diameter) were clipped to 

CellCrown™ polycarbonate inserts (Scaffdex Oy, Finland) for 24-well plates (vol. 1 

mL). Mounted annealed scaffolds were maintained in sterile molecular biology grade 

water for approximately 24 h prior to cell culture. The scaffolds were sterilised with 

70% v v−1 ethanol for 30 min, followed by a 30 min wash in sterile PBS, transferred 

into sterile, low-binding 24-well plates (Corning, UK) and exposed to UV-light for 20 

min (254 nm) inside a biosafety cabinet. Glass coverslips (12 mm diameter, 0.13-0.16 

mm thickness) (VWR, UK) were used as positive controls. To improve cell adhesion, 

scaffolds were preconditioned overnight in supplemented medium to promote protein 

adsorption and facilitate cell attachment. Prior to cell seeding, scaffolds were air-dried 

inside a biosafety cabinet for 60 min to ensure that the cell suspension would not 

spread around. A cell seeding density of 10,000 cells per well within a ~50 μL droplet 

was used, and the scaffolds were left to adhere for ~2 h inside an incubator before 

adding fresh media. Half of the media was changed every 2 days.  
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3.2.5.2 Cell survival  

Cellular viability of cells on the various scaffolds (n=2 per type) was evaluated 

at days 3, 5 and 7 using a LIVE/DEAD® viability/cytotoxicity fluorescence kit 

(Thermo Fisher Scientific, UK). The LIVE/DEAD working solution (2 µm calcein-

AM and 4 µM EthD-1) was prepared by adding 10 µL of the 2 mM EthD-1 stock 

solution and 5 µL of the supplied 4 mM calcein-AM stock solution to 10 mL of sterile 

PBS. At each time point, culture medium was removed from the cell-laden scaffolds 

and gently rinsed twice in PBS prior to adding ~200 μL of the working solution 

ensuring that each sample was completely submerged. Samples were then incubated 

for 20 min in a cell culture incubator, washed twice with PBS and directly transferred 

onto glass microscopic slides (76×26 mm, 0.8-1 mm thickness, Fisher-Scientific, UK) 

prior to imaging. 3D imaging was carried out using a TCS SP8 confocal laser scanning 

microscope (Leica Microsystems Ltd., UK) at an ex./em. of 494/517 nm for live cells 

and 528/617 nm for non-viable cells. Z-stacked images were acquired with a 10× 

objective by scanning at least three different areas throughout the thickness of each 

scaffold at 5 μm per Z-step. Projection micrographs were then generated from each 

stack through maximum intensity algorithm. Cell quantification was carried out with 

Fiji software. Obtained projection micrographs were split into single channels, 

converted into gray scale and thresholded; touching cells were separated into 

individual objects by applying a watershed algorithm for automatic counting 

[379,380]. Data is expressed as the percentage of live cells versus non-viable/dead 

cells.  

3.2.5.3 Metabolic activity and cellular proliferation  

The metabolic activity of cells on the scaffolds (n=4 per type) was monitored 

on days 3, 5 and 7 using the alamarBlue™ reduction assay according to the 

manufacturer’s instructions. At each time point, culture media was removed, the cell-

laden scaffolds gently washed with sterile PBS and transferred to a new well. A 10× 

intermediate stock solution of Resazurin (Sigma-Aldrich, UK) was prepared at 0.125 

mg mL−1 in PBS, and filter-sterilised using a 0.22 μm pore size hydrophilic 

polyethersulfone membrane (Merck Millipore, UK). About 1 mL of the Resazurin 

solution in cell culture medium at a 1:10 v v−1 ratio was added to each well, and the 
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plate wrapped in aluminium foil and incubated for 4 h at 37°C. Triplicates of 100 μL 

of each sample were loaded into a black flat-bottom 96-well plate (Fisher Scientific, 

UK). Resazurin solution in culture medium of glass coverslip or scaffold without cells 

was used as blank; resazurin solution in culture medium was used as negative control. 

Fluorescence (ex./em. 544/590 nm) was measured with a FLUOstar Optima 

microplate reader (BMG Labtech, UK), and recorded as a function of the dsDNA 

content to give an indication of the metabolic activity relative to the number of cells 

in culture.  

Cellular proliferation of the same samples at similar time points was then 

measured by the Quant-iT™ PicoGreen® dsDNA assay (Thermo Fisher Scientific, 

UK). Cell-laden scaffolds were gently washed twice with sterile PBS to remove any 

traces of Resazurin solution. About 500 μL of 1× lysis buffer (0.2% v v−1 Triton X-

100 in 1× TE buffer solution) was added to each sample, followed by 3 cycles of 

freezing at -86°C and thawing at RT to ensure complete cell lysis. Triplicates of 100 

μL of each sample were then loaded into a black flat-bottom 96-well plate (Fisher 

Scientific, UK) and mixed with 100 μL of the working reagent at a 1:1 v v−1 ratio 

following the manufacturer’s instructions. Glass coverslip or scaffold without cells 

were used as blank. Molecular biology grade water was used as negative control. 

Fluorescence (ex./em. 485/520 nm) was measured with a FLUOstar Optima 

microplate reader (BMG Labtech), and compared with a generated lambda dsDNA 

standard curve obtained within the range of measured concentrations. Cell number 

was estimated based on the assumption that a single cell contains around 5 pg of DNA 

[381]. 

3.2.5.4 Neuronal differentiation 

To induce neuronal differentiation, the cell culture medium was changed to a 

differentiation medium one day post-seeding, using serum-free medium. The culture 

was maintained for 5 days, with half of the medium removed and replaced with fresh 

medium every 2 days. 
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3.2.5.5 Immunocytochemistry (ICC) 

Cell-laden scaffolds (n=2 per type) were harvested, gently washed twice with 

PBS and treated with 10% v v−1 neutral buffered formalin (NBF) (Sigma-Aldrich, UK) 

(equivalent to about 4% w v−1 paraformaldehyde) for 30 min at RT as a fixative 

solution. Samples were rinsed three times with PBS, permeabilised with 0.1% v v−1 

Triton X-100 in PBS for 15 min and further rinsed three times with PBS. Samples 

were then blocked for non-specific binding with 1% w v−1 bovine serum albumin 

(BSA) in PBS for 30 min and rinsed three times with PBS.  

To assess the differentiation of neuronal cell bodies, cell-laden samples were 

labelled with polyclonal rabbit anti-mouse/rat ß-tubulin III (Abcam, UK) as primary 

antibody, and preadsorbed polyclonal goat anti-rabbit IgG H&L Alexa Fluor® 488 

(Abcam, UK) as secondary antibody. Samples were incubated at a 1:1000 v v−1 

dilution in PBS for 2 h at RT, respectively; PBS was used to rinse in between steps. 

Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole dihydrochloride 

(DAPI) blue (1 mg mL−1) (Sigma-Aldrich, UK) at a 1:1000 v v−1 dilution in molecular 

biology grade water for 2 min at RT. Samples were finally rinsed again with PBS three 

times. The volume of solution was ~200 μL per sample to ensure they were completely 

submerged.  

Samples were mounted for imaging on Fisherbrand™ glass microscopic slides 

(76×26 mm, 0.8-1 mm thickness) (Fisher-Scientific, UK) using ProLong® Diamond 

Antifade Mountant (Thermo Fisher Scientific, UK); an appropriate sized glass 

coverslip (18×18 mm, 0.13-0.17 mm thickness) (VWR, UK) was then placed over the 

section of interest and cured at RT overnight following the manufacturer’s 

instructions. Samples were imaged using a TCS SP8 confocal laser scanning 

microscope (Leica Microsystems, UK) at an ex./em. of 340/488 nm for DAPI and 

495/519 nm for Alexa Fluor® 488. Z-stacked images were acquired by scanning 

different areas throughout the thickness of the scaffold at 5 μm/Z-step. Images were 

visualised using Fiji software.  

3.2.5.6 Neurite outgrowth 

Neurite sprouting on each scaffold type was analysed from immunofluorescent 

micrographs. Only extended structures longer than 30 µm (measured from the middle 
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of the cell body until the end of the projection) were considered as neuronal processes. 

A total of 10 neurites, across randomly selected fields of view, were measured per 

condition to determine neurite length. Quantification was carried out using Fiji 

software. 

3.2.6 Data analysis 

Statistical analysis was performed with GraphPad Prism 8 (San Diego, USA), 

and datasets checked for normality. Normally distributed data is presented as standard 

deviation (SD, error bars) of the mean values. For parametric data and multiple 

comparisons, significance was assessed by one-way ANOVA (one independent 

variable) or two-way ANOVA (two independent variables) with Tukey’s post hoc 

analysis test. Not normally distributed data was assessed by Kruskal-Wallis with 

Dunn’s post hoc analysis test. A value of p<0.05 was considered statistically 

significant. 

3.3 Results and Discussion 

Dissolution of SF is an important step in reprocessing it into fibres, but there 

are limited suitable solvents [382]. Here, we dispersed GO in HFIP, followed by 

sonication, SF addition and dissolution as described in the methodology. The 

distribution of the lateral width of GO flakes (Figure 3.1A) after 2 h sonication is 

shown in Figure 3.1B, with an average size of 167 (±54) nm. Longer sonication times 

can undermine the mechanical properties of GO, primarily attributed to a more 

aggressive fragmentation of the flakes resulting in an increased oxidation degree and 

the presence of more inter junctions and defects [383–385]. With this in mind, it was 

important to optimise a well-dispersed blended SF/GO solution, where the GO flakes 

could be effectively embedded within silk during electrospinning to form bead-free 

fibres.  
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Figure 3.1 (A) Violin plot showing the frequency distribution (with the median and two quartiles) of 

the GO lateral width at increasing sonication time. (B) Histogram showing the distribution of the GO 

lateral width after 2 h sonication. 

3.3.1 Fibrous morphology  

The surface topographies and morphologies of the composite silk-based 

scaffolds are shown in Figure 3.2. Unmodified silk scaffolds appeared whitish in 

colour. Composite silk scaffolds were rendered increasing brown with increased GO 

loadings. After in situ post-reduction into SF/rGO, the samples turned into various 

shades of grey tending to black. Morphology of the fibres, as observed under FESEM, 

was smooth and consistent for every group tested, with an average fibre diameter of 

around 800 nm (Figure 3.3A). A decrease in the average fibre diameter due to larger 

fibre elongation during spinning has been reported with the incorporation of graphene 

and its derivatives [386,387]. While some differences could be observed compared 

with unmodified silk, fibres of similar diameter size were obtained with addition of 

GO up to 10% wt. – all blended solutions spun at similar conditions. Fibre diameter 

was not significantly affected by post-spinning annealing, but moderately increased 

(p<0.01) after post-reduction with ascorbic acid. In this respect, Huang et al. 

investigated the effects of different reducing agents on the properties of wet-spun GO 

fibres, and reported hydroiodic acid to result in lower fibre diameter, whereas 

hydrazine treatment caused larger diameters [388].  
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Figure 3.2 Effect of (r)GO content on the scaffold structure. Representative macroscopic views of the 

visual appearance of the scaffolds prior to and after post-reduction, and representative FESEM 

micrographs of the scaffolds; scale bars at 4 mm and 5 μm respectively. 

 

3.3.2 Porosity and water sorption 

Scaffolds manufactured by electrospinning usually consists of densely packed 

fibres with limited inter-fibre spacing and pore diameter [378]. However, a certain 

level of porosity is required in nerve conduits to allow infiltration of blood vessels and 

regulate nutrient uptake, oxygen diffusion and waste exchange [389]. Previously 

reported data has shown that the addition of carbon-based nanomaterials can lead to 

an increase in the pore diameter and overall scaffold porosity [390,391]. Following 

the determination of the percentage porosity, it was clear that the presence of (r)GO 

did not result in this case in major changes in the overall porosity (70-80%) or the 

estimated pore dimensions (~15 μm) (Figure 3.3B-C), and that these are a good 

compromise to provide a cell-friendly conduit lumen [389]. Indeed, scaffolds with 

excessive pore diameters may facilitate infiltration of non-neural cells along the 
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conduit length and hinder neurite outgrowth [389]. In particular, pore diameters <30 

μm in the conduit lumen are ideal to inhibit the invasion of fibroblasts and 

macrophagocytes for the regeneration of peripheral nerve [392]. 

 

 

Figure 3.3 (A) Distribution of the fibre diameter size of the scaffolds before and after ethanol treatment 

(annealing) and with post-reduction (n=100 fibres). (B) Overall porosity of the scaffolds (n=5 per type) 

and (C) estimated average pore diameter. (D) Water sorption of the scaffolds (n=3 per type) after 

overnight incubation at physiological conditions. Differences between the experimental groups were 

analysed by two-way ANOVA with Tukey’s test, or by Kruskal-Wallis with Dunn’s test. n.s non-

significant, * p<0.05, **p<0.01, ****p<0.0001. 

Water sorption is an also an important feature that can influence the properties 

of the substrate prior to and after implantation. For instance, the void space might be 

reduced, increasing direct contact between the cells and the material [393]. Although 

SF presents a polymeric structure with hydrophobic regions, it has large sorption 

capacity to hold moisture thanks to its alternating hydrophilic regions [394]. Enhanced 

hydrophilicity can lead to increased cell attachment [395]. While the 

hydrophilicity/hydrophobicity of graphene and its derivatives has remained under 
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constant debate over the last few years, it has been recently demonstrated that when 

graphene is placed in a water‐like environment, it presents hydrophilic properties close 

to those of pure water [396]. Here, all substrates showed great water sorption 

capability; while some changes were observed with the presence of (r)GO in the fibres, 

these differences were non-significant (Figure 3.3D). 

3.3.3 Molecular structure of silk and the effect of graphene derivatives 

The addition of (r)GO into the silk system has previously been reported to lead 

to changes in the amount of β-sheet structures after ethanol treatment [372,397,398]. 

The chemical structure of SF was analysed by FTIR-ATR (Figure 3.4A). There were 

no obvious differences in the spectra, which indicates no generation of new groups. 

Since the (r)GO content is low compared with that of SF, and some of their 

characteristic peaks are very close, it is difficult to analyse the (r)GO-SF interactions 

from the FTIR spectra. Therefore, the proportion of secondary structures within the 

amide I region was quantified by means of deconvolution (Figure 3.4B). As expected, 

the amount of β-sheet structures increased after ethanol treatment due to increased 

crystallisation resulting from the transition of α-helix into β-sheet [399]. Indeed, it has 

been suggested that the mobility of the polypeptide chains is likely to be reduced as 

ethanol strips off the water shell around fibroin, resulting in an increased rate of β-

sheet formation [400]. A similar proportion of the various secondary structures were 

quantified on the substrates at the different GO loadings (Figure 3.4B), with a slight 

reduction in the β-sheet content (p-value non-significant) at increased GO inclusion. 

These results tend to agree with those by Zhang et al. [397], who suggested that GO 

addition was not favourable for the transition of random coil or α-helix to β-sheets 

during post-treatment. A similar proportion of the secondary structures were 

quantified for the various samples after in situ post-reduction into SF/rGO (Figure 

3.4B), with no significant differences with regards to the crystalline β-sheet content 

similar to the work of Zulan et al. [365]. Overall, similar silk-based scaffolds with no 

major changes in the molecular structure of silk were manufactured regardless of the 

addition of (r)GO. This is indeed important to help decoupling the influence of GO 

and rGO in subsequent cell-based assays.  
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Further studies were carried out to understand the compositional distribution of 

the fibres, where the presence of GO and rGO was confirmed by Raman spectroscopy 

(Figure 3.4C). The Raman spectra of the GO-containing scaffolds displayed two 

prominent peaks at around 1330 cm−1 and at 1595 cm−1, ascribed to the D and G bands 

respectively. The G band is characteristic of sp2-hybridized C–C bonds in a two-

dimensional hexagonal lattice, while the D band corresponds to the defects and 

disorder in the planar carbon network [401]. For the case of the rGO-containing 

scaffolds, the D band slightly retracted towards 1315 cm−1, while the G band did not 

reveal any changes. A characteristic band attributed to β-sheets [366] could be 

observed at around 1670 cm−1 for unmodified silk, and the absence of graphene in 

these fibres was demonstrated by the lack of the characteristic spectral bands. The D/G 

intensity ratio can also be used as an indicator of the defects in the graphene structure. 

In this study, the intensity ratio of the samples (Figure 3.4D) was found to increase 

with the filler content, which can be correlated to increased carbonaceous presence in 

the composites [366]. The intensity ratio decreased for rGO-containing samples, 

which could be attributed to a decreased amount of oxygenated groups or structural 

defects after the reduction process [402,403]. 
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Figure 3.4 Effect of the presence of (r)GO on the chemical structure of silk. (A) Representative FTIR 

spectrum of the various scaffolds showing the typical fingerprint of silk. (B) Quantitative analysis of 

the secondary structure composition of silk, before and after treatment, within the amide I region (1700-

1600 cm−1). (C) Representative Raman spectra of the scaffolds. (D) Intensity ratio of the D and G 

spectral bands. 

3.3.4 Conductive properties  

Electrical conductance is dependent upon various factors, such as hydration 

degree, solvent or doping agent presence [376]. In this study, rGO flakes act as high 

aspect ratio electroconductive fillers in biohybrid composite electrospun silk-based 

scaffolds. Well-dispersed flakes within the fibres can contribute to the formation of 

conductive networks, generating self-assembling conductive pathways by forming 

conduction anchor nodes throughout. These conductive pathways facilitate and 
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enhance electronic transport, along with protonic (e.g. molecules of bound water and 

amino acid side groups of proteins [404]) and ionic (e.g. electrolytes from the medium; 

the conductivity of cells is ionic in nature) currents throughout the substrate. Cell-cell 

communication in electrically sensitive tissues can be enhanced this way. For instance, 

it has been shown that hydrogels synthesised in combination with MWNTs [390] or 

PEDOT–PSS [405] can act as internal enhanced electrical systems to promote the cell 

response. In both studies, cell-cell communication between cardiomyocytes was 

facilitated by enhancing the overall substrate’s conduction and inducing cell 

elongation and unidirectional cell alignment with improved coupling and beating.  

Conductivity of SF/GO (Figure 3.5A) and electroactive SF/rGO scaffolds 

(Figure 3.5B) was estimated with a 4-point probe station. As expected, low 

conductivities were recorded on SF/GO scaffolds. Some differences were observed 

following addition of GO, though, in agreement with a previous study on protein-

based hydrogels with GO incorporation [406]. Reduced GO offers higher electrical 

conductivity in comparison to GO for applications where tuning electrical properties 

is the main target. The presence of rGO increased the overall conductivity up to ~ 

4×10−5 S cm−1 in the dry state, and peaked at ~ 3×10−4 S cm−1 in the hydrated state. 

This was a synergic effect provided by both the substrate (electronic and protonic 

conductivity) and the electrolytes of the medium (ionic conductivity), and differs from 

the trend previously reported by Martins et al. where the conductivity of a carbon 

nanofibre/chitosan scaffold was dominated by the aqueous media and decreased upon 

hydration [304]. However, even in those cases where the ionic conductivity provided 

by the aqueous environment could dominate over substrates of lower inherent 

conductivity [304], local changes in conductivity attributed to the 

electroconductive/active moiety may directly affect the properties of cells by altering 

their resistance or capacitance. Hydrated protein-based materials [274,334,407–409], 

in this case SF [410], can also be considered as proton conductors. Water-mediated 

proton hopping takes place due to peptide and peptenol flip-flopping [410], and is 

known as the Grotthuss mechanism [274]. The electroactive SF/rGO scaffolds 

maintained their original conductivity in the dry state after one-day hydration. 
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Figure 3.5 (A) Estimated conductivity of SF/GO scaffolds. Quantitative analysis of the conductivity 

properties of the scaffolds (n=4 per type) in the dry state and in the wet state. (B) Estimated conductivity 

of electroactive SF/rGO scaffolds. Quantitative analysis of the conductivity properties of the scaffolds 

(n=4 per type) in the dry state, in the hydrated state and in the dry state after one-day hydration. 

Differences between the experimental groups were analysed by two-way ANOVA with Tukey’s test. 

n.s non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Zigzag in white indicates 

discontinued bar chart portion. 

On the other hand, rGO offers limited conductivity due to the presence of 

defects on the carbon backbone and the small flake size achieved during processing. 

Furthermore, high conductivity is subjected to achieving percolation threshold and a 

successful dispersion of the flakes within the polymer matrix. Although the 

conductivity exhibited here for most SF/rGO samples (dry/hydrated states) may fall 

short [411], it has been reported that a range 1×10−6 to 8×10−5 S cm−1 is sufficient for 

conducting electrical regimes in vivo [412,413]. The conductivities exhibited here in 
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the dry/hydrated state fall within such range and exceed it, and could even be further 

tuned to match or even surpass native tissues’ conductivity by incorporating pristine 

graphene. 

3.3.5 Neuronal cell viability, metabolic activity and proliferation  

Neuronal-like cells were seeded onto all sample groups and their viability, 

metabolic activity and proliferation profiles were evaluated. A viability assay was used 

to assess the potential cytotoxicity of the different scaffolds, as well as evaluate 

attachment and survival of NG108-15 cells. Representative confocal micrographs and 

semi-quantitative analysis of viable and non-viable cells are shown in Figure 3.6 and 

Figure 3.7. In all substrates, few dead cells were observed (Figure 3.6), with the great 

majority of cells being alive (Figure 3.7A-C). The percentage of viable cells after 7 

days of culture was >95% for all scaffolds (Figure 3.7C). No major differences in the 

ratio of viable cells were observed among the different substrates and the controls, 

demonstrating that the presence of GO or rGO in the scaffold up to 10% wt. does not 

induce any major cytotoxic effects in vitro. During the growth phase, cells were 

observed to present round shapes with limited processes along their surface and grew 

clustered together in colonies. This is typical of NG108-15 cells and may have been 

further promoted by the randomly distribution of the fibres.  
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Figure 3.6 Cellular viability of NG108-15 cells on SF/GO and SF/rGO composite scaffolds over 7 days of culture. Representative confocal micrographs of cells labelled with 

calcein AM (green) and ethidium homodimer-1 (red) as markers of cell viability; scale bars at 250 μm. Coverslip (CV) and silk fibroin (SF) were used as controls.
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Figure 3.7 Cellular viability of NG108-15 cells on SF/GO and SF/rGO composite scaffolds over 7 days 

of culture. (A-C) Semi-quantitative analysis of the percentage of viable and non-viable cells over 7 days 

in culture (n=2 scaffolds per type. Coverslip (CV) and silk fibroin (SF) were used as controls. 

The metabolic activity of NG108-15 cells is displayed in Figure 3.8A, shown 

as a function of the dsDNA concentration in Figure 3.8B. The latter provides an 

indication of the metabolic activity of the culture relative to the number of cells present 

on it. Cells exhibited greater metabolic activity on substrates containing GO and rGO 

compared to unmodified silk, tending to increase with filler content. By day 5, cells 

grown on electroactive SF/rGO samples were metabolically more active than those 

grown on SF/GO, while by day 7 the trend was opposite (Figure 3.8B), which might 

suggest cell confluency. The metabolic activity results were well supported in terms 

of cellular proliferation on the various substrates over time (Figure 3.8C-D), with the 

SF/rGO scaffolds accelerating cellular proliferation to the greatest extent by day 7 

compared with SF/GO. These differences in cellular behaviour could be directly 

attributed to the presence of electroactive rGO as opposed to GO. The great 

proliferation response observed on glass coverslip at day 7 might be explained by the 

rigid and flat 2D surface, which is typically used for standard cell expansion and 

proliferation.  
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Figure 3.8 Cellular metabolic activity and proliferation of NG108-15 cells on SF/GO and SF/rGO 

composite scaffolds over 7 days of culture. (A) Metabolic activity (n=4 scaffolds per type). (B) 

Metabolic activity relative to dsDNA content (n=4 scaffolds per type). (C) Total dsDNA content (n=4 

scaffolds per type). (D) Cellular proliferation; estimated number of cells (n=4 scaffolds per type). 

Differences between the experimental groups were analysed with two-way ANOVA with Tukey’s test. 

n.s non-significant, *p<0.05, **p<0.01, ****p<0.0001. Coverslip (CV) and silk fibroin (SF) were used 

as controls. 

Nevertheless, surface roughness and protein adsorption can also affect cell-

material interactions [414], leading to changes in cellular adhesion, proliferation and 

biosynthesis of ECM components. Addition of (r)GO into the silk system led to a 

significant increase (p<0.001) in surface roughness for all samples tested (Figure 

3.9A-B) compared to unmodified silk. Similarly, previous reports have shown 

increased surface roughness at increased graphene [415], carbon nanofibre [416] and 

carbon nanotube [417] content within various composites. Such changes may lead to 

regionally organised micro/nano- topographies that can contribute to micro/nano- 
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structure-induced cellular interactions [417]. Non-significant differences in surface 

roughness were observed between the GO and rGO counterparts prior to and after 

post-reduction. The ability of the scaffolds to adsorb protein was also quantified 

(Figure 3.9C). Protein adsorption tended to increase especially at increased (r)GO 

loading compared with unmodified silk. This is in agreement with other studies 

[416,418] that have correlated an increase in protein adsorption with an increase in 

surface roughness. However, regardless of the GO and rGO counterparts presenting 

similar surface roughness, lower amounts of laminin were adsorbed on the rGO-

containing samples. These results are in line with previous findings that have 

demonstrated that GO shows greater adsorption of proteins on its surface compared 

with rGO [419–421]. Therefore, while some studies have suggested that surface 

roughness and protein adsorption can be more vital traits over the electronic 

configuration of the scaffold [273], the tendency of electroactive SF/rGO to 

outperform SF/GO substrates in terms of the cellular response (Figure 3.8) could be 

attributed here to the endogenous electrical regimes induced by rGO.   
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Figure 3.9 Surface roughness and protein adsorption capacity of the composite scaffolds. (A) 

Quantitative analysis of the surface roughness parameters (Sq – root mean square height, and Sa – 

average mean height) of the scaffolds (n=2 per type). (B) Representative optical profilometry 

micrographs of the surface roughness of SF/GO and SF/rGO composite scaffolds. (C) Quantitative 

analysis of laminin adsorption on the scaffolds (n=3 per type) after 2 h incubation. Differences between 

the experimental groups were analysed by two-way ANOVA with Tukey’s test. n.s non-significant, 

**p<0.01, ***p<0.001, ****p<0.0001 

3.6 Neuronal outgrowth 

Neurite outgrowth, axonal elongation and the formation of neuronal circuits are 

essential for the nerve tissue repair and regeneration process. Neurite outgrowth can 

be guided by physical cues in the substrate, but also directed by electrical regimes. 

Inspired by the cell metabolic activity and proliferation results, NG108-15 neuronal-

like cells were grown on the various scaffolds in serum-deprived conditions and 

immunolabelled with β-tubulin III as a marker for neurite outgrowth and 

differentiation (Figure 3.10). 



110 

 

 

 

Figure 3.10 Neuronal differentiation of NG1081-15 cells on SF/GO and SF/rGO composite scaffolds 

after 5 days of culture. (A) Representative confocal micrographs of differentiated cells immunolabelled 

with β-tubulin III (green) and cell nuclei counterstained with DAPI (blue); scale bar at 75 μm. (B) Box-

and-whisker plot showing neurite extension distribution on each scaffold. (C) Semi-quantitative 

analysis of the average number of neurites per neuronal cell body for each scaffold. Differences between 

the experimental groups were analysed with one-way ANOVA with Tukey’s test. n.s non-significant, 

*p<0.05. Coverslip (CV) and silk fibroin (SF) were used as controls. 

β-tubulin III is a marker expressed in neuronal cell bodies, dendrites, axons, 

and axonal terminations. Cell-laden samples in serum-supplemented medium served 

as negative controls of differentiation (Figure 3.11), with cells growing very clustered 

together without neurite extension.  
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Figure 3.11 Representative confocal micrographs of undifferentiated NG108-15 cells over 7 days of 

culture on glass coverslip (CV) and silk fibroin (SF) scaffolds. Cells were immunolabelled with β-

tubulin III (green) and cell nuclei counterstained with DAPI (blue); scale bars at 250 μm. 

Representative micrographs of the various cell-laden substrates after induced 

differentiation are shown in Figure 3.10A. Neurite outgrowth on all substrates could 

be clearly observed after immunolabelling. Neurite length was quantified for each 

scaffold type (Figure 3.10B), with no significant differences in terms of neurite 

extension among sample groups. Further analysis revealed maximum neurite 

extensions of 207, 181, 212, 207, 192, 164, 258 and 151 μm for coverslip, SF, SF/1G, 

SF/5G, SF/10G, SF/1R, SF/5R and SF/10R, respectively. The average number of 

neurites expressed per NG108-15 neuronal cell body was estimated at ~1.4 (Figure 

3.10C), in line with what has been previously reported using the same NG108-15 cell 

line on other scaffolds [422,423]. The average number of neurites per neuronal cell 

body decreased at increased GO content, while no differences were observed among 

the rGO/silk composites. 
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3.4 Conclusion 

Delineating the role of electrical conductivity in cell behaviour is challenging, 

since it is difficult to manufacture scaffolds with similar physico-mechanical 

properties but different levels of conductivity, completely decoupling combined 

effects. Here, SF composite fibrous scaffolds were manufactured by incorporating GO 

at loading concentrations up to 10% wt., optionally followed by in situ post-reduction 

into electroactive SF/rGO. Presence of GO or rGO did not substantially influence the 

substrates in terms of the fibre size distribution, porosity, water sorption or protein 

secondary structure in silk. In contrast, surface roughness and protein adsorption 

capacity tended to increase with increasing filler content. Reduction treatment into 

SF/rGO greatly enhanced the electrical conductivity of the scaffolds, which was 

further promoted after hydration. Analogue neuronal NG108-15 cells were able to 

adhere and survive on all samples. Cellular proliferation was enhanced with the 

presence of GO compared with SF, notably outperformed after reduction into 

electroactive SF/rGO. No significant differences in neurite extension were observed, 

though. While it is difficult to pinpoint the parameter responsible for the differing cell 

responses observed between the GO and rGO counterparts, the inherent electrical 

regimes conferred by rGO seem to be an important trait over differences in surface 

roughness or protein adsorption, and further investigation should be warranted. Future 

studies can look at screening these substrates with other neuronal and Schwann cells, 

or in co-culture conditions. In addition, promotion of neurite outgrowth could be 

further investigated in combination with aligned fibrous substrates and direct ES.  
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Modulation of neuronal cell affinity on 

PEDOT–PSS non-woven silk scaffolds for 

neural tissue engineering 
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• Literature review 

o Conjugated polymers with a focus on PEDOT–PSS 

o Surface functionalisation techniques 

o Tuning conductive properties with a polar solvent 

o Role of conductivity in altering cellular response 

• Study design following advice from the supervisory team 

o Selection of materials and preparation techniques 

o Selection of cell line and experimental points 

o Characterisation methods 

• Experimental work 

o Optimisation methods for the manufacturing of highly conductive 

PEDOT–PSS hybrids based on functionalisation of silk-based 

scaffolds produced by electrospinning 

o Characterisation of the scaffolds in terms of fibre morphology, surface 

topography, element composition, chemical structure, conductivity and 

biological response 

• Manuscript preparation 

o Writing initial draft 

o Revision following comments from the supervisory team 

Overview  

While there exist different strategies to imbue materials with certain 

conductivity, it is challenging to manufacture scaffolds that exhibit high conductance 

and good biological response. The use of carbon-based fillers in composites is limited 

to achieving dispersion for the formation of conductive networks, and rGO in 

particular tends to exhibit low conductivity. This chapter describes a second approach 

to imbue electrical conductivity to electrospun SF scaffolds by surface 

functionalisation with PEDOT–PSS and DMSO-treated PEDOT–PSS. It was 

hypothesised that conjugation with PEDOT–PSS on the surface would lead to higher 

conductive values, which could be tuned in terms of the coating concentration and 

further boosted by DMSO treatment. The produced scaffolds were physico-chemically 

characterised and biologically assessed with analogue neuronal-like cells. 
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The assembled PEDOT–PSS silk scaffolds showed higher conductance at 

increased coating concentration with no major changes in surface roughness but 

increased protein adsorption. Treating PEDOT–PSS with DMSO greatly boosted the 

conductivity of the scaffolds and partially promoted their biological response in 

comparison to PEDOT–PSS. Whether it is due to differences in conductivity or other 

secondary effects, or more likely a synergic cascade of different events, the overall 

biological response of the scaffolds was enhanced compared with unmodified silk. 

Abstract 

PNI is a common consequence of trauma with low regenerative potential. 

Electroconductive scaffolds can provide appropriate cell growth microenvironments 

and synergistic cell guidance cues for nerve tissue engineering. In the present study, 

electrically conductive scaffolds were prepared by conjugating PEDOT–PSS or 

DMSO-treated PEDOT–PSS on electrospun silk scaffolds. Conductance could be 

tuned by the coating concentration and was further boosted by DMSO treatment. 

Analogue NG108-15 neuronal cells were cultured on the scaffolds to evaluate 

neuronal cell growth, proliferation and differentiation. Cellular viability was 

maintained on all scaffold groups, while showing comparatively better metabolic 

activity and proliferation than unmodified silk. DMSO-treated PEDOT–PSS 

functionalised scaffolds partially outperformed their PEDOT–PSS counterparts. 

Differentiation assessments suggested that these PEDOT–PSS assembled silk 

scaffolds could support neurite sprouting, indicating that they show promise to be used 

as a future platform to restore electrochemical coupling at the site of injury and 

preserve normal nerve function.  

Keywords: PEDOT–PSS; silk fibroin; electrospinning; neuronal scaffold 

4.1 Introduction 

Electroconductive scaffolds have shown great promise in engineering 

electrically sensitive tissues such as muscle (e.g. cardiac, skeletal, smooth) and nerve 

[273], which are highly dependent on electrochemical signalling between or within 

cells [424]. Materials that are intended to interact with tissues should be engineered to 

stimulate the wound healing response. In particular, neural tissue exhibits low 

regenerative potential. Since electrical integrity is essential for the repair and 
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regeneration process of the nervous system, different avenues to improve conduction 

of biomaterials and enhance tissue function have been explored over the years, as 

recently reviewed [273,425]. 

Conjugated polymers such as PPy, PANI and PEDOT are attractive candidates 

in tissue engineering due to their versatility in many biomedical applications and 

highly electrically conductive nature [426,427]. PEDOT is the most studied 

polythiophene derivative due to its higher electrical conductivity and chemical 

stability [428]. Unlike other conductive polymers, PEDOT doped with polystyrene 

sulfonate is easily dispersed in aqueous solution, it is amenable to solution processing 

and retains a significant amount of its conductive properties in physiological 

conditions [429,430]. Accordingly, the use of PEDOT–PSS is a promising candidate 

for developing conductive scaffolds [377,405,431] with the ability to support cell 

adhesion, and facilitate cell growth and differentiation. PEDOT–PSS transduces 

charge by both ion and electron/hole exchange [432]. Its conductance can be further 

optimised by treatment with polar solvents such as DMSO, a process by which the 

anionic PSS shells are partially washed away leading to a shift in the structure of 

disentangled PEDOT–PSS with more efficient orbital overlap and interchain packing 

for charge transport [433]. The use of pure conjugated polymers tends to be limited, 

though, due to their poor processability, non-degradability, brittle behaviour and 

tendency to crack attributed to the tight coil-like conformation in the polymer chain 

backbone [434]. Therefore, they are usually incorporated via blending or coating with 

another polymer. 

An important cue in tissue engineering is the recapitulation of the fibrillary 

topography of native tissues, where many of the major components of the ECM exist 

as fibres that mediate cellular responses such as attachment, migration, growth, 

proliferation and differentiation [435,436]. Myriad micro-/nano-fabrication 

technologies for engineering fibrous scaffolds for tissue engineering applications have 

been developed over the years [437]. Electrospinning remains the most common 

technique to manufacture micro-/nano-fibrous structures at the multiscale with high 

surface area to volume ratio and defined spatial density both in 2D and 3D [438].  
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SF is readily available from silkworm cocoons (e.g. Bombyx mori), and has 

been demonstrated to support the growth of a wide range of cell types in vitro and 

tissue ingrowth in vivo [11,311,362]. The relatively ease of its processing, along with 

the versatility of the physico-chemical and mechanical properties of silk, has made it 

one of the most commonly used naturally-occurring proteins for biomedical 

applications [11,95]. Previous studies have reported the testing and manufacture of 

electroconductive/active scaffolds based on silks and the incorporation of carbon-

based nanomaterials or metallic nanoparticles, as reviewed in [8]. Functionalisation 

with conjugated polymers could be a more direct approach to achieve excellent 

electrical conductivity for enhanced cellular signalling response. The combination of 

PEDOT and silk has been primarily explored in the area of microelectronics 

[125,318,439–443], with some reports studying their biological response in biosensor 

devices [444,445]. Even less attention has been paid to hybrid scaffolds made of 

PEDOT and silk for regenerative medicine applications [446]. 

In this study, fibrous scaffolds based on SF were fabricated by electrospinning 

and rendered conductive by functionalisation with PEDOT–PSS or DMSO-treated 

PEDOT–PSS. NG108-15 neuronal cells were seeded to assess the biological response 

of these substrates. The contribution of PEDOT could enhance the neuronal cell 

response in terms of adhesion, proliferation and neurite outgrowth.  

4.2 Experimental section 

4.2.1 Preparation of regenerated silk fibroin 

Extraction and purification of SF from Bombyx mori was carried out following 

a previously described protocol [367] based on a degumming process to remove 

sericin and lithium bromide dissolution of the degummed fibres, followed by dialysis 

against water for 3 days. The resulting regenerated SF solution was cast onto 

polystyrene dishes (Sigma-Aldrich, UK) and dried in a forced air-circulation oven 

(Memmert Universal, Germany). SF films were peeled off and kept as stock material 

for further use.  
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4.2.2 Fabrication of electrospun silk scaffolds   

Regenerated SF films were dissolved in HFIP (Sigma-Aldrich, UK) at 10% w 

v−1 and subsequently electrospun into fibres. Scaffolds were spun using a single 

needle, targeted towards a static collector using a custom-built electrospinning set-up 

with the following parameters: continuous flow rate, 0.8 mL h−1; tip-to-collector 

distance, 10 cm; applied voltage, 15 kV; relative humidity, 25%; needle gauge, 19 G. 

As-spun scaffolds were annealed by immersion in a bath of 80% v v−1 ethanol to 

induce β-sheet conformational transition, dried overnight between filter paper to 

prevent folding, and stored in a desiccator for further use. 

4.2.3 Surface functionalisation of silk scaffolds with PEDOT–PSS and 

DMSO-treated PEDOT–PSS 

Electrospun SF scaffolds were functionalised with PEDOT–PSS or DMSO-

treated PEDOT–PSS (Scheme 4.1A-B), wherein the PEDOT and PSS interact 

primarily through electrostatic interactions yielding highly durable conductance on 

degummed silk-based materials [441].  

For this purpose, PEDOT–PSS particles should be negatively charged in an 

aqueous solution that is sufficiently acidic for the silk fibres to be positively charged, 

based on the silk fibroin’s isoelectric point [447,448]. PEDOT–PSS aqueous 

dispersions were prepared by dilution into different concentrations (0.5, 1, 3, 9, 13 mg 

mL−1), from a commercial solution (pH = 2, supplied at a 1.3% wt. dispersion in water) 

(Sigma-Aldrich, UK). SF scaffolds (13 mm diameter, ~100 μm thickness) were 

submerged (1 mL per scaffold) and sonicated in a water bath at RT for 1 h in the 

prepared PEDOT–PSS solutions. Scaffolds were then thoroughly rinsed in deionised 

(DI) water to remove excess PEDOT–PSS and air-dried for 2 h at RT. This process 

was repeated twice. Based on the PEDOT–PSS solution concentration (ranging from 

0.5 to 13 mg mL−1) the functionalised scaffolds were named SF-0.5P (0.5), SF-1P (1), 

SF-3P (3), SF-9P (9) and SF-13P (13). Separately, DMSO-treated PEDOT–PSS 

solutions were prepared by mixing 95% v v−1 of PEDOT–PSS with 5% v v−1 DMSO 

(Sigma-Aldrich, UK), vortexed and allowed to settle overnight. Adjustment to pH 2 

followed, and a similar process as described above was carried out to give SF-0.5PD, 

SF-1PD, SF-3PD, SF-9PD and SF-13PD scaffolds. The PEDOT–PSS and DMSO-
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treated PEDOT–PSS uptake mass on the produced scaffolds (13 mm diameter, n=3 

per scaffold type) was estimated based on weight differences before and after 

functionalisation. 

 

Scheme 4.1 (A) Schematic of electrospun SF scaffolds followed by conjugation with PEDOT–PSS or 

DMSO-treated PEDOT–PSS. (B) Schematic of the conformational change of the PEDOT–PSS 

structure after treatment with DMSO, from core-shell (i.e. benzoid) towards linear-extended coil (i.e. 

quinoid). 

4.2.4 Zeta potential and particle size measurements 

The zeta potential and particle size of PEDOT–PSS and DMSO-treated 

PEDOT–PSS were determined using a Zeta Sizer Nano dynamic light scattering 

(DLS) instrument (Malvern Panalytical, SG). Aliquots (n=3 per type) of freshly 

prepared dispersions (0.2 mg mL−1) were pipetted into disposable folded capillary 

cells (DTS1070) (Malvern Panalytical, SG) and used for measurements in a volume 

of 750 µL. A refractive index of 1.334 was used for PEDOT–PSS, according to the 

manufacturer. Three measurements, with 10-100 runs each, were taken per sample at 

25° C with an equilibration time of 30 s. Zetasizer software (Malvern Panalytical, SG) 

was used for data analysis.  
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4.2.5 Characterisation of the scaffolds 

4.2.5.1 Morphology and surface topography 

FESEM images from different batches of samples were taken using a JEOL 

JSM6700F at an accelerating voltage of 5 kV and ~ 8 mm working distance. Fibre 

diameter size distribution was analysed with Fiji 1.28 (NIH, USA); a minimum of 100 

individual fibres per sample were analysed. 

4.2.5.2 Hard X-ray photoelectron spectroscopy  

The surface and bulk-like compositions of the functionalised scaffolds were 

quantitatively analysed with a high-throughput lab-based hard X-ray photoelectron 

spectroscope (HAXPES, Scienta Omicron) equipped with a Ga Kα X-ray source (9.25 

keV; Excillum). For measurements, scaffolds were mounted on Omicron flag-style 

sample plates using double-sided adhesive copper tape. The survey spectra were 

measured using an EW4000 electron energy analyser with 500 eV pass energy and ~2 

eV energy resolution. Core level spectra of elements of interest were measured with 

200 eV pass energy and ~0.8 eV energy resolution [449]. Atomic concentrations were 

calculated based on sensitivity factors for the core levels, as listed in [450]. The 

sampling depth for HAXPES was calculated using the TPP-2M formula to be ~54 nm, 

and surface sensitive XPS using a standard Al Kα X-ray source (1.486 keV) was also 

performed with a sampling depth of ~11 nm; the operating pressure was 6×10–10 mbar. 

Quantitative analysis of spectra was carried out with CasaXPS (v. 2.3.23) processing 

software in the range of 160–175 eV (S 2p, XPS, ~11 nm) and 2460–2485 eV (S 1s, 

HAXPES, ~54 nm) (Figure 4.1). The PSS and PEDOT peaks were fitted using Voigt-

approximation Gaussian-Lorenztian peaks and the PSS to PEDOT ratios were 

subsequently calculated. PSS and PEDOT are easily identified in the spectra since PSS 

is chemically shifted by 4 eV to higher binding energy than PEDOT for the S 2p core 

level measured with XPS, and 5 eV for the S 1s core level measured with HAXPES 

[451]. 
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Figure 4.1 Representative HAXPES spectra of the functionalised scaffolds (e.g. SF-0.5P) at two 

different sampling depths (S 2p ~11 nm, S 1s ~54 nm) showing the characteristic PSS and PEDOT 

peaks, along with curve fitting. 

4.2.5.3 Protein adsorption 

The ability of the scaffolds (n=3 per type) to adsorb protein was evaluated with 

BSA (Sigma-Aldrich, UK), quantified with a Pierce™ bicinchoninic acid (BCA) 

protein assay kit (Thermo Fisher Scientific, UK) based on the amount of remaining 

BSA in solution after adsorption. Samples were incubated at 37°C overnight in 1 mL 

of 500 μg mL−1 BSA in DI water. Absorbance was measured at 562 nm using a 

microplate reader (Infinite M200) (Tecan Life Sciences, SG). The amount of protein 

was calculated using a standard curve obtained from BSA within the range of 

measured concentrations. All samples were conducted in triplicate. Scaffolds 

incubated in DI water served as blanks, and DI water was used as negative control. 

4.2.5.4 Surface roughness 

Surface morphology was assessed using a Countour GT-K1 3D optical 

profilometer (Veeco, USA). Briefly, scaffolds (n=2 per type) were placed on glass 

coverslips and fixed with ethanol to ensure a near flat surface. They were then pre-

conditioned in supplemented culture media overnight and dehydrated in a series of 
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ethanol solutions prior to imaging. Samples were imaged in vertical scanning 

interferometry mode. A total of 10 micrographs (66 μm × 87 μm) were taken per 

sample at different fields of view, with an average of five measurements per image. 

Analysis of the surface roughness (arithmetical mean surface height (Sa) and root 

mean square surface height (Sq)) based on 3D profile ordinates was performed with 

the Vision64 Map™ (Bruker, USA) software.  

4.2.5.5 Electroconductive properties  

An automated 4-point probe electrical conductivity and resistivity station (A4P-

200 MicroXACT) connected to a combined DC current source and digital voltmeter 

(Jandel RM3000) was used for the experiments [366,376,377]. The conductivity was 

estimated in four different locations on each scaffold (n=4 per type), in the dry state 

and in the hydrated state after overnight incubation in phosphate buffered saline (PBS). 

Excess water was removed using blotting paper. 

4.2.5.6 Chemical structure 

Chemical bond analysis of the functionalised scaffolds was conducted using 

FTIR spectroscopy. PEDOT–PSS and DMSO-treated PEDOT–PSS solutions were 

cast on a petri dish, let air-dry overnight and peeled off as films for comparison. FTIR 

spectra were taken with a PerkinElmer 2000 spectrometer equipped with a zinc 

selenide (ZnSe) crystal in ATR mode, in the range 4000-600 cm−1 and resolution 

4 cm−1, with 32 scans taken per measurement.  

4.2.6 In vitro study 

4.2.6.1 NG108-15 cell culture  

Analogue NG108-15 neuronal cells were grown in NG108-15 growth medium 

as previously described [452] and used between passage P17-30. 

For cell culture experiments, functionalised scaffolds (13 mm diameter) were 

positioned onto CellCrown™ polycarbonate inserts (Scaffdex Oy, Finland) for 24-well 

plates. Scaffolds were maintained in molecular biology grade water (AccuGENE™) 

(Lonza, UK) for 24 h, air-dried and sterilised under UV light (254 nm) radiation (30 

min on each side, top and bottom) in a class II biosafety cabinet. Glass coverslips (CV) 



123 

 

 

(12 mm diameter, 0.13-0.16 mm thickness) (VWR, UK) served as positive controls. 

Scaffolds were preconditioned in supplemented media and seeded at a density of 

20,000 cells per well with minimum media to ensure maximum cell attachment (~2 h) 

before being topped up to 1 mL. The culture was maintained for 7 days, with half of 

the medium changed every other day.  

4.2.6.2 Cell viability, metabolic activity and proliferation  

Cellular viability was measured at specific time intervals on cells on the 

scaffolds (n=2 per type) with a LIVE/DEAD® viability/cytotoxicity fluorescence kit 

(Thermo Fisher Scientific, UK) following the manufacturer’s instructions. Samples 

were 3D imaged using a TCS SP8 confocal laser scanning microscope (Leica 

Microsystems, UK). Data is expressed as the percentage of live cells versus non-

viable/dead cells, analysed from several fields of view.  

The metabolic activity of cells on the scaffolds (n=3 per type) was monitored 

with the alamarBlue™ reduction assay based on resazurin sodium salt (Sigma-Aldrich, 

UK). Metabolic activity is expressed relative to dsDNA concentration – quantified 

using a Quant-iT™ PicoGreen® dsDNA assay kit (Thermo Fisher Scientific, UK) 

following the manufacturer’s instructions. Cellular proliferation is expressed in terms 

of cell number, estimated based on a single cell’s DNA content [381]. 

4.2.6.3 Neurite outgrowth  

To induce terminal differentiation, cells were grown in serum-free culture 

media. The culture was maintained for 5 days, with half of the media removed and 

replaced with fresh media every other day. After 5 days of culture, cell-laden scaffolds 

(n=2 per type) were harvested, fixed, permeabilised and blocked against non-specific 

binding. Differentiated cells on the scaffolds were stained with polyclonal rabbit anti-

mouse/rat ß-tubulin III (Abcam, UK) conjugated to Alexa Fluor® 488 (Abcam, UK) 

(1:1000 v v−1 dilution). Cell nuclei were counterstained with DAPI (Sigma-Aldrich, 

UK). Samples were mounted and 3D imaged with a TCS SP8 confocal laser scanning 

microscope (Leica Microsystems, UK).  

For analysis of cell differentiation, neurite length was determined on a cell-by-

cell basis on each scaffold type from immunofluorescent micrographs using Fiji 
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software. Only cell processes longer than 30 µm were considered for analysis. Neurites 

were sampled from randomly selected fields of view; a total of 15 neurites per 

condition were measured to determine neurite length.  

4.2.7 Data analysis 

Statistical analysis was performed with GraphPad Prism 8 (San Diego, USA), 

and datasets checked for normality. Normally distributed data is presented as SD (error 

bars) of the mean values. For parametric data and multiple comparisons, significance 

was assessed by one-way ANOVA (one independent variable) or two-way ANOVA 

(two independent variables) using Tukey’s post hoc analysis test. For comparing 

parametric data between two groups, two-tailed unpaired Student's t-test was used. 

Not normally distributed data was assessed by Kruskal-Wallis with Dunn’s post hoc 

analysis test. A value of p<0.05 was considered statistically significant.  

4.3 Results and Discussion 

This work aimed to develop an electroconductive silk-based scaffold which can 

enhance maturation and physiological properties of engineered nerve tissues. For this 

purpose, the (bio)functionality of SF was harnessed together with the inherent highly 

electroconductive property of PEDOT–PSS, which was further boosted by DMSO 

treatment. Treatment of PEDOT–PSS with DMSO resulted in an increase in particle 

size (Figure 4.2A) based on DLS analysis,[405] with no significant change in surface 

charge (Figure 4.2B). It has been reported that the geometry of PEDOT–PSS changes 

from coil-structure towards a more linear-extended morphology after DMSO 

treatment [453]. While the DLS technique assumes a spherical model acceptable for 

PEDOT–PSS, it can still provide a reasonable estimate of the order of magnitude in 

the case of DMSO-treated PEDOT–PSS.  
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Figure 4.2 Characterisation of PEDOT–PSS and DMSO-treated PEDOT–PSS: (A) particle size (n=3 

per dispersion type) and (B) zeta potential (n=3 per dispersion type). Differences between the 

experimental groups were analysed by a two-tailed unpaired Student's t test. n.s. non-significant, 

****p<0.0001. 

Native neural tissue is comprised of several structural fibrillary proteins ranging 

from several nanometres to micrometres in diameter [454]. Consequently, the 

fabrication of biomimetic fibrous structures plays a key role in the properties of tissue 

engineered scaffolds. Visual appearance and fibre morphology of the scaffolds are 

shown in Figure 4.3A-B. Compared to neat silk, which is whitish in appearance, 

scaffolds became increasingly darker blue upon functionalisation, qualitatively 

indicating that the coverage amount on the scaffolds increased gradually with 

increasing amounts of PEDOT–PSS or DMSO-treated PEDOT–PSS. Likewise, 

increased mass uptake of PEDOT–PSS or DMSO-treated PEDOT–PSS on the 

scaffolds was observed at increasing coating concentration (Table 4.1). This was 

further confirmed by FESEM analysis. FESEM micrographs revealed PEDOT 

particles attached on the surface of the fibres to different extents based on the coating 

concentration, with some inter-fibre pores partially occluded. Analysis of the fibre 

diameter size distribution (Figure 4.4) demonstrated some differences after 

functionalisation compared to neat silk. The average fibre diameter size remained ~0.5 

μm for all samples.  
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Table 4.1 Estimated mass uptake of PEDOT–PSS and DMSO-treated PEDOT–PSS on the scaffolds 

after functionalisation 

 Scaffold type Mass uptake (mg) 

P
E

D
O

T
-P

S
S

 
SF-0.5P 0.54 (±0.12) 

SF-1P 0.63 (±0.17) 

SF-3P 0.84 (±0.16) 

SF-9P 1.00 (±0.03) 

SF-13P 1.20 (±0.08) 

D
M

S
O

-t
re

a
te

d
 

P
E

D
O

T
-P

S
S

 

SF-0.5PD 0.18 (±0.03)   

SF-1PD 0.46 (±0.07)   

SF-3PD 0.50 (±0.3) 

SF-9PD 0.80 (±0.14) 

SF-13PD 0.97 (±0.30) 
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Figure 4.3 Effect of PEDOT–PSS and DMSO-treated PEDOT–PSS conjugation on scaffold 

microstructures. (A) Representative visual appearance and FESEM micrographs of the different 

scaffolds after functionalization at increasing concentration; scale bars at 3 mm and 900 nm, 

respectively. (B) Representative visual appearance and FESEM micrograph of neat silk; scale bars at 3 

mm and 2 μm, respectively. 
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Figure 4.4 Fibre diameter size distributions of the various scaffolds. Differences between the 

experimental groups were analysed by Kruskal-Wallis with Dunn’s test. n.s non-significant, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

The relative percentage of sulfur (S), representing PEDOT and PSS, is shown 

in Figure 4.5A in a concentrated-dependent manner at increasing coating 

concentration after functionalisation. As expected, higher relative S percentage is 

observed at the surface rather than at the bulk-like of the scaffolds. A decrease in the 

relative ratio of PSS to PEDOT both at the surface and bulk-like of the scaffolds was 

also observed (Figure 4.5B) after DMSO-treated PEDOT–PSS functionalisation. This 

is likely to be due to the accepted conclusion that DMSO treatment of PEDOT–PSS 

removes excess of anionic PSS chains, in line with previous studies on films 

[455,456]. We show this is also true for the fibrous functionalised scaffolds 

investigated here. 
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Figure 4.5 HAXPES of PEDOT–PSS and DMSO-treated PEDOT–PSS functionalised scaffolds at the 

surface (S 2p ~11 nm) and bulk-like (S 1s ~54 nm). (A) Percentage of sulfur. (B) PSS to PEDOT ratio.  

The ability of the scaffolds to adsorb and retain BSA, as a model protein, was 

investigated to assess the functionalised scaffolds. Cell-material interactions can be 

affected by surface chemistry and the physical features of the substrate onto which 

cells adhere [457]. For instance, differences in surface roughness have been shown to 

modulate cell adhesion, proliferation and differentiation of a variety of different cell 

types through surface adsorption of proteins [458,459]. The amount of BSA retained 

on the scaffolds is shown in Figure 4.6A. Greater amounts of protein were adsorbed 

on the functionalised scaffolds, further boosted at increased PEDOT content. Surface 

roughness (average mean height, Sa) increased after PEDOT functionalisation 

compared with unmodified silk, with no major changes observed among the various 

functionalised scaffolds (Figure 4.6B, Figure 4.7). Therefore, the greater protein 

adsorption observed here at increased PEDOT content could have primarily been 

influenced by alterations in local electrostatic interactions [460,461] and by electrical 

charges [307] attributed to the endogenous electrical regimes of the conjugated 

polymer. Indeed, BSA is negatively charged under physiological conditions since its 

isoelectric point is around 4.7 [462]. If anionic PSS is partially washed away during 

PEDOT–PSS treatment with DMSO [433], the scaffold’s surface will be less 

negatively charged which will clearly have an effect on the adsorption of proteins and 

other biomolecules on their surfaces (Figure 4.6A). 
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Figure 4.6 Effect of PEDOT–PSS and DMSO-treated PEDOT–PSS on protein adsorption and surface 

roughness. (A) Quantification of BSA adsorption on the various scaffolds (n=3 per type). Differences 

between the experimental groups were analysed by two-way ANOVA with Tukey’s post hoc test. n.s. 

non-significant, ****p<0.0001. (B) Quantitative analysis of surface roughness of the scaffold (n=2 per 

type). Differences between the experimental groups (average mean height, Sa) were analysed by two-

way ANOVA with Tukey’s post hoc test compared with neat silk. n.s. non-significant, ***p<0.001, 

****p<0.0001. 
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Figure 4.7 Representative optical profilometry micrographs of the surface roughness of PEDOT–PSS 

and DMSO-treated PEDOT–PSS functionalised silk scaffolds. 
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Electrical conductivity of the scaffolds was estimated via 4-point probe testing 

(Figure 4.8, Table 4.2). Neat silk can be considered as a low proton/ion conductor 

[410]; here the scaffolds became highly conductive with the incorporation of PEDOT–

PSS. Conductance could be tuned in the dry state in the range ×10−5 to 10−1 S cm−1 by 

varying the coating concentration used for functionalisation (Figure 4.8A). Treatment 

of PEDOT–PSS with DMSO resulted in a substantial enhancement of the conductivity 

of the scaffolds compared with their PEDOT–PSS counterparts. Indeed, several 

methods have been investigated to boost PEDOT–PSS conductivity [453,463,464]. 

Solvent treatment with DMSO is widely used amongst other polar solvents such as 

methanol, dimethylformamide, tetrahydrofuran or ethylene glycol [463]. It has been 

postulated that the PSS chains are partially washed away during solvent treatment 

[464], with the structure of PEDOT changing from benzoid (i.e. coil conformation) to 

quinoid (i.e. linear-extended coil conformation) (Scheme 4.1B) [453]. Disentangled 

PEDOT–PSS leads to alterations in orbital overlap and more efficient interchain 

packing, inducing the formation of π-stack lamellas and creating a better pathway for 

charge transport, thereby boosting conductivity [433]. Conductivity of the scaffolds 

was also characterised in a wet state after hydration overnight (Figure 4.8B). Some 

sample groups led to a small decrease compared with their dry-state counterparts 

(Table 4.2). In this regard, some authors have observed an increase in conductivity 

when scaffolds have been saturated in culture media or other aqueous environments 

[376], in contrast to others who have observed a substantial decrease [273,304]. This 

demonstrates the difficulty to decouple the electronic contribution of conductive 

moieties with respect to the ionic contribution of buffered electrolytes. 
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Figure 4.8 Effect of PEDOT–PSS and DMSO-treated PEDOT–PSS on conductivity. (A-B) Estimated 

electroconductivity of the scaffolds (n=4 per type) in the dry and hydrated states. Differences between 

the experimental groups were analysed by two-way ANOVA with Tukey’s post hoc test. n.s. non-

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Zigzag in white indicates discontinued bar 

chart portion. 

Table 4.2 Estimated electrical conductivity of the scaffolds (n=4 per type) after functionalisation with 

PEDOT–PSS and DMSO-treated PEDOT–PSS, in the dry state and in the hydrated state. 

 Scaffold type Dry state (S cm−1) Hydrated state (S cm−1) 

 SF 1 ×10−6 (± 1×10−7) 1.8 ×10−5 (± 8.0 ×10−6) 

P
E

D
O

T
-P

S
S

 

SF-0.5P 6 ×10−5 (± 6×10−6) 7.8 ×10−5 (± 2.0 ×10−6) 

SF-1P 2 ×10−4 (± 5×10−5) 7.6 ×10−5 (± 4.0 ×10−6) 

SF-3P 7 ×10−4 (± 2×10−5) 1 ×10−4 (± 1×10−5) 

SF-9P 0.30 (± 0.01) 0.010 (± 0.002) 

SF-13P 0.20 (± 0.01) 0.50 (± 0.06) 
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SF-3PD 0.040 (± 0.007) 0.20 (± 0.08) 

SF-9PD 0.70 (± 0.05) 1.3 (± 0.3) 

SF-13PD 12.1 (± 2.7) 5.4 (± 1.2) 
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 FTIR-ATR was performed (Figure 4.9A) to explore the change of the surface 

chemical groups on the scaffolds. The typical fingerprint regions of silk were observed 

in the spectrum of the neat sample, with peaks corresponding to the amide I (1700-

1600 cm−1), II (1600-1500 cm−1) and III (1300-1200 cm−1) bands [465]. The bands 

corresponding to the amide I and II regions slightly shifted after coating with PEDOT–

PSS or DMSO-treated PEDOT–PSS. These changes suggest that PEDOT-PSS 

interacts (e.g. electrostatic interactions and hydrogen bond interactions) with the silk 

(notable as sulfate anions [like those displayed on PSS] are kosmotropic anions that 

encourage “salting out” of protein chains from solution). The characteristic vibration 

frequencies corresponding to β-sheets were present in all functionalised scaffolds, 

indicating the retention of the secondary structure of silk after the chemical 

modification process with PEDOT-PSS. The intensity of the silk peaks gradually 

decreased with increasing concentration of PEDOT–PSS on the scaffolds. The peak 

corresponding to the amide III region (1300-1200 cm−1) was not fully observed in the 

spectra at high coating concentrations. Some distinguishing peaks previously reported 

typical of PEDOT–PSS [318] could be observed in the spectra: peaks at around 1005 

(SO3 symmetric stretching vibrations) [466], 976 and 835 cm−1 (C–S–C deformation 

vibration). The double peaks observed at around 2920 and 2850 cm−1 correspond to 

C–H stretching vibrations [467]. FTIR-ATR spectra of PEDOT–PSS and DMSO-

treated PEDOT–PSS are shown in Figure 4.9B.  

  



135 

 

 

 

 

Figure 4.9 (A) Representative FTIR spectrum of the scaffolds after functionalisation with PEDOT–

PSS and DMSO-treated PEDOT–PSS, showing the typical fingerprint of SF along with some 

characteristic peaks attributed to PEDOT–PSS. (B) Representative FTIR-ATR spectrum of PEDOT–

PSS and DMSO-treated PEDOT–PSS. 
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Here we demonstrate that systematic variations in the formulation of PEDOT–

PSS result in silk-based scaffolds with highly tuneable electroconductivity. These 

scaffolds may support the electrical pathways of nerve tissue by aiding in the 

propagation of electrical signals among neurons. Nerve tissues are electrically 

sensitive, and neurons rely on electrical stimuli for maintaining tissue homeostasis and 

function. Electroconductive scaffolds hold great potential for nerve tissue engineering 

since they can promote the propagation of electrical impulses. The ability of the 

functionalised scaffolds (PEDOT–PSS and DMSO-treated PEDOT–PSS; coating 

concentrations at 0.5 mg mL−1 – low, 3 mg mL−1 – medium, and 13 mg mL−1 – high) 

to support neuronal cell growth and differentiation was evaluated with NG108-15 

neuronal-like cells.  

Presence of low to high contents of PEDOT–PSS or DMSO-treated PEDOT–

PSS on the scaffolds did not have major cytotoxic effects over the cell culture period 

compared with glass coverslip or unmodified silk (Figure 4.10, Figure 4.11). 

Representative confocal micrographs of viable and non-viable cells laden on the 

various scaffolds are shown in Figure 4.10, indicating increased cell coverage in a 

time-dependent manner. After 7 days of culture, cells on the scaffolds remained highly 

viable for every group tested (Figure 4.11).  
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Figure 4.10 Cellular viability of NG108-15 cells on PEDOT–PSS and DMSO-treated PEDOT–PSS functionalised scaffolds (low, medium, and high coating concentration). 

Representative confocal micrographs showing cellular viability over 7 days of culture: viable cells are labelled with calcein AM (green) and dead cells are labelled with ethidium 

homodimer-1 (red); scale bar at 250 μm. Coverslip (CV) and silk fibroin (SF) were used as controls.
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Figure 4.11  Semi-quantitative analysis of the percentage of viable and non-viable cells after 7 days on 

PEDOT–PSS and DMSO-treated PEDOT–PSS functionalised scaffolds (n=2 per type). Coverslip (CV) 

and silk fibroin (SF) were used as controls. 

The metabolic activity of NG108-15 cells seeded on the scaffolds (Figure 

4.12A) is shown as a function of the dsDNA concentration in Figure 4.12B, giving an 

indication of the metabolic activity of the culture relative to the number of cells present 

on it. Cells remained metabolically active on all scaffold groups, with their profile 

increasing steadily over time. Cells were metabolically more active on the 

functionalised scaffolds compared with unmodified silk. No significant differences in 

terms of metabolic activity were observed between the DMSO-treated PEDOT–PSS 

and PEDOT–PSS counterparts; by day 7 cells were metabolically more active on 

scaffolds functionalised at higher coating concentration (Figure 4.12B). Cellular 

proliferation, on the other hand, exhibited a different trend (Figure 4.12C-D), 

demonstrating greater cellular response on the functionalised scaffolds at the DMSO-

treated PEDOT–PSS interface as opposed to PEDOT–PSS. Scaffolds functionalised 

with the high coating concentration exhibited lower proliferation after 7 days of 

culture. This indicates that while low to medium contents of PEDOT could be 

beneficial to NG108-15 cells, too much coating may hinder their proliferation.  

C
V
 (+

)

S
F (+

)

S
F-0

.5
P

S
F-0

.5
P
D

S
F-3

P

S
F-3

PD

S
F-1

3P

S
F-1

3P
D

0

20

40

60

80

100

Live-Dead D7

C
e

ll
 n

u
m

b
e

r 
(%

)

Live

Dead

C
V
 (+

)

S
F (+

)

0

20

40

60

80

100

Live-Dead D7 CV-SF

C
e
ll

 n
u

m
b

e
r 

(%
)

Live

Dead

C
V
 (+

)

S
F (+

)

0

20

40

60

80

100

Live-Dead D7 CV-SF

C
e
ll

 n
u

m
b

e
r 

(%
)

Live

Dead

Day 7



139 

 

 

 

Figure 4.12 Cellular metabolic activity and proliferation of NG108-15 cells on PEDOT–PSS and 

DMSO-treated PEDOT–PSS functionalised scaffolds (low, medium, and high coating concentration) 

over 7 days of culture. (A) Metabolic activity (n=3 scaffolds per type).  (B) Metabolic activity relative 

to dsDNA content (n=3 scaffolds per type). (C) Total dsDNA content (n=3 scaffolds per type). (D) 

Cellular proliferation; estimated number of cells (n=3 scaffolds per type). Differences between the 

experimental groups were analysed by two-way ANOVA with Tukey’s post hoc test. n.s. non-

significant, *p<0.05, **p<0.01, ****p<0.0001; (with respect to SF: Ap<0.05; Bp<0.01; Cp<0.001; 

Dp<0.0001). Coverslip (CV) and silk fibroin (SF) were used as controls. 

The outgrowth of neurites and axonal elongation is under complex control and 

is essential for building functional neural circuits during regeneration, vital for the 

function of neuronal cells. Differentiation of NG108-15 cells on the scaffolds was 

morphologically assessed after 5 days of culture with a marker for ß-tubulin III 

(Figure 4.13A). Differentiation potential was semi-quantitatively measured in terms 

of neurite length (Figure 4.13B). Neuronal cells exhibited neurites on all scaffold 
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groups; while some differences were observed among the different samples in terms 

of neurite extension distribution, only the SF-3PD scaffold showed significantly 

(p<0.05) greater average neurite extension compared with unmodified silk.  

 

Figure 4.13 (A) Representative confocal micrographs showing differentiated NG108-15 cells on 

PEDOT–PSS and DMSO-treated PEDOT–PSS functionalised scaffolds (low, medium, and high 

coating concentration) after 5 days of culture, immunolabelled with ß-tubulin III (green) as a marker of 

neuronal differentiation and cell nuclei counterstained with DAPI (blue); scale bar at 100 μm. (B) Box-

and-whisker plot showing neurite extension distribution on each scaffold. Differences between the 

experimental groups (with respect to SF) were analysed by one-way ANOVA with Tukey’s post hoc 

test; n.s non-significant; *p<0.05. Coverslip (CV) and silk fibroin (SF) were used as controls. 

The increased cellular responses observed after functionalisation may be 

explained by the presence of PEDOT. Conjugated polymers can interact with and 

release ions into solution [377]. This in turn may affect ion flux and ECM potential 

fluctuations, endowing the scaffold with enhanced biological activity mediated by 

cell-surface interactions [468]. Furthermore, the inherent electrical conductivity of the 

substrates and greater protein adsorption observed at increased coating concentration 

may have played key roles in modulating the cellular response. Previous studies have 

reported better neuronal PC12 and neuronal stem cell adhesion and proliferation on 

freeze-dried chitosan/gelatin scaffolds after PEDOT incorporation, along with 
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enhanced differentiation [377,431]. In a subsequent study, cell adhesion efficiency of 

PC12 neurons and gene expression levels linked to synapse growth were also 

improved at increased hyaluronic acid-PEDOT content on similarly developed 

chitosan/gelatin scaffolds [469]. As previously reviewed [273], some authors have 

attributed these improvements to the electrostatic interactions between the 

electroconductive moieties and the negatively charged cell membrane [308], or to 

changes in the local electrostatic charge of the scaffold [307]. While the incorporation 

of an electroconductive enhancer during scaffold synthesis may contribute to 

increased surface roughness (known to affect protein adsorption and eventual changes 

in the cellular response such as cell adhesion), differences here were no significant 

among the different functionalised samples. Therefore, changes in the biological 

response of the scaffolds may be attributed to the synergic contribution of the 

endogenous electrical regimen conferred by the presence of PEDOT–PSS and further 

enhanced by DMSO-treated PEDOT–PSS, enhanced protein adsorption of the 

substrates, and the more negatively charged (e.g. PEDOT–PSS) or less negatively 

charged surface (e.g. DMSO-treated PEDOT–PSS) at the cell-material interface. 

Indeed, the cell membrane is negatively charged and a possible explanation for the 

decrease in proliferation observed on the PEDOT–PSS counterparts, as opposed to 

functionalisation with DMSO-treated PEDOT–PSS, is the presence of more anionic 

PSS chains [430], as confirmed by HAXPES (Figure 4.5). The lower cellular 

proliferation observed for the high coating concentration may have been due to 

reduced inter-fibre porosity (Figure 4.3A), which could have affected initial cell 

attachment. The presence of DMSO, even in very low concentrations, is known to 

inhibit neuronal cell activity [470–472]. The fact that the cellular response was not 

impaired on the DMSO-treated PEDOT–PSS functionalised scaffolds, but rather 

enhanced over their PEDOT–PSS counterparts, confirms that it is unlikely that there 

is any presence of DMSO remaining and leaking out into the culture after the 

preparation steps for cell culture. 

Nevertheless, how intracellular cell signalling pathways are specifically 

modulated to control neuronal cell activity remains to be explored. Integrins and other 

proteins of the native ECM may redistribute and cluster in response to the conductive 

polymer, initiating signalling transduction cascades that alter cell behaviour [473]. On 
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the other hand, intracellular ion levels such as Ca2+ seem to play an important role in 

regulating neuronal cell behaviour [474–476]. In that respect, it has been postulated 

that conductive substrates may increase intracellular ion levels in neuronal cells 

[361,431]. Therefore, the contribution of a highly conductive substrate may have 

activated specific voltage-ion gated channels of the neuronal cells, leading to the 

differing cell responses observed. Whether it is conductivity or a cascade of secondary 

effects, or more likely a synergy of them all, the study presented here represents an 

important step forward in the benefits of using conductive substrates for regenerating 

electrically sensitive tissues, and increases our knowledge about the biological 

response of electrically excitable cells on PEDOT–PSS assembled silk interfaces. The 

conductivity of native tissue has been reported ≥10−4 S cm−1 [411], and therefore the 

SF-3PD scaffold could be a suitable candidate to be further explored for nerve tissue 

engineering applications. 

4.4 Conclusions 

Electroconductive fibrous scaffolds were produced by electrospinning, 

synthesised from naturally occurring SF protein and functionalised with PEDOT–PSS 

or DMSO-treated PEDOT–PSS. These functionalised assembled silk-based scaffolds 

provided an electroconductive environment with enhanced morphological and 

electrical properties, readily tuneable by varying the concentration of PEDOT–PSS 

and further boosted by DMSO treatment. No significant differences in surface 

roughness were observed among the different counterparts, but protein adsorption 

capacity substantially increased in a concentrated-dependent way. The ability of these 

electroconductive silk scaffolds to modulate growth and differentiation of NG108-15 

cells was evaluated in vitro. Cells remained viable in all scaffolds tested. Metabolic 

activity was enhanced at increased coating concentration compared with unmodified 

silk, but no differences were observed between DMSO-treated PEDOT–PSS and 

PEDOT–PSS counterparts. DMSO-treated PEDOT–PSS functionalisation led to 

enhanced cellular proliferation compared with PEDOT–PSS. Among all 

functionalised scaffolds, only the SF-3PD group showed statistically greater neurite 

outgrowth compared with unmodified silk. Overall, these electroconductive scaffolds 

show promise to potentially be used as platforms for peripheral nerve regeneration, 

and further investigation should be warranted. The electrical conductivity of these 
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scaffolds in its relation to external ES could be explored in the future to further 

promote neurite outgrowth.   
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• Literature review 

o Reflectin as an active material 

o Proton conductors in nature 

o Recombinant technologies for the production of biological materials 

o Effects of motif frequency and tandem repeat sequence 

o Peptide functionalisation techniques 

• Study design following advice from the supervisory team 

o Selection of materials and preparation techniques 

o Selection of cell line and experimental points 

o Characterisation methods 

• Experimental work 

o Optimisation methods for the immobilisation of biosynthetic reflectin 

isoforms on electrospun silk-based scaffolds  

o Characterisation of the scaffolds in terms of fibre morphology, 

chemical structure, conductivity and biological response 

• Manuscript preparation 

o Writing initial draft 

o Revision following comments from the supervisory team 

Overview  

Reflectins are naturally occurring proteins central to cephalopods’ neuronal 

development. Reflectins exhibit intrinsic conductive properties and have recently been 

reported among the highest proton conductors in nature. The human body uses ion and 

proton currents to conduct electricity, and so it is important to explore other means of 

improving conduction to promote the nerve tissue repair and regeneration process. It 

was hypothesised that SF scaffolds produced by electrospinning could be 

functionalised with recombinant reflectin to exhibit enhanced conductance and 

promote the biological response. Reflectin derivatives with different motif frequency 

were recombinantly synthesised and functionalised onto silk by physical adsorption 

or chemisorption. The produced scaffolds were physico-chemically characterised and 

biologically assessed with neuronal-like cells. 
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In line with the hypothesis, recombinant reflectin-immobilized silk scaffolds 

enhanced proton/ion conduction at increased reflectin motif frequency. Chemisorption 

was a much more efficient route to bind reflectin, which provided a supportive 

microenvironment with bioactive molecule incorporation for enhanced neuronal 

proliferation and neurite outgrowth support.  

Abstract 

Reflectins are proteins central to cephalopod structural colouration, and have 

been widely investigated for their self-assembling and optical properties as 

camouflage features. More recently, reflectins have been found to play a key role in 

cephalopods’ neuronal development, and they have been reported among the highest 

proton conductors in nature. The nervous tissue is electrically sensitive, and the human 

body uses ion and proton currents to conduct electricity. Furthermore, many of the 

major components of the native ECM exist as fibres that mediate cell behaviour. In 

the present study, micro/nano- fibrous silk substrates were decorated through physical 

or chemical adsorption of recombinant reflectin A2 isoforms of different motif 

frequency, and they were investigated as a potential platform for neural tissue 

engineering. Chemisorption with native reflectin enhanced proton/ion conduction to 

the greatest extent among the different isoforms, promoted enhanced metabolic 

activity and proliferation, and supported differentiation of analogue neuronal NG108-

15 cells. 

Keywords: Reflectin; silk fibroin; electrospinning; nerve tissue engineering 

5.1 Introduction 

Reflectins are a unique family of self-assembling proteins native to 

cephalopods (e.g. squid, octopus, and cuttlefish), first detected in the Hawaiian bobtail 

squid Euprymna scolopes [477]. These proteins play a crucial role in cephalopod 

structural colouration to closely mimic their surroundings as an adaptive camouflage 

feature [478]. This ability stems from a mechanism by which a neurotransmitter, 

acetylcholine (Ach), sets in motion a cascade of events resulting in the 

phosphorylation of reflectin, reducing their net charge and triggering reversible 

hierarchical assembly into a more condensed structure, leading to a change in 

colouration [479–482]. For this reason, reflectins have been traditionally explored for 
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their optical properties [232,477,481–483]. Reflectins have an unusual amino acid 

composition rich in tyrosine, methionine, arginine and tryptophan. They usually exist 

in a block-copolymeric structure consisting of positively charged polyelectrolyte 

linker regions interspersed with highly conserved polyampholyte repeating motifs 

(M/F-D-X5)(M-D-X5)n(M-D-X3-4) [484] (Scheme 5.1). The polyelectrolytic linkers 

are particularly rich in aromatic and arginine residues, almost entirely devoid of 

negatively charged residues. The repeating motifs exist in two forms, one highly 

conserved at the N-terminal (RMn), and another distributed throughout the rest of the 

protein (RM). These repeating motifs are particularly rich in aromatic and methionine 

residues, the frequency of which are thought to drive reflectin’s properties among 

different isoforms [477], and the precise relationship between charge neutralisation 

and reflectin assembly size enable tight photonic tuning [485]. 

 

Scheme 5.1 Schematic illustration of the general structure of reflectin: N-terminal region (blue) with 

highly conserved repeating reflectin motif, reflectin motif distributed throughout the rest of the protein 

(green), C-terminal region (red). M, methionine; F, phenylalanine; D, aspartic acid; Y, tyrosine; R, 

arginine; X, variable amino acid 

Recently, reflectins have been implicated in some of the major steps of 

cephalopods’ neuronal development, specifically when brain maturation and growth 

occurs [233,486]. Furthermore, a number of anatomical and functional similarities 

have been found between the nervous systems of cephalopods and vertebrates 

[487,488]. These findings have led to investigating reflectin for tissue engineering 

applications of the nervous system [234,235]. In this regard, bulk films of reflectin 

have been demonstrated to be effective substrates for the adhesion, proliferation, and 

differentiation in vitro of relatively difficult-to-culture human and murine neural 

stem/progenitor cells [234,235]. The nerve tissue is electrically sensitive, and 
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electrical regimes play a crucial role in the repair and regeneration process. While 

many research groups have explored the use of electroconductive/active materials, 

where electrons and ions are the main charge carriers, the human body uses ion and 

proton currents to conduct electricity [273]. Reflectin proteins exhibit intrinsic 

conductivity [489] and stand out among the highest proton conductors reported in 

nature [334,409,490,491], with values of ~2×10−4 S cm−1 at body temperature and 

reaching up to ~3×10−3 S cm−1 at much higher temperatures [334]. Consequently, 

reflectins have an untapped potential to be used as active materials for neural tissue 

engineering.  

Mimicking the fibrillary topography of the native tissue is also important to 

mediate cellular responses such as attachment, migration, growth, proliferation and 

differentiation [435,436]. To this regard, fibrous meshes of both synthetic and natural 

polymers have been tested as lumen modifications of NGCs as a way to recapitulate 

more components of the biological milieu and guide tissue regeneration. Specifically, 

polypeptides are preferred over other materials due to their similarity with the ECM 

of the native tissue, and in many cases, the presence of cell-binding motifs. The fibrous 

proteins of silk represent a unique and important class of structural proteins found in 

nature with a wide range of mechanical and functional properties that could be 

emulated for biomaterials applications. For instance, the manipulation of the genetic 

sequence of silk through synthetic biology tools [492,493] has provided insights into 

their protein expression and assembly, with tailorable control of their properties. Silks 

have been extensively used in nerve tissue engineering [8,362], and are strong 

candidates due to their unique combination of strength, elasticity, toughness, and slow 

degradation [363].  

Herein, we explore the potential use of recombinant reflectin A2 (Doryteuthis 

opalescens) and its derivatives to functionalise Bombyx mori silk scaffolds as a 

potential platform for neural tissue engineering. Two different routes for 

functionalisation were explored: physical adsorption and chemisorption. A study of 

the effects of reflectin functionalisation on proton/ion conduction, along with its 

preliminary impact on growth and differentiation of NG108-15 neuronal-like cells, 

was carried out. 
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5.2 Materials and Methods 

5.2.1 Preparation of scaffolds 

5.2.1.1 Isolation of silk fibroin and synthesis of regenerated silk 

Extraction and purification of SF from Bombyx mori silkworm cocoons was 

carried out as previously described [367], with some modifications. Briefly, cocoons 

(Wildfibres, UK) were dewormed and degummed in boiling 0.02 M sodium carbonate 

(Sigma-Aldrich, UK) for 60 min, and the resulting SF was thoroughly washed in DI 

water and air-dried. The degummed fibres were dissolved (16% w v−1) in 7.9 M 

lithium bromide (Sigma-Aldrich, UK) at 60°C for 4 h, and the solution centrifuged 

and dialyzed against DI water over the course of 3 days with regular water changes. 

The resulting regenerated SF solution was film-cast and stored as stock material.  

5.2.1.2 Electrospinning of silk fibroin  

A 10% w v−1 silk solution in HFIP (Sigma-Aldrich, UK) was synthesised, and 

fibrous scaffolds were produced by electrospinning, collected onto an electrically 

ground static collector using the following spinning parameters: flow rate, 0.8 mL h−1; 

tip-to-collector distance, 10 cm; applied voltage, 15 kV; relative humidity, 25%; 

needle gauge, 19 G. The scaffolds were annealed by immersion in ethanol, washed 

thoroughly with DI water, dried between filter paper to prevent curling, and stored in 

a desiccator until further use. 

5.2.1.3 Synthesis, expression and purification of recombinant reflectin 

An E. coli codon optimised gene coding for wild-type reflectin-like protein A2 

from Doryteuthis opalescens (NCBI GenBank® KF661516.1) was synthesised and 

cloned (Life Technologies Inc.) into a bacterial plasmid expression vector (Scheme 

5.2A). The gene sequence of reflectin A2 is shown in Scheme 5.2B. Isoforms with 

different motif frequency (Scheme 5.2C) were designed by truncation: A2(M1), 

A2(M2), A2(M3) and A2(n), where MX denotes the number of repeat motifs with n 

= native. 
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Scheme 5.2 Schematic of the synthesis of recombinant reflectin A2 isoforms. (A) Vector cloning, cell 

transformation, expression and purification of recombinant reflectin. (B) Primary sequence and 

subdomains of reflectin-like A2 protein. The primary sequence of reflectin A2 from Doryteuthis 

opalescens contains four repeating subdomains with the (M/F-D-X5)(M-D-X5)n(M-D-X3-4) sequence 

motif. The subdomains are depicted in green; aspartic and glutamic amino acid residues, along with 

linker regions are highlighted in red; methionine and phenylalanine residues are highlighted in blue. 

(C) Truncation protocol; native reflectin A2 truncation sites (red); subsequent cloned vectors contain 

progressively fewer RMs. 

A general protocol [334] was used for the expression and purification of wild-

type A2 recombinant reflectin, with some modifications as previously described [482]. 

In brief, pET-M11 (+) expression vectors containing the genes encoding the protein 

of interest were transformed into BL21(DE3) E. coli cells. The proteins were 

expressed at 37°C using Overnight Express™ Instant Terrific Broth (TB) medium 

(Sigma-Aldrich, UK) supplemented with 30 µg mL−1 kanamycin or 50 µg mL−1 

ampicillin (Sigma-Aldrich, UK). The proteins were completely insoluble when 

expressed at 37°C and thus they were sequestered in inclusion bodies which were 

solubilised in denaturing buffer (6 M guanidine hydrochloride; pH = 8). The samples 

were filtered, clarified by centrifugation and purified using high-performance liquid 
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chromatography with a gradient that evolved from 95% buffer A : 5% buffer B to 5% 

buffer A : 95% buffer B (buffer A – 99.9% H2O and 0.1% trifluoroacetic acid (TFA); 

buffer B – 99.9% acetonitrile, 0.1% TFA). The pure reflectin was then pooled, flash-

frozen in liquid nitrogen, and lyophilised. Protein expression and purity were analysed 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 4–

12% Bis–Tris precast gels (Bio-Rad, USA) for optimal separation over a broad range 

of molecular weights. Protein content and yield were determined in triplicate using a 

Nanodrop 2000 (Thermo Fisher Scientific, UK) on the basis of the extinction 

coefficient and molecular weight for each protein according to the ExPASy ProtParam 

tool.  

5.2.1.4 Surface functionalisation of silk with reflectin 

Freeze-dried reflectin isoforms were dissolved in molecular biology grade 

water (AccuGENE™) (Lonza, UK) at a concentration of 100 μg mL−1, and the annealed 

SF scaffolds were functionalized by means of physical or chemical adsorption 

(Scheme 5.3) to obtain reflectin A2 immobilized silk scaffolds: SF-A2(M1), SF-

A2(M2), SF-A2(M3) and SF-A2(n). 

Physical adsorption of reflectin was achieved by incubating the scaffolds with 

the various reflectin isoform solutions at 37°C overnight. The scaffolds were 

thoroughly rinsed in DI water and air-dried for further analysis.  
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Scheme 5.3 Schematic of the functionalisation of silk with recombinant reflectin by means of physical 

adsorption or chemisorption.  

Surface covalent functionalisation of SF with recombinant reflectin was carried 

out using a previously described protocol for covalent peptide binding [494–498]. 

Briefly, silk scaffolds were first soaked in PBS for 30 min. Immersion for 15 min at 

RT then followed in an activation buffer consisting of 0.5 mg mL−1 of 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Sigma-Aldrich, UK) and 

0.7 mg mL−1 of N-hydroxysuccinimide (NHS) (Sigma-Aldrich, UK) in DI water to 

create amine-reactive NHS-esters from carboxylic groups in SF [498]. The activated 

NHS-esters were then reacted with the reflectin isoform solutions at RT for 2 h. After 

reaction, excess protein solution was removed and the scaffolds were thoroughly 

rinsed in DI water and air-dried.  

5.2.2 Characterisation of the scaffolds 

5.2.2.1 Morphology and surface topography 

The top surface of the scaffolds was visualised with a JEOL JSM6700F FESEM 

at an accelerating voltage of 5 kV and working distance of 8 mm. The fibre diameter 

distribution was analysed with Fiji 1.28 software (NIH, USA) by measuring a 

minimum of 100 fibres. 
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5.2.2.2 Reflectin immobilisation  

The efficiency of reflectin immobilisation on the scaffolds (n=3 per type) was 

indirectly monitored with a Pierce™ BCA protein assay kit (Thermo Fisher Scientific, 

UK) based on the amount of reflectin remaining in solution after adsorption. An 

aliquot (~25µL) of solution was incubated with 200 µL of the BCA working reagent 

for 2 h at 37°C following the manufacturer’s instructions. The absorbance was 

measured with a microplate reader (Infinite M200) (Tecan Life Sciences, SG) at an 

ex. 562 nm, and normalised to the standard isoform solution used for functionalisation. 

Scaffolds in DI water served as blank and DI water was used as negative control. All 

samples were conducted in triplicate.  

5.2.2.3 Chemical structure 

Changes to the surface chemical groups on the scaffolds were explored by FTIR 

spectroscopy, using a PerkinElmer 2000 equipped with a zinc selenide (ZnSe) crystal 

on ATR mode. For each measurement, 32 scans were recorded with a resolution of 4 

cm−1 and wavenumbers from 4000 to 600 cm−1. Conformational changes to the protein 

secondary structure were explored by means of FSD within the amide I region ranging 

from 1700 to 1600 cm−1, as described previously [372–374].  

5.2.2.4 Conductivity of the scaffolds 

Conductivity of the scaffolds (n=4 per type) was estimated in DC mode across 

four different locations on each scaffold using an A4P-200 MicroXACT automated 

electrical conductivity and resistivity system [360,376,377]. A Jandel 4-point probe 

head (Tungsten Carbide tips, 40 μm tip radius and 1 mm tip spacing) connected to a 

combined current source and digital voltmeter (Jandel RM3000) was used for the 

experiments. Samples were incubated in PBS overnight, with excess removed using 

blotting paper prior to testing. Samples were evaluated at RT ~20°C and in a controlled 

chamber at 37°C. 
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5.2.3 In vitro study 

5.2.3.1 NG108-15 cell culture and seeding 

NG108-15 neuronal-like cells, taken from stock, were used between passage 

P17-30, grown and maintained in NG108‐15 growth medium [452] as per the 

supplier’s instructions.  

For cell culture experiments, as-spun silk scaffolds were positioned onto 

CellCrown™ polycarbonate inserts (Scaffdex Oy, Finland) for 24-well (vol. 1 mL) 

plates (Scheme 5.3), ethanol treated and functionalised with reflectin via 

chemisorption. The scaffolds were air-dried and sterilised under UV light (254 nm) 

radiation (30 min on each side, top and bottom) in a class II biosafety cabinet. Glass 

coverslips (CV) (12 mm diameter, 0.13-0.16 mm thickness) (VWR, UK) were used as 

positive controls. The scaffolds were seeded at 10,000 cells per well. The volume of 

seeding medium was minimised to ensure maximum contact of the cells with the 

scaffolds; once adhered (~2 h), the well was flooded with excess media. Half of the 

medium was changed every 2 days.  

For experimental differentiation, growth culture media was changed to serum-

deprived media one-day post-seeding. The culture was maintained for 5 days, with 

half of the medium removed and replaced with fresh medium every 2 days. 

5.2.3.2 Cell viability and cell spreading 

Viability of cells on the scaffolds (n=2 per type) was assessed with a 

LIVE/DEAD® viability/cytotoxicity fluorescence kit (Thermo Fisher Scientific, UK) 

following the manufacturer’s instructions. Viable cells were labelled with calcein AM 

and non-viable/dead cells were labelled with ethidium homodimer. Following 

incubation, samples were examined under a TCS SP8 confocal laser scanning 

microscope (Leica Microsystems, UK) and 3D imaged. Cell number is expressed as 

the percentage of live cells versus non-viable cells. Surface area covered by cells was 

estimated using Fiji software across different fields of view. 

5.2.3.3 Metabolic activity and proliferation 

The metabolic activity and proliferation profiles of cells on the scaffolds (n=4 

per type) were monitored over 7 days with the alamarBlue™ reduction assay based on 
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resazurin (Sigma-Aldrich, UK) and the Quant-iT™ PicoGreen® dsDNA assay 

(Thermo Fisher Scientific, UK), respectively, following the manufacturers’ 

instructions. The metabolic activity is recorded relative to the number of cells, which 

were estimated based on a single cell’s DNA content [381]. 

5.2.3.4 Immunolabelling of NG108-15 neuronal cells 

Cell-laden scaffolds (n=2 per type) were harvested, fixed, permeabilised and 

blocked against non-specific binding. Polyclonal rabbit anti-mouse/rat ß-tubulin III 

(Abcam, UK) was used as primary antibody (1:1000 v v−1, 2 h), and polyclonal goat 

anti-rabbit Alexa Fluor® 488 (Abcam, UK) as secondary antibody (1:1000 v v−1, 2 h); 

cell nuclei were counterstained with DAPI (1:1000 v v−1, 2 min) (Sigma-Aldrich, UK). 

All staining was performed at RT. Cell-laden samples were mounted with ProLong® 

Diamond Antifade (Thermo Fisher Scientific, UK) and imaged using a TCS SP8 

confocal laser scanning microscope (Leica Microsystems, UK).  

5.2.3.5 Neurite outgrowth assessment 

Differentiated cells were assessed in terms of neurite outgrowth, analysed from 

immunofluorescent micrographs using the Fiji software. Only extensions longer than 

30 µm were considered as neurites. A total of 15 neurites per condition were measured 

to determine neurite length. 

5.2.4 Data analysis 

Statistical analysis was performed with GraphPad Prism 8 (San Diego, USA), 

and checked for normality. Normally distributed data is presented as SD (error bars) 

of the mean values. For parametric data and multiple comparisons, significance was 

assessed by two-way ANOVA (two independent variables) using Tukey’s post hoc 

analysis test. Not normally distributed data was assessed by Kruskal-Wallis with 

Dunn’s post hoc analysis test. A value of p<0.05 was considered statistically 

significant. 
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5.3 Results and Discussion 

5.3.1 Synthesis and expression of recombinant reflectin 

Reflectins are highly repetitive structural proteins (85 to 98% similarity) with 

varying molecular weight [478]. Reflectins are differently distributed within the 

cephalopod’s tissue [492]; the main two types of reflectin are A1 and A2. Reflectins 

consist of one to six highly conserved repeating subdomains of a highly repeating 

sequence [499]. Recent sequencing of reflectins has shown that this highly conserved 

repeating sequence [484] is  of the form (M/F-D-X5)(M-D-X5)n(M-D-X3-4) (where M, 

methionine; F, phenylalanine; D, aspartic acid; Y, tyrosine; R, arginine; X, variable 

amino acid) (Scheme 5.1B) [477]. Despite this general common motif, variations in 

composition, molecular weight and length of segments are common, having a direct 

impact on their properties [500,501]. For instance, reflectin A2 has lower number of 

subdomains, and thus lower molecular weight, lower histidine content and lower net 

charge compared with reflectin A1. 

In this study, we designed different isoforms (i.e. A2(M1), A2(M2) and 

A2(M3)) of reflectin-like A2 protein from Doryteuthis opalescens based on truncation 

of the wild-type protein. SDS-PAGE gels of the recombinant proteins with one, two, 

three and four repeat motifs are shown in Figure 5.1A-B, where A2(M1) (one repeat 

motif, ~10.5 kDa), A2(M2) (two repeat motifs, ~17.6 kDa), A2(M3) (three repeat 

motifs, ~ 22.8 kDa) and A2(n) (four repeat motifs, ~28.4 kDa) following purification.  
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Figure 5.1 (A) Molecular weight showing stability of the cell lysates of the various reflectin A2 

isoforms (Doryteuthis opalescens) under different conditions, as demonstrated by SDS-PAGE. (B) 

Molecular weight of the three truncated reflectin A2 isoforms as demonstrated by SDS-PAGE. (C) 

Reflectin remaining in solution after adsorption onto the scaffolds (n=3 per type), normalised to the 

corresponding standard isoform solution used for functionalisation. Differences between the 

experimental groups were analysed by two-way ANOVA with Tukey’s post hoc test. *p<0.05, 

**p<0.01, ****p<0.0001. 

5.3.2 Immobilisation of reflectin on silk scaffolds 

Different approaches have been investigated over the years to introduce 

bioactive elements to silk materials. Common methods include blending silk with 

proteins found in the ECM of native tissues [502], or using genetic engineering to fuse 

two or more protein motifs together – such as in the case of silk-elastin [228,503]. 

1 – Pellet in buffer A, centrifuged  (supernatant)
2 – Insoluble pellet in wash buffer (+Triton 2% v/v)
3 – Mixture centrifuged (supernatant)
4 – Pellet resuspended in wash buffer (+Triton 2% v/v)
5 – Mixture centrifuged (supernatant)
6 – Pellet resuspended in wash buffer (+Triton 2% v/v)
7 – Mixture centrifuged (supernatant)
8 – Pellet resuspended in wash buffer (buffer A)
9 – Mixture centrifuged (supernatant)
L – Standard ladder
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Another route is through chemical modification, by covalently attaching different 

peptide sequences [494,504]. 

Here, electrospun SF scaffolds were decorated with reflectin isoforms through 

physical adsorption or chemisorption. Covalent modification of silk was carried out 

following the standard method of Kaplan et al. [498]. Some degree of crosslinking is 

to be expected. However, this is dependent on the paradigm of the crosslinking, mainly 

governed by the reaction time and concentration of the EDC/NHS buffer 

[497,505,506]. Furthermore, SF here is in the form of fibres rather than dissolved in 

solution. Some authors have reported the use of trinitrobenzene sulfonic acid for 

quantification of primary free amine groups and crosslinking degree in silk [506], but 

this assay is highly flammable and toxic. Immobilisation of reflectin onto the scaffolds 

was indirectly monitored by measuring the presence of reflectin remaining in solution 

after adsorption, normalised to the corresponding standard isoform solution used for 

functionalisation [507]. Results showed a great amount of reflectin remaining in 

solution for those scaffolds coated with reflectin isoforms of low tandem repeat motif 

number (i.e. A2(M1) and A2(M2)), meaning that very little amount of these isoforms 

was actually adsorbed on the scaffolds (Figure 5.1C). In contrast, a substantial lower 

amount of reflectin was found in solution after adsorption for the A2(M3) (p<0.01) 

and A2(n) (p<0.0001) isoforms in comparison, indicating much better adsorption onto 

the scaffolds. Overall, less amount of reflectin remaining in solution after adsorption 

tended to be detected for chemisorption in comparison with the physical adsorption 

route (p<0.01). This suggests that covalent functionalisation through reactive amide 

linkages was a more effective route to adsorb the reflectin isoforms onto the scaffolds. 

Indeed, protein physisorption is mainly governed by molecular interactions such as 

electrostatic, hydrophobic, van der Waals, or hydrogen bonding between the protein 

and the scaffold. Non-covalent bonds are weaker compared with covalent bonding, 

especially in aqueous environments [508]. Therefore, desorption of loosely attached 

peptides (i.e. physisorption) is inevitable after rinsing or long soaking periods. 

5.3.3 Surface morphology and fibre structure  

The surface morphology of the scaffolds, in terms of fibre diameter distribution 

and structure after functionalisation, was observed via FESEM (Figure 5.2A-B). 
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Micrographs of the surface-functionalised scaffolds showed a homogenous fibrous-

like morphology for all sample groups, with no major differences in terms of the 

average fibre diameter compared with neat silk (Figure 5.2C). Furthermore, neither 

the integrity of the scaffolds nor the micro-structure of the fibres was affected by the 

functionalisation process.   

 

Figure 5.2 Effect of surface functionalisation with reflectin on the scaffold microstructure. (A-B) 

Representative FESEM micrographs of the surface topography of the scaffolds after functionalisation 

by physical adsorption or chemisorption; scale bars at 3 μm. (C) Distribution of the fibre diameter size 

among the various scaffolds. Differences between the experimental groups were analysed by Kruskal-

Wallis with Dunn’s test. n.s non-significant. 

5.3.4 FTIR characterisation  

The surface chemical groups on the scaffolds were explored by FTIR-ATR 

(Figure 5.3A). The amide A band, corresponding to N−H stretching vibrations, was 

found at 3200-3400 cm−1. Compared with neat silk, a conspicuous increase in 

absorption for the amide B band (asymmetrical stretch of CH2) positions of reflectins 

from reflectin functionalised silk scaffolds was found at 2920–2940 cm−1. As-
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produced scaffolds also showed amide peaks characteristic of the co-existence of 

random helical and β-sheet conformation (e.g. 1631, 1517 cm–1). The characteristic 

vibration frequencies of β-sheets were observed for all functionalised scaffolds, 

indicating the retention of the β-sheet secondary structure, and hence, stability under 

cell culture conditions. The amide I region (C═O stretching) in the range 1700-1600 

cm−1 is particularly very sensitive and useful for predicting the conformation of 

proteins from the spectrum [509]. Conformational changes to the secondary protein 

structure were assessed by deconvoluting the amide I band of the FTIR spectra 

[372,374], and the estimated secondary structural contents are presented in Figure 

5.3B. Zero interference of reflectin incorporation in the proportion of β-sheet 

structures (non-significant differences) in the scaffolds was observed when the protein 

was physically adsorbed. Some differences (p<0.001) were observed when reflectin 

was chemisorbed, which could be attributed in part to the effect of EDC/NHS [510] 

as no differences among the isoforms were observed.  

 

Figure 5.3 Effect of reflectin functionalisation on the chemical structure. (A) Representative FTIR 

spectrum of the various scaffolds. (B) Quantitative analysis of the secondary structure of the scaffolds 

(n=2 per type) functionalised with various reflectin A2 isoforms, either by physical adsorption or 

chemisorption.  
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5.3.5 Conductive properties  

Conductivity of the scaffolds in the hydrated state was found to scale up with 

the number of repeat motifs of reflectin A2 used for functionalisation (Figure 5.4). 

This is as expected after protein truncation, since the electrical properties of reflectins 

are dependent on the relative arrangement and abundance of their charged amino acids 

[489]. Furthermore, very little amount of reflectin with one and two motifs (i.e. 

A2(M1) and A2(M2)) was detected on the scaffolds after adsorption (Figure 5.1C). 

Indeed, the conductivity of silk scaffolds coated with these two isoforms showed non-

significant differences with respect to SF alone. In contrast, silk scaffolds decorated 

with reflectin A2(n) (i.e. full sequence) exhibited a maximum at ~3×10−4 S cm−1, 

significantly greater compared with neat silk used as control.  

 

Figure 5.4 Quantitative analysis of the estimated conductivity of the scaffolds (n=4 per type) 

functionalised with various reflectin A2 isoforms, either by physical adsorption or chemisorption. 

Differences between the experimental groups were analysed by two-way ANOVA with Tukey’s post 

hoc test. n.s non-significant, ****p<0.0001. 

Protein based materials, such as silk fibroin, can be considered as proton/ion 

conductors [274,334,407–409], with reflectin being among the highest ones found in 

nature. Results shown here confirm the contributing factor of the reflectin isoform to 

increase conduction, where the relative arrangement and abundance of the charged 

amino acids of reflectins serves proton donation and facilitate Grotthuss‐type proton 

transport [489,511]. Conductivity of bulk films of reflectin A1 (Doryteuthis pealeii) 

had been reported at ~2×10−4 S cm−1 at body temperature [334], one order of 
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magnitude lower than the value reported here on silk scaffolds coated with reflectin 

A2(n) (Doryteuthis opalescens). The distinct species used among the studies, with a 

different relative arrangement and abundance of their charged amino acids, along with 

the protonic/ionic nature of SF itself, could contribute to the contrasting findings. 

Furthermore, materials water content (hydration state) influences the electrical 

properties of reflectins [334] and the hydration degree/humidity of the sample was not 

controlled during measurements. Therefore, the use of more advanced techniques 

could provide better estimates. 

5.3.6 Cellular response 

Based on the reflectin adsorption efficiency of the isoforms and the properties 

of the functionalized scaffolds, covalently immobilized reflectin A2(n) silk (i.e. SF-

A2n) was chosen as the best biologically active candidate to evaluate the neuronal cell 

response.  

A fluorescent cell viability assay was carried out after 5 days of culture (Figure 

5.5A). NG108-15 cells on the scaffolds were highly viable (Figure 5.5B), with very 

few dead cells and no predominant differences compared with glass coverslip controls. 

Cell coverage was estimated across several fields of view (Figure 5.5C), suggesting 

that cell distribution was enhanced on the functionalised silk scaffold.  
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Figure 5.5 Cellular viability of NG108-15 cells on reflectin A2(n) functionalised SF scaffolds. (A) 

Representative confocal micrographs at day 5 showing cell viability: viable cells are labelled with 

calcein AM (green) and dead cells are labelled with ethidium homodimer-1 (red); scale bar at 250 μm. 

(B) Semi-quantitative analysis of the percentage of viable and non-viable cells (n=2 scaffolds per type) 

after 5 days of culture. (C) Estimated surface covered by cells after 5 days of culture (n=2 scaffolds per 

type). Coverslip (CV) and silk fibroin (SF) were used as controls. 

The metabolic activity (Figure 5.6A-B) and proliferation (Figure 5.6C-D) 

profiles were next evaluated over 7 days, increasing steadily over time. The presence 

of reflectin on the scaffold had a positive impact towards both the metabolic activity 

(Figure 5.6A) and proliferation (Figure 5.6C) of cells in the culture, with significantly 

greater cell activity compared with neat silk alone. Metabolic activity of NG108-15 

cells seeded on the scaffolds is shown in Figure 5.6B as a function of the dsDNA 

concentration, giving an indication of the metabolic activity of the culture relative to 

the number of cells present on it. As reported by the estimated number of cells in 

culture (Figure 5.6D), cellular proliferation was greatly enhanced since the early stage 

of the cell culture after functionalisation with reflectin. 
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Figure 5.6 Cellular metabolic activity and proliferation of NG108-15 cells on reflectin A2(n) 

functionalised SF scaffolds over 7 days of culture. (A) Metabolic activity (n=4 scaffolds per type). (B) 

Metabolic activity relative to dsDNA content (n=4 scaffolds per type). (C) Total dsDNA content (n=4 

scaffolds per type). (D) Cellular proliferation; estimated cell number (n=4 scaffolds per type). 

Differences between the experimental groups were analysed by one-way ANOVA with Tukey’s test. 

n.s non-significant. *p<0.05, **p<0.01, ***p<0.0001. Coverslip (CV) and silk fibroin (SF) were used 

as controls.  

The differentiation response of NG108-15 cells on the scaffolds was further 

evaluated in serum-deprived medium conditions. Neurite outgrowth occurs during the 

development of the nervous system but also during regeneration. Neurite formation is 

under complex control and is essential for the function of nerve cells. Neurite length 

is physically impaired at higher cell densities, preventing accurate interpretation; 

therefore, the experiments were terminated at day 5 (Figure 5.7A). No significant 

differences were observed in terms of neurite length across the three sample groups 

(Figure 5.7B), with maximum extension measured on the reflectin-immobilized silk 

scaffold compared with SF alone.  
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Figure 5.7 (A-B) Neuronal differentiation of NG108-15 cells after 5 days of culture in serum-deprived 

conditions. (A) Representative confocal micrographs of differentiated cells immunolabelled with β-

tubulin III (green) as a marker of neurite outgrowth, and cell nuclei counterstained with DAPI (blue); 

scale bar at 75 μm. (B) Box-and-whisker plot showing neurite extension distribution on each scaffold. 

Differences between the experimental groups were analysed by one-way ANOVA with Tukey’s test. 

n.s non-significant. *p<0.05, **p<0.01, ***p<0.0001. Coverslip (CV) and silk fibroin (SF) were used 

as controls. 

Proteins such as fibronectin, laminin or short peptide derivatives [512–514], 

along with glycosaminoglycans of the native ECM [515,516], are involved in 

proliferation, neural plasticity and regeneration of the nervous system. Accordingly, 

they have traditionally been used to stimulate processes such as neuronal adhesion, 

migration and neurite formation, in combination with synthetic and natural polymer-

based scaffolds [517–521]. However, if combined into single blends, most of these 

biologicals tend to remain hidden in the bulk and unavailable for cell-substrate 

interactions [520]. The Gorodetsky lab had evaluated the effects of reflectin A1 

(Doryteuthis pealeii) films on progenitor neuronal cells [234,235], finding that their 

B

Coverslip, CV Silk fibroin, SF SF-A2(n)
A

3 5 7

0

5000

10000

15000

AB

Days of cell culture

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
  

(a
.u

)

CV (+)

SF (+)

SF-A2(n)

**
n.s

**
n.s

*

n.s

***

3 5 7

0

5000

10000

15000

AB

Days of cell culture

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
  

(a
.u

)

CV (+)

SF (+)

SF-A2(n)

**
n.s

**
n.s

*

n.s

***

3 5 7

0

5000

10000

15000

AB

Days of cell culture

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
  

(a
.u

)

CV (+)

SF (+)

SF-A2(n)

**
n.s

**
n.s

*

n.s

***

Day 5

0

100

200

300

400

Neurite extension v4
N

e
u

ri
te

 e
x

te
n

s
io

n
  

(µ
m

) CV (+)

SF (+)

SF-A2(n)

n.s



167 

 

 

proliferation and differentiation potential were greatly enhanced in comparison to the 

use of laminin and fibronectin. Following this, we used reflectin A2 (Doryteuthis 

opalescens) as a coating on electrospun SF scaffolds, focusing it on the surfaces that 

could be in contact with cells and endowing the fibres with enhanced metabolic and 

proliferation responses (Figure 5.6). A synergic contribution of several factors could 

be responsible for the differing cellular responses observed. It has been previously 

reported that the biological activity of a scaffold can be influenced by electrostatic 

interactions between the substrate and the negatively charged cell membrane 

[273,308], or by changes in the local electrostatic charge of the scaffold [307] that can 

contribute to the adsorption of serum proteins from the medium. Indeed, neuronal cell 

adhesion and growth on reflectin films appear to occur via electrostatic means and be 

protein-sequence dependent [235], with reflectins containing a large number of 

charged amino acid residues in comparison to other protein-based materials such as 

laminin or fibronectin. On the other hand, previous studies have shown that 

intracellular levels of Ca2+, K+ and Na+ appear to affect neuronal cell responses [474–

476,522,523]. In this regard, it has been postulated that conductive substrates may lead 

to increased intracellular ion levels in neuronal cells [431], and so, the bioelectric 

interface attributed to reflectin may have played a role in initiating key signal 

transduction cascades altering the cell response. However, no significant differences 

in terms of neurite length were observed in this study, and further investigation is 

required (e.g. by looking at molecular mechanisms and specific intracellular cell 

signalling pathways involved in controlling neuronal cell activity).  

While this study represents a proof-of-concept to the use of reflectin as a 

coating on micro/nano- fibrous scaffolds for in vitro cell culture, it is not one without 

limitations, and grafting multiple combinations or quantities of different ECM 

components (e.g. gradients) may further potentiate the scaffold’s function (e.g. neurite 

outgrowth). Scale-up remains an issue for electrospinning technologies and 

recombinant protein production, and it is currently being addressed. New 

developments in recent years have seen more efficient methods for the industrial 

production of micro/nano- fibres at significantly higher rates [524], such as solution 

blow spinning [367,525], along with the scale-up of microbial fermentation processes 
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for recombinant protein production to meet the requirements of the pharmaceutical 

industry [526,527]. 

5.4 Conclusion 

We present here a neural tissue engineered platform based on SF scaffolds 

decorated with recombinant reflectin A2 isoforms from Doryteuthis opalescens. 

Chemisorption with native reflectin A2 provided a supportive microenvironment with 

bioactive molecule incorporation to promote growth and differentiation of NG108-15 

neuronal-like cells. Relatively scarce protein-based protonic materials found in nature 

have exhibited excellent conductive properties and can support cellular attachment 

and proliferation. This, therefore, is another step towards cephalopod-inspired, 

protein-based materials capable of controlling cellular activity. These findings hold 

particular significance from the perspective of bioelectronics, where reflectin may 

serve as an active material. The human body uses ion and proton currents to conduct 

electricity, and reflectins’ favourable intrinsic conductive properties open up 

opportunities in a wide range of electrically sensitive tissues.  
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Chapter 6 
Conclusions and future perspectives  

 

6.1 Conclusions 

The use of electrical regimes in neural tissue engineering appears as a 

promising alternative to tackle nerve-related defects and injuries, although challenges 

persist on the way towards their clinical practice. In this thesis, 

electroconductive/active micro/nano- fibrous silk-based scaffolds were explored. 

Three different strategies for imbuing conductive properties were assessed towards 

improving nerve regeneration, with the scaffolds tested in vitro with neuroma 

analogue neuronal NG108-15 cells. 

• In Chapter 3, GO was blended at controlled loadings with SF and successfully 

electrospun into a family of composites. In situ post-reduction into 

electroactive SF/rGO led to increased conductance upon the filler’s content, 

although limited in range. Neuronal cell growth and proliferation were 

supported in all scaffolds, but SF/rGO outperformed unmodified silk and 

SF/GO composites. Neurite outgrowth was observed in all scaffold groups, but 

no significant differences in length were reported. Decoupling the role of 

conductivity in cell behaviour from other substrate’s traits or effects (e.g. 

surface roughness, protein adsorption) is difficult, but results of this study 

suggest that the endogenous electrical regime attributed to rGO over GO might 

be an important trait. 

• Using carbon-based nanomaterials as electroconductive moieties is subjected 

to achieving percolation threshold and formation of a conductive network. The 

use of rGO as a filler in composites resulted in limited conductivity. A wider 

range in conductance, matching and surpassing native mammalian tissues’, 

was achieved in Chapter 4 by functionalizing SF scaffolds with PEDOT–PSS. 
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Conductivity was easily tuned upon the coating concentration and further 

boosted by DMSO treatment, resulting in enhanced protein adsorption and no 

major changes in surface roughness. Neuronal cell growth and proliferation 

were well supported, with DMSO-treated PEDOT–PSS functionalised 

scaffolds partially outperforming PEDOT–PSS counterparts. Scaffolds coated 

with 3 mg mL−1 of DMSO-treated PEDOT–PSS were found as the most 

suitable candidate, with significantly greater neurite length compared with 

unmodified silk. Whether due to local changes in conductivity or a synergy of 

secondary effects such as protein adsorption or a less negatively charged cell-

material interface, the overall biological response of these electroconductive 

scaffolds tended to be enhanced compared with unmodified silk. 

• Electrons and ions are the main charged carriers in carbon-based materials and 

intrinsically conducting polymers. However, the human body uses ion/proton 

currents to conduct electricity. Functionalisation of silk with different 

recombinantly synthesised isoforms of intrinsic conductive reflectin, reported 

among the highest proton/ion conductors in nature, was explored in Chapter 

5. Chemisorption resulted in a more successful route than physical adsorption 

to decorate silk with reflectin A2, and conduction was found to be directly 

proportional to the isoform motif frequency. A significant improvement over 

the metabolic activity and neuronal proliferation responses was observed on 

SF scaffolds functionalised with the native isoform with respect to unmodified 

silk. However, no significant differences in terms of neurite extension were 

observed compared with unmodified silk. 

In summary, the work presented here shows that electroconductive/active silk 

scaffolds can lead to enhanced metabolic activity and proliferation of NG1080-15 

neuronal-like cells, compared with unmodified silk scaffolds. However, no major 

differences in terms of neurite length were observed. Whether endogenous electrical 

regimes (i.e. passive stimulation) on their own are enough to control the neuronal 

cellular response, or how intracellular cell signalling pathways are specifically 

modulated, remain unanswered.  
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6.2 Future work 

The potential of this field of research is limitless and can be continued in 

various ways. Future work can be performed around three major themes: optimisation 

of the scaffolds, signalling pathways involved in cell response to changes in 

conductivity, and translation to the clinic. Some future lines of investigation are 

detailed below.  

With respect to nerve repair, future challenges are to create a conductive 3D 

conduit peripheral nerve model with mature and relevant ultrastructure based on a 

combination of the electroconductive/active microenvironments explored here: 

• The use of benign solvents (e.g. aqueous systems) should be investigated as a 

way to overcome the restrictions of toxic and harsh solvents typically used in 

electrospinning. Furthermore, higher throughput manufacturing techniques, 

such as solution blow spinning, could be assessed towards the rapid fabrication 

of scalable fibrous substrates (refer to Appendix A “Porous, aligned and 

biomimetic fibres of regenerated silk fibroin produced by solution blow 

spinning”). In this respect, more relevant fibrous structures (e.g. aligned fibres 

and porous fibres) could be assessed towards directing neurite outgrowth and 

Schwann cell alignment. 

• Cell-laden 2D spun scaffolds could be rolled into 3D conduit structures using 

a cell sheet rolling system towards the production of NGCs. On the other hand, 

conduit scaffolds could be engineered by directly spinning onto a deposition 

rod-like mandrel. In addition, a gradual angular alignment approach based on 

stacking several layers of spun scaffolds together could be investigated on the 

lining of the conduit to provide the model with appropriate mechanical 

properties.  

• Despite the current efforts to use 2D spun scaffolds, there remain challenges 

to truly mimic a natural microenvironment that resembles the native ECM. 

Spun scaffolds can be combined into more complex structures by incorporating 

hydrogels to provide truly 3D hydrophilic structures that can support cell 

viability, proliferation, differentiation and matrix production. 
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• The stability of the scaffolds, degradation properties and their overall shelf-life 

should be investigated. Furthermore, the electroconductive stability of the 

scaffolds should be explored over the long term (e.g. over different periods of 

incubation) – for which cyclic voltammetry or electrochemical impedance 

spectroscopy techniques are best suited – as way forward to assess 

transmission of the bioelectrical signals required by cells and tissues. 

• While NG108-15 cells are versatile and very practical, the results obtained 

with a single cell line are not conclusive. Experiments using primary cells 

would result in more accurate estimations of neuronal regeneration as they 

more closely mimic the nerve tissue microenvironment. Therefore, these 

materials should be screened further, for example by using co-cultures with 

primary cells (DRG neuronal cells, primary Schwann cells) or other cell lines 

(PC12 neuroma cells, SH-SY5Y cells, RN22 Schwannoma cells). Another 

interesting line of research is to assess the effects of these 

electroconductive/active scaffolds on (neural) stem cells, and investigate 

whether their adhesion, proliferation and differentiation towards neuronal cells 

could be significantly upregulated.  

• Signalling proteins and intracellular ion levels play a critical role in cell-to-cell 

communication. While the overall effects of these conductive scaffolds have 

been studied on the neuronal cell response, the molecular mechanisms 

regulating these responses remain largely unknown. In-depth protein, gene 

expression and intracellular ion analysis would provide a deeper understanding 

on the interactions between the cells and these electroconductive 

microenvironments.  

• Neurite outgrowth assessment should be further explored with a larger neurite 

population, and measuring neurite extension by means of deep-learning 

algorithms could reduce bias. Other than looking into fibre alignment, neurite 

outgrowth could be further promoted by exploring the use of exogenous 

electrical regimes (i.e. direct ES) applied to cell-laden scaffolds. Furthermore, 

as a way forward to explore the electrical responsiveness of some of these 

constructs, macromolecular therapeutics (e.g. growth factors, genes or small 
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interface RNA molecules) of interest in nerve repair could be loaded into the 

scaffolds and their delivery controlled in a pulsatile fashion upon the on/off 

application of an electrical stimulus (refer to Appendix B “Electroresponsive 

silk-based biohybrid composites for electrochemically controlled growth 

factor delivery”). 

• The use of gradient concentrations of growth factors or combinations of ECM 

molecules could be investigated towards directing neuronal cell responses. For 

instance, different gradient patterns could be created by digital light 

photolithography on the scaffold substrates. 

• Inflammation and scarring are commonly associated with nerve repair. An 

interesting avenue of research is to explore the local delivery of anti-

inflammatory cytokines (e.g. interleukin 10) and anti-scarring molecules (e.g. 

mannose-6-phosphate) that could help improve functional repair. 

• Spun fibrous scaffolds in tissue engineering commonly use alcohol submersion 

or UV radiation methods for sterilisation purposes, like in the case of the 

current in vitro studies. However, these methods are only acceptable for 

laboratory-based research since they do not fully eradicate microorganism 

contaminants and are not approved by regulatory bodies for implantation in 

humans. The impact of approved medically grade sterilisation techniques (e.g. 

ethylene oxide, gamma radiation) on the properties of the developed scaffolds 

should be investigated regarding medical device development intended for 

human implantation. 

• Short and long-term in vivo experiments in animal models (e.g. rodents, 

rabbits, dogs) would need to be carried out to truly assess the biological and 

functional response of the developed scaffolds to bridge short nerve gap 

injuries. Short-term studies can focus on the inflammatory response towards 

the constructs, while long-term studies can provide information about the 

functionality of the scaffolds (e.g. regeneration efficiency) and degradation 

relative to new tissue formation. In particular, quantitative studies of vital 

nerve regeneration parameters could be assessed and compared with respect to 

autografting outcomes. 
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Other than for nerve repair, in vitro 3D models based on these 

electroconductive/active microenvironments could be used to study disease conditions 

of interest, in accordance with the principles of 3Rs (e.g. replacement, refinement and 

reduction) regarding animal use in experiments.  
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ABSTRACT: Solution blow spinning (SBS) has emerged as
a rapid and scalable technique for the production of polymeric
and ceramic materials into micro-/nanofibers. Here, SBS was
employed to produce submicrometer fibers of regenerated silk
fibroin (RSF) from Bombyx mori (silkworm) cocoons based
on formic acid or aqueous systems. Spinning in the presence
of vapor permitted the production of fibers from aqueous
solutions, and high alignment could be obtained by modifying
the SBS setup to give a concentrated channeled airflow. The
combination of SBS and a thermally induced phase separation
technique (TIPS) resulted in the production of macro-/microporous fibers with 3D interconnected pores. Furthermore, a
coaxial SBS system enabled a pH gradient and kosmotropic salts to be applied at the point of fiber formation, mimicking some
of the aspects of the natural spinning process, fostering fiber formation by self-assembly of the spinning dope. This scalable and
fast production of various types of silk-based fibrous scaffolds could be suitable for a myriad of biomedical applications.

1. INTRODUCTION

Solution blow spinning (SBS) offers an efficient method to
produce micro-/nanofibers at a significantly higher rate (about
×100 times faster1,2) compared to conventional electro-
spinning. By using pressurized gas as the driving force,2−5 it
overcomes some of the drawbacks of electrospinning including
the use of electric fields and dense fibrous networks with low
porosities;6−9 in addition, fibers can be deposited in situ on
virtually any surface.4 To date, a myriad of polymers,3−5

composites,1,10,11 and ceramics12,13 have been successfully
processed into fibers by SBS. The use of micro-/nanofibers is
of particular interest in the field of regenerative medicine due
to their high surface area to volume ratio and morphological
resemblance to the extracellular matrix of native tissues. Fibers
can provide adequate topographical and mechanical cues to
direct cell behavior, making them suitable for the fabrication of
scaffolds for tissue regeneration.14−16

In its native state, Bombyx mori silk consists of fibrous
protein filaments (silk fibroin) surrounded by a glue-like layer
(sericin). Among the wide range of natural materials, silk
fibroin has many attractive chemical, physical, and biological
properties which make it convenient for regenerative medicine,
tissue engineering, and therapeutic delivery applications.17,18

Some of these properties include suitable cell−material

interactions, tailored biodegradability, and oxygen/water
permeability.19−22

Under natural spinning conditions, as the silk dope flows
from the posterior to the anterior division of the silkworm
gland, the dope is sheared, water content decreases from 80 to
77%, pH decreases from 6.9 to 4.8, and chaotropic ions are
exchanged for kosmotropic ions,23−29 contributing to fiber
formation. Silk fibroin typically requires reprocessing from its
native state to tune properties including fiber diameter and
surface roughness/morphology to suit the intended applica-
tion.15,30 In particular, regenerated silk fibroin (RSF) from
aqueous solutions has previously been electrospun by blending
with high molecular weight poly(ethylene oxide)
(PEO),21,31,32 used as a temporary water-soluble spinning
aid, and fully aqueous processes based on high molecular
weight silk fibroin dopes have been successfully produced via
electrospinning.33,34 Recently, straining flow spinning (SFS)
has been used to produce high performance RSF fibers by
controlling the flow of the dope through its interaction with a
coagulant bath,35,36 mimicking the balanced mild aqueous
chemical environment and moderate shear forces found in
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natural spinning glands.35 While robust RSF fibers can be
mass-produced by SFS, these range between 8 and 13 μm in
diameter. SBS permits faster production rates (5 μL min−1 in
SFS compared with >100 μL min−1 in SBS) and can even
achieve sub-micron diameter fibers.
The aim of this study is not to produce high performance

robust fibers nor retain the hierarchical structures of natural
silks, but rather show that SBS is a suitable technique that
could be used to mass-produce various types of RSF sub-
micron diameter fibers with potential applications in
regenerative medicine. Here, to the author’s knowledge, we
have for the first time employed SBS to process RSF into
randomly aligned and aligned nonporous micro-/nanofibers,
utilizing both organic (formic acid) and aqueous solvent
systems, and by channeling the flow of air to the collector.
Porous fibers from an aqueous system were obtained by using
a modified SBS system based on a thermally induced phase-
separation (TIPS) technique.1,37 A coaxial SBS system was also
employed to mimic a pH gradient as a means to replicate some
of the physiological parameters of the natural spinning
process26 and drive secondary protein structure formation.

2. EXPERIMENTAL SECTION
2.1. Regenerated Silk Fibroin. RSF solutions from Bombyx mori

silkworm cocoons (Wildfibers; Birmingham, UK) were prepared
following a previously described protocol38 with minor modifications.
Briefly, cocoons were dewormed and degummed in a 0.02 M boiling

Na2CO3 (Sigma-Aldrich, UK) aqueous solution for 30 min to remove
the sericin. Degummed silk fibroin was thoroughly washed in
deionized water (three water changes, 20 min each) and air-dried
for 24 h. The dried degummed silk fibroin was dissolved in 7.9 M
aqueous LiBr (Sigma-Aldrich, UK) to form a 16% w/v solution, with
gentle continuous stirring at 60 °C for 4 h. The solution was
centrifuged (10000g, 20 min) to remove any residual pupa and
dialyzed (3.5 kDa MWCO SnakeSkin, ThermoScientific, UK) against
5 L of deionized water at 4 °C for 3 days, with regular water changes
under continuous stirring. The concentration of the RSF solution
after water dialysis was ∼5−6% w/v. The solution was centrifuged
again (10000g, 20 min) and either freeze-dried for 72 h (VirTis
BenchTop Pro; New York) or concentrated for further use, described
below.

2.2. Spinning Dope Formulations. Formic acid dopes as
precursors of nonporous fibers were prepared by dissolving freeze-
dried RSF in formic acid (95% v/v; Sigma-Aldrich, UK) at a
concentration of 8−20% w/v at room temperature and stirred for 2 h
prior to spinning.

Aqueous precursor dopes were prepared by means of reverse
dialysis processes. Aqueous formulations as precursors for nonporous
fibers were prepared by concentrating an RSF solution by reverse
dialysis (10 kDa MWCO SnakeSkin dialysis tubing, Thermo-
Scientific, UK) against a 15% w/v poly(ethylene glycol) (PEG
10000 Mw; Sigma-Aldrich, UK) aqueous solution at 4 °C. Note that
some PEG likely diffused into the RSF solution and may have acted as
a spinning aid. Prior to spinning, a 3 M CaCl2 (Sigma-Aldrich, UK)
solution was added into the RSF system to adjust the [Ca]2+ to 0.3 M
(pH ∼7.5, 9:1 v/v ratio SF/CaCl2). The role of CaCl2 is to promote

Scheme 1. Schematic Representation of Conventional, Cryogenic, and Coaxial SBS Setupsa

a(a, b) Conventional SBS setup (with/without vapor phase). (c) Modified SBS setup to channel the airflow and RSF fiber jet for spinning aligned
nonporous fibers. (d) Cryo-SBS setup for the production of porous fibers. (e, f) Coaxial SBS setup to induce pH and ion gradients by (e) positive
and (f) negative inner nozzle solution protrusion.
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RSF conformation from random coil/α-helix to β-sheet.39−41 The pH
was subsequently adjusted to 10.5 with a 5 M NaOH (Sigma-Aldrich,
UK) solution, which was found to make the dope stable during the
spinning process and promote fiber formation. Aqueous formulations
as precursors of porous fibers and biomimetic fibers were prepared by
concentrating an RSF solution by reverse dialysis (3.5 kDa MWCO
SnakeSkin dialysis tubing, Thermo-Scientific, UK) against a 20% w/v
PEG (10000 Mw; Sigma-Aldrich, UK) aqueous solution at 4 °C.
All solutions were stored in sealed glass vials at 4 °C and spun

within 24 h.
2.3. Rheological Analysis of Regenerated Silk Fibroin

Solutions. RSF formulations at increasing concentrations were
loaded into an AR-G2 rheometer (TA Systems; UK), operated with a
parallel plate geometry (20 mm diameter and gap set to 600 μm) at
25 °C and with an environmental case attached to prevent solvent
evaporation. Each concentration (n = 2 replicates of the same
solution) was subjected to a logarithmic steady shear rate increase
from 0.01 to 1000 s−1.42

2.4. Fiber Production by Conventional, Cryogenic, and
Coaxial Solution Blow Spinning. All RSF dopes were spun via a
custom-made SBS setup (Scheme 1), consisting of a syringe pump,
connective tubing, a concentric nozzle, and a compressed air source
controlled by a pressure regulator. Solutions were injected to the
inner nozzle of the SBS head using a precision syringe driver pump
(N-300, New Era Pump Systems Inc.; USA). Compressed air was
delivered to the outer nozzle via an oil-free and water-free air
compressor (Bambi VT150D; Italy). The internal diameter (i.d.) of
the SBS inner nozzle was 0.8 mm, and the outer diameter (o.d.) was
1.8 mm; the outer nozzle had an i.d. of 2 mm and an o.d. of 3 mm.
The inner nozzle was set to protrude by ≥+2 mm from the outer
nozzle into a conical-shaped end.
Random nonporous f ibers from RSF formulations based on formic

acid were spun directly with a conventional SBS apparatus (Scheme
1a,b): feed rate of 50−60 μL min−1, air pressure of 30−40 psi (0.21−
0.28 MPa), and working distance to the collector of 20−30 cm.
Production of random nonporous fibers from RSF aqueous dopes was
enhanced by spinning through a vapor immediately after the SBS
nozzle. Vapor was generated using different solvents (water, absolute
ethanol, or absolute methanol) in a beaker on a hot plate (100−200
°C) placed under the SBS nozzle. Ethanol and methanol are known to
promote β-sheet formation. Spinning parameters in this case were
feed rate of 100−110 μL min−1, air pressure of 30−60 psi (0.21−0.41
MPa), and working distance of 30−40 cm to fiber collection.
Aligned nonporous f ibers out of formic acid and aqueous systems

were obtained by placing a funnel between the SBS head and collector
(Scheme 1c). This served to channel the airflow and the fiber forming
jet, aligning the fibers in flight prior to collection. The same spinning
parameters as previously stated for nonporous fibers were used.
Porous f ibers were obtained using RSF aqueous dopes based on a

cryogenic SBS (cryo-SBS) setup (Scheme 1d).1,37 As-produced RSF
aqueous formulations were sprayed into fibers directly into a bath of
liquid nitrogen. The feed rate was 100 μL min−1, and the air pressure
was 30 psi (0.21 MPa); a working distance of 15 cm and an angle of
∼45° to the cryogenic bath were selected to limit liquid nitrogen loss.
The bath container was made from an expanded-polystyrene foam
box. During cryo-SBS, the level of liquid nitrogen in the bath was
constantly topped up to ensure that the working distance remained
±2 cm of the target value. Frozen fibers were then collected into 50
mL Falcon tubes, transferred to lyophilization flasks (precooled in
liquid nitrogen), and subsequently lyophilized (VirTis BenchTop Pro;
New York). The external glass portion of the lyophilization flask was
kept under liquid nitrogen using the polystyrene foam box until a
vacuum of ∼50 mTorr was reached, after which the outside of the
flask was exposed to ambient conditions. Lyophilization was
continued for a total of 72 h to ensure complete drying.
For biomimetic fibers, a coaxial SBS head, consisting of two

concentric solution nozzles (inner solution nozzle, outer solution
nozzle) within an outer pressurized air nozzle, was employed to
induce changes to the chemical environment at the point of the
solution cone (positive protrusion of inner solution nozzle, Scheme

1e) or prior to it (negative protrusion of inner solution nozzle,
Scheme 1f) by flowing a secondary solution through the outer
solution nozzle while flowing the RSF solution through the inner
solution nozzle. The outer solution nozzle was set to protrude ≥2 mm
from the outer pressurized air nozzle; the inner solution nozzle was
set to protrude ±2 mm (positively or negatively) from the outer
solution nozzle. A number of kosmotropic phosphate solutions
adjusted to various acidic pH values (pH 2−7) and a commonly used
coagulant in wet-spinning (ammonium sulfate)22 were used to induce
self-assembly of aqueous RSF solutions into fibers. Two precision
syringe driver pumps were used for injecting the inner and outer
solutions. Successful fiber spinning was achieved with the following
set parameters. For the positive nozzle protrusion, inner and outer
solutions were injected at feed rates 100 and 150 μL min−1,
respectively; for the negative nozzle protrusion, the inner and outer
solutions were injected at feed rates of 190 and 100 μL min−1,
respectively. Air pressure and distance to collector were maintained in
both cases at 40 psi (0.28 MPa) and 40 cm.

2.5. Insolubilization of Solution Blow Spun Regenerated
Silk Fibroin Fibers. Nonwoven random fiber mats were immersed in
90% v/v ethanol (EtOH) or 90% v/v methanol (MeOH) baths for 10
min to further induce protein secondary structure transition from α-
helix/random coils into β-sheets. The mats were then dried in an oven
at 30 °C for 24 h.

2.6. Physicomechanical Characterization of the Fibers.
2.6.1. Fiber Morphology. Fiber morphology was assessed using
scanning electron microscopy (SEM) on a Hitachi S300 N (USA)
and on a PhenomPro Generation 5 (USA) and field emission
scanning electron microscopy on a Zeiss Supra 35VP FE-SEM
(Germany). Briefly, fiber mats (1 cm × 1 cm) were mounted onto
aluminum stubs with double-sided conductive carbon tape and
sputter-coated with gold/palladium (Gatan Model 682 Precision
Etching Coating System, USA) to an average thickness of 3 nm;
images were captured at 2.5−5 kV. The average fiber diameter was
determined using ImageJ (Fiji 1.28, USA) software by measuring a
minimum of 50 fibers per sample type.

2.6.2. Protein Structure Quantification and Crystallinity Assess-
ment. The conformational structure of nonwoven RSF fiber mats was
investigated by wide-angle X-ray diffraction (WAXD; PANalytical
X’Pert Pro, UK) with the following parameters: copper line focus X-
ray tube with Ni Kβ absorber (0.02 mm; Kβ = 1.392250 Å) and Kα
radiation (Kα1 = 1.540598 Å, Kα2 = 1.544426 Å, Kα ratio 0.5, Kαav =
1.541874 Å), diffraction angle of 5°−45°, and scanning rate of 2°
min−1. In addition, a Fourier transform infrared spectrometer (FTIR
Nicolet iS5; Thermo Scientific, UK) equipped with an iD5 attenuated
total reflectance (ATR) attachment (diamond crystal) was used to
examine the conformational changes of the secondary structure of
RSF within the amide I region. For each measurement, 32 scans were
recorded with a resolution of 4 cm−1 and wavenumbers from 500 to
4000 cm−1. The amide I region ranging from 1600 to 1700 cm−1 was
baseline corrected and deconvoluted by applying a second derivative
algorithm, a signal smoothing algorithm, and a curve-fitting algorithm
based on Fourier self-deconvolution (FSD) according to refs 43 and
44. The band positions were fixed at 1595 cm−1 (side chains), 1610
cm−1 (side chains), 1620 cm−1 (intermolecular β-sheets), 1630 cm−1

(intermolecular β-sheets), 1640 cm−1 (random coils), 1650 cm−1

(random coils), 1660 cm−1 (α-helices), 1670 cm−1 (β-turns), 1680
cm−1 (β-turns), 1690 cm−1 (β-turns), and 1700 cm−1 (intramolecular
β-sheets) following ref 45. Samples were run in triplicate.

2.6.3. Mechanical Testing. Uniaxial tensile testing of as-spun RSF
mats (cardboard window frame dimensions of 5 mm × 5 mm) of
aligned nonporous fibers was performed with a mechanical tester
(Instron 3344; Instron Ltd., USA). The ends of the fiber mats were
embedded in epoxy and taped to avoid stress concentration at the
clamps during mounting to the tensile test machine. Prior to testing,
the sides of the window frame were cut through, enabling direct
loading of the sample. Samples (n = 12 replicates) were subjected to
uniaxial loads at 2 mm min−1, and a 10 N load cell was used. The
strain at break and ultimate tensile strength (UTS) were calculated
from the maximum value of the stress−strain curve before breakage,
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Young’s modulus from the slope of the linear portion of the curve,
and toughness from the area under the graph for each sample tested.
The area occupied by the fibers was calculated by measuring the area
of the mat and subtracting the void space of the fibers based on mass-
density differences between the mat and single fibers.46 Instruments
were calibrated prior to use and all tests were performed at room
temperature.
2.6.4. Surface Area Analysis and Fiber Pore Size. Brunauer−

Emmett−Teller (BET) surface area measurements of porous fibers
obtained by cryo-SBS were made using a surface area and porosity
analyzer (TriStar II, Micromeritics, Neu-Purkersdorf, Austria). Prior
to gas adsorption experiments, impurities were removed via a
degassing step (FlowPrep 060, Micromeritics). Approximately 100
mg of sample was placed inside a glass chamber, purged with nitrogen
at ambient temperature overnight. Nitrogen adsorption isotherms
were then measured at 77 K.
The size of a minimum of 70 pores from SEM images of porous

fibers was measured using by ImageJ (Fiji 1.28, USA); measurements
were performed along the minor axis of the pores.
2.7. Data Analysis. Quantitative data are presented as standard

deviation (SD) of the mean values. Statistical analysis of the results
was performed using GraphPad Prism 7 (San Diego, CA).

3. RESULTS AND DISCUSSION

3.1. Nonporous RSF Fibers Obtained via SBS. Analysis
of the viscoelastic properties of RSF formulations is of interest
since solution viscosity determines whether a droplet spray or
continuous fibers are obtained, as it affects initial droplet shape
and stability of the jet trajectory during SBS.47 The viscosity
measurements of RSF formulations of formic acid and the
aqueous system at increasing concentrations are shown in

Figure 1a,b. Both systems exhibited slightly different rheologies
over the range of concentrations tested. For the case of RSF
solutions in formic acid, the viscosities were almost
independent of the shear rate exhibiting Newtonian-like
behavior. This is consistent with work reported by Zhu et al.
for RSF formulations in formic acid below 20% w/v.48

Aqueous RSF formulations, on the other hand, exhibited
non-Newtonian shear-thinning-like behavior, more evident at
high solution concentrations. Shear thinning at increasing
shear rate is characteristic of native silk dopes49 and suggests
more entanglement of the chain networks in the polymer
solution,50,51 which should aid spinning by SBS.
The solutions over the range of different concentrations

were spun via conventional SBS. A systematic investigation
found that nonporous fibers only formed for concentrations
between 10 and 18% w/v for solutions based on the formic
acid system and between 25 and 30% w/v for aqueous
solutions in the presence of a water/ethanol/methanol vapor
and pH-Ca2+ adjustment, as detailed in the Experimental
Section. Solutions lower than 10% and above 18% w/v (formic
acid system), or below 25% and above 30% w/v (aqueous
system), did not have suitable rheological properties for
processing into fibers by SBS: either the nozzle blocked
frequently, or the solutions resulted exclusively in droplets and
no fibers were formed. The spinnability windows (Figure 1c,d)
for RSF solutions were established as 15−144 mPa·s (formic
acid system) and 500−1500 mPa·s (aqueous system),
identified as the target viscosities for blow spinning RSF

Figure 1. Rheology of RSF solutions. (a, b) Shear sweep measurements of (a) formic acid and (b) aqueous RSF solutions at increasing
concentrations. Red arrows represent increase in concentration. (c, d) Relationship between viscosity (at 1000 s−1 shear rate) and concentration for
(c) formic acid and (d) aqueous solutions, highlighting the spinnability window for SBS; error bars in SD (n = 2).
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dopes into nonporous fibers based on formic acid and aqueous
systems, respectively.
SEM images of RSF nonporous fibers spun from formic acid

are shown at 12 and 15% w/v (Figure 2a,b and Figure S1).

The most stable fiber mats were obtained at a flux of 50−60 μL
min−1 at an air pressure of 30−40 psi (0.21−0.28 MPa) with a
working distance of 20−30 cm to fiber collection. Increasing
the concentration of the RSF formulation resulted in fibers
with a greater diameter consistent with previously reported
data of solution blow spinning of other polymers.3,52,53 The
mean diameter of randomly aligned fibers based on formic acid
(Figure 2a and Figure S1a) was 290 ± 60 and 910 ± 300 nm
for RSF solution concentrations at 12 and 15% w/v,
respectively. Fiber morphology was relatively smooth in both
cases. Aligned fiber bundles and mats were also produced at
12% w/v (Figure 2b and Figure S1b) by channeling the airflow
toward the collector. Fibers were quickly formed as the RSF
solution exited the nozzle and consolidated within less than 5
cm, meaning that by channeling the flow through greater
distances fiber alignment could be achieved. Aligned non-
porous fibers exhibited a similar mean fiber diameter (p-value
nonsignificant) compared to that of randomly aligned
nonporous fibers produced from RSF formulations at the
same concentration. The mean fiber diameter in this case was
260 ± 150 nm, and fiber morphology was smooth and
consistent, with no droplets/beads observed.
For aqueous RSF solutions, the most stable nonporous fibers

were obtained at a flux of 100−110 μL min−1 at an air pressure
30−60 psi (0.21−0.41 MPa) and working distance of 30−40
cm. SEM images of RSF fibers spun at 27% w/v are shown in
Figure 2c,d. The structure of the fiber mats consists of
nonporous fibers interconnected into a 3D porous nonwoven
network with some conglutination, with a mean diameter of
410 ± 130 nm for randomly aligned fibers (Figure 2c) and 465
± 170 nm for aligned fibers (Figure 2d) (p-value non-
significant between them). Compared to RSF fibers produced
from formic acid dopes (Figure 2a,b), these fibers had poorer

morphological homogeneity. Water has a relatively high boiling
point and low volatility, resulting in residual moisture content
prior to collection.54

It should be noted that some low molecular weight PEG
likely diffused into the aqueous RSF solutions during reverse
dialysis concentration and that this acted as a spinning aid
during SBS promoting fiber formation. A plasticizing effect due
to the presence of PEG in polylactide (PLA) blends has been
reported,55 considerably increasing the elongation at break,
while the tensile strength remained unchanged. Low molecular
weight PEG is difficult to spin on its own,56,57 and only its high
molecular weight form, PEO, is commonly used during
electrospinning of aqueous biopolymer systems due to its
higher viscosity aiding stabilization of the polymer jet.
PEG is water-soluble and can be easily removed after fiber

spinning. RSF solutions for aqueous nonporous fiber spinning
were also concentrated up to 30% w/v by forced airflow and by
reverse dialysis in PEG using a 3.5 kDa membrane, yet none of
the prepared solutions were able to form fibers, suggesting that
concentrations >30% w/v may be required. However, this is
disadvantageous for industrial processing due to the easy
transition of highly concentrated solutions into gel and
clogging of the nozzle.
The structure of nonporous fibers was further characterized

by ATR-FTIR and WAXD (Figure 3a−c). Indeed, the
conformation and structure of proteins are an important factor
in both their physicochemical and mechanical properties,
which ultimately affects their ability to interact with biological
interfacesan important consideration for tissue engineering
and therapeutic delivery applications.
The ATR-FTIR spectra of the amide I (1700−1600 cm−1)

and amide II (1600−1450 cm−1) bands of nonporous fibers
spun from formic acid and aqueous solutions are shown in
Figure 3a, indicating that the typical chemical composition of
silk fibroin remained unaffected during SBS. A clear shift of the
absorption peak of the amide I region (1700−1600 cm−1) after
post-treatment in ethanol and methanol can be observed.
A detailed quantification of the amide I band by curve fitting

and deconvolution revealed changes in the chain structure
(Figure 3c). While β-sheets make up the crystalline regions of
silk fibroin, other more flexible structures such as β-turns or
random coils and α-helices account for the more amorphous
structures of silk.58,59 Significantly greater (p < 0.0001) β-sheet
and lower (p < 0.01) α-helix/random coil contents were
quantified in untreated fibers spun from aqueous solutions
(through a water vapor) compared to those spun from formic
acid (Figure S2). As expected, the immersion of the as-spun
RSF fibers into ethanol and methanol bath solutions increased
the partial fraction of secondary structural components (β-
sheets), while reducing the less-ordered structures (α-helixes
and random coils) (Figure 3c). For the case of fibers spun from
an aqueous system, the β-sheet content before or after post-
treatment of fibers spun through a water vapor phase was
higher compared to the other two vapor phases using either
methanol or ethanol (Figure 3c). Only fibers spun in a
methanol vapor phase and post-treated in methanol exhibited a
similar high content in β-sheets. The added water content of
the vapor phase may have acted as a plasticizer permitting
fibroin to have more rotational and translational freedom
during their rearrangement,58,60−62 allowing more stable β-
sheet structures to form, in addition to assisting in fiber
formation. In fact, significantly higher (p < 0.001) contents of
β-turns were quantified in fibers spun through an ethanol vapor

Figure 2. SEM images of RSF nonporous fibers from formic acid and
aqueous solutions. (a, b) Fibers spun from formic acid at 12% w/v:
(a) randomly aligned fibers; (b) aligned fiber bundle with inset at
higher magnification. (c, d) Fibers spun from an aqueous system at
27% w/v through a water vapor: (c) randomly aligned fibers; (d)
aligned fibers.
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phase and post-treated in methanol or spun through a
methanol vapor phase and post-treated with ethanol.
WAXD (Figure 3b) was used to further assess the

crystallinity conformation63,64 of the nonporous fibers and
complement the information provided by ATR-FTIR. The
secondary structure of silk fibroin exhibits at least three
crystalline conformations: random coil, silk I, and silk II.
Among these, silk II is the most stable structure and is thought
to be constituted by antiparallel β-sheets. Untreated fibers from
aqueous solution spun through a water vapor exhibited a low-
intensity broad halo with a peak around 2θ = 22.68° (d-spacing
0.39 nm). Fibers spun through a water vapor and post-treated
in methanol exhibited crystalline peaks at 2θ = 9.7°, 20.83°,
24.85°, and 29.50° (d-spacing of 0.91, 0.43, 0.36, and 0.31
nm), corresponding to a mixed silk II (0.91, 0.43, and 0.36
nm) and silk I (0.31 nm) structure.65 Fibers spun through a
water vapor and post-treated in ethanol exhibited crystalline
peaks at 2θ = 20.67° and 25.11° (d-spacing 0.43 and 0.35 nm)
corresponding to silk II conformation.65 These results suggest
that ethanol post-treatment of fibers spun through water vapor

resulted in a higher component of silk II. For the case of formic
acid solutions, fibers post-treated in ethanol and in methanol
showed similar mixed silk type I and II conformations. In
particular, fibers post-treated in ethanol exhibited peaks at 2θ =
20.60° and 23.48° (d-spacings of 0.43 and 0.38 nm) relating to
silk II and silk I conformations, respectively.65 Fibers post-
treated in methanol exhibited peaks at 2θ = 19.30°, 21.03°, and
23.33° (d-spacings of 0.45, 0.42, and 0.38 nm) characteristic of
silk II (0.45 and 0.42 nm) and silk I (0.38 nm) polymorphs.65

To elucidate any influence of in-flight fiber alignment on the
protein structure, both aligned and randomly aligned non-
porous fibers from formic acid were evaluated by ATR-FTIR
and WAXD (Figure S3). No significant differences in terms of
the quantification of the secondary structures within the amide
I region were observed (Figure S3a), and similar peaks were
retrieved by WAXD (Figure S3b), suggesting no increase in β-
sheet conformation after fiber alignment.
A direct comparison of the mechanical properties of fibers is

challenging due to differences in the reported literature
concerning measurement and manufacture (i.e., spinning

Figure 3. ATR-FTIR and WAXD of randomly aligned nonporous RSF fibers obtained from formic acid (SFFA) and aqueous solutions (SFaq). (a)
Normalized ATR-FTIR spectrum showing the amide I (1700−1600 cm−1) and amide II (1600−1450 cm−1) bands of fibers spun from formic acid,
and from an aqueous solution through a water vapor, comparing post-treatment. (b) Normalized WAXD spectrum of fibers spun from formic acid,
and from an aqueous solution through a water vapor, comparing post-treatment. (c) Stacked bar chart depicting the partial fraction of secondary
protein structures within the amide I band of fibers spun from formic acid, and from an aqueous solution through a water/ethanol/methanol vapor,
comparing post-treatment; error bars in SD (n = 3).
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technique used, fiber diameter produced, solvents and
processing conditions, coagulantion baths, and drawing used
during spinning). For instance, electrospun RSF fibers from
aqueous solutions have been reported with tensile stress of
0.18−0.83 MPa and strain at break of 1.3−11.1%.66 In other
studies, the apparent stress and strain at break have been
reported to be 11.7 MPa and 10.2% by Cao et al.34 and 1.49
MPa and 1.6% by Chen et al.67 Electrospun RSF fibers from
formic acid solutions have been reported with tensile stress and
strain at break of 7 MPa and 12% by Kishimoto et al.68 or
ranging between 11−18 MPa and 16−23% by Amiraliyan et

al.64 Koeppel and Holland recently published a comprehensive
systematic review on the progress of artificial silk spinning,22

including that of RSF solutions, where the mechanical
properties of a wide range of these fibers obtained via different
spinning techniques are reported.
The mechanical properties of as-produced nonporous

aligned RSF fibers, out of aqueous and formic acid dopes,
are shown in Table 1. Fiber mats spun from formic acid
solutions exhibited higher Young’s modulus, UTS, and
toughness, yet lower strain at break compared to fibers spun
from aqueous solutions. The values reported here, though, still

Table 1. Mechanical Properties of As-Produced Aligned Nonporous Fiber Mats by SBSa

Young’s modulus
[MPa]

ultimate tensile strength
[MPa] strain at break [%]

toughness
[MJ m−3]

27% w/v RSF, as-spun aqueous dope through water vapor 1.13 ± 0.50 0.30 ± 0.10 1.28 ± 0.36 0.007 ± 0.003
12% w/v RSF, as-spun formic acid dope 11.10 ± 2.70 3.50 ± 0.70 0.46 ± 0.10 0.05 ± 0.01
aError in SD (n = 12).

Figure 4. SEM, ATR-FTIR, and WAXD of porous RSF fibers spun from aqueous formulations by cryo-SBS. (a−d) SEM images showing porous
fibers, along with their fiber diameter distribution, at (a, b) 27% w/v and (c, d) 30% w/v; error in SD (n = 50). (e) Stacked bar chart depicting the
partial fraction of secondary protein structures within the amide I band, before and after post-treatment; error bars in SD (n = 3). (f) Normalized
WAXD spectrum, before and after post-treatment.
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fall short of benchmarks such as that of A. diadematus spider
dragline silk,22,69 and further work is required for their
optimization. While it remains challenging to retain the
advantages of natural silks in terms of their structural hierarchy
and excellent mechanical properties, promising advances have
been made in recent years with respect to RSF fibers70,71

mainly due to mimicking the structural hierarchy present in
their native state. To this regard, developing highly stable
nematic silk microfibril solutions71 may be a step forward that
could be implemented in SBS in the future.
3.2. Porous RSF Fibers Obtained via Cryogenic SBS.

Developing porous micro-/nanofibers is of particular interest
in the field of regenerative medicine because of their enhanced
surface area to volume ratio, roughness, and their potential to
incorporate a wide range of growth factors and other molecules
of biological interest. Highly porous composite fibers have
been previously produced by SBS with PLA1 and hybrid sol−
gel inorganic/gelatin solutions37 by spinning them directly into
a cryogenic bath followed by lyophilization. The ability to
produce porous RSF fibers from aqueous solutions is reported
here (Figure 4). For cryogenic SBS, only solutions at 27−30%
w/v RSF were able to form a stable stream of fibers (flux of
100 μL min−1, air pressure of 30 psi (0.21 MPa)). Polymer
solutions <25% w/v concentration resulted exclusively in
droplets and micro-/macrosphere formation due to insufficient
solution viscosity. A working distance of 15 cm (SBS nozzle to
surface of cryogenic bath) was suitable to retain solvent during
the SBS process to cause phase separation in the fibers upon
exposure to liquid nitrogen. Fibers were observed to float on
the surface of the cryogenic bath and formed a continuous 3D
network of noninterconnected fibers, similar to our previous
work with polylactide.1

SEM images of the lyophilized samples demonstrated
porous fibers characterized by elongated micro-/macropores

of various sizes along the fiber axis (Figures 4a−d). Compared
to conventional SBS, fiber diameters of the as-spun porous
fibers were higher, at the micrometer scale; this can be
attributed to the porous fibers having higher water content
upon solidification in liquid N2, as opposed to conventional
SBS fibers which dry out before reaching the collector. In
addition, the viscosity is likely to have increased due to the
lower local temperature of the solution cone proximal to the
liquid nitrogen. The diameter of the porous fibers increased
with increased polymer concentration, with mean fiber
diameters of 10.75 ± 2.12 and 28.19 ± 11.70 μm for solutions
spun at 27 and 30% w/v, respectively. The size of the
elongated surface pores along the fibers’ axes was also related
to the fiber diameter: porous fibers exhibited pore lengths of
0.64 ± 0.20 and 1.02 ± 0.41 μm for fibers spun from solutions
at 27 and 30% w/v, respectively. RSF fibers spun by cryo-SBS
exhibited an average BET surface area of 34.7 m2 g−1 (Figure
S4), consistent with their macroporous nature. Surface areas of
43.5 m2 g−1 have been reported for cryo-SBS produced PLA
fibers; however, these were of lower diameter (∼400 nm).1

McCann et al. reported surface areas of ∼9.5 m2 g−1 for
poly(acrylonitrile) (PAN) fibers with diameters of 1 μm using
a cryogenic electrospinning process.72

The chemical composition of RSF remained unaffected after
TIPS. The content of the secondary protein structures in the
amide I region (Figure 4e) of untreated porous fibers was in
line with that of nonporous fibers obtained from aqueous
solutions. However, a broad halo of greater intensity was
observed at around 2θ = 21.25° (d-spacing of 0.42 nm)
(Figure 4f) for untreated porous fibers. This may suggest
slightly further crystallization or cryo-coagulation induced by
the TIPS process. Both morphology and porosity were retained
after post-treatment (Figure S4), which in turn induced higher

Figure 5. FESEM of RSF biomimetic fibers. Fibers spun at 27% w/v via coaxial SBS with (a−h) positive inner nozzle protrusion from basic toward
acid pH values (blue arrow) and increasing phosphate concentration (green arrow) and (i−k) with negative inner nozzle protrusion with variances
in pH and/or phosphate concentration: (a) 10 mM HCl, pH 2; (b) 1 mM HCl, pH 3; (c) 0.1 mM HCl, pH 4; (d) H2O, pH 7; (e) 17 mM
[PO4

3−], pH 2; (f) 17 mM [PO4
3−], pH 3; (g) 17 mM [PO4

3−], pH 4; (h) 17 mM [PO4
3−], pH 7; (i) 17 mM [PO4

3−], pH 4; (j) 0.1 mM HCl, pH
4; (k) H2O, pH 7.
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crystallinity as determined by ATR-FTIR and WAXD (Figure
4e,f).
3.3. Toward Biomimetic Spinning with pH-Ion

Induced Changes via Coaxial SBS. In nature, silkworm
silk is produced by passing a highly concentrated (∼30% w/v)
aqueous silk fibroin solution through specialized glands
(spinning ducts), wherein changes to the physiochemical
environment induce crystallization of β-sheets and formation
of strong, tough fibers.24 These physiochemical changes are
understood to include dehydration, a pH drop (6.9 to 4.8) and
exchange of β-sheet disrupting chaotropic ions (e.g., Na+, Cl−)
for β-sheet stabilizing kosmotropic ions (e.g., PO4

3−), in
addition to shearing and elongation.23−28 Such complex
processing has proven challenging to emulate in vitro via
conventional fiber spinning techniques, yet are likely necessary
to induce the hierarchical ordering of silk fibers which gives
rise to their remarkable mechanical properties. Rising et al.
recently employed a wet-spinning technique to produce
recombinant spider silk fibers by extruding a concentrated
protein solution into a low-pH (2.0−5.5) coagulation bath.73

The use of a coaxial SBS head, not to promote core−shell fiber
formation, but rather to implement pH-ion changes, could
advance on this work in addition to enabling dehydration and
shearing/elongational forces at the point of fiber formation to
closer mimic biological silk spinning.
Here, we emulated some aspects of native B. mori silk

spinning in vitro through the use of a coaxial SBS head
(Scheme 1e,f), which changes the physiochemical conditions
at the point of fiber formation. It was hypothesized that the
elongation and shearing forces that occur during SBS fiber
formation, in combination with the different ionic gradients
and exposure to lower pH obtained by the nozzle protrusion,
would drive secondary structure formation.
Due to the increased number of variables to consider for this

coaxial SBS system, which included relative positioning of the
inner and outer nozzles, coagulant flux and formulation (salt
type and concentration, pH), as well as the standard variables
for SBS spinning (air pressure, working distance to collector,
RSF solution flux and concentration), a systematic parameter
screening approach was adopted, and the conditions that
resulted in the formation of fibers are detailed in Table S1.
Lower concentrations of RSF (9 and 17% w/v) were

attempted as means to use less viscous solution concentrations
(viscosity would be expected to increase in contact with
coagulant); however, only highly concentrated aqueous RSF
solutions (27% w/v) were able to form fibers. SEM images of
the samples were taken to further assess fiber morphology and
fiber quality. It was found that relatively low pH values (pH 4−
7) in the outer solution nozzle resulted in the greatest number
of fibers and better fiber morphology. Relatively low phosphate
concentrations (17 mM) in the outer solution nozzle resulted
in superior fibers compared to higher concentrations or no
phosphate at all (Figure 5a−h). It was also found that a
positive inner nozzle protrusion gave superior fibers in
comparison to a negative inner nozzle protrusion, where
conglutinated fibers tended to occur (Figure 5i−k).
Some of these fibers (Figure S7) were further analyzed by

ATR-FTIR and WAXD. Quantification of the secondary
protein structures within the amide I band is shown in Figure
6a. Greater β-sheet and lower α-helix/random coil content
were observed with respect to untreated fibers spun via
conventional SBS from formic acid and aqueous solutions
(Figure 3c), demonstrating that the presence of an additional

pH and ion gradient at the point of fiber formation can induce
self-assembly and drive the formation of secondary protein
structures during SBS spinning. Indeed, as-produced fibers that
had been spun with variances in pH-ion partially retained their
structure after rinsing with water (Figure S6).
All tested conditions exhibited similar percentages, and while

post-treatment with ethanol did not result in a major
rearrangement of their secondary protein structures within
the amide I region as observed by FTIR (Figure 6a), further
conformational changes could be picked up by WAXD (Figure
6b).
Interestingly, while PEG served as spinning aid during

conventional SBS spinning, a coaxial sheath of water was only
needed here to drive fiber formation from aqueous solutions
(Figure 5d and Figure S7a), suggesting that the requirement of
a spinning aid can be overcome by the coaxial approach.
While the initial results provided here seem promising,

further process development and formulation optimization are
required to achieve high quality fibers with consistent
morphology. These issues could likely be overcome by
implementing a microfluidic chip nozzle device to drive the
pH and ion gradients74 and produce fibers with precise
diameter control.75

4. CONCLUSION
We have shown here for the first time that the SBS technique is
suitable to provide a simple and rapid route to produce a
variety of RSF fibers from formic acid and aqueous systems.

Figure 6. ATR-FTIR and WAXD of biomimetic fibers. Fibers were
spun via coaxial SBS with variances in pH and/or phosphate
concentration with a positive inner nozzle protrusion. (a) Stacked bar
chart depicting the partial fraction of secondary protein structures
within the amide I band before and after post-treatment; error bars in
SD (n = 3). (b) Normalized WAXD spectrum, before and after post-
treatment.
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Spinning in-line through vapor permitted the production of
RSF nonporous fibers from aqueous solutions. In addition,
fiber collection could be modified into a concentrated
channeled airflow that resulted in highly aligned nonporous
fibers being collected, with a more consistent morphology
compared to randomly aligned fibers; aligned fibers may have
applications in cardiac, muscle, and nerve tissue engineering.
The combination of SBS and TIPS resulted in macroporous
fibers with 3D interconnected pores, which may have potential
applications in encapsulation and controlled release of a wide
range of therapeutics in regenerative medicine. The use of a
coaxial SBS system to induce a pH and ion gradient was
implemented to induce self-assembly and drive formation of
secondary protein structures simulating some of the aspects of
the natural spinning process.
This study presented here with SBS contributes a new

perspective on the way that silk-based fibrous scaffolds could
potentially be manufactured extremely rapidly to a commercial
level to suit a variety of potential biomedical applications.
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Gañań-Calvo, A. M. Straining Flow Spinning: Simplified Model of a
Bioinspired Process to Mass Produce Regenerated Silk Fibers
Controllably. Eur. Polym. J. 2017, 97, 26−39.
(37) Greenhalgh, R. D.; Ambler, W. S.; Quinn, S. J.; Medeiros, E. S.;
Anderson, M.; Gore, B.; Menner, A.; Bismarck, A.; Li, X.; Tirelli, N.;
et al. Hybrid Sol−Gel Inorganic/Gelatin Porous Fibres via Solution
Blow Spinning. J. Mater. Sci. 2017, 52, 9066−9081.
(38) Rockwood, D. N.; Preda, R. C.; Yücel, T.; Wang, X.; Lovett, M.
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Abstract: Stimuli-responsive materials are very attractive candidates for on-demand drug delivery
applications. Precise control over therapeutic agents in a local area is particularly enticing to regulate
the biological repair process and promote tissue regeneration. Macromolecular therapeutics are
difficult to embed for delivery, and achieving controlled release over long-term periods, which is
required for tissue repair and regeneration, is challenging. Biohybrid composites incorporating
natural biopolymers and electroconductive/active moieties are emerging as functional materials to be
used as coatings, implants or scaffolds in regenerative medicine. Here, we report the development
of electroresponsive biohybrid composites based on Bombyx mori silkworm fibroin and reduced
graphene oxide that are electrostatically loaded with a high-molecular-weight therapeutic (i.e., 26 kDa
nerve growth factor-β (NGF-β)). NGF-β-loaded composite films were shown to control the release
of the drug over a 10-day period in a pulsatile fashion upon the on/off application of an electrical
stimulus. The results shown here pave the way for personalized and biologically responsive scaffolds,
coatings and implantable devices to be used in neural tissue engineering applications, and could be
translated to other electrically sensitive tissues as well.

Keywords: growth factor; stimuli-responsive delivery; nerve repair; conductivity; biohybrid; silk;
reduced graphene oxide

1. Introduction

Drug delivery technologies are a multibillion-dollar global industry [1]. Driving the increase in
research and development efforts [2] is the market need for devices and ‘smart’ implants or scaffolds
capable of delivering active agents at specific rates. These systems can be controlled by either physical
(e.g., electromagnetic fields, electrical stimulation, temperature) or (bio)chemical (e.g., enzymes, ions,
pH) stimuli, in single or combined mechanisms. These technologies enable greater control over the
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delivery of drugs compared to traditional systems that rely on passive delivery, which cannot be
modified in response to therapeutic demand [3].

Electrical stimulation in particular can offer control over drug delivery according to the strength,
duration and frequency of the applied field. Consequently, electroconductive/active biomaterials have
received great attention in recent years for wound healing and tissue engineering applications due
to their potential to allow direct delivery of electrical signals, which are stimulatory to cells/tissues
and further trigger a controlled/responsive release of therapeutics to the site of interest [4], potentially
wirelessly [5]. Responsiveness to an electric field is an inherent feature of electroconductive/active
materials, and their properties can be tailored to suit the delivery of various pharmacological agents
and biomolecules. Conductive components used for biomaterial design range from conjugated
polymers (e.g., polypyrrole (PPy), polyaniline (PANI), poly (3,4-ethylenedioxythiophene) (PEDOT) and
their copolymers), to metallic nanoparticles and carbon-based materials (e.g., carbon nanotubes and
graphene family materials) [6–11]. A mechanism of electrical conduction involves electron mobility
along the backbone of the conjugated polymers and ionic groups appended to or complexed with the
conjugated polymers and electrolytes in the medium [12]. High versatility and functionality can be
achieved with carbon-based materials. Graphene derivatives in particular have shown advantageous
properties for several electrically sensitive tissues, such as nerves [13], but their use as standalone
materials is challenging. Biohybrid composites allow flexibility in manufacturing. Combining a protein
found in nature as the matrix phase with a conductive component to provide additional functionality
offers a multifunctional platform for developing coatings, implants or scaffolds for tissue engineering
to match a variety of tissues in surgical reconstruction and regeneration [14].

The response achieved by releasing domain-sized macromolecular therapeutics (e.g., high-molecular-
weight drugs >20 kDa, such as proteins, genes, growth factors or siRNA) is challenging due to their
larger molecular dimensions and difficulties in their absorption or adsorption to the carrier system,
which is limited by diffusion and surface area [15–17]. Most electroresponsive systems described
for on-demand drug delivery make use of low-molecular-weight (LMW) drugs, which can be easily
embedded in a scaffold. LMW drugs are good candidates for disease treatment as they easily transverse
through organs and tissues, but they also impart non-specificity, increase the incidence of side effects
and are rapidly eliminated from the body, therefore requiring frequent dosing [17]. Furthermore,
most responsive systems suffer from short release duration (in the range of minutes to days) of the
therapeutic [18–20], while tissue regeneration and repair often requires long-term drug release [21].

In particular, the lifelong disability related to peripheral nerve injury (PNI) continues to be a
common condition occurring in about 3–10% of trauma patients, with an estimated one million surgical
reconstruction procedures performed annually between Europe and the US [9,22,23]. Peripheral nerve
axons can spontaneously regenerate to a certain extent after injury, but the probability of recovery
decreases as the level of injury increases. Current therapeutic procedures are surgical, employing
biomaterials to bridge nerve defects with varying degrees of success [24–26]. To enhance the probability
of successful outcomes, the use of pharmacological agents and biomolecules, such as microRNAs or
growth factors to promote nerve regeneration have gained attention over the last few years [27–29].
Neurotrophins are one of many examples of these, which regulate extracellular signaling, neuronal
survival and differentiation and axonal regeneration [30]. Among the wide range of neurotrophins,
nerve growth factor (NGF) plays a critical role in the development and phenotype maintenance of the
peripheral nervous system [31], assisting the functional recovery of injured nerves (by contributing to
maintaining the synaptic activity of neurons, preventing apoptosis or regulating the functions of other
cell types [32]). However, the effective administration of a domain-sized macromolecular therapeutic
such as NGF remains an issue.

With a view to treat nerve injuries and develop a combinatorial tissue engineered approach,
we report here the development of electroresponsive biohybrid composites based on Bombyx mori silk
fibroin (SF), which acts as the continuous phase, and reduced graphene oxide (rGO) as a conductive
dispersed phase. These biohybrid composites enable the controlled release of nerve growth factor-β
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(NGF-β, 26 kDa) over long-term periods upon the application of a pulsatile electrochemical stimulus
(Scheme 1).
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and reduced graphene oxide for the controlled release of macromolecular therapeutics.

2. Materials and Methods

2.1. Preparation of Regenerated Silk Fibroin

Extraction and purification of silk fibroin (SF) from Bombyx mori silkworm cocoons was carried
out as previously described [33]. In brief, cocoons (Wildfibres; Birmingham, UK) were dewormed,
sliced into small pieces, and degummed in 0.02 M sodium carbonate (Sigma-Aldrich; Gillingham,
UK) for 30 min. Degummed SF fibres were thoroughly washed in deionized (DI) water and air-dried
overnight. The fibres were then dissolved in 7.9 M lithium bromide (Sigma-Aldrich, UK) solution
at 60 ◦C for 4 h, then dialyzed against 5 L of DI water over the course of 3 days, with regular water
changes. The regenerated SF solution was centrifuged, cast onto polystyrene dishes (Sigma-Aldrich,
UK) and dried at 60 ◦C for 2 h in a forced air-circulation oven (Memmert Universal; Schwabach,
Germany). The resulting films were subsequently peeled off and kept in sealed vials as stock material
for further use.

2.2. Preparation of Electroconductive Biohybrid Composite Films

Graphene oxide (GO) flakes (2-DTech; Manchester, UK) (<4 µm lateral width and <2 layers,
as quoted by the manufacturer) were dispersed in ≥95% v v−1 formic acid (Sigma-Aldrich, UK),
sonicated at 80 Hz for 2 h (Elmasonic P60H) (Elma Schmidbauer; Singen, Germany) and homogenized
with SF by mixing for 1 h at room temperature. Reduction of GO was performed in situ [34,35]
following a previously described protocol [36,37], in which 1 µL of ≥98% v v−1 hydrazine monohydrate
(Sigma-Aldrich, UK) was added for every 3 mg of GO and heated at 95 ◦C in an oil bath under constant
stirring for a minimum period of 3 h. Film membranes were then prepared by solution casting and
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evaporation. The prepared silk-based solutions were cast onto polystyrene dishes (Sigma-Aldrich, UK)
and the solvent was evaporated overnight in a fume hood, giving films at controlled rGO loadings
(control 0, 10, 20, 30 and 40% wt. rGO/SF). The as-prepared films were annealed by immersion in a
bath of 80% v v−1 ethanol for 20 min to induce β-sheet conformational transition, washed with DI
water and dried for 24 h while sandwiched between filter paper (Whatman) (Sigma-Aldrich, UK) to
prevent curling or folding. The resulting films were stored in a desiccator until further use.

2.3. Characterization of the Electroconductive Biohybrid Composites

The visual appearance of the top surface of the films were observed at room temperature using an
optical DS microscope (Olympus) fitted with a digital camera, and the surface was further examined
with a JEOL JSM6700F field emission scanning electron microscope (FESEM) (JEOL; Tokyo, Japan).
For the latter, samples (n = 2 per type) were mounted on aluminum stubs with double-sided adhesive
carbon tape and gold-coated prior to visualization at 5 kV, with a working distance of ~8 mm and
×1k magnification.

The chemical structures of the films (n = 2 per type) were analyzed with a Fourier transform
infrared (FTIR) spectrometer (PerkinElmer 2000) equipped with a zinc selenide (ZnSe) crystal in
attenuated total reflectance (ATR) mode. For each measurement, 32 scans were recorded with a
resolution of 4 cm−1 and wavenumbers from 4000 to 600 cm−1.

The swelling characteristics of the films (n = 3 per type) were investigated by weight differences
between the hydrated and dry states. Samples (15 mm × 15 mm) were immersed in 10 mL of DI
water and incubated at 37 ◦C in a water bath overnight. Excess water was removed by sandwiching
the samples in filter paper and weighing immediately afterwards with a high-precision analytical
balance. Three measurements were taken per sample. The swelling ratio was calculated according to
Equation (1):

Swelling ratio (%) =
Wwet −Wdried

Wdried
× 100 (1)

Electrical conductivity measurements were performed with a four-point probe automated electrical
conductivity and resistivity system (A4P-200 MicroXACT, US) [38], using MicroXACT LabView-based
automated software. Conductivity of the samples (n = 4 per type) was assessed in different locations
across the surface in both the dry and hydrated states. To test the hydrated samples, films were
immersed in 10 mL of phosphate buffered saline (PBS) overnight, with excess removed by blotting
with tissue paper prior to testing.

2.4. In Vitro NGF-β Loading and Release Study

2.4.1. Electrochemical Loading

Recombinant rat nerve growth factor β (NGF-β) (Thermo Fisher Scientific; Altrincham, UK) was
diluted into PBS to make a 1 nM solution. The material samples were then actively/electrochemically
loaded with NGF-β (using 4 mL of a 1 nM NGF-β solution in PBS as the electrolyte bath).
A three-electrode cell was composed of an Ag/AgCl reference electrode, an Au counter electrode and a
glassy carbon electrode with the sample material on its surface [1]. Growth factor loading was achieved
by applying a constant potential of 0.6 V for 30 min, after which the samples were rinsed in PBS to
wash away any residual unincorporated agent.

2.4.2. NGF-β Release

Chronoamperometric studies were completed using a PalmSens EmStat 3+ potentiostat connected
to a computer and PSTrace software (v. 7.4) supplied by Alvatek; Tetbury, UK). The cell comprised
a three-electrode system with an Ag/AgCl reference electrode, an Au counter electrode and a glassy
carbon working electrode with the sample material on its surface in PBS (0.01 M, 4 mL). Prior to each
experiment, there was ‘quiet time’ for 10 s, the initial potential was 0 V, the high potential was 0.7 V,
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the low potential was −0.5 V, the initial scan was positive, the current was measured at 1 mV intervals,
the scan rate used for all experiments was 50 mV s−1 and the stimulation lasted 62 s. After stimulation
of the material, the cell was allowed to rest for 24 h to allow the released drug to equilibrate in the
PBS solution. After allowing the drug to equilibrate in solution post stimulation, a 10 µL aliquot was
taken from the electrolyte solution and diluted with 100 µL of PBS before being frozen prior to analysis.
Passive release controls were run in parallel with the electrically stimulated samples.

2.4.3. NGF-β Quantification

Quantification of the released NGF-β was achieved by means of ELISA using a commercial kit
(Thermo Fisher Scientific, UK). Absorbance measurements were taken in triplicate using a Molecular
Devices FlexStation 3 plate reader at 450 nm. Data were reported as the cumulative release by the
percentage of the total mass of the growth factor loaded on the films.

2.5. In Silico Studies

In silico toxicity screening was carried out using Derek Nexus (v. 6.0.1) (Lhasa Ltd.; Leeds,
UK), and the selected structural, topological and physicochemical descriptors were calculated
using Bioclipse® (v. 2.6) (Bioclipse project; Uppsala University, Sweden) and Molecular Operating
Environment (MOE®; v. 2014.0901) (Chemical Computing Group Inc.; Montreal, Canada), with
information related to NGF-β sourced from the protein data bank (.pdb) files obtained from the
Research Collaboratory for Structural Bioinformatics (RSCB) Protein Data Bank.

2.6. Data Analysis

Statistical analysis was performed with GraphPad Prism 8 (San Diego, CA, USA) and checked for
normality. Normally distributed data were presented as standard deviation (SD, error bars) of the
mean values. For parametric data and multiple comparisons, significance was assessed by one-way
ANOVA (one independent variable) or two-way ANOVA (two independent variables), with Tukey’s
post hoc analysis test. A value of p < 0.05 was considered statistically significant.

3. Results and Discussion

Graphene oxide (GO) flakes were homogenized with regenerated silk fibroin in formic acid at
high loadings (10–40% wt. GO/SF) and reduced in situ with hydrazine, as detailed in the methodology,
until a stable co-suspension was formed. The co-suspensions were cast and the volatiles allowed to
evaporate, yielding thin film substrates (thickness < 80 µm) that were annealed in ethanol. The as-cast
pristine silk sample was semitransparent to light and became opaque and black after incorporation
of rGO (Figure 1(a1)). FE-SEM micrographs of the surface topography of the films (Figure 1(a2))
exhibited differences with rGO incorporation; pristine silk exhibited smooth topography whereas
increased topographical features were evident with increased rGO content. B. mori silk fibroin-based
materials produced from solutions in formic acid tend to be β-sheet rich [39] after evaporation of
the formic acid, which renders them insoluble in water. Analysis of the films via attenuated total
reflectance infrared spectroscopy (FTIR-ATR) (Figure S1) confirmed the presence of β-sheets in the
ethanol-annealed films, exhibiting peaks in the amide I region between 1621 and 1637 cm−1 and a
peak at 1520 cm−1 in the amide II region characteristic of β-sheets [39]. B. mori silk fibroin-based
materials absorb water, however, we observed no major differences in the swelling ratio of the films
with the inclusion of rGO (Figure 1b), with a swelling ratio of ~25% for all films, regardless of rGO
content. The mechanism of drug loading and release from a scaffold varies upon the molecular weight
of the drug and may be affected by swelling. LMW drugs effectively penetrate the polymer matrix,
and their release is more affected by diffusion (e.g., swelling and matrix) and solute size/hydrodynamic
radius [40]. A molecular weight cutoff does exist, above which the drug is too large to diffuse into
the matrix (e.g., macromolecular therapeutics), so the quantity of the drug loaded is controlled by the
surface area available for adsorption [16]. In the scenario of this work, we did not need to consider
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the influence of swelling on the release of the growth factor since it was electrostatically adsorbed on
the surface.

Pharmaceutics 2020, 12, x 6 of 12 

 

is controlled by the surface area available for adsorption [16]. In the scenario of this work, we did not 

need to consider the influence of swelling on the release of the growth factor since it was 

electrostatically adsorbed on the surface. 

 

Figure 1. Electroconductive/active silk-based scaffolds. (a) Representative (a1) macroscopic visual 

appearance of silk-based films and (a2) FESEM micrographs at increasing rGO loading; scale bars at 

5 mm and 10 μm respectively. (b) Swelling ratio (n = 3 per sample type). (c) Conductive properties (n 

= 4 per sample type) in the dry and hydrated states. The differences between the experimental groups 

were analyzed by one-way or two-way ANOVA using Tukey’s post hoc test for multiple comparison. 

n.s, nonsignificant; ** p < 0.01, **** p < 0.0001. 

The conductivity of the biohybrid composites was examined in the dry state as well as hydrated 

state, representing a more physiologically relevant environment (Figure 1c). Pristine silk films 

showed a conductivity of 9 × 10−8 S cm−1 in the dry state. The conductivity increased up to 3 × 10−5 S 

cm−1 as the content of the filler increased. After hydration, the conductance was dominated by the 

presence of both the substrate and the electrolytes from the buffered medium, with the conductivity 

increasing up to three orders of magnitude for the lower rGO loadings (10–30% wt.), analogous to 

other carbon-loaded materials [41]. The higher conductivity measured in the hydrated state of the 

samples could be further explained in terms of proton/ion conduction [42–45] by the Grotthuss 

mechanism, which describes the process of proton hopping across water networks from one water 

molecule to another across H9O4+ or H5O2+ cations, and could plausibly be enhanced by incorporating 

pristine graphene [14]. 

b c

Pristine 10% wt. 20% wt. 30% wt. 40% wt.

a
V

is
u

al

a1

a2

FE
-S

EM

Swelling ratio Conductivity

D
ry

 

H
yd

ra
te

d 
0

1×10 -6

2×10 -6

3×10 -6

1×10 -5
2×10 -5
3×10 -5
4×10 -5

1×10 -4

2×10 -4

3×10 -4

Conductivity

C
o

n
d

u
c

ti
v

it
y

 (
S

/c
m

)

10% rGO/SF

Pristine silk

20% rGO/SF

30% rGO/SF

40% rGO/SF

n.s

n.s

**

n.s

****

***

D
ry

 

H
yd

ra
te

d 
0

1×10 -6

2×10 -6

3×10 -6

1×10 -5
2×10 -5
3×10 -5
4×10 -5

1×10 -4

2×10 -4

3×10 -4

Conductivity

C
o

n
d

u
c

ti
v

it
y

 (
S

/c
m

)

10% rGO/SF

Pristine silk

20% rGO/SF

30% rGO/SF

40% rGO/SF

n.s

n.s

**

n.s

****

***

D
ry

 

H
yd

ra
te

d 
0

1×10 -6

2×10 -6

3×10 -6

1×10 -5
2×10 -5
3×10 -5
4×10 -5

1×10 -4

2×10 -4

3×10 -4

Conductivity

C
o

n
d

u
c

ti
v

it
y

 (
S

/c
m

)

10% rGO/SF

Pristine silk

20% rGO/SF

30% rGO/SF

40% rGO/SF

n.s

n.s

**

n.s

****

***

D
ry

 

H
yd

ra
te

d 
0

1

2

3

10

20

30

40

Conductivity
C

o
n

d
u

c
ti

v
it

y
x

 1
0

-6
 (

S
 c

m
-1

)

10% rGO/SF

Pristine silk

20% rGO/SF

30% rGO/SF

40% rGO/SF

n.s

n.s

**

n.s

****

P
ri
st

in
e 

si
lk

10
%

 r
G
O

/S
F

20
%

 r
G
O

/S
F

30
%

 r
G
O

/S
F

40
%

 r
G
O

/S
F

0.0

0.1

0.2

0.3

0.4

F
o

ld
-c

h
a

n
g

e

Swelling r-GO/SF films

 (hydrazine reduction)

n.s

ap
p

ea
ra

n
ce

Figure 1. Electroconductive/active silk-based scaffolds. (a) Representative (a1) macroscopic visual
appearance of silk-based films and (a2) FESEM micrographs at increasing rGO loading; scale bars at
5 mm and 10 µm respectively. (b) Swelling ratio (n = 3 per sample type). (c) Conductive properties
(n = 4 per sample type) in the dry and hydrated states. The differences between the experimental groups
were analyzed by one-way or two-way ANOVA using Tukey’s post hoc test for multiple comparison.
n.s, nonsignificant; ** p < 0.01, **** p < 0.0001.

The conductivity of the biohybrid composites was examined in the dry state as well as hydrated
state, representing a more physiologically relevant environment (Figure 1c). Pristine silk films showed a
conductivity of 9 × 10−8 S cm−1 in the dry state. The conductivity increased up to 3 × 10−5 S cm−1 as the
content of the filler increased. After hydration, the conductance was dominated by the presence of both
the substrate and the electrolytes from the buffered medium, with the conductivity increasing up to
three orders of magnitude for the lower rGO loadings (10–30% wt.), analogous to other carbon-loaded
materials [41]. The higher conductivity measured in the hydrated state of the samples could be further
explained in terms of proton/ion conduction [42–45] by the Grotthuss mechanism, which describes the
process of proton hopping across water networks from one water molecule to another across H9O4

+ or
H5O2

+ cations, and could plausibly be enhanced by incorporating pristine graphene [14].
Myriad applications could be developed using stimuli-responsive drug delivery systems, which can

control the chronopharmacology of the therapeutic of interest in line with the chronobiology of the
condition to be treated. A variety of different therapeutics have been delivered using electroresponsive
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conductive scaffolds, as previously reviewed [46,47]. Most of these systems relied on the use of
conductive polymers (e.g., PPy, PANI and PEDOT) as the electroconductive/active moiety [46,47].
For instance, electrically controlled drug delivery from GO-nanocomposite PPy and silk-PPy films have
been previously reported [18,20]. However, the use of conjugated polymers tends to be limited due to
their poor processability in aqueous solution, brittleness and tendency to crack [48]. GO is readily
dispersible thanks to oxygen-containing functional groups on its surface, and it stands out for its ease
of processability. Graphene-based scaffolds were previously reported as drug delivery systems based
on the use of synthetic hydrogels and silk as the host materials [19,49], however, these systems relied
on the use of LMW drugs for short-term release. In this work, the prepared film samples were loaded
(doped) actively/electrostatically with a high-molecular-weight macromolecule - nerve growth factor-β
(NGF-β), and its release profile was determined by means of an enzyme-linked immunosorbent assay
(ELISA) which provides increased sensitivity and low limits of detection. The growth factor was
released either passively by diffusion (Figure 2, zoomed-in version shown in Figure S2) or actively
triggered upon the application of an electrical stimulus (Figure 3, stimulation paradigm depicted in
Figure S3). Passive release from the composite films was observed (ca. 1–2% at each time-point tested),
with a cumulative release of <10% over the course of the 10-day experiment. The application of a
reducing potential to the NGF-β-doped films triggered the release of the growth factor.
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Figure 2. Delivery of nerve growth factor-β (NGF-β) from electroconductive/active silk-based scaffolds.
Cumulative release percentage from the films (n = 3 per type) with passive release. The differences
between the experimental groups were analyzed by two-way ANOVA using Tukey’s post hoc test for
multiple comparison (p-value with respect to pristine silk). n.s, nonsignificant; ** p < 0.01.

Notable differences were observed between the electrically stimulated samples and the
non-stimulated ones. In particular, the amount of NGF-β released from the electrically stimulated films
was significantly higher (five- to eight-fold increase) than for the non-stimulated films (i.e., passive
release) at each time point tested, with an enhancement of up to 8–10% release at each time-point.
By day 10, most of the loaded therapeutic had been released from the samples via electrical stimulation.
The release of drugs over prolonged time periods is necessary for tissue repair and regeneration [21,50];
it obviates the need for repeated high dosing and improves the therapeutic index [17]. In addition to
providing long-term release, the system described in this work could be further modulated in terms of
the frequency pulse and duration used for stimulation. Notable differences were also observed for
the pristine silk sample, for which electrical stimulation resulted in ca. <20% cumulative drug release
over the course of 10 days, in comparison to the almost complete release of the growth factor from the
composite films. This clearly demonstrated the benefit of the presence of a conductive carbon-based
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dispersed phase in the hybrid composites, which enhances the electrically triggered release of this
therapeutic. However, no major differences in the drug release profiles were observed for the different
rGO loadings, likely because the conductivities of the samples in the hydrated state were similar.
The active delivery of NGF-β controlled in an on/off fashion is particularly interesting regarding
the potential control of its chronopharmacology for nerve repair. A variety of other therapeutics or
biological molecules (e.g., proteins, genes, siRNA molecules) could be delivered in a similar fashion
when exposed to electrical fields, where the loading and release profiles of the bioactives could be
correlated with their molecular descriptors (Tables S1 and S2).
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Figure 3. Electrically enhanced delivery of NGF-β from electroconductive/active silk-based scaffolds.
Cumulative release percentage from the films (n = 3 per type) with electrical stimulation. The differences
between the experimental groups were analyzed by two-way ANOVA using Tukey’s post hoc test for
multiple comparison (p-value with respect to pristine silk). **** p < 0.0001.

An important factor in the design of advanced composite biomaterials are material–tissue
interactions, particularly the hazards that such materials present to the environment and life [51,52].
In vitro and in vivo tests showed that the choice of the specific graphene-based material incorporated
in the composites and the method of use are of key importance regarding the risks associated with
the application of such materials for biomedical applications [51,52]. Our in silico toxicity screening
studies of these nanomaterials (Table S2) using Derek Nexus (Derek Nexus: 6.0.1, Nexus: 2.2.2) [53]
confirmed some potential for graphene, GO and rGO to induce skin sensitization due to the presence
of conjugated dienes in their structures, supported by observations in both in vitro and in vivo
models [54–58]. Moreover, hydroxynaphthalene derivatives such as rGO were demonstrated as
estrogen receptor modulators [59]. Our in silico mutagenicity screening studies of these nanomaterials
(Table S2) using Sarah Nexus (Sarah Nexus: 3.0.0, Sarah Model: 2.0) also suggested that graphene,
GO and rGO may be mutagenic, supported by in vitro and in vivo studies using graphene quantum
dots [60], GO [61] and rGO [62]. Therefore, the specific method to use drug delivery devices based
on these composites needs to be considered. In the case of the materials described in this work, it is
possible to contemplate their use as microneedle patches or coatings on medical devices that would be
removed after use and/or disposed of.

4. Conclusions

We report the development of electroresponsive biohybrid composites based on silk fibroin and
reduced graphene oxide allowing the controlled release of a high-molecular-weight therapeutic over
prolonged periods of time. NGF-β was loaded electrostatically and its release was facilitated over
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10 days by electrical stimulation in an on/off mechanism, with a five- to eight-fold increase compared
to the use of unmodified silk or the passive diffusion route. The conductivity of the system can be
tuned as the ratio of its components changes, and the release profile can be controlled by triggering.
These electroresponsive biohybrid composites based on silk could be manufactured in various other
forms (e.g., sponges, aligned fibres or guidance conduits) to potentially regenerate nerve tissue.
The concept of introducing electroconductive/active moieties into the network to impart conductive
properties to protein-based systems could be readily applied to other polypeptides found in nature or
recombinantly synthesized. The applications of the described system are numerous, from conductive
scaffolds that can be implanted directly into electrically excited tissues other than nerve to in vitro
platforms to grow electrically sensitive cells ex vivo. These findings represent a step forward in the
generation of biohybrids easily tailorable to multiple biological applications, where different levels of
conductivity may be desired.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/8/742/s1,
Figure S1: FTIR-ATR spectrum of the electroconductive/active silk-based films. Figure S2: Zoomed-in cumulative
NGF-β release (passive release) from the films. Figure S3: Electrical stimulation paradigm. Table S1: Molecular
descriptors. Table S2: Molecular-input line-entry system notations of the nanomaterials and molecules studied.
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